
NETWORKING OF C60 BALLS BY MEANS OF  

VARIOUS CHEMICAL STRATEGIES 

 

 
Thesis submitted to  

the University of Calicut in partial fulfilment of  

the requirements for the degree of 

 

DOCTOR OF PHILOSOPHY IN CHEMISTRY 
in the Faculty of Science 

 

 

 

By 

USHA M. 
 

 

 

Under the guidance of 

Dr. Resmi M.R. 
 
 

 
 

 

Research and Post Graduate Department of Chemistry 
Sree Neelakanta Government Sanskrit College, Pattambi 

(Affiliated to the University of Calicut, Kerala, India) 

December 2022 



  



 
 

Sree Neelakanta Govt.Sanskrit College 
Pattambi, Palakkad Dt, Kerala - 679 306 

(Accredited by NAAC with A+ Grade) 
Ph: 0466-2212223 

e-mail: sngscollege@gmail.com 

website: www.sngscollege.org 

 

 
 

Date: 30. 12. 2022 

 

CERTIFICATE 

 

 

Certified that the thesis entitled “Networking of C6o balls by 

means of various chemical strategies”, submitted by Ms. Usha M. is 

an authentic record of research work carried out by her under my 

supervision at the Research and Post Graduate Department of 

Chemistry, SNGS College, Pattambi in partial fulfillment of the 

requirements for the award of degree of Doctor of Philosophy in 

Chemistry of the University of Calicut, and has not been included in any 

other thesis submitted previously for the award of any other degree. 

 

 

Pattambi                                                                         Dr. Resmi M.R  
(Supervising Guide) 

                                                                              Professor 

                                                              Research and Post Graduate 

                                                              Department of Chemistry 

mailto:sngscollege@gmail.com
http://www.sngscollege.org/


SreeNeelakanta Govt. Sanskrit College 
Pattambi, Palakkad Dt, Kerala - 679 306 

(Accredited by NAAC with A Grade) 
Ph: 0466-2212223     

e-mail: sngscollege@gmail.com 
                                                 Website: www.sngscollege.org 

 

CERTIFICATE 

This is to certify that the thesis entitled “NETWORKING OF C60 BALLS 

BY MEANS OF VARIOUS CHEMICAL STRATEGIES”, bound herewith is 

a bonafide research work done by Ms. Usha M. under my supervision at 

the Research and Post Graduate Department of Chemistry, SNGS 

College, Pattambi in partial fulfillment of the requirements for the award 

of the degree of Doctor of Philosophy in Chemistry of the University of 

Calicut. I also certify that the corrections/suggestions from the 

adjudicators have been incorporated in the revised thesis. 

 

Pattambi 

22.08.2023 
        Dr. Resmi M.R. 

(Supervising Guide) 

                              Professor 

Research and Post Graduate 

Department of Chemistry 

SNGS College, Pattambi 

 

 

 

  

 



 

DECLARATION 

 

  I hereby declare that the present work entitled “Networking of 

C60 balls by means of various chemical stratrgies” is an authentic 

record of the original work done by me under the guidance of  Dr. Resmi 

M.R.,  Professor, Research and Post Graduate Department of Chemistry, 

SNGS College, Pattambi in partial fulfillment of the requirement for the 

award of degree of Doctor of Philosophy in Chemistry of the University 

of Calicut, and has not been included in any other thesis submitted 

previously for the award of any other degree. 

 

 

Place: Pattambi                                Usha M. 

Date:  30.12.2022        

 

 

 

 

 

 

 



 

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dedicated  To 
 

My Family, My Colleagues 
& 

All My Respected Teachers 
 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

  



ACKNOWLEDGEMENTS 

 

Firstly, I would like to express my sincere gratitude to my 

research guide, Dr. Resmi M.R for her valuable suggestions and careful 

guidance during the entire course of my research work. I am thankful 

for the freedom that she had given me and also for the fruitful 

discussions through the entire period of my research. I specially 

aknowledge her patience and commitment, particularly during the thesis 

correction period. 

 I also thank Dr. P Raveendran, Professor, Department of 

Chemistry, University of Calicut for his valuable suggestions and 

support during the entire course of my research. I am grateful for the the 

fruitful dicscussions during the preparation of my thesis. 

 I express my gratitude to Dr. Binith N.N, Professor, Department 

of Chemistry, University of Calicut for her support. Her passion and 

dedication to research always surprised me and I was very much 

encouraged by her during the period of my research. 

  I would like to thank Dr. Priyakumari C. P., Assistant professor, 

Department of Chemistry, IIT Palakkad for her collaboration and 

support. 

 I am thankful to Dr Sunil John, Principal, SNGS College, 

Pattambi for for his support and encouragement. My sincere thanks are 

due to Dr Anil kumar V, (V C Nominee of our RAC), Professor, 

Department of Mathematics, University of Calicut and Dr. H. K. 

Santhosh, Associate Professor, Department of Malayalam, Senior 

Research Guide, SNGS College, Pattambi. 



 I am thankful to Prof. T. Pradeep, IIT Madras for helpful 

discussions. Dr. M. Eswaramoorthy, JNCASR, Bangalore is 

acknowledged for support.  

 My special thanks to my labmates Sreeja and Shaniba for their 

encouragement and support. I would like to thank all my dear colleagues 

and all research students of SNGS College, Pattambi. I acknowledge all 

teaching and non teaching staff, of SNGS College, Pattambi. I am 

thankful to all my lab staff, especially Surendrettan, for his valuable 

support. 

 I acknowledge my senior Dr. Rajeena U., presently at the 

Regional Centre of Advanced Technologies and Materials, Palacky 

University, Šlechtitelu 27, Olomouc, Czech Republic for her valuable 

help. 

 Kerala State Council for Science, Technology and Environment 

(KSCSTE) is acknowledged for funding for the research facilities.  

JNCASR (Bangalore), C-SIF (University of Calicut), SAIF (CUSAT, 

Kochi), PSG College (Coimbatore) and the DST-FIST facilities in the 

department are acknowledged.   

 Finally, I would like to thank my parents and my in-laws.  They 

stood with me and supported me in every step of my life. Especially, I 

owe a deep sense of gratitude to my father, who was the first person who 

taught me the importance of education, in spite of being an illiterate 

person himself. I am also thankful to my husband, Mr. Sajeev N. for his 

motivation and support that he gave me throughout my life. Thanks to 

my children for their love and co-operation during my entire research 

period. 

Thank you all. 

Usha M. 



PREFACE 

 

The Ph.D. research work presented here focus on the networking 

of fullerene balls and the preparation of novel functional materials 

thereby which contain highly crosslinked fullerene cages possessing 

various unique properties, fulfilling the requirements of future 

applications. The development of fullerene-based nanomaterials like, 

polymeric fullerene oxide (PFO) network, fullerols, Partially 

Hydrogenated Fullerol network (PHF), two different ternary 

nanocomposite of Graphene, nanotube and fullerenes (GNF1 & GNF2) 

are included in this dissertation. The different stratergies adapted for 

their preparations are discussed in detail. The formation of carbon nano 

tubes and their accidental incorporation in the prepared nanocomposites, 

in a simple laboratory set up glorifies the importance of this work. The 

photocatalytic and electrochemical performances of the prepared 

nanomaterials are presented in detail. 

Entire work of this Ph.D. thesis are included in six chapters and 

a short description of each one of them is given below: 

Chapter 1: chapter 1 encompasses an introduction and literature review 

of different fullerene based materials, their networking strategies and 

their applications in electrochemical sensing, photocatalytic dye 

degradation and photocatalytic H2O2 generation and hydrogen storage. 

The structure and bonding in fullerenes, various methods adopted for 

their synthesis, properties and applications are discussed here. Also, a 

brief introduction of other nano allotropic forms of carbon like graphene 



and carbon nanotubes are provided. The importance of carbon 

nanostructures as hydrogen storage materials are also presented in this 

chapter. The main objectives of this research work are also included in 

the chapter. 

Chapter 2: In chapter 2, the various experimental procedures adopted 

in the present work are described in detail and the chemicals used for 

their preparation are listed. Among these, preparation of mesoporous 

polymeric fullerene oxide framework, its nanocomposite with titania are 

described. The computational details of Density Functional Theory 

calculations used for investigating the [3+2] cycloadditions involved in 

the PFO networking is given. Also, the experimental procedures adapted 

for the preparation of Reduced Hydroxy Graphene (RHG), fullerols, 

Partially Hydrogenated Fullerol network (PHF), ternary composite of 

Graphene, nanotube and fullerenes (GNF1 & GNF2) were discussed in 

detail. Prepared nanomaterials are studied by various surface, 

spectroscopic, and microscopic characterisation techniques like Fourier 

transform infrared spectroscopy (FTIR), X-ray Diffraction (XRD), 

Raman spectroscopy, X-ray Photoelectron spectroscopy (XPS), Field 

emission scanning electron microscopy (FE-SEM), Transmission 

electron microscopy (TEM), Atomic force microscopy (AFM), BET 

surface area analysis, UV-Visible diffused reflectance spectroscopy 

(UV-DRS), Photoluminescence spectroscopy (PL) are discussed. 

Electrochemical measurements, instrumentation and procedures used 

for the electrochemical sensing studies of developed PFO, GNF1, and 

GNF2 systems are included in the chapter. Additionally photocatalytic 



dye degradation studies and photocatalytic H2O2 production by PFO and 

PFO/TiO2 nanocomposite are presented. 

Chapter 3: In chapter 3, the preparation, characterisation and 

applications of highly cross-linked fullerene oxide cages originated 

from fully brominated fullerene, C60Br24 through its thermal treatment 

is presented in detail. In addition, DFT calculations performed to 

understand the mechanism and energetics of networking of fullerene 

balls via [3+2] cycloadditions are also presented. The prepared poly 

(fullerene oxide) framework is characterised by various microscopic and 

spectroscopic techniques like SEM, TEM, Surface area measurements 

(BET), XRD, FTIR, RAMAN, XPS, AFM, UV-DRS studies and 

Photoluminescence studies (PL). As visible light active semicondoctor, 

the photo catalytic performance of PFO and its nanocomposite with 

TiO2 (PFO/TiO2) is evaluated with two reactions. Photocatalytic 

mineralisation of a model dye, methylene blue as well as photocatalytic 

generation of hydrogen peroxide from water are studied and the results 

are presented in this chapter, A schematic energy level diagram is 

constructed showing the band gap of PFO and mechanism of 

photocatalytic process is also included here. In addition, another 

application of PFO, as an enzyme-free, mediator-fee and binder-free 

fourth generation electrochemical biosensing platform for trace level 

detection of glucose is investigated and parameters like sensitivity, 

selectivity, limit of detection and linear range are compared with glucose 

biosensors present in literature. 

Chapter 4: In chapter 4, the preparation of hydroxylated derivatives of 

fullerene (fullerols) by the sonochemical reaction of C60 with H2O2 and 



their networking achieved by ether linkages, as a consequence of 

hydrazine reduction are disussed in detail. The hydrazine reduction also 

results in partial hydrogenation of the network. The Partially 

Hydrogenated Fullerol (PHF) network formed is characterised by 

various spectroscopic and microscopic techniques such as, FTIR, 

Raman spectroscopy, AFM, SEM, and XPS analysis. The mechanism of 

hydrogenation of fullerol clusters during hydrazine reduction is 

suggested to be through the formation of diimides from hydrazine, 

fullerols being functioned as the required oxidising agents.  The 

subsequent addition of diimides to 6-6 bonds of C60 balls generated 

results in the hydrogenation of the network. The formation of some 

aromatic fragments as a consequence of breakage of few fullerene balls 

by virtue of gentle fragmentation due to heavy hydrogenation is also 

evident from FTIR and Raman spectroscopic investigations of PHF. 

Enzyme-free and binder-free electrochemical biosensing performance 

of PHF is evaluated with the biomarker, H2O2, using the developed 

sensor electrode, Cu2+-phen-dione@PHF/GCE and its various sensor 

parameters such as sensitivity, selectivity, limit of detection and linear 

range are compared with other enzyme free hydrogen peroxide 

electrochemical sensors reported in literature and the results are 

summarised in this chapter.  

Chapter 5: In chapter 5, two ternary nanocomposites, hydrogenated and 

hydroxy functionalized Graphene-Nanotube-Fullerene (GNF1 and 

GNF2) are presented. GNF1 is prepared by by the hydrazine reduction 

of the aqueous dispersion of an oxidized mixture of PFO and RHG. 

GNF2 is prepared by the hydrazine reduction of a mixture of fullerol 



clusters and hydroxy graphene dispersion in water. GNF1 and GNF2 

thus prepared are characterised by various spectroscopic and 

microscopic techniques and are presented in this chapter. Accidental 

incorporation of nanotubes is observed in SEM, TEM and AFM analyses 

of both the nanocomposites prepared. Evidence for heavy hydrogenation 

is also presented by FTIR and Raman spectroscopic investigations. 

Enzyme-free electrochemical sensing studies are performed for the 

important biomarker H2O2,  using the modified glassy carbon electrodes, 

Cu2+-phen-dione@GNF1/GCE and Cu2+-phen- dione@GNF2/GCE are 

presented in this chapter and the evaluation of sensing parameters,  

sensitivity, selectivity, LOD and linear range are included in this chapter 

along with a comparison with other similar sensors from literature. 

Chapter 6: In chapter 6, a summary of the entire work is presented. 

Chapter 7: In chapter 7, the future scope of the developed 

nanomaterials are included. 
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1.1.Carbon-based nanomaterials 

Carbon is unique among the elements because of its incredible 

ability to form a strong bond with other elements and also due to its 

capacity to show the phenomenon of allotropism.1 It is known to exist 

in various diverse physical forms such as graphite, diamond, and 

amorphous carbon for centuries and has played an important role 

historically in human development. Carbon-based nanomaterials 

(CNMs) are recent additions to the carbon family which include many 

diverse forms of carbon such as graphene, carbon nanotubes, fullerenes, 

graphene quantum dots, graphene nanoribbon, nano onions, 

nanodiamonds, etc.2 Because of their unique structural features and 

dimensionalities, they are expected to exhibit outstanding chemical and 

physical properties and therefore have attracted enormous attention 

among the global research community. Many of them have already been 

materialized such as excellent mechanical strength, high electrical and 

thermal conductivities, outstanding optical properties and so on.3–5 

Laser irradiation of graphite, from polycyclic aromatic hydrocarbons, 

electrical arc heating and resistive arc heating of graphite, chemical 

vapor deposition, etc. are some of the synthetic strategies adopted for 

the production of CNMs. Advanced applications of carbon-based 

nanomaterials in various fields such as biomedical engineering as 

multifunctional materials, in drug delivery as versatile nanocarriers, 

energy storage, biosensors, power generation, wastewater treatment, 

microelectronics, etc. are hot topics in the current research scenario.6–10 

Thus, hybridizing nanocarbon forms into composite materials has 

emerged as a popular strategy to develop advance functional materials 

suitable for diverse applications in many fields.  
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1.2.Fullerenes 

 Fullerenes, "the wonderful molecules", are made up of carbon 

atoms. In the 1970's the possibility for the existence of polyhedral 

carbon clusters was predicted by a group of scientists 11 and this was 

materialized in 1985 when Kroto et al. studied the mass spectra of 

carbon vapours produced by the laser irradiation of graphite. They 

observed that the most abundant peaks in the mass spectrum 

corresponding to the masses of 720 and 840. They could attribute these 

peaks to the formation of C60 and C70 in the vapour.12–15  The fullerene 

family consists of C60, C70, C72, C76, and C80 molecules, etc. amongst 

which C60 is the most stable one.16 The discovery of fullerenes was the 

first stepping stone of nanocarbon research and it expanded the number 

of known allotropes of carbon from diamond, graphite, and amorphous 

carbon to an additional large number of different types of nanocarbon 

forms. C60 was named “Buckminsterfullerene” ("bucky balls" in short) 

because of its resemblance to the structures of geodesic domes designed 

by famous American architect Buckminster Fuller.17 Fullerenes are also 

detected in outer space. Interestingly, large amounts of C60 and C70 have 

been found in a blast of gas from a dying star, and the presence of C60
+ 

in the clouds of molecules and dust is confirmed by spectroscopic 

investigations.18,19  

1.3.Structure and bonding in C60 

 In the C60 molecule (Figure 1.1), the carbon atoms are found to 

be present at the vertices of a regular truncated icosahedron with 32 

faces (12 pentagons and 20 hexagons). Each carbon atom is bonded to 

three other carbon atoms and is sp2 hybridized.  90 covalent bonds are 
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present of which 60 are slightly longer (the bonds between two adjacent 

hexagons or [6,6] bonds) and are termed single bonds. The remaining 

30 bonds are slightly shorter (the bonds between an adjacent hexagon 

and a pentagon ring or [6,5] bonds) and are considered double bonds. It 

is considered as the most symmetric molecule with 120 possible 

symmetry operations.20–22 

 

Figure 1.1: Buckminsterfullerene 

1.4. Synthesis of fullerenes 

There are many methods reported for the synthesis of fullerenes. 

As mentioned earlier, C60 was first synthesized by the laser 

vapourization of the carbon in an inert atmosphere, in the year 1985. 

However, fullerene research was in a stagnant state except theoretical 

reports because of the absence of bulk synthetic strategies until the year 

1990. This was the time Kratschmer and coworkers 23 came up with the 

arc discharge method by which bulk production of fullerenes was 

materialized. Fullerenes are also produced by the pyrolysis of 

naphthalene in an argon atmosphere at 1000 °C. There are reports for 
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the synthesis of C60 from carbon soot as well. 24,25  Zhang et al. reported 

a method to synthesize C60 from CHCl3 by using an UT-FVP apparatus 

under mild conditions.26 The major drawback of all these methods is the 

fact that only small amount of fullerenes can be produced at a time. The 

reaction conditions generally adopted for some of the fullerene synthetic 

strategies are given below. 

1.4.1. Laser irradiation of graphite 

 In this method, a pulsed laser beam is used for evaporating a 

graphite disc in an inert He atmosphere. Alternatively, this can be done 

with a CW-Nd: YAG laser in Ar gas flow, or with stationary CO2 laser 

radiation. 27, 28 

1.4.2. Laser irradiation of PAHs. 

In this method, C60 is produced when Polycyclic Aromatic 

Hydrocarbons (PAHs) consisting of 60 or more carbon atoms are 

exposed to a pulsed laser beam. The resulting soot formed by the 

condensation of vapours contains C60, formed by the 

photofragmentation of large PAHs (>60 carbon atoms).29 Large PAH 

molecules are synthesized by bottom-up approaches from smaller PAHs 

so that they can be used to produce C60.
30, 31 

1.4.3. Electrical arc heating of graphite. 

In the method reported by Kratschmer et al.32 for the large scale 

synthesis of fullerenes, an electrical arc is produced between two 

graphite electrodes in an inert atmosphere of helium resulting in the 

formation of condensed carbon soot. From this soot, fullerenes are 

extracted by toluene solvent and subsequently toluene is removed by 
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heating in a rotary evaporator. High purity C60 is separated by liquid 

chromatography.33,34 

1.4.4. Resistive arc heating of graphite 

In this method, one of the graphite electrodes is resistively 

heated to high temperatures and subjected to arc discharge using second 

graphite electrode. Vaporized carbon condenses to form soot, from 

which C60 is extracted by solvent extraction method.35 

Various methods of fullerene preparation are summarized 

schematically in Figure 1.2. 

 

Figure 1.2.: Schematic representation of various preparation methods 

of fullerenes. 

1.5. Properties of fullerenes 
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C60 is a black powdery material which is soft and slippery. 

Because of weak intermolecular forces acting between the molecules 

and hence less energy is needed to overcome these forces, it has a low 

melting point than graphite and diamond. Fullerenes are insoluble in 

most of the polar solvents and C60 forms a deep purple colour solution 

in toluene and many other solvents. Fullerenes are soluble in most 

aromatic solvents and their solubility depends upon the factors like 

polarizability, polarity, molecular size, and cohesive energy density.36 

Fullerenes are known to change their structure under high pressure. In 

general, they are stable molecules, but can accept electrons when they 

are engaged in chemical reactions. Most of the reactions of C60 are 

occurring at [6,6] junctions and thus form thermodynamically stable 

products. Because of the unique optical properties of C60, it is employed 

as the fluorescent probe to detect solvent polarity effects, molecular 

associations, and complex formation with both polar and nonpolar 

molecules.37  

C60 cannot conduct electricity, they normally act as electrical 

insulators. When doped with alkali metals the resulting compound 

becomes conducting or even acts as a superconductor. Ivetic et al. 

reported that endohedral Cu@C60 and CuO/C60 mixture exhibits good 

electrical conductivity 38. Fullerene network self-assembled on metal-

covered semiconductor surfaces, are known to exhibit good electrical 

conductivity.39  

Among the different fullerenes discovered, C60 and C70 are the most 

stable.40  Kroto et al. presented chemical and geodesic rules, according 
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to which fullerenes, Cn for which n= 24, 28, 32, 36, 50, 60, 70 should 

have enhanced stability compared to their neighbours.41,42 There are 

reports that fullerenes were stable up to 500 °C, but they decomposed 

immediately at 800 °C into amorphous carbon.43 Endohedral fullerenes 

show quite excellent magnetic properties, which makes them suitable 

for potential applications in atomic clocks, molecular magnets, spin 

probes, and Magnetic Resonance Imaging, and spintronics.44  

1.6. Reactivity of fullerenes 

Because of the absence of super-aromaticity and considerable 

bond localization, fullerenes can be functionalized easily with addition 

reactions. Both endohedral and exohedral functionalization are possible 

for fullerenes. Fullerenes comprising of atoms or molecules inside their 

cages are termed endohedral derivatives. Covalent bond formations to 

carbon atoms lead to exohedral derivatives where functionalization 

happen outside the cage.   

The chemical reactivity of fullerene (C60) is similar to that of any 

other electron-deficient polyene. C60 readily undergo the reactions with 

electron rich species. Substitution reactions are rarely seen in C60, but 

they can be easily subjected to various types of addition reactions such 

as reduction, halogenation, oxidation, and metallation reactions.  

C60 readily undergo addition reactions at [6,6] junctions (1,2 

additions) forming thermodynamically stable products.45 Thachikawa et 

al. proposed that alkyl radical binds to the carbon atom of C60 at the top 

site forming alkylated C60 product through strong C-C bonds with a 
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binding energy of 31.8-35.1 kcal/mol.46 There are reports for the 

formation of a dative bond complex when C60 reacts with piperidine 

molecule that exhibits versatile electronic properties.47 C60 molecule 

forms 1, 3-dipolar adducts with ozone and diazomethane, that lead to 

the curvature of carbon surfaces at the reaction sites. Some important 

categories covalent functionalization reactions of C60 are summarized 

below. 

1.6.1. Oxidation reactions 

Chemical oxidation of C60 yields a highly oxidized analogue, 

C60On in which oxygen containing functional polar groups present on 

the carbon surfaces that is capable of enhancing its solubility in most of 

the polar solvents.48 There are reports for the oxidation of C60 molecule 

with various oxidants like 3-chloroperoxy benzoic acid, 4-methyl 

morpholine N-oxide, Chromium (VI) oxide, and oxone 

monopersulphate under ultrasonication at room temperature forming 

C60On..
49 Oxidation of C60 by ozone (ozonolysis) is reported earlier in 

the solid state as well as in solutions.50,51 C60 solution in toluene when 

exposed to visible light results in the formation of fullerene epoxides, 

and they will aggregate in solutions as large clusters which may found 

to have important application in photovoltaics.52 
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1.6.2. Reduction reactions 

 Fullerenes readily undergo reduction reactions with various 

reducing agents. Its reduction reaction with Na and liq. NH3 produced 

the hydrogenated products C60H18, C60H36 .
45,53 There are reports for the 

hydrogenation of C60 in benzene using H2 under atmospheric pressure 

with Pt/C and Pd/C as catalysts. Reduction reaction of C60 with di-imide, 

hydroboration reaction, hydrozirconation, etc. were also reported.54,55 

C60 can be reduced by anhydrous hydrazine in CH3OH to yield a mixture 

of fullerene hydrides like C60H2, C60H4, C60H8 and other more highly 

reduced fullerenes like C60H38, C60H40, C60H42, C60H48 etc. were 

obtained by the Birch reduction of the products obtained by hydrazine 

reduction.56 There are reports for the isolation of reduced fullerene 

isomer, 1,2-C60H2 by NaBH4 reduction or Zn(Cu) couple reduction.57 

1.6.3. Halogenation reactions 

 C60 molecule reacts with halogens forming corresponding halo 

fullerenes. Troshin et al. reported the reaction of C60 with liquid Br2. 

Various brominated products like C60Br6, C60Br8, C60Br12, C60Br24 etc. 

could be separated in their study. Adamson et al. reported that UV 

irradiation of a solution of C60 in CCl4 produced chlorinated C60. 

1.6.4. Nucleophilic addition reactions 

 Because of the electron deficient nature of C60, it is susceptible 

to nucleophilic addition reactions. The mechanism of addition reaction 

is similar to that of electron deficient polyene. Initially, the nucleophile 

attacks one of the double bonds (6,6 bond) of the C60 molecule and 
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subsequently leading to the formation of an intermediate, which then 

reacts with the eletrophile present, forming the corresponding addition 

products. The alkylation of C60 with organolithium, the attack of the 

Grignard reagent, reaction with primary and secondary amines, alkyl 

cyanides, piperidines, potassium hydroxide etc. are some of the 

examples in this category.58 Biglova et al. proposed that nucleophilic 

cyclopropanation of C60 proceeds via a concerted addition-elimination 

pathway. The formation of methano-fullerenes are believed to follow 

this mechanism.59 

1.6.5. Hydroxylation reactions 

 Fullerene molecules can undergo hydroxylation reaction to form 

hydroxylated fullerenes or fullerols. There are reports for the direct 

hydroxylation of fullerene with 30% H2O2 in aqueous media under 

ultrasonication.60 Isakova et al. proposed a method for the synthesis of 

polyhydroxylated fullerenes directly from soot containing iron 

nanoparticles stabilized by carbon shell.61 Hydroxyl group rich 

fullerenes can function as excellent hydrogen bond catalyst with high 

activity, stability and better selectivity. Hydroxylated fullerenes are 

found to have important application in fullerene chemistry since 

hydroxylation increases the solubility of fullerene molecules, especially 

in water and they are widely used in medicinal field because of their 

ability to prevent the aggregation of protein molecules associated with 

many human diseases. Fully hydroxylated fullerenes show excellent 

antioxidant activity and also can be used in the field of electrochemical 

biosensing.62 



Introduction 

 

Sree Neelakanta Government Sanskrit College, Pattambi 11 

 Polyhydroxylated fullerenes are excellent free radical 

scavengers 62 and show higher conductivity and solubility in water.63, 64  

The insolubility of fullerenes can be solved by the functionalization of 

the molecule which will bring about a drastic change in its solubility.65, 

66 Kokubo et al. reported that highly hydroxylated fullerenes can be 

obtained (C60(OH)44.8H2O) by the direct hydroxylation of C60 in the 

presence of phase transfer catalysts.67  

1.7. Networking of fullerene balls 

The unique electrical properties make fullerenes a preferred 

building block in the field of polymer chemistry, which may lead to the 

discovery of many novel fullerene-based architectures with networking 

of fullerene balls having extraordinary properties and practical 

applications.68, 69 Generally, polymerization of fullerenes or their 

derivatives can be achieved under certain conditions of temperatures. 

Alternatively, polymerizations can be materialized under the influence 

of light (photopolymerization).70 Fullerene polymers and fullerene 

polymer composites are interesting functional materials which exhibit 

superior photophysical, electrical and magnetic properties suitable for a 

variety of potential applications which were originally absent in the 

parent fullerene precursors.71, 72 There are polymerized fullerenes in 

which C60 balls are directly linked together through covalent bonds.73 In 

some other cases, fullerene balls are introduced in between the other 

polymer chains which can improve their solubility and processability.73 

In one of the reports, Chen et al. have described a chemically modified 

fullerene polymer capable of showing excellent photoconductive 
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performance and paramagnetic behaviour.74 Fullerene precursors can be 

subjected to a variety of polymerization methods such as anionic 

polymerization 75, stable free radical polymerization 76, atom transfer 

free radical polymerization, 77 etc. are found to have important 

applications. 78 Teng et al. reported that alkyl functionalized fullerenes 

can be used to react with azido functionalized polystyrene by [3+2] 

cycloaddition ‘click’ chemistry to obtain two types of fullerene 

polymers. In one type, C60 is binding to the end of a PS chain whereas 

in the other C60 is binding at the joining point of the two PS chains. 79 

1.8. Applications of fullerenes 

The unique carbon cage structure of fullerenes, their unusual 

electronic properties and their immense derivatization possibilities make 

them a suitable candidate for many important applications, especially in 

the field of organic photovoltaic cells, portable power sources, 

antioxidants, and bio-pharmaceuticals and so on. The applications of 

Fullerene-based materials as therapeutic agents are well known 80. For 

example, they are widely employed as antioxidants, antiviral, anti-HIV, 

and also radical scavengers. Fullerene molecules easily fit into the 

hydrophobic cavity of HIV protease, thus inhibiting substrates to the 

catalytic active site of enzymes. Enzyme inhibition,  DNA cleavage, and 

photodynamic therapy are some of the areas in which fullerene based 

materials can be employed successfully. 81–85 

Additionally, fullerenes can function as a reinforcement-

materials. Fullerene-based metal nanocomposites are examples.  

Fullerene-based nanocomposites are advanced functional materials and 
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lot of research interest can be found in this emerging area. 86 Water 

soluble fullerenes are found to have important applications in the bio-

medical field.66, 87, 88 Self-assembled fullerene nanostructures are used 

for many applications like adsorption, catalysis, energy storage, solar 

cells, drug delivery, polymer solar cells, photovoltaics, electrocatalysis, 

and environmental remediation.89, 90 Various applications of fullerene 

are summarized schematically in Figure 1.3. 

 

Figure 1.3: Schematic representation of various applications of 

fullerenes. 

Fullerenes are used in ceramics for thermal management, as they 

reduce the thermal conductivity of bulk ceramics. 91 Hydrophilic 

oxidized fullerenes and their derivatives are used as cytotoxic agents and 
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also act as a support for nano-biocatalytic systems. Zygouri et al. 

reported the synthesis of a primary aliphatic amine (octadecylamine) 

attached fullerene derivatives, which are found to have important 

applications in medicine and biochemistry. 92 Photo-induced electron 

transfer may occur in systems containing many functionalized 

fullerenes. 93 Both fullerenes and hydroxylated fullerenes are capable of 

preventing the aggregation of proteins, thus, capable of preventing many 

human diseases associated with protein aggregation. 93, 94 Silicone-

supported C60 is found to have an important application in photodynamic 

solar water disinfection. 95 

1.9. Electrochemical sensing studies with fullerene-based materials 

 Electrochemical sensors can be placed as an integral part of 

chemical sensors. They are preferred for commercial applications 

because of their cost effectiveness and their capacity to act as an 

important tool for providing a sensitive, selective, and fast determination 

of a wide range of analytes. Carbon-based materials like CNTs, Glassy 

Carbon Electrodes, Graphene, Carbon black, etc. are preferred 

functional materials generally employed to develop superior 

electrochemical sensing platforms. 96–98 In electrochemical biosensing, 

the recognition system utilizes a biochemical mechanism for detecting 

and quantitatively measuring the different biomarkers present in body 

fluids. Non-invasive monitoring of biochemical markers is another area 

in which wearable electrochemical sensors can be utilized. Recently, 

there is an ever-growing demand for such personalized sensing devices. 

99 Because of the unique physicochemical and electrochemical 
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properties along with biocompatibility characteristics of many fullerene 

based materials, they find many applications in the field of 

electrochemical biosensing and bio-nanotechnology. There are reports 

in which fullerenes are effectively utilized in DNA biosensing.100 Here, 

C60 provides an immobilization platform for DNA. Fullerene-based 

biosensors attract lot of research attention because of high sensitivity, 

selectivity, and good reproducibility exhibited by them in 

electrochemical biosensing.101, 102 An electrochemical sensor fabricated 

with fullerene-MWCNT as the sensing platform have been studied by 

Taouri et al. for the detection of vanillin, a food additive. 103 An 

electrochemical sensor based on fullerene nanorods employed for the 

detection of paraben an endocrine disruptor is also reported. Hybrid 

nanostructures with CNT and fullerenes provide a fast, efficient, 

reliable, low-cost biosensor suitable for applications in pharmaceutical 

and clinical analysis. 104–106    

Mazloum-Ardakani et al. reported glassy carbon electrode 

modified with fullerene-functionalized MWCNTs and ionic liquid 

which can exhibit excellent electrocatalytic activity towards 

catecholamines. 107 Similarly, the electrochemical determination of 

caffeine can be performed with a C60/MWCNT/Nafion/GC Electrode. 

108 

  



Introduction 

 

Sree Neelakanta Government Sanskrit College, Pattambi 16 

1.10. Photocatalysis with fullerene-based materials 

Photocatalysis refers to the acceleration of a photoreaction rate 

in the presence of a catalyst. Such catalysts are known as photocatalysts. 

They are substances that are capable of accelerating the chemical 

reaction by absorbing light or photons and providing the charge carriers 

(electrons or holes) generated for oxidation or reduction reactions to 

chemical species. 109–111 When a photocatalyst is irradiated with a 

photon, there is a possibility for two simultaneous processes, oxidation 

using photogenerated holes and reduction using photogenerated 

electrons. The basic requirement for a heterogenous semiconductor 

photocatalyst is that it should possess an adequate bandgap sufficient to 

overcome the redox potential necessary for generating oxygenated or 

reduced species. Carbon-based nanomaterials (CNMs) are capable of 

improving the photacatalytic performance of a semiconductor in 

multiple ways. The most widely used CNMs for this purpose are 

graphene, carbon nanotubes, fullerene, g-C3N4, Carbon Quantum Dots, 

etc. The major barriers associated with many pure semiconductor 

photocatalysts include their low light absorptivity, high charge 

recombination rates, low quantum yield, and so on. CNMs are capable 

of assisting the semiconductors to overcome these barriers with their 

superior properties such as large surface area, high thermal and chemical 

stability, favorable electronic conductivity, etc. In addition, there are 

CNMs capable of functioning as organic semiconductors themselves 

and perform as excellent photocatalysts. However, the problems of 

charge recombination and narrow visible light absorption can exist in 
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the case of pristine CNMs as well. Making the nanocomposites of CNMs 

with other semiconductor photocatalysts is one way of addressing these 

issues. C60, a zero-dimensional allotropic form of carbon when 

combined with other semiconductor materials show excellent 

photocatalytic properties. Fullerene/semiconductor nanocomposites can 

be prepared by various synthetic strategies such as sol-gel method, 

hydrothermal method, solvothermal method, and impregnation 

methods. Fullerenes, in particular, have attracted the attention of many 

researchers due to their capability to improve the photocatalytic 

performance of their nanocomposites mainly because of their narrow 

bandgap suitable for visible light harvesting and ability to trigger the 

generation of reactive oxygen species like singlet oxygen radicals, 

superoxide radicals, and hydroxyl radicals in photochemical 

conditions.37, 112–114 

1.10.1. Photocatalytic dye degradation 

Photocatalysis under sunlight irradiation can be effectively 

utilized for environmental cleaning purposes. Dye effluents from many 

industries are important source of water pollution and their oxidation 

and mineralization using photocatalysis has been area of intense 

research which comes under the category of advanced oxidation 

processes. 115 Among the various model dyes used for such 

investigations, methylene blue is a commonly preferred one. Methylene 

blue dye is a thiazine cationic dye widely employed in the textile 

industry for coloring cotton, wool, etc. It is poisonous and causes 

breathing problems, vomiting, and mental disorders. These dyes if 
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directly discharged into water bodies, can cause adverse health effects. 

The degradation of methylene blue dye using a photocatalyst depends 

upon several factors like irradiation time, catalyst loading, pH of the 

solution, initial concentration of the dye, etc. The mechanism of the 

photocatalytic dye degradation and mineralization can be summarized 

as follows (Figure 1.4.):  

 

Figure 1.4: Mechanism of photocatalytic dye degradation 

Under irradiation, photogenerated electrons are promoted to a 

higher conduction band by leaving holes in the valence band. Both the 

photogenerated charge carriers migrate to the surface of the catalyst. The 

holes react with water to produce .OH radical on the semiconductor 

surface, which are powerful oxidizing agents to degrade the dye 

molecules. While the photogenerated electrons react with O2 to form a 
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superoxide radical anion, O2
.-, that may take part in further oxidation 

processes.  

1.10.2. Photocatalytic hydrogen peroxide generation 

H2O2 is considered as a promising liquid fuel for the future and 

an environmentally benign oxidant. Its photocatalytic production is an 

emerging  technology of great importance in a green chemistry point of 

view because it utilizes only water and oxygen in the presence of 

sunlight. 116 There are reports for the photocatalytic H2O2 production 

from O2 reduction, with organic semiconductor photocatalysts like 

alkali metal doped graphitic C3N4 shows enhanced photocatalytic 

performance with an H2O2 production rate of 10.2 mmol/h/g, which is 

89.5 times that of pristine C3N4. Photocatalytic H2O2 production is also 

achieved from oxygen under visible light irradiation over phosphate 

ion–coated Pd deposited reductive surfaces of BiVO4 nanoparticles. 117–

119. Water soluble fullerene functionalized materials can be used 

extensively in photocatalytic H2O2 producton. 107, 108 

 

Figure 1.5: Schematic of fullerene-based material in photocatalytic 

H2O2 production. 

hν 

H
2
O

 

 H
2
O+ O

2
 



Introduction 

 

Sree Neelakanta Government Sanskrit College, Pattambi 20 

The photocatalytic production of H2O2 from H2O and O2 is a 

sustainable reaction with standard Gibbs free energy change (ΔG°) of 

117 kJ/mol. 

2H2O + O2                                      2H2O2, ΔG°=  117 kJ/mol. 

  The basic principle behind H2O2 production is governed by two 

photocatalytic mechanisms: 

In the first mechanism, H2O2 is generated by a sequential two-

step single electron indirect reduction, 

                    O2                         O2
.-                         H2O2 

According to this mechanism, the holes in the valence band 

would oxidize H2O to oxygen and H+ ions and the electrons in the 

conduction band would react with adsorbed oxygen and convert it into 

H2O2. 

Second mechanism involves a two-electron one-step process. 

In this mechanism, O2 would directly react with two H+ ions 

forming H2O2. 
116 

                            O2   +   2H+                         H2O2 

Shiraishi et al. reported a highly selective method for H2O2 

production on graphitic carbon nitride photocatalysts. 122  Photocatalytic 

H2O2 production in pure water using graphitic carbon nitride decorated 

by oxidative red phosphorus provides a new strategy for H2O2 

production due to their structural and photoelectrical properties.123 
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Quantum dots have been explored as a highly efficient photocatalytic 

system for H2O2 production under visible light with a high concentration 

of 126 mmol/L. 124 Zinc oxide in the aerated aqueous phase, octahedral 

Cd3(C3N3S3)2 co-ordination polymer, photocatalytic Resorcinol-

Formaldehyde resins, etc. are other photocatalytic systems employed for 

H2O2 production. 125–130   

1.11. Graphene 

Graphene is one of the allotropic forms of carbon, in which 

carbon atoms are arranged in a honeycomb-like two-dimensional lattice. 

In 2010, Andre Geim and Konstantin Novoselov got Nobel prize in 

physics for their discovery of graphene in 2004. Graphene can be 

considered as a zero-band gap semiconductor with excellent electronic 

properties. It has got many unique properties such as outstanding 

mechanical stability, optical transparency, and extraordinary electrical 

conductivity and so on. These unique physical and chemical properties 

of graphene have attracted a lot of research attention in recent past. 131–

134 It can be visualized as the mother material for other nanoforms of 

carbon. For example, it can be wrapped to form zero-dimensional 

fullerene, rolled to form one-dimensional carbon nanotube, and stacked 

on top of one another to form three-dimensional graphite. Chemical 

exfoliation, mechanical exfoliation and chemical vapor deposition 

(CVD) are some of the common methods employed for the synthesis of 

graphene. 135–138 Graphene based materials find important applications 

in various fields such as fuel cell technology, photothermal therapy, 

gene delivery, drug delivery, batteries, solar cells, mechanical 
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transduction, etc. 139–141 Another important class of applications of 

graphene and graphene-based nanomaterials are in the field of 

biosensing. In electrochemical biosensing, graphene-modified electrode 

surfaces exhibit better selectivity and sensitivity towards analyte 

molecules. The excellent electrical conductivity, fast electron transfer 

rate, and high surface-to-volume ratio make graphene a suitable 

platform for electrochemical sensing. Graphene-based biosensors are 

preferred in the sensing of important biomolecules like proteins, 

neurotransmitters, DNA, enzymes etc. 142–144 

1.12. Carbon nanotubes 

Carbon Nanotubes (CNTs) are discovered in 1991 by Iijima. 145. 

There are two types of CNTS, single-walled CNT and multi-walled 

CNTs. SWCNTs were first reported in 1993. MWCNTs are the 

concentric tubes with rolled up graphene sheets around a hollow area 

146. CNTs have outstanding mechanical, thermal, electrical, and optical 

properties which makes them a promising material in nanotechnology. 

147 They are widely used in energy storage devices like Li batteries, and 

supercapacitors, and the electrochemical sensors. Hydrogen storage 

capacities of CNTs were reported to be 110 mb/g. 148 CNT-based 

biosensors are an important class of biosensors and in electrochemical 

sensing, they are employed for the electrochemical detection of 

important biomarkers like H2O2, glucose, ascorbic acid, uric acid, 

dopamine, etc. They are characterized by excellent sensitivity, 

reproducibility, better sensitivity, and fast electron transfer properties. 

1.13. Graphene- Nanotube- Fullerene ternary hybrids 
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Even though there are many reports on the synthesis of hybrid 

nanostructures of graphene and fullerenes, only few reports are present 

on the ternary hybrids graphene, nanotubes and fullerenes. 149 Gupta et 

al. reported the formation of fullerenes and carbon nanotubes by the 

bubbling of graphene film that is formed on the anode surface by the 

unzipped graphite under extreme temperature and pressure conditions. 

150  

1.14. Carbon nanostructures for Hydrogen Storage 

Fuel cells based on hydrogen fuel is considered as a promising 

technology for future energy production. A major hurdle in the 

commercialization of this technology is the difficulty in the storage and 

transportation of hydrogen. Carbon nanostructures like CNT has shown 

promising results in the field of hydrogen storage.151, 152 Design and 

development of advanced functional materials are going on in this 

research area. A three-dimensional pillared graphene framework with 

hybrid fullerene and nanotube pillars have shown excellent H2 storage 

capacity.153 

1.15. Hydrogenation of double bonds via diimide formation 

Hydrazine reagent in combination with an oxidizing species is 

known to hydrogenate compounds with multiple bonds. This reaction is 

known to proceed via initial formation of an active reducing agent 

diimide (NH=NH) which initially form an adduct and then it is 

dissociated in to nitrogen gas and the hydrogenated product.154 
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Figure 1.6: Hydrogenation of double bond via diimide formation 

1.16. Objectives of the Thesis 

The main objectives of the present research are: 

(1) Preparation of a new class of highly efficient, nanostructured, 

polymeric fullerene oxide framework (PFO) by thermal [3+2] 

cycloadditions of fullerene oxides formed by the thermal 

decomposition of C60Br24 and its characterization with various 

spectroscopic and microscopic methods and application as a 

biosensing platform for trace amounts of glucose. 

(2) To understand the mechanism of interlinking of C60 balls in 

polymeric Fullerene Oxide Frameworks by Density Functional 

Theory calculations. 

(3) To prepare PFO/TiO2 (5%) nanocomposite by mechanical 

mixing followed by calcination at 200 °C and the 

characterization of photocatalytic system produced by means of 

various spectroscopic and microscopic methods.  

(4) To investigate the photocatalytic performance of PFO and 

PFO/TiO2 nanocomposite by the degradation and mineralization 
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of methylene blue dye as well as by photocatalytic H2O2 

production. 

(5) To prepare polyhydroxylated fullerene derivative (fullerol) by 

the direct hydroxylation of C60 with 30% H2O2. 

(6) To prepare Partially Hydrogenated Fullerol (PHF) network, its 

characterization by various microscopic and spectroscopic 

techniques and to investigate its application as a sensing 

platform for the H2O2 electrochemical sensing 

(7) To prepare hydrogen and hydroxy functionalized Graphene-

Nanotube-Fullerene Ternary hybrid (GNF1) by mechanical 

mixing of PFO and reduced hydroxy graphene (RHG) followed 

by calcination at 250 °C and subsequent hydrazine reduction of 

the aqueous dispersion of this mixture and its characterization by 

employing various microscopic and spectroscopic techniques. 

(8) To Prepare hydrogen and hydroxy functionalized Graphene-

Nanotube-Fullerene Ternary hybrid (GNF2) by the hydrazine 

reduction of a co-dispersion of fullerols and hydroxygraphene 

and the characterization of prepared GNF2 by various 

microscopic and spectroscopic techniques and to investigate its 

application as a sensing platform for H2O2 electrochemical 

sensing. 
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2.1 Experimental procedures  

In the present study, we have developed a method for the 

preparation of an interconnected, three-dimensional, mesoporous 

polymeric fullerene oxide framework via thermal [3+2] cycloadditions 

of monomeric C60 and fullerene oxides. C60On are formed by the thermal 

decomposition of C60Br24, causing the elimination of Br2 molecules in 

an oxygen atmosphere at an elevated temperature of 200 °C. A Density 

Functional Theory calculation is performed with Gaussian 16 using 

M06-2X functional and 6-31g basis set. The Poly Fullerene Oxide 

(PFO) is characterized with various spectroscopic and microscopic 

techniques and its 5% nanocomposite with P25 TiO2 is prepared. 

Methylene blue is taken as a model dye to investigate photocatalytic dye 

degradation applications of PFO and the developed PFO/TiO2 

nanocomposite under sunlight irradiation. Photocatalytic H2O2 

production by the sunlight-assisted reaction of water and oxygen using 

PFO/TiO2 nanocomposite is also performed. Further, in the next study, 

fullerols (poly hydroxy derivatives of C60) are prepared by the direct 

ultrasonication of C60 with 30% H2O2. Subsequently, the aqueous 

dispersion of fullerols is subjected to hydrazine reduction resulting in 

the formation of a partially hydrogenated fullerol network (PHF). The 

prepared nanomaterial is characterized by different spectroscopic and 

microscopic techniques. Reduced hydroxy graphene is prepared 

adapting a strategy reported from our lab earlier1, which is then 

mechanically mixed with PFO in 1:1 weight ratio and calcined at 250 

°C. This mixture is then dispersed fully in water and is subjected to 
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hydrazine reduction to produce hydrogenated ternary composite of 

graphene, carbon nanotube and fullerene (GNF1). Next, the hydrazine 

reduction of fullerols along with hydroxygraphene (HG) prepared from 

fluorographite is carried out to obtain another partially hydrogenated 

ternary nanocomposite of graphene, carbon nanotube and fullerene 

(GNF2). Electrochemical sensing investigations employing the prepared 

nanomaterials PFO, PHF, GNF1, and GNF2 as sensing platforms are 

carried out. The procedure adopted for the development of these novel 

nanomaterials and the experimental conditions employed for their 

photocatalytic and electrochemical sensing applications are summarized 

in this chapter. 

The important chemicals used in for the investigations presented 

in this thesis are listed in the table given below: 

All the chemical used in the work are of analytical grade and 

deionized water is used throughout the experiments. 

Table 2.1 List of chemicals used for the preparation and applications of 

the nanomaterials studied 

Sl 

No. 
Chemicals used Name of manufacturer 

1 Fullerene 
Sigma Aldrich Chemicals 

Pvt.  Ltd. India 

2  Liq. Br2 capsules 
Sigma Aldrich Chemicals 

Pvt.  Ltd. India 

3 Toluene Merck, ACS Reagent 

4 Isopropyl Alcohol (IPA) Merck, ACS Reagent 

5 Potassium Chloride Sigma Aldrich, > 99% 

6 Potassium ferrocyanide Merck, ACS Reagent 

7 Potassium ferricyanide Merck, ACS Reagent 
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8 
Phosphate buffer tablet (PBS 

tablet) pH 7.4 
Sigma Aldrich 

9 Glucose Sigma Aldrich 

10 Hydrogen peroxide Merck, ACS Reagent 

11 Uric acid Sigma Aldrich, > 99% 

12 L-Ascorbic acid Sigma Aldrich 

13 Dopamine hydrochloride Sigma Aldrich 

14 Sodium hydroxide Merck 

15 Methanol Merck 

16 Ethanol Merck 

17 Acetone Loba chemie, India 

18 Hydrazine hydrochloride Loba chemie, India 

19 1,10- phenanthroline Sigma Aldrich 

20 Methylene blue dye Merck 

21 Graphite flakes Merck 

22 Alumina powder (0.3 micron) Sigma Aldrich 

23 
N,N – Diethyl-p-phenylene 

Diamine 
Sigma Aldrich 

24 
Horse Radish Peroxidase 

enzyme 
Sigma Aldrich 

26 Heptane Merck 

27 Copper Sulphate Merck 

28 Sulphuric acid 
Nice Chemicals, Laboratory 

reagent 

29 Hydrochloric acid 
Nice Chemicals, Laboratory 

reagent 

30 Deionized water Nice, Laboratory reagent 

31 Potassium bromide Sigma Aldrich 

32 P25 Titania Merck 

33 Flourographite 
Sigma Aldrich, > 61 wt % 

Fluorine 

34 Sodium nitrate Merck 

35 Potassium permanganate Merck 
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2.2.  Preparation methods 

2.2.1.  Preparation of polymeric fullerene oxide (PFO) 

Polymeric Fullerene oxide (PFO) is prepared by the thermal 

treatment of C60Br24.  Initially, C60Br24 is prepared by a method 

described by Birket et al. 2 For this about 0.2033 g of C60 is ground well 

in an agate mortar for 15 min, 20 ml of liquid bromine is added, stirred 

for 8 h, and is allowed to stay at room temperature, overnight. Orange-

yellow crystals of C60Br24 is observed to be separated slowly. This 

sample is collected and then heated in the presence of air (Tubular 

Furnace) at 200 °C, for 18 h. 3 This mixture of oligomeric and polymeric 

fullerene oxides formed is collected and washed repeatedly with toluene 

for separating the toluene-soluble, low-molecular-weight fullerene 

oxide fragments and PFO. The dark brown coloured solid, poly fullerene 

oxide (PFO) powder is then dried in an oven to remove residual solvent 

and used for characterization and further studies.  

2.2.2. Preparation of 5% PFO/TiO2 nanocomposite 

To prepare 5% PFO/TiO2 nanocomposite, about 2 g of 

commercial Degussa P25 TiO2 powder is treated with 0.1 g of PFO by 

mechanical solid-state mixing in an agate mortar for 1 h, followed by 

calcination at 250 °C for 5 h and the resulting PFO/TiO2 (20:1) 

nanocomposite is employed for further photocatalytic studies. 
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2.2.3. Preparation of Hydroxy Graphene (HG) and Reduced 

Hydroxy Graphene (RHG)      

Hydroxy Graphene (HG) and Reduced Hydroxy Graphene 

(RHG) are prepared starting from flourographite following a procedure 

reported from this lab.4 For this about 100 mg of the flourographite 

powder is mixed with 10 ml of ethanolic NaOH (10 g NaOH in 100 ml 

ethanol) and maintained at 100 °C for 24 h in an RB flask fitted with a 

water condenser. The black-coloured hydroxy graphene (HG) obtained 

is washed with acetone and distilled water and dried. The resulting HG 

is dispersed in 1:1 ethanolic–water mixture by ultrasonication (6.5 L 

bath sonicator, 200 W) for 2 h, and the contents are transferred into an 

autoclave and kept overnight at 180 °C. 1 The solvothermally reduced 

hydroxy graphene (RHG) obtained is washed with acetone & water and 

then dried. The RHG thus prepared is used for further studies. 

2.2.4.  Preparation of fullerols 

In this method, 200 mg of C60 is treated with 20 ml of 30% H2O2 

5 and is subjected to ultrasonication (30% amplitude, 200 W) for 1 h. 

The temperature is maintained by using a water bath to 30 °C. Initially, 

the mixture was colourless and it turns to brown after 30 min 

ultrasonication. The unreacted C60 is again treated with H2O2 followed 

by ultrasonication and the resulting fullerol can be separated as a white 

precipitate by treating it with  85 ml of the mixture of three solvents 2-

propanol, Diethyl ether, heptane in the volume ratio 7:5:5 respectively 

and keeping for two days.5, 6 The resulting white-coloured fullerol 
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precipitate is washed several times with methanol and distilled water 

and is dried at 60 °C. 

2.2.5. Preparation of partially Hydrogenated Fullerol network 

(PHF) 

For this, 100 ml of fullerol dispersion is treated with 1 ml of 

hydrazine solution and the reaction mixture is kept at 100 °C in an RB 

flask fitted with a water condenser for 24 h. The white deposit formed 

on the walls of the container is washed with methanol and distilled 

water. The undissolved portion, Partially Hydrogenated Fullerol (PHF) 

network formed is separated, dried and characterized. 

2.2.6. Preparation of hydrogen and hydroxy functionalized 

Graphene-Nanotube-Fullerene ternary hybrid (GNF1) from 

the aqueous dispersion of PFO/ RHG mixture. 

In this procedure, 50% PFO/RHG mixture is prepared by the 

mechanical mixing of about 0.1 g of PFO with 0.1 g of RHG in an agate 

mortar for 30 min. Then, it is calcined at 250 °C for 3 h in a muffle 

furnace. The resulting mixture is then dispersed fully in water and is 

treated with 1 ml of hydrazine solution in an RB flask equipped with a 

water condenser for 24 h at 100 °C. The precipitate formed is washed 

with ethanol & water and dried at 60 °C resulted in the formation of 

hydrogenated ternary composite of graphene, carbon nanotube and 

fullerene (GNF1). 
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2.2.7. Preparation of hydrogen and hydroxy functionalized 

Graphene-Nanotube-Fullerene ternary hybrid (GNF2) from 

fullerol and hydroxy graphene dispersion. 

GNF2 is prepared by the hydrazine reduction method.7, 8  For 

this, 50 ml of an aqueous dispersion of fullerol and hydroxygraphene  

are taken in an RB flask equipped with water condenser, 1 ml of 

hydrazine solution is added and refluxed for 24 h at 100 °C. The 

precipitate of GNF2 formed is centrifuged, washed with ethanol and 

subsequently with water and dried at 60 °C and used for further studies. 

2.2.8. Preparation of Graphene 

Graphene is prepared by the hydrazine reduction of hydroxy 

graphene. 1 About 1 ml of hydrazine reagent is treated with 100 ml of 

HG dispersion. The resulting mixture is heated in an RB flask fitted with 

a water condenser at 100 °C for 24 h. The black colored solid obtained 

is the graphene formed which is then washed with methanol and distilled 

water and dried at 60 °C. 

2.3. Electrochemical sensing studies 

All electrochemical sensing studies are performed with a mini 

potentiostat ( Digi-Ivy, DY2000 series) 

2.3.1. Cyclic Voltammetry 

Cyclic Voltammetry (CV) is one of the most acceptable 

potentiodynamic electrochemical measurements and is generally used 

for the detection of analyte molecules in a solution.9,10 In a typical CV 
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measurement, the potential of the working electrode is initially ramped 

linearly versus time in a particular direction and is repeated in the 

opposite direction to complete one cycle.  
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Figure 2.1: A typical Cyclic Voltammogram (CV) showing the redox 

peaks of 5 mM ferricyanide/Ferrocyanide system in 0.1 M KCl 

(supporting electrolyte) and PBS buffer at bare GCE. Scan rate is 50 

mV/s. 

Then current in the working electrode is measured and plotted 

vs. potential which will give the cyclic voltammogram. Three electrode 

system is preferred in cyclic voltammetric measurements. The working 

electrode, counter electrode, and reference electrode are employed and 

the potential is measured between the working electrode and reference 

electrode while the current is measured between the working electrode 

and counter electrode. A typical cyclic voltammogram is shown in 

Figure 2.1.         
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From the cyclic voltammogram, anodic potential, Epa, Cathodic 

potential, Epc, anodic current, Ipa, cathodic current, and Ipc are measured. 

The peak current is given by the Randles-Sevcik equation.5     

      Ip= (2.69x10-5)n3/2 ACD1/2ᴠ1/2                                   (  2.1) 

Ip is the peak current and n is the number of electrons involved 

in redox reactions. 

A is the area of the electrode surface (cm2) 

C is the concentration of electroactive species in the solution (mol/cm3) 

D is the diffusion coefficient (m2/s) 

V is scan rate (V/s) 

Cyclic voltametric measurements are used in the electrochemical 

analysis of organic, and inorganic compounds and polymers. 11 The 

kinetics of an electrochemical reaction is best understood from CV 

measurements. If the reaction is reversible, oxidation peak of CV will 

be similar in shape to the reduction peak. 10 The separation between peak 

potentials is given by the equation:  

                     ΔEp  = Epa – Epc  = 59 mV/n                                         (2.2) 

For a reversible electrochemical reaction, the ratio of anodic 

peak current to cathodic peak current is independent of the scan rate. For 

an irreversible electrochemical reaction, peak potentials show a 

considerable shift with scan rate. 
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All electrochemical measurements are performed using a Digi-

Ivy (DY2000EN) potentiostat. The modified Glassy Carbon Electrode 

is used as the working electrode, Ag/AgCl is used as the reference 

electrode, and platinum wire is used as the counter electrode. All the 

measurements are carried out using 0.1 M Phosphate Buffer solution 

(PBS, pH 7.4) and 0.1 M KCl is used as a supporting electrolyte. 1 mM 

ascorbic acid,1 mM uric acid, 1 mM dopamine, 1 mM glucose, and  

1 mM H2O2 are used as analyte molecules. 

2.3.2.  Differential Pulse Voltammetry (DPV) 

Differential Pulse Voltammetry is a type of linear sweep 

voltammetric technique in which amplitude pulse potentials are 

superimposed on a ramp potential curve. 13 Here, a series of pulses are 

given to the electrode surface with a sequential increase in baseline 

voltage of the voltammetric cell in which voltage pulses are transmitted 

by a counter electrode and the resulting current is measured by the 

working electrode. In this technique, the current is sampled before 

applying the amplitude pulse and also at the end of the pulse application. 

The difference between the two currents is plotted against the potential 

of the working electrode: 14 

E peak =  
E1/2 – Epulse  

2
                                     (2.3) 

In DPV there is no effective non-Faradic current and hence it is 

used for the detection of even very low concentrations of the analyte 

molecules. DPV is a highly sensitive, selective voltammetric technique, 
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which allows its use in studying the kinetics and thermodynamics of 

electrochemical reactions. 15 

2.3.3. Preparation of modified glassy carbon electrodes 

 Bare GCE (3 mm) is polished with alumina slurry (0.05 micron) 

taken in a micro polishing pad. After polishing, the electrode is rinsed 

well with distilled water repeatedly for several times to remove any 

adsorbed impurities present and dried under an IR lamp. After that 10 µl 

of the functional electrode material dispersion is drop-casted on the 

well-polished Glassy Carbon electrode surface and allowed to dry. The 

modified electrode surface is now ready for the electrochemical 

measurements. 

2.3.4. Electro-Chemically active Surface Area (ECSA) 

measurements 

The Electro-Chemically active Surface Areas of the surface-

modified electrodes are calculated using cyclic voltametric 

measurements in 5 mM potassium ferrocyanide in PBS solution ( pH 

7.4) with 0.1 M KCl as supporting electrolyte using the Randles-Sevcik 

equation.12 

               Ip = 2.69 × 105AD1/2n3/2γ1/2C                              (2.4) 

Here, Ip is the Peak current, A is the ECSA value, D is the diffusion 

coefficient, n is the number of transferred electrons in the redox couple, 

γ is the scan rate and C is the concentration of the analyte. 

2.3.5. Calculations for Sensitivities and Limits of Detection (LODs) 
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 The sensitivities and limits of detection (LODs) can be 

determined from the cyclic voltammetric curves or DPV curves 

depending on the technique used for sensing. The limit of detection is 

calculated from 3*S.D (bl)/m; where S.D (bl) is the standard deviation 

of the blank solution determined from ten consecutive CV/DPV 

measurements and m is the slope of the calibration curve. The sensitivity 

of the modified electrodes is determined as, the slope of the calibration 

curve/ ECSA values. 

2.4.  Photocatalytic Studies 

2.4.1. Photocatalytic methylene blue dye degradation studies 

Photodegradation studies of methylene blue dye mineralization 

using different photocatalytic systems developed are performed in the 

presence of natural sunlight. 17–19 A Thermo-Scientific EVOLUTION 

160 spectrophotometer in the wavelength range 200 to 800 nm is used 

to measure the absorbance of the solutions. In a typical photocatalytic 

degradation study, 100 ml of aqueous solution (0.01 g/l) of methylene 

blue and 0.05 g of the photocatalyst are taken in a beaker, stirred for 30 

min in darkness, and subsequently exposed to sunlight with constant 

stirring. After each time interval of 15 min, about 5 ml of the reaction 

mixture is withdrawn. It is then centrifuged at 3500 rpm and the 

absorbance of the centrifugate is observed by measuring the intensity of 

absorption for the dye, at 668 nm. All the photodegradation studies are 

carried out on sunny days at hours when sunlight availability is 

maximum and uniform. The efficiency of photo-catalytic degradation is 

calculated by plotting ln C/C0 versus irradiation time where C0 
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represents the concentration of methylene blue when t= 0 and C is its 

concentration after irradiation for t seconds.  

2.4.2. Photocatalytic H2O2 production 

About 0.05 g of photocatalyst is mixed with 50 ml water in an 

RB flask which is sealed after passing oxygen gas for 10min, stirred for 

30 min in darkness and the reaction mixture is irradiated under sunlight 

with constant stirring. H2O2 formed by this reaction is monitored 

spectrophotometrically.16 For this, after 15 min, 5 ml of the solution is 

withdrawn using a syringe and centrifuged at 2000 rpm for 10 min. 

Then, 3 ml buffer, 50 µl Horse Radish Peroxidase enzyme, and 50 µl 

DPD reagent (N, N-Diethyl-p-phenylene Diamine) are added. The 

Absorbance of the solution is measured using a PerkinElmer UV/VIS 

Spectrophotometer Lambda 850 in the wavelength range of 500 to 

800nm. This measurement was repeated for 30, 45, 60, 90 and120 min 

intervals of time. All the photo- catalytic measurements are performed 

on sunny days when sunlight availability is maximum. A calibration 

graph is plotted with absorbance at max= 551 nm vs. concentration of 

H2O2 (10-100 µM). From the calibration graph, H2O2 evolved in the 

photocataytic reaction at different irradiation times are obtained.  A 

graph is plotted with H2O2 evolution in µmol/g vs. irradiation time. The 

rate of H2O2 production is calculated in µmol/g/h at every 15 min of 

irradiation. The experiment is repeated with pristine P25 titania 

photocatalyst and the results are compared. 

2.5. Electrochemical measurements for Mott-Schottky plot 
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Electrochemical impedance measurements of PFO modified 

GCE are performed with an Electrochemical Analyzer (chi1210c 

series). From this measurement, the Mott-Schottky plot for PFO is 

drawn and the flat band potential (Ef) is evaluated by extrapolating the 

tangent.20, 21 Combining the band gap value obtained from the Kubelka-

Munk plot as well as PL studies, the valence band spectrum obtained 

from the XPS analysis, and the Mott-Schottky plot, a schematic energy 

level diagram is constructed for PFO semiconductor photocatalyst. 22–25 

Using this energy level diagram, the probable mechanism and reaction 

routes of photocatalytic methylene blue dye degradation are proposed. 

2.6. Total Organic Carbon (TOC) Analysis 

Total Organic Carbon analysis measures the amount of organic 

carbon present in a sample of material under investigation. 26 In the 

present work, TOC measurements are performed to monitor the 

mineralization process of the methylene blue dye. For this, 100 ml of 

methylene blue dye solution is treated with PFO catalyst and kept in 

darkness for 30 min and the resulting solution is centrifuged and the 

centrifugate is used for TOC measurement. After irradiating the reaction 

mixture in sunlight for 15 min, 30 min, 45 min, 60 min respectively and 

the corresponding TOC values are recorded for each of the reaction 

mixtures obtained, after the removal of the photocatalyst by 

centrifugation. All the TOC measurements are performed using a 

Multiparameter Water Quality Analyzer Sonde (YSI-6820-USA).  

2.7.  Physico-Chemical Characterisation Techniques Used 
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 In the present work, the developed functional nanomaterials are 

characterized by various microscopic and macroscopic techniques. 

Techniques like Fourier Transform Infrared (FTIR) Spectroscopy, 

Scanning Electron Microscopy (SEM), Field Emission Scanning 

Electron Microscopy (FESEM), Transmission Electron Microscopy 

(TEM), Atomic Force Microscopy (AFM), Raman Spectroscopy, X-ray 

Photoelectron Spectroscopy (XPS), X-ray Diffraction (XRD), UV-

Visible and UV-Vis Diffused Reflectance Spectroscopy, are employed 

for this purpose. DFT calculations are performed using MO6-2X 

functional and 6-31g basis set using Gaussian 16 program.  

2.7.1. Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR spectroscopy is a powerful tool for the identification of 

various functional groups present in a molecule which is considered as 

the fingerprint of a particular molecular species. 27–29 In IR spectroscopy, 

the IR radiations incident on the sample are absorbed when the 

vibrational frequencies of the sample material are matching with the 

frequencies of the incident radiations. A plot of transmittance vs. wave 

number gives the infrared spectrum. In FTIR, an interferometer is used 

to collect the signal which is called the time domain spectrum. It is then 

converted to frequency domain spectrum by a mathematical process 

called Fourier transformation to obtain the FTIR spectrum. 

In fullerene science as well, FTIR is considered an important 

non-destructive characterization technique to identify unique structural 

features. C60 is the most symmetric molecule which has a total of 174 

vibrational degrees of freedom. However, because of its exceptional 
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symmetry, only the four F1u vibrational modes are infrared active and 

these are observed in the FTIR spectrum of C60 at positions around 

 527 cm-1, 576 cm-1, 1183 cm-1and 1428 cm-1. Depending upon the 

nature of functionalization, additional features appear in the FTIR 

spectra of fullerene-based materials.  

In the present work, Fourier transforms infrared (FTIR) spectra 

of the nanomaterials are recorded using a Perkin Elmer spectrum two L 

1600300 FTIR spectrometer in the range 400-4000 cm-1. Using this 

technique, the intact networking of fullerene balls in the PFO framework 

is well confirmed. Moreover, the peaks corresponding to various 

functional groups are also analyzed by this technique. Cage vibrations 

of hydrogenated C60 are also confirmed by FTIR spectra analysis. 

2.7.2. X-ray diffraction 

X-ray diffraction is a non-destructive technique that gives 

detailed information about the crystallographic structure as well as the 

chemical composition of the material. It is based on Bragg's law:  

nλ = 2dsinθ,                                                   (2.6) 

where λ is the wavelength of X-rays, d is the spacing between the planes 

from which diffraction occurs, and θ is the diffraction angle. 30 Here X-

rays are allowed to pass through the sample and the intensity of the 

diffracted X-rays is measured.  Materials are identified based on the 

diffraction pattern obtained from the X-rays that leave the material. 
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Small Angle X-ray diffraction is a technique that allows the 

determination of nanoscale or mesoscale structural features of a 

material. It is an important characterization technique especially for 

materials with mesoporous structural ordering. 

In the present investigation, the low-angle X-ray diffraction 

analysis is carried out using a Bruker D8 Advance A25 Analytical X-

Ray photoelectron spectrometer with monochromated Cu-Kα (8.04 

keV) radiation (λ=1.5406) with 2θ values ranging from 0.100° to 8.997°.  

2.7.3.  Raman spectroscopy 

Raman spectroscopy is another non-destructive spectroscopic 

technique used for identifying the different types of vibrational modes 

present in a molecule. In this technique, a monochromatic beam of 

radiation is allowed to pass through the material, and the shift in the 

energy of the non-elastically scattered radiation as a result of its 

interaction with molecular vibrations is recorded, which will indicate the 

vibrational modes present in the molecule. 31, 32 Based on the nature of 

the bonds, the emitting radiations show high-frequency modes of 

vibrations (stokes lines) and low-frequency vibrational modes (anti-

stokes lines).  

Raman scattering is an important tool in fullerene chemistry to 

understand the molecular structure and properties. C60 is the most 

symmetric molecule with 46 vibrational modes distributed over 174 

vibrational degrees of freedom.33, 34 There are ten Raman active modes 

in C60. Among these, eight are with Hg symmetry (degenerate gerade 
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modes) and the other two with Ag symmetry (non-degenerate gerade 

modes). 35 The characteristic pentagonal pinch mode of C60 Ag (2) is 

located at 1469 cm-1. 36 Cage-cage vibrations of fullerene cages are well 

observed in fullerene dimer oxides  in the region of 15-180 cm-1 as 

evident from Raman spectroscopic measurements. 37 

For many nanocarbon structures like carbon nanotubes and 

graphene, a D band is observed around 1351 cm-1 which is a 

characteristic peak of disordered amorphous carbon state, and also a G 

band which corresponds to the hexagonal unit of carbon atom, observed 

around 1592 cm-1 and a 2D band is observed around 2672 cm-1. 38 For 

CNTs, radial breathing modes (RBMs) will be seen at low frequency 

regions depending upon the diameter of the nanotubes. 39 

Raman spectral measurements are carried out using a model 

LabRam HR spectrometer equipped with a 532 nm laser. Raman spectra 

are recorded, from which modes vibrations of C60 balls are assigned. 

From Raman spectra, the presence of the D band, 2D band, and G band 

are confirmed for samples with nanotubes and graphene. 

2.7.4.  X-ray Photoelectron Spectroscopy (XPS) 

         X-ray Photoelectron Spectroscopy (XPS) is a powerful surface-

sensitive electron spectroscopic technique based on the principle of 

irradiating the atoms of the sample surface of solid material with X-rays 

causing the ejection of electrons. 40, 41 It is also known as Electron 

Spectroscopy for Chemical Analysis (ESCA). In XPS spectrum, the 

intensity plotted vs binding energy. We can identify the type of elements 
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present in the sample, their oxidation state, and also the other elements 

to which they are bonded, from the XPS spectrum,. The survey scan 

gives information about the elemental composition and the percentage 

composition of each element in the sample. The high-resolution XPS 

spectra provide information about the type of orbitals in which electrons 

of the elements are present. 

In the present investigation, the X-ray photoelectron 

spectroscopic analysis is carried out using a Kratos Analytical X-Ray 

photoelectron spectrometer with monochromated Al-Kα (1486.6 eV;15 

kV; 250 W) radiation (λ=1.5418). In this work, the XPS spectra are 

recorded and the high-resolution C1s and O1s spectra are also analyzed 

for the nanomaterials prepared. A valence band spectrum of PFO is 

obtained from the XPS analysis. 

2.7.5. Field Emission Scanning Electron Microscopy (FE-SEM) 

Field emission scanning electron microscopy is an advanced 

microscopic technique used for imaging the microstructure of the 

material. 42 It is one of the most versatile and non-destructive techniques 

that provide topographical information at higher magnifications. In this 

technique, a beam of electrons is used to scan the surface of a sample 

where they enter into interaction with sample atoms. Secondary 

electrons thus generated will give an image of the sample surface. 

In the present investigation, Field emission scanning electron 

microscopic (FE-SEM) images of the PFO and GNF1are collected using 

a Hitachi SU 6600 SEM microscope (accelerating potential of 10 kV). 
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Scanning Electron Microscopic (SEM) images of PHF and GNF2 are 

collected using a JEOL 6390 LA/OXFORD XMXN SEM microscope 

(accelerating voltage 0.5 to 30 kV). 

2.7.6.  Transmission Electron Microscopy (TEM) 

 Transmission Electron Microscopy is another microscopic 

technique used to predict structural information about the sample 

(particle size, shape, and distribution). Here, a beam of electrons is 

allowed to pass through the sample and they will interact with the 

sample atoms and the transmitted beam is employed to form a two 

dimensional image of the sample.43, 44  Selected Area Electron 

Diffraction (SAED) is a method in TEM by which lattice parameters and 

crystallinity of the sample can be predicted. From the SAED pattern we 

can find out whether the sample is crystalline (bright dotted ring), 

amorphous (thick diffused continuous ring), or polycrystalline 

(randomly dotted ring) and chemical information of the sample also can 

be deduced. 

 In the present investigation, Transmission electron microscopic 

(TEM) analyses are performed using a JEOL JEM-2100 microscope 

operating at 200 kV.  TEM images of the nanomaterial samples and the 

corresponding SAED patterns are recorded. The porous nature of the 

polymeric fullerene oxide framework (PFO) is well-predicted from the 

TEM image and its crystallinity is confirmed by the SAED pattern. In 

the case of PHF, being an electron beam sensitive material, the attempt 

to take TEM image caused degradation of the sample. Also, in the TEM 
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analysis of GNF2, the PHF coatings of the carbon nanotubes formed got 

largely destroyed during the TEM analysis.  

2.7.7. Atomic Force Microscopy 

Atomic Force Microscopy (AFM) is another surface-sensitive 

microscopic technique from which the surface topography of the sample 

can be predicted. AFM comes under the group of microscopic 

techniques called scanning probe Microscopic (SPM) techniques.  In 

AFM, a sharp cantilever tip scans the sample surface and its deflections, 

proportional to the interatomic forces between the cantilever tip and 

sample surface, can be recorded by a photodiode. AFM also provides 

information about the thickness of the sample, thus we can find out the 

roughness of the sample surface and the number of layers in two-

dimensional materials like graphene. 

In the present investigation, AFM images of the PFO sample are 

collected using Multimode 8 high performance AFM in high speed 

ScanAsyst mode. AFM images of PHF, GNF1, and GNF2 are collected 

using the Scanning Probe Microscope (NTEGRA, NTMDT, Russia).  

2.7.8.  Surface area measurements 

BET (Brunauer, Emmet, Teller) is the technique generally used 

to measure surface area of materials. This technique also can be used for 

measuring the pore size distribution. BET theory is based on the 

assumption that multimolecular layer adsorption occurs on localized 

sites of the sample surface. The BET equation is: 
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1
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      (2.7) 

Va is the volume of gas adsorbed at a pressure P, P° is the 

saturated pressure of adsorbate gas molecules, Vm is the volume of gas 

corresponding to the monolayer formation at STP, and C is a constant. 

A plot volume of the gas against relative pressure at constant 

temperature (for example, 77 K, liquid N2) gives the BET adsorption 

isotherm. Generally, there are six types of adsorption isotherms 

observed for materials. In the present work, the BET adsorption 

isotherm of the material (PFO) is recorded by an Autosorb station 1 

analyzer.  

2.7.9.  UV-Visible spectroscopy 

UV-Visible spectroscopy is a non-destructive analytical 

technique, that measures the quantity of UV or Visible light that is 

absorbed or transmitted through a sample. The absorbance of the sample 

plotted against wavelength gives UV-Visible spectrum. The sample is 

used either in liquid or solid form. UV-Visible Diffused Reflectance 

spectroscopy is widely used for solid sample analysis. In the present 

work, the UV-Visible absorbance of the PFO in the diffuse reflectance 

mode is measured using a Varian, Cary 5000 spectrophotometer, and the 

band gap is calculated by drawing a kubelka-munk plot. 

Photodegradation studies of methylene blue dye using polymeric 

fullerene oxide are performed with a Thermo scientific EVOLUTION 

160 spectrophotometer in the wavelength range 200 to 800 nm is used 

to measure the absorbance of the solutions. Photocatalytic production of 
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H2O2 is carried out with PFO/TiO2 nanocomposite and its 

spectrophotometric determination is performed with Perkin Elmer 

UV/VIS Spectrophotometer Lambda 850 in the wavelength range of 400 

to 800.nm. 

2.7.10.  Photoluminescence spectroscopy 

   Photoluminescence spectroscopy is a light emission 

spectroscopic technique used to predict the electronic structure of the 

material. 40  When light of specific wavelength falls on a material, 

excitation and de-excitation of electrons can give rise to 

photoluminescence spectra. In a typical PL spectrum, intensity of the 

emitted radiation is plotted against wavelength. 

In the present investigation, Photoluminescence (PL) spectrum 

for PFO is collected with a Perkin Elmer LS55 luminescence 

spectrometer employing an excitation wavelength of 320 nm. 

Photoluminescence spectrum of PFO are recorded and its band gap is 

calculated by the equation 1240/ λ, where λ is the maximum wavelength 

of emission which is measured from PL spectra. 

2.7.11. Density Functional Theory calculations (DFT) 

Density Functional Theory (DFT) is a computational quantum 

mechanical modeling method which can be used to study the properties 

of molecules, crystals, surfaces and any type of atomic systems. DFT 

calculations are found to have important applications for the 

interpretations and prediction of properties of complex systems and the 

energetics of various reaction pathways at an atomic level.45, 46 
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In the present investigation, the energetics of the reaction C60O 

+ C60 → C120O is calculated with Gaussian 16 using M06-2X functional 

and 6-31g basis set. The transition state of [3+2] cycloaddition bridging 

reactions in the PFO framework is found out and the feasibility of the 

reaction under the present reaction conditions is predicted using the 

results of DFT calculations. 
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CHAPTER 3 

PREPARATION OF MESOPOROUS POLY 

(FULLERENE OXIDE) FRAMEWORK BY THERMAL 

[3+2] CYCLOADDITIONS AND ITS 

PHOTOCATALYTIC AND ELECTROCHEMICAL 

SENSING APPLICATIONS. 
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3.1 Introduction 

For chemists in the recent decades, carbon nanostructures such 

as fullerenes, carbon nanotubes, graphene, and their numerous 

derivatives have triggered enormous research interest. They have 

emerged as a class of most fascinating molecular systems from a 

structural chemist’s point of view. From organic structural constructions 

to the unique material properties they exhibit, possibilities for immense 

potential applications of these systems emerge, pervasive to all areas of 

chemistry. 1–4 The unique material properties offered by these systems 

are essentially linked to the sp2 hybridization, extent of -electron 

delocalization, and the energy levels created in these systems. 

Fullerenes, in particular, have attracted attention by virtue of the narrow 

bandgap suitable for visible light absorption and the ability to trigger the 

generation of reactive oxygen species like singlet oxygen radicals, 

superoxide radicals, and hydroxyl radicals in photochemical conditions, 

with potential for photocatalytic applications. 5–8 Fullerene-based 

photocatalysts have been successfully employed for many specific 

organic transformations. The synthesis of phenols through oxidative 

hydroxylation of aryl boronic acids 9, photooxidation of alkenes 10, 

oxidative conversion of secondary benzylamines to imines 11, and 

synthesis of pyrrolo[2,1-a]isoquinolines through a tandem 

oxidation/[3+2] cycloaddition of tetrahydro-isoquinoline with N-phenyl 

maleimide employing C60-Bodipy dyad triplet photosensitizers are some 

examples in this category. 6 

There has also been a keen interest in the exploitation of the 

carbon-based, metal-free, catalysts from a green chemistry 

perspective.12–14 The concept of using semiconducting organic polymers 
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as photocatalyst materials, replacing inorganic semiconductors had been 

introduced by Yanagida et al. as early as in 1985. 15 They used poly(p-

phenylene) (PPP) for the photocatalytic hydrogen generation under UV 

irradiation in the presence of an electron donor. Recent years have 

witnessed enormous activity in this area. In fact, the use of such 

polymeric carbocatalysts in photocatalysis is perceived to be of much 

significance with the new possibility of tailoring the specific band gaps 

for each reaction, particularly in the non-ultraviolet region of the 

electromagnetic spectrum, which can enable the strategy for the 

development of heterogeneous photocatalytic processes using these 

carbocatalysts using sunlight. For example, the use of graphitic carbon 

nitride (g-C3N4) materials for harvesting visible light have received 

much attention in recent years. 16–19 There have also been a few reports 

on the use of oxidized carbon nanomaterials for photocatalytic purposes. 

20, 21 Recently, Shiraishi et al. 21 have reported the use of resorcinol–

formaldehyde resins as metal-free semiconductor photocatalysts for the 

sunlight-assisted production of hydrogen peroxide from water. Reduced 

complexity in the synthetic protocols is an important attraction of these 

materials. From this imperative, photocatalytic studies with the 

fullerene-based mesoporous photocatalytic systems become important. 

22–26 In fact, previous studies had reported the formation of mesoporous 

fullerene assembles. Template-based strategies have been widely 

reported for the preparation of nanoporous carbon architectures and their 

chemical/electrochemical applications have been demonstrated in the 

past. 27–31 Shrestha et al. have reported the formation of C60 crystals with 

bimodal pore architectures using an anti-solvent precipitation method 

using isopropyl alcohol as the anti-solvent from a saturated solution of 

C60 dissolved in benzene-CCl4 mixture. 32 Also, mesoporous C70 cubes 
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with high photoluminescence were reported by Bairi et al. 33 However, 

such networks may not be suitable for photocatalytic applications since 

their higher photoluminescence indicates faster electron-hole 

recombinations preventing the transportation of charge carriers to the 

reactive surface sites reducing the possibility for photocatalytic 

transformations 33.  

In this work, we suggest a simple strategy for a new class of poly 

(fullerene oxide) (PFO) networks that can function as semiconductor 

photocatalysts using sunlight. The scheme for the formation of the PFO 

catalyst is presented in Figure 3.1.  

 

Figure 3.1:  Scheme for the synthesis of nanoporous network of poly 

(fullerene oxide) frameworks from C60 via C60Br24 

By virtue of its high affinity towards electron-deficient species, 

C60 reacts with excess liquid Br2 ultimately forming its highly 

brominated derivative, C60Br24 
34

. Direct bromination of solid C60 with 

liquid bromine is capable of producing partially brominated fullerenes 
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like C60Br8, C60Br12, C60Br14 as intermediate products in the initial stage 

of the reaction. But upon increasing the reaction time up to around 8 h, 

these bromofullerenes again dissolve in unreacted Br2 present in the 

reaction mixture and forms C60Br24. 
35

  This is the highest degree of 

bromination possible for C60, for steric reasons. Bromine atoms being 

bulky, the 24 Br atoms fully cover the carbon core of fullerene, 

hindering the remaining 18 double bonds from undergoing further 

addition reactions. 32–35  

 Bromofullerenes have been utilized as precursor materials for 

the synthesis of fullerene derivatives with desired properties. 40 In the 

present study, we describe the preparation of highly cross-linked 

fullerene oxide cages from fully brominated fullerene C60Br24 through 

its thermal treatment. At 200 C, they readily react with oxygen forming 

a mixture of oxides by the eliminations of bromine atoms,  without 

affecting fullerene cages as reported earlier by Resmi et al. 41 The 

oxidation and their subsequent crosslinking by [3+2] thermal 

cycloadditions have been established therein through electrospray mass 

spectroscopic studies. Fullerene epoxides constitute an interesting class 

of fullerene derivatives which consist of epoxide groups directly 

attached to the fullerene cages. Monomeric, dimeric and other smaller 

oligomeric oxides thus formed can be easily removed by washing with 

toluene, since they are soluble forms. The insoluble polymeric form of 

the fullerene oxide framework is expected to have a lot of epoxide rings 

on its surface. 42 Networked fullerene polymeric oxides are found to be 

semiconducting materials capable of acting as photocatalysts. They may 
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also be suitable for applications in devices like organic solar cells and 

photocurrent generation devices. Therefore, a detailed study on their 

material properties, as well as straightforward simple preparation 

methods are relevant in the current scenario where novel functional 

materials are the key factors causing the current technological 

advancements. 

H2O2 being an environmentally benign oxidant, can be 

considered as a suitable liquid fuel for future and its photocatalytic 

production is of great importance. Photocatalytic H2O2 production is an 

the emerging research field being a green process which utilizes only 

water and oxygen in the presence of sunlight for the production of an 

important fuel like H2O2. 
43 Barder et al. have reported a simple method 

for the spectrophotometric detection of H2O2 in which N,N-Diethyl-P-

Phenylene Diamine is oxidized in a peroxidase catalyzed reaction, ideal 

to monitor the H2O2 production in photocatalytic conditions. 44 

Photocatalytic H2O2 production is known to follow a mechanism which 

proceeds via the formation of reactive oxygen species (ROS) 43. In the 

present work, this reaction is utilized to confirm ROS production in 

photocatalytic conditions when the prepared photocatalysts are 

employed. 

Electrochemical sensors can act as an important cost-effective 

tool for providing a sensitive, selective and fast determination of a wide 

range of analytes. They can be generally categorized as potentiometric, 

conductometric, and amperometric sensors. Particularly, there has been 

lot of attention in the research field towards the development of 
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wearable electrochemical sensors for monitoring therapeutic drugs. 45 

Carbon-based materials like CNTs and graphene, carbon black, etc. can 

be used as sensing platforms for biomarkers such as glucose. 46 There 

are different electrochemical techniques that can be employed for 

sensing which include cyclic voltammetry, Differential pulse 

voltammetry and Amperometry. 45, 47–50 Biochemical sensors are devices 

in which the recognition system utilizes a biochemical mechanism. 51 

Glucose is an important carbohydrate found in our blood. It 

carries energy to every part of our body. The normal glucose level in our 

blood is considered as to be in the limit 80-120 mg/dl. 52 High glucose 

concentration  may increase the glucose level in our body and can cause 

serious health problems such as  diabetes which may lead to 

cardiovascular diseases. 53–60 High glucose level in blood and related 

issues are found to be one of the root causes of death rate in the world. 

So, the monitoring of blood glucose has become a very important aspect 

of maintaining of good health. Electrochemical glucose biosensors play 

an important role in detecting blood glucose levels in a cost-effective 

way. In the modified electrode surfaces glucose undergoes 

electrochemical oxidation to form gluconic acid. Biosensors, in general, 

can be considered as compact analytical devices containing a 

biologically sensitive element associated with a physico-chemical 

transducer. 61 Glucose sensors include both enzymatic and enzyme-free 

sensors. In enzymatic sensors, enzymes are employed as the biological 

recognition element that recognizes the target material even in the 

presence of other materials. 62–64 Enzyme-based sensors provide a highly 
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reliable, selective and sensitive glucose monitoring. However, in fact 

there are some disadvantages also when enzyme based glucose sensors 

are concerned, such as their chemical instability, high cost, critical 

operating conditions and so on. And also in their development, an 

additional step, ie., the enzyme immobilization is needed.65, 66 To solve 

these problems, enzyme free sensors like inert metals, metal alloys, 

metal dispersed CNTs, etc. are introduced. However, enzyme free 

sensors are still in a developing stage and require lot of improvement to 

match with enzymatic sensors in their performance. The major 

challenges associated with them are low sensitivity, quick loss of 

activity, and low selectivity. So the development of  highly selective, 

sensitive, inexpensive, reliable, fast, and non-enzymatic glucose sensors 

are need of the hour. 67–74 Non-enzymatic glucose sensors are capable of 

regulate the interferences occurring from various electro-inactive, and 

electro-active species. 75 Metal oxide nanoparticles are widely used in 

non-enzymatic glucose sensors.76 In the present work, PolyFullerene 

Oxide (PFO) prepared by the thermal decomposition of C60Br24 at higher 

temperatures is used as a sensor material for the electrochemical 

detection of glucose. Glucose sensing is performed with PFO modified 

Glassy Carbon Electrode. PFO based glucose sensors are found to 

capable of trace level detection of glucose which especially is relevant 

in noninvasive, more accurate as well as rapid monitoring of glucose 

levels in neonatal babies. 
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3.2 Results and discussion 

 

Figure 3.2: Preparation of PFO 

3.2.1 SEM Analysis 

 

Figure 3.3 : SEM image of PFO 
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The SEM image is presented in Figure 3.3. The SEM image 

clearly show a highly porous architecture with non-uniform pore 

dimensions ranging from meso/micropores to larger macropores with 

high surface area that are interconnected, suggesting potential as a 

suitable catalyst. 

3.2.2 TEM Analysis 

TEM image of the PFO sample and the corresponding SAED 

pattern are presented in Figure 3.4. 

The porous nature of the polymeric fullerene oxide framework 

is further confirmed by high resolution (HR) TEM measurements and 

the corresponding SAED pattern is presented in the Figure 3.4b. Some 

amount of the meso-structured ordering is visible in the TEM image as 

well. 

  

Figure 3.4: (a) TEM image (b) SAED Pattern of PFO 
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3.2.3 Surface area measurements (BET) 

The porous structure of the fullerene framework is studied by 

nitrogen adsorption. The hysteresis loop observed in BET isotherm 

(Figure 3.5) indicates the mesoporous nature of the material and the 

systematic patterns observed in adsorption and desorption curves 

indicate the presence of some periodic inter-connections between the 

parallel pores in the system. Because of this peculiarity, the observed 

surface area (117.517 m2/g) may not indicate the actual surface area of 

the material. 
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Figure 3.5: BET adsorption isotherm for PFO 

3.2.4 XRD Analysis 

The meso-structural order of PFO is investigated by low-angle 

XRD studies (Figure 3.6). The diffraction pattern obtained shows two 
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peaks at 0.3442 and 0.4947 indicative of the presence of lots of cross-

linking of fullerenes and formation of structured mesopores and 

macropores. 
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Figure 3.6 : Small Angle X-ray diffraction pattern 

3.2.5 FTIR Analysis 

PFO is characterized by Fourier Transform Infrared 

spectroscopy and vibrational spectral features are compared with that of 

the precursors, C60 and C60Br24. The FTIR spectra obtained are presented 

in Figure 3.7. In the FTIR of PFO, peaks observed at 527 cm-1,  

575 cm-1, 1182 cm-1, and 1423 cm-1 correspond to fullerene balls, 

confirming the presence of intact fullerene cages in the network. The 

characteristic peak observed at 1026 cm-1 corresponds to C-O stretching 

vibrations, indicating the formation of epoxide rings at the surface of 

fullerene cages. The peaks at 1613 cm-1and 1721 cm-1 indicate the 

presence of C=C stretching vibrations and asymmetric stretching of 
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COO- ions -respectively. Also, the peak at 1387 cm-1 is characteristic of 

the symmetric stretching of the COO- ions, indicative of oxidative 

opening of a few C60 balls at the periphery of the framework. 
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Figure 3.7 : FTIR spectra of PFO, C60 and C60Br24 sample 

 3.2.6 Raman Analysis 

Raman spectra for PFO (Figure 3.8) show two distinct peaks at 

1586 cm-1 and 1416 cm-1, which tentatively can be assigned as the Hg 

(7) and Hg ( 8) modes of C60, shifted due to the cross-linking of C60 balls 

and oxidation. 
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Figure 3.8 : Raman spectra of PFO 

3.2.7 XPS Analysis 

  The X-ray Photoelectron spectra of the PFO sample are shown 

in Figure 3.9. The survey spectrum (Figure 3.9a) shows 82.6 % of 

carbon and 17.39 % of oxygen.  In the High Resolution C1s XPS 

spectrum (Figure 3.9 b), the peak at 284.7 eV (41.76 %) can be attributed 

to sp2 hybridized carbon atoms that are part of the C60 network and the 

peak at 285.6 eV (43.03 %) to the carbon atoms involved in C-O-C 

bonding. The small peak at 288.5 eV (15.20 %) can be attributed to C=O 

groups, probably by the oxidative opening of a few cages on the surface 

of the PFO framework. The High Resolution O1s XPS spectrum (Figure 

3.9 c) indicates the presence of two types of oxygen atoms, peaks at 

532.26 eV for C-O-C oxygen and 534.02 eV for C=O oxygen, consistent 

with the C1s spectrum. 
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Figure 3.9: X-ray photoelectron spectra of PFO: (a) survey scan (b) 

High Resolution C1s spectrum (c) High Resolution O1s spectrum. 
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3.2.8 AFM Analysis 

AFM studies of PFO powder confirm the three-dimensional 

nature of the network with a rough surface. The 2D and 3D AFM images 

are presented in Figure 3.10. 

 

Figure 3.10: (a) 2D and (b) 3D AFM images of PFO powder. 

3.2.9  UV-Vis Spectral Studies 
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Figure 3.11: (a) UV-VIS Diffuse Reflectance Spectrum of PFO; (b) 

Kubelka-Munk plot of PFO  
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UV-VIS Diffuse Reflectance Spectrum of polymeric fullerene 

oxide is presented in Figure 3.11a which shows a clear absorption edge 

typical of semiconductors.  From the Kubelka-Munk plot (Figure 

3.11b), a bandgap of 1.7 eV is obtained for polymeric fullerene oxide, 

clearly indicating that the semiconductor is suitable for visible light 

harvesting.  

3.2.10 Photoluminescence Studies 

The photoluminescence spectrum obtained for PFO is presented 

in Figure 3.12.  
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Figure 3.12:  Photoluminescence spectrum obtained for PFO 

The maximum wavelength of emission is found to be at 690.9 

nm and the bandgap of polymeric fullerene oxide can be calculated as 

1.7 eV, consistent with the value obtained from the Kubelka-Munk plot 

of UV-Visible DRS studies. The fact that PL intensity is rather a low 
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compared to many other fullerene-based materials like mesoporous C70 

cubes reported by Bairi et al, indicates that PFO is more suited for 

photocatalytic applications than mesoporous C70 since the competing 

process, ie., the recombination of charge carriers, is less prominent 

leading to the possibility for more photocatalytic processes and ROS 

production. 

3.2.11 Photocatalytic Methylene Blue Degradation Studies 
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Figure 3.13: (a) UV-Vis Spectra of the reaction mixture at 0, 15, 30, 45, 

60 intervals of time; (b) The TOC removal and decolorization 

efficiencies of PFO versus irradiation time. 
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From the Figure 3.13a, it is clear that the de-coloration of 

methylene blue dye solution is happening mostly in the first 15 min itself 

and it is slower in the later minutes of irradiation. However, from the 

TOC data (Figure 3.13b), it is clear that the decoloration rate is different 

from that of the complete demineralization rate. The TOC value after 

the first 30 min irradiation time indicates the formation of colorless 

intermediates in the reaction mixture. After the first 15 min, competition 

for surface cites from the intermediates will be larger, bringing down the 

reaction rate. Within 60 min of irradiation, the de-coloration, as well as 

mineralization process is almost complete. 

Photocatalytic degradation of methylene blue over PFO is 

compared with the performance of bare C60, commercial Degussa P25 

TiO2 catalyst, and PFO/TIO2 5% nanocomposite (Figure 3.14). The 

nanocomposite of PFO and TiO2 exhibited far better visible light 

harvesting and photocatalysis compared to pristine TiO2, indicating a 

bandgap reduction for the TiO2 catalyst. Even though the photocatalytic 

performance of the nanohybrid is lesser compared to bare PFO, the 

nanocomposite catalyst also has its importance especially considering 

the cost-effectiveness of the catalytic systems. By the loading of just 5% 

of PFO in TiO2, the rate constant changes from a value of 0.0088 s-1 to 

0.02452 s-1. Here, PFO might be functioning as a photosensitizer, 

making the catalytic system suitable for visible light harvesting. Pristine 

polymeric fullerene oxide is found to be the most efficient catalyst 

among the catalytic systems studied here with a rate constant of  

0.09015 s-1. The photocatalytic performance of pristine C60 is observed 
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to be the least with a rate constant of 0.00374 cm-1, probably due to the 

photochemical aggregation of fullerene balls leading to mutual 

quenching of the excited fullerenes. 
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Figure 3.14: Plot of ln C/C0 against irradiation time for the 

photocatalytic degradation of Methylene Blue using different 

photocatalytic systems. 

Mechanism of the Photocatalytic Process 

To investigate the probable mechanism and reaction routes, a 

schematic energy level diagram is constructed. With the help of 

electrochemical studies, the Mott-Schottky plot for PFO is drawn 

(Figure 3.15a) and the flat band potential (Ef) is evaluated by 

extrapolating the tangent which is found to be -1.14 with respect to 

Ag/AgCl. PFO is observed to exhibit n-type semiconductor 

characteristics with a positive slope for the tangent 77. Combining the 
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band gap value obtained from Kubelka-Munk plot as well as PL studies, 

valence band spectrum obtained from the XPS analysis (Figure 3.15b), 

and Mott-Schottky plot, a schematic energy level diagram can be 

proposed which is presented in Figure 3.16 a. For PFO, the narrow 

bandgap can be held responsible for the visible light response. The 

proposed band diagram leads to the plausible mechanism of ROS 

production and the mechanism of the photocatalytic process involved. It 

is evident that the superoxide anion formation is the main primary 

reaction process in the dye degradation whereas the oxidation of the 

hydroxide ion to hydroxide radical by the holes migrated to the surface 

is not supported by the evaluated potential values. The holes migrated 

to the surface of the catalyst will not possess enough potential to carry 

out such a reaction. A schematic drawing of the primary processes of 

photocatalysis is presented in Figure 3.16b. However, it is quite possible 

that hydroxide radical formation is happening in the reaction mixture as 

a result of secondary reactions of superoxide radical anion formed in the 

primary process. 
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Figure 3.15: (a) Mott-Schottky plot of PFO (b) Valence band spectrum 

obtained from the XPS analysis 
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Figure 3.16: (a) Schematic energy level diagram showing the band gap 

of PFO; (b) Schematic diagram showing the mechanism of 

photocatalytic process. 

Recyclability of PFO as photocatalyst is studied by repeating the 

photocatalytic reaction in three consecutive cycles. The results obtained 

are summarized in Figure 3.17. 
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Figure 3.17:  Bar diagram showing the Recyclability of PFO 

b 
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3.2.12 Photocatalytic H2O2 production 

For confirming the ROS production in the photocatalytic 

conditions, photocatalytic production of H2O2 is performed with both 

PFO/TiO2 nanocomposite and bare TiO2 and the results are given below 

(Figure 3.18) 
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Figure 3.18: (a) Evolution of H2O2 with irradiation time (b) Rate of 

evolution of H2O2 with irradiation time  

For the first 30 min, both the catalyst exhibited the same 

performance, however, after 30 min the performance of PFO/TiO2 

photocatalyst is observed to be far superior compared to that of P25 

titania. The better performance of the nanocomposite catalyst can be 

attributed to higher ROS production resulting from lower recombination 

of charge carriers as a consequence of direct Z-scheme mechanism 

between PFO and TiO2 photocatalysts. 
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3.2.13  DFT Calculations for the energetics of the C60O + C60 → 

C120O reaction. 

For a better understanding of the networking of fullerene balls 

via  [3+2] cyclo-additions, DFT calculations are performed for the 

reaction C60O + C60 → C120O. 

 

Figure 3.19: Energetics of the reaction C60O + C60 → C120O, calculated 

using M06-2X functional and 6-31g basis set. The mechanism is shown 

schematically in the inset, with benzene epoxide and ethylene as model 

systems. 

It has been proposed earlier that the reaction of C60 with C60O 

proceeds via the ring opening of fullerene epoxide to form a diradical, 

which then reacts with C60 to form C120O. 78 However, it is very unlikely 

for this diradical to attack another fullerene, instead of recombining to 

form fullerene epoxide, considering that the former has an entropy cost. 

We have found a concerted pathway, which is similar to the mechanism 

reported for the dissociation of C120O.79 The Gibbs energy of activation 
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for this is 37 kcal/mol, which can be easily surmounted by the reaction 

temperature of 200 ˚C. Interestingly, this is 3+2 cycloaddition, assisted 

by the epoxide ring-opening (see inset, Fig. 3.18). 

3.3 Electrochemical measurements 

 

Figure 3.20: Electrochemical sensing studies: Experimental setup 

Investigations on the electrochemical performance of prepared 

PFO modified glassy carbon electrode are carried out using potassium 

ferrocyanide/ferricyanide redox probe with an aim to find out the 

electrochemically active surface area.  Cyclic voltametric measurements 

are performed with 5 mM potassium ferrocyanide solution, PBS buffer 

(pH 7.4) and 0.1 M KCl as supporting electrolyte and the resultant cyclic 

voltammograms for bare GCE as well as PFO modified GCE are 

presented in figure 3.21. 
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Figure 3.21: Cyclic Voltammetric (CV) curves of 5 mM K
3
[Fe(CN)

6
]  

( pH 7.4 PBS) with KCl as supporting electrolyte on  PFO/GCE at a scan 

rate of 50 mV/s. 

The Electro-Chemically active Surface Area (ECSA) can be 

calculated using the Randles-Sevcik equation: 

                          Ip=  2.69×105AD1/2n3/2γ1/2 C 

   Ip is the Peak current, A is the ECSA, D is the diffusion 

coefficient, n is the number of transferred electrons in the redox couple, 

 is the scan rate and C is the concentration of the analyte. The ECSA 

values of bare GCE, PFO/GCE are observed to be 0.2254 cm2,  

0.1461 cm2 respectively. The lower value of electrochemically-active 

surface area of PFO compared to bare GCE can be attributed to the 

semiconducting nature of PFO resulting in low value of peak current. 

The low ECSA value does not indicate lower sensing performance. 
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The effect of scan rate for glucose in phosphate buffer Solution 

(PBS pH 7.4) is studied, again by cyclic voltammetry and the results are 

summarized in figure 3.22. From the results, it was found that peak 

current increases with the increase in scan rate as shown in figure 3.22a. 

A calibration plot of peak current against the square root of scan rate 

(figure 3.22b) gives a straight line with good linearity (R2 0.9988). From 

this, it can be derived that electron transfer in PFO- modified GCE is a 

diffusion-controlled process.  

.
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Figure 3.22 : (a) Cyclic Voltammetric (CV) curves of 5 mM 

K
3
[Fe(CN)

6
] ( pH 7.4 PBS)  of PFO/GCE at different scan rates (b) 

Calibration plot of peak current Vs. the square root of the scan rate. 

3.3.1 Differential Pulse Voltammetric (DPV) measurements 
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   Differential Pulse Voltammetry is considered to be a superior 

method than the cyclic voltammetry for the low-level detection of 

analytes.80 In the present investigation, we have selected the DPV 

method for glucose sensing. The PFO/GC electrode is used as the 

electrode in 10 ml of PBS Buffer solution (pH 7.4) with 0.1 M KCl as 

supporting electrolyte and. In all these cases, two oxidation peaks are 

found to increase in intensity, and it is observed that the peak current 

increases with the successive addition of glucose as shown in figure 

3.23a.  The variation of peak current of the oxidation peak at 0.04972 V 

is monitored with the different concentrations of analyte (glucose) 

molecules and a calibration plot of peak current against the molar 

concentration of glucose is made which gives a straight line with an R2 

value of 0.9917 as shown in figure 3.23b.  
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Figure 3.23: (a) Differential pulse voltammetric curves at different 

concentrations of glucose on PFO/GCE in PBS buffer at pH = 7.4 with 

0.1 M KCl as supporting electrolyte.(b) Calibration plot for PFO/GCE, 

showing the linear variation in peak-current.  

To investigate the possible interferences of different types of 

biomarkers towards the  the detection of glucose, an equimolar mixture 
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of (1.5 mM) Uric acid, Ascorbic acid, and H2O2 is prepared. 10 µM of 

UA, AA, and H2O2 is added to the 0.1 M PBS solution (pH 7.4) 

containing 10 µM glucose. It is observed that no interferences in the 

determination of glucose.  
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Figure 3.24: Effect of interfering compounds such as H2O2, Ascorbic 

acid (AA), Uric acid (UA), and Glycine (GLY) on the peak current of 

glucose with PFO/GCE sensing platform. 

The Limit of Detection (LOD) of PFO/GCE is found to be 3.086 µM, 

calculated from the relation 3xS.Dbl. /m, where S.Dbl. is the standard 

deviation of the blank solution obtained from ten consecutive 

differential pulse voltammetric measurements and m is the slope of the 

calibration curve. and the sensitivity is calculated to be 2577.82 µAmM-

1cm-2 obtained from the relation, slope of the calibration curve/ECSA of 
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the electrode. The linear range for PFO/GCE electrodes is observed to 

be 0.99 µM-9 µM. Thus, PFO can be considered as an efficient sensing 

platform for glucose. 

3.3.4. Comparison of electrochemical glucose sensors in literature 

with the present work 

Electrochemical performance of our electrode material, PFO is 

compared with that of other non-enzymatic glucose sensing electrode 

materials and it is summarized below in Table 3.1. It is found that PFO 

shows high sensitivity, better selectivity as well as a very low detection 

limit, thus, offering much promise as a glucose sensing platform. 

Table 3.1. Electrochemical performances of non-enzymatic glucose 

sensing electrode materials. 

Sl No.     
 Electrode  

material      

Technique  

used      

   Linear range   

(mM)      

 Sensitivity 

 (µA/mMcm2)         

Limit of  

Detection(µM)          
  Ref 

1  Nanoporous PtPb CV  1.0-16 mM 10.8 --- 75 

2 Mesoporous Pt CV  0-10 mM 9.6 --- 69 

3 Porous Au CV  2.0-10 mM 11.8 5 81 

4 Pt-Pb/CNTs CV  Upto 11 mM 17.8 1 82 

5 MnO2/MWCNTs CV  10 µM-28 Mm 33.19 10 83 

6 Cu/MWCNTs CV  0.7-3.5 mM 251.4 0.21 84 

7 Ni(OH)2/CILE CV  0.05-23 mM 202 6 85 

8 Cu-in-ZIF-B CV  ---  0.412 2.76 86 

9 ZIF-67 CV  ---  0.152 1.62 87 

10 Ag@TiO2@ZIF-67 AMP 48 µM-1 mM 0.788 0.99 88 

11 PFO/GCE    CV 0.99 µM-9 µM 2577.2 3.086 This work 

 

3.3. Conclusions 

mailto:Ag@TiO2@ZIF-67
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In this work, we have successfully prepared a new class of highly 

efficient metal-free, nanostructured polymeric fullerene oxide 

frameworks possessing pore architectures made up of macropores and 

mesopores, plausibly through the interlinking via thermal [3+2] 

cycloadditions of fullerene oxides formed by the thermal decomposition 

of C60Br24. The DFT calculations to understand the interlinking of 

fullerene balls showed that Gibbs energy of activation is found to be 37 

kcal/mol. The interlinking process is understood as [3+2] cycloaddition, 

assisted by the simultaneous epoxide ring-opening. Polymeric fullerene 

oxide network is found to be a semiconductor with narrow bandgap and 

is shown to function as an excellent visible light active photocatalyst. 

With the proposed band diagram for PFO, the plausible mechanism of 

ROS production and the photocatalytic process has been proposed. 

According to this, the superoxide anion formation is the primary 

reaction in the dye degradation whereas the oxidation of the hydroxide 

ion to hydroxide radical by the holes migrated to the surface as a primary 

process have been ruled out. The ROS production in photocatalytic 

conditions is further confirmed by carrying out photocatalytic H2O2 

production with PFO/TiO2 and pristine TiO2 catalysts under sunlight 

irradiation, a known reaction in which ROS production is involved in 

the mechanism. PFO/TiO2 catalyst is found to perform better in longer 

irradiation times. Polymeric fullerene oxide network is found to be a 

better electrochemical non- enzymatic, mediator free, sensor for the 

detection of biomarker, glucose. The high sensitivity, large linear range, 
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and the high selectivity with negligible electrochemical interferences 

from other substances like uric acid, H2O2, and ascorbic acid, exhibited 

by PFO makes it an excellent choice as a sensing platform for the low 

level detection of glucose.  
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4.1. Introduction 

4.1.1. Introduction to fullerols 

Fullerene cages are readily susceptible to addition reactions. 1 

Hydroxylated fullerene, known as fullerols or fullerenols in which –OH 

groups are attached on the surface of the fullerene cage can be easily 

dispersed in water as nano-sized hydrogen bonded clusters. 2–4 Its water 

dispersibility increases with the increase in the number of hydroxyl 

groups attached to the C60 cage 5–7. Fullerol aggregates have attracted lot 

of attention because of their energy related applications and their use in 

the field of biology as excellent antioxidants and radical scavengers. 8, 9 

Keshri et al. reported that there are hydration shells around the 

nanoparticles and the surface hydroxylation is more dominant where the 

–OH groups are uniformly distributed on the fullerene cage. 10 There are 

many reports for the synthesis of fullerols with the large number of 

hydroxyl groups attached to fullerene cage such as C60(OH)44.8H2O 

prepared by the direct hydroxylation of pristine C60 in the presence of a 

phase transfer catalyst, TBAH, and alternatively in the presence of 

quarternary ammonium hydroxides.11, 12 Fullerol C60(OH)27 can be 

synthesized in high yield by the high-speed vibration milling in the air 

at room temperature. 13 Another method for the preparation of highly 

water-dispersible polyhydroxylated fullerenes, as reported by Arrais et 

al. is by  the reduction of C60 with Na/K alloy followed by stirring in 

presence of O2. 
14 An alternative strategy reported by Cataldo et al. is by 

the hydroxylation reaction on fluorinated C60.
15 Polyhydroxylated C60 

derivatives are also prepared by the hydrolysis of polycyclosulphated 
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precursors. 6 However, in most of these methods, there is a possibility 

of trace level contamination, which makes the final product not so 

compatible for biological antioxidant applications.  There are reports of 

direct ultrasonication of C60 with 30% H2O2 in the presence of reagents 

like PTC, TBAH, etc. resulting in the formation of fullerols very easily. 

A recent report by Afreen et al. have demonstrated that direct 

ultrasonication of C60 with 30 % H2O2  without using any supporting 

reagents is capable of providing fullerols with high purity and excellent 

yield. 16 Depending on the number of hydroxyl groups attached to the 

surface of the fullerene cage, fullerols show changes in their colour from 

yellow to white. 17 

 

Figure 4.1: Colours of different fullerols previously reported (reprinted 

from kokubo et al. ref:26) 

 The reactivity of fullerols is significantly different from that of parent 

fullerenes. Fullerols are widely used as excellent hydrogen bonded 

catalysts in which –OH groups are employed for making hydrogen 

bonds with reactants and thus enhancing the reaction rate. 18 There are 

reports for the reduction of fullerols in water by zinc forming a 

hemiketal product. 19  

Fullerols are having important applications in the field of 

electrochemical sensing. 20  
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4.1.2. Hydrazine reduction of fullerenes 

C60 can be reduced by anhydrous hydrazine in CH3OH to yield a mixture 

of fullerene hydrides like C60H2, C60H4, C60H8. 
21 In this report, the 

authors suggest a probable mechanism in which the C60 itself may be 

acting as an oxidizing agent causing diimide formation from hydrazine, 

which is the active reducing agent causing hydrogenation. However, 

when pristine fullerenes are taken as the starting material, only a low 

degree of hydrogenation was achieved with hydrazine reagent. 

4.1.3. Electrochemical sensing of H2O2 

H2O2 is an important oxidative stress marker and biomarker which can 

be used in monitoring various diseases like diabetes, cardiovascular 

diseases, Alzheimer's, and neuro digestive disorders. 22 H2O2 

concentration in the blood of a healthy person is found to be in the range 

of 0.8-6 µM. 23 Excessive accumulation of H2O2 in body cells may cause 

various diseases and disorders. Cancerous cells produce H2O2, so its 

detection and monitoring are found to be of very important in cancer 

therapy. Among the various methods proposed, electrochemical 

detection is more suitable for H2O2 monitoring because of its high 

selectivity, sensitivity, better reproducibility and cost effectiveness. 24 

Carbon-based materials like CNTs,  graphene, carbon black, etc. can be 

used as suitable sensing platforms in H2O2 sensors. 25 In the modified 

electrode surfaces H2O2.undergoes electrochemical oxidation or 

reduction to form products like H2O and O2.  
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In the present work, we selected the method of direct 

ultrasonication of C60 for the synthesis of fullerols.16, 26 In this procedure, 

C60 is directly treated with 30 % H2O2 for 1 h followed by separation as 

a white precipitate by treating it with 85 ml of a mixture of three 

solvents, 2-propanol, diethyl ether and heptane in the volume ratio 7:5:5 

respectively. White coloured, highly hydroxylated crystals of fullerols 

are separated and dried (figure 4.2.).  

 

Figure 4.2: Photograph of white colored fullerol crystals separated 

 

Figure 4.3: Diagram showing the preparation of fullerols 
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Fullerols thus prepared are subjected to hydrazine reduction 

resulting in the formation of a partially hydrogenated fullerol network 

(PHF). The various steps involved in the PHF preparation is 

schematically summarized in figure 4.4. 

 

Figure 4.4: Schematic representation of preparation of Partially 

Hydrogenated Fullerol (PHF) network  

Here, electrochemical detection of H2O2 is performed using PHF 

along with 1,10-phenanthroline, a well-known benchmark ligand. 

Herein, the electrochemical oxidation of 1,10-phenanthroline (phen) 

drop casted on a PHF modified GCE to 1,10-phenanthroline-5,6-dione 

(phen-dione)27 is performed by continuous cyclic voltammetric running 

for15 cycles from -1 V to +1 V in a PBS solution of pH 7.4 containing 

0.1 M KCl as supporting electrolyte. It is then dipped in 1 mM CuSO4 

solution for 180s for the binding of Cu2+ ions on the modified electrode 

surface. Its confinement to the PHF-modified glassy carbon electrode 

surface is ensured by repeating CV for another 15 cycles from -1 V to 
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+1 V in a PBS solution of pH 7.4. The resulting Cu2+-phen- 

dione@PHF/GCE is used for the electrochemical sensing investigations 

of H2O2. 

 

Figure 4.5: Shematic diagram showing the steps of fabrication of 

Cu2+phen-dione@PHF/GCE sensor. 

4.2 Results and discussion 

White-colored highly hydroxylated fullerol crystals are 

separated and dried at 60 °C and is used for PHF preparation. The 

purpose of hydrogenation by hydrazine reduction is to reduce the water 

dispersibility of fullerol nanoparticles to some extent so that better 

binding of the fullerene-based material on the glassy carbon electrode 

surface can be achieved, so that it can be further utilized for H2O2 

electrochemical sensing investigations. The characterization of the 

novel material developed in this study (PHF) is carried out using various 

spectroscopic and microscopic techniques and results obtained are 

presented below. 



Partially hydrogenated fullerol Network 

 

Sree Neelakanta Government Sanskrit College, Pattambi 121 

4.2.1 FTIR Analysis  

Figure 4.6. shows the FTIR spectra of fullerols and PHF 

prepared. Fullerol shows four absorption peaks at 3442 cm-1, 1634 cm-

1, 1380 cm-1, and 1038 cm-1 corresponding to –OH stretching vibrations, 

C-OH in-plane bending, C-O stretching vibrations respectively. These 

four bands are the characteristic absorption band of fullerenols.5, 6, 14, 28–

31  A broad band around 3400 cm-1 confirms the aggregates of –OH 

functionalities. 32 

In PHF, after the hydrazine reduction process, even though by 

and large hydroxyl substitutions of fullerene balls are preserved to some 

extent, it can be observed that some additional peaks such as peaks at 

positions 2928 cm-1 and 2850 cm-1 (aliphatic C-H stretching bands) have 

appeared due to partial hydrogenation. Additionally, peaks 

corresponding to soft fragmentation of a few fullerene balls 33 resulting 

in the formation of aromatic products also can be seen at 3128 cm-1 

(aromatic C-H stretching). The peak at 1719 cm-1 can be attributed to 

semi ketal C=O stretching formed due to the reduction of fullerols. 19 

The peaks at 1421 cm-1, 572 cm-1 and 524 cm-1 are characteristic peaks 

of fullerene balls formed after reduction. 34–36 The new peaks emerged 

in the region 1270 cm-1 -1200 cm-1 (gray shaded region in the figure 4.6) 

can be attributed to the newly formed C-O-C networking of fullerene 

balls during the reduction process. 
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Figure 4.6: FTIR Spectra of (a) Fullerols and (b) PHF 

4.2.2 Raman Analysis 

Raman spectra are more sensitive to vibrations of relatively non-

polar moieties such as –CH groups. Hydroxyl group vibrations are 

difficult to observe in Raman spectroscopic analysis. The heavily 

hydroxylated fullerol precursor prepared did not produce any Raman 

peaks (figure 4.7). For PHF, the peak at 3068 cm-1 corresponds to 

aromatic CH stretching, whereas the peak at 2914 cm-1 can be attributed 

to aliphatic–CH stretching, consistent with the results of FTIR analysis.  

The peak at 1598 cm-1 and at 1008 cm-1 also might have originated from 

the aromatic fragmentation products formed as a result of heavy 
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hydrogenation of few fullerene balls. The formation of these products 

points towards a limitation of fullerenes as a reversible hydrogen storage 

material by chemisorption. 
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Figure 4.7: Raman Spectra of fullerol clusters and PHF 

4.2.3 AFM Analysis 

Figure 4.8 shows 2D and 3D AFM images of the PHF. 

Aggregation of partially hydrogenated fullerol balls in to small clusters 

is observed in the AFM image and the 3D image shows three-

dimensional nature of the material with a rough surface. 
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Figure 4.8:  AFM images of PHF 

4.2.4  SEM ANALYSIS 

Since PHF is found to be a material which burns when hit with 

high energy electron beam, high-resolution FE SEM analysis is difficult 

to perform for this sample. SEM (figure 4.9) images presented here are 

taken with comparatively low energy electron beam. The images 

obtained confirm the aggregation of partially hydrogenated fullerols 

molecules to comparatively big particles. 

  

Figure 4.9: SEM images of PHF 
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4.2.5   XPS Analysis 
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Figure 4.10: (a)XPS Survey spectrum (b) High-Resolution C1s 

spectrum and High-Resolution O1s spectrum of PHF 
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The survey spectrum of PHF is presented in figure 4.10a and it 

is observed that the elemental composition of PHF is 60.34 % carbon 

and 39.66 % oxygen, confirming that even after the hydrazine reduction 

process of fullerols, substantial amount of oxygen is retained in the 

sample. From the deconvoluted C1s spectrum, the small peak at  

288.7 eV can be attributed to C=O groups of hemiacetals formed as a 

consequence of fullerol reduction.19 The peak at 287.17 eV might have 

originated from the C-O carbon indicating the presence of retained 

hydroxyl groups on C60 cage surface and the peak at 285.61 eV can be 

attributed to the C-H carbon atoms and C=C carbon atoms of 

unmodified fullerene balls. The peak at 284.20 eV belong to the sp3 

hybridized C-C carbon atoms, emerged as a consequence of 

hydrogenation by the hydrazine reduction reaction. The XPS analysis of 

PHF is found to be consistent with the FTIR spectroscopic analysis 

presented earlier. 

4.2.6. Proposed mechanism of fullerol hydrogenation 

The hydrogen bonded nanoclusters of fullerols dispersed in 

water are subjected to hydrazine reduction. In this process, intermediate 

formation diimides are expected since fullererols may be very good 

oxidizing agents. Diimide intermediates are known to be formed from 

hydrazine is combined with a suitable oxidizing agent which are capable 

of adding to unsaturated bonds causing hydrogenation. 37 

4.3. Investigations on electrochemical sensing of H2O2 

In the present work, an enzyme free sensing platform, Cu2+-

phen- dione@ PHF/GCE is employed for the electrochemical sensing of 

hydrogen peroxide. Cyclic voltammetry is the technique selected for this 

investigation. Initially, PHF is drop-casted on a glassy carbon electrode 
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by means of a binder free approach. The PHF modified GCE is then 

subjected to further modification with 1,10-phenanthroline (phen), again 

by the method of drop-casting.  Since PHF is a highly oxygen rich 

material, some extent of oxidation of phen to phen-dione (1,10 

phenanthroline 5,6 dione) happens immediately after the drop-casting 

and drying of the electrode under IR lamp, as evident from the initial 

CV obtained which shows the reduction and oxidation peaks of phen- 

dione at potential values -0.04 V to 1.2 V respectively;. Upon continuous 

potential cycling for 15 times, these peaks are getting intensified, 

indicating the completion of oxidation process by electrochemical 

means. A schematic diagram showing the process involved is presented 

in figure 4.12. and the CV curves obtained are shown in figure 4.11. 

After the completion of the electrochemical oxidation of  

1,10-phenanthroline, complexation with Cu2+ ions is carried out and the 

resulting electrode is used for the sensing studies.  
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Figure 4.11:  CV responses for a continuous run of 15 cycles of 

phendione@PHF/GCE in 0.1 M PBS (pH 7.4) with 0.1 M KCl as 

supporting electrolyte. 
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Figure 4.12: Preparation of Copper complexed phen-dione@PHF 

Modified Glassy Carbon Electrode 

The cyclic voltametric measurement of potassium 

ferrocyanide/ferricyanide redox probe is carried out in a 5 mM 

potassium ferrocyanide solution containing 0.1 M KCl and PBS buffer 

using the developed sensor electrode as the working electrode and the 

voltammogram obtained is presented in figure 4.13. 

½ H2O2 

OH- 
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Figure 4.13: CV responses of bare GCE & Cu2+ phendione@PHF/GCE 

in 5 mM K3Fe(CN)6 (0.1 M PBS pH 7.4) with KCl supporting 

electrolyte. 

The Electro-Chemically active Surface Area (ECSA) of the 

developed electrode is calculated by the Randles-Sevcik equation: 

                          Ip= 2.69×105AD1/2 n3/2γ1/2
 

C  

Where Ip is the Peak current, A is the ECSA, D is the diffusion 

coefficient, n is the number of transferred electrons in the redox couple, 

 is the scan rate and C is the concentration of the analyte. The ECSA 

values of bare GCE and Cu2+-phendione@PHF/GCE are found to be 

0.0726 cm2, 0.089 cm2 respectively. 

To understand the nature of the electron transfer process 

involved with regard to the prepared sensor, cyclic voltametric 

measurements are carried out in a ferrocyanide/ferricyanide system 
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varying the scan rate. From the figure, it is clear that peak current 

increases with increasing scan rate, and a calibration plot of peak current 

vs. square root of scan rate gives a straight line with good linearity and 

R2 value of 0.9971. From this, it is clear that electron transfer involving 

the Cu2+ phendione@PHF/GCE is a diffusion-controlled process.  
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Figure 4.14:  (a) CV responses of phendione@PHF/GCE (5.12 a) & 

Cu2+ phendione@PHF/GCE in 5 mM K3Fe(CN)6 (0.1 M PBS pH 7.4) 

with KCl supporting electrolyte at different scan rate. (b) calibration plot 

of peak current vs. square root of scan rate. 

The efficient electrochemical sensing of H2O2 in micromolar 

concentrations in a neutral pH is carried out, again using the CV 

technique. After the first addition of H2O2 to the electrolyte 0.1 M KCl, 

maintained at a pH of 7.4 by PBS buffer, the peak at  -0.7649 V is getting 

shifted to -0.8503 V and a progressive increase in the peak current at 

this potential value  is observed (figure 4.15a).  From the CV curves 

obtained, it is observed that the increase in peak current is linear with 

respect to the H2O2 concentration present in the electrolyte. A calibration 

graph is plotted with peak current vs. H2O2 concentration (figure 4.15b) 

giving a straight line with an R2 value of 0.9992 showing good linearity. 
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The Limit of Detection (LOD) of hydrogen peroxide sensing on  

Cu2+-phen-dione@PHF/GCE platform is calculated and is found to be  

0.353 µM. It is calculated from the relation 3xS.D(bl.) /m, where S.D(bl) 

is the standard deviation of the blank solution calculated from 10 

consecutive measurements and m is the slope of the calibration curve. 

The linear range for hydrogen peroxide sensing is found to be  

1 µM-10 µM and the sensitivity was found to be 8148.3 µA/mMcm2 

which is calculated as slope of the calibration curve/ECSA value of the 

electrode. 
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Figure 4.15: (a) Electrochemical sensing of hydrogen peroxide over 

Cu2+-phen-dione@PHF/GCE (b) Calibration plot showing linear 

variation of peak current versus hydrogen peroxide concentration. 
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4.3.1. Interference study 

To investigate the possibility of interferences for the detection of 

hydrogen peroxide in biological samples, 1.5 mM solutions of uric acid, 

ascorbic acid, and glucose are prepared. 10 µl of each these potential 

interfering biomarkers are added one by one to the 0.1 M PBS buffer 

solution and 0.1 M KCl supporting electrolyte containing 10 µM 

hydrogen peroxide and peak current at -0.8503 V potential value is 

observed in each time. The peak current remained almost unchanged 

with only very slight (± 1.8 %) variation by the interfering species 

chosen and the results are summarized in figure 4.16. Thus, the 

interference study reveals that no significant interference in the 

determination of hydrogen peroxide is present with the developed 

sensing platform. 
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Figure 4.16: Effect of interfering compounds such as glucose, Ascorbic 

acid (AA), Uric acid (UA), and Glycine (GLY) on the peak current of 

H2O2. 

4.3.2. Comparison of electrochemical sensing studies of H2O2 in 

literature with the present work 

The summary of the comparison of electrochemical 

performances of various electrodes in non-enzymatic H2O2 sensing with 

the developed sensor is presented in Table 4.1. From this, it is observed 

that Cu2+ phendione PHF/GCE act an efficient non-enzymatic 

electrochemical sensor for H2O2 detection when various sensing 

parameters such as linear range, sensitivity, limit of detection are 

considered.  

Table 4.1: Performance of various electrodes in the non-enzymatic 

electrochemical H2O2 sensing. 

Sl No. 
Electrode  
material 

Technique  
used 

Linear 
 range 

Sensitivity  
(µA/mMcm2) 

Limit of  

Detection  
(µM) 

Ref 

1 AgNPs/CNTs/GCE          
CV  

0.1-10 mM     9.79 2 39 

2 GCE/MWCNTs@               CV  100 µM-4 mM 48          ---                     27 

3 MWCNTs/Pt NPs/GCE    AMP 0.01-2.0 mM 205.8 0.3 40 

4 Se/Pt       CV   0 .01-1.5 µM 39.89 3.1 41 

5  GO/AuNPs/CS                  CV   0.2-4.2 mM                  99.5             ----           48 

6 AuNSs/GCE                       CV  20-2.5x103 M                         ---              9.7 49 

7  Hemin-OMC-Nafion GCE    CV   2-250 µM 23.4 0.3 44 

8 Ag-Bt  CV  10-5000 µM  45 9.1 51 

9 Cu2+ phendione PHF/GCE             CV  1 µM-10 µM 8148.3 0.353   This work 
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4.4. Conclusions 

In summary, hydroxylated C60 derivatives called fullerols are 

prepared by the sonochemical reaction of C60 with H2O2 and they are 

networked by C-O-C bonds and partially hydrogenated by hydrazine 

reduction reactions. The partially hydrogenated fullerol network (PHF) 

obtained is characterized by various spectroscopic and microscopic 

techniques. High-resolution SEM and TEM analyses could not be 

performed due to the burning of the partially hydrogenated fullerol 

network when subjected to high energy electron beam.  From FTIR 

Raman and XPS analyses, partial hydrogenation of PHF is confirmed. 

Enzyme-free electrochemical H2O2 sensing studies are successfully 

carried out using the PHF based sensor electrode, Cu2+-phen- 

dione@PHF/GCE and it is found to be an efficient sensor for hydrogen 

peroxide.  
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5.1 Introduction 

Combined materials of nano-allotropes of carbon such as 

graphene, carbon nanotubes and fullerenes are anticipated to possess 

many novel properties, different from their individual unique and 

superior properties, making them suitable for a variety of promising 

applications. 1 Similarly, surface decoration of these nanocomposites 

with various functional groups by chemical means can be used as an 

effective strategy to tune these properties to fit into many desired 

applications. The discovery of Carbon Nano Tubes (CNTs) in 1991 by 

Iijima, one of the amazing nano-allotropes of carbon, opened up a new 

area in material science research. CNTs are regarded as  the rolled up 

forms of graphene sheets with sp2 carbon networks. 2–4 These systems 

have outstanding mechanical, thermal, electrical and optical properties 

which makes them a promising material in nanotechnology. 5 There are 

reports for the existence of C60 decorated SWCNTs and its composites 

with metal oxide that shows outstanding photocatalytic activity. 

Similarly, C60-CNTs/Bismuth based oxide composites are reported to 

exhibit excellent photocatalytic activity. 6 The electrochemical 

hydrogen storage capacities of CNTs were reported to be 110 mb/g. 7  

Even though, theoretically, CNTs are always pictured as rolled 

up forms of graphene sheets, experimental reports of such rolling up and 

zipping are only a few. There are reports for the synthesis of CNTs from 

metal incorporated graphite in which graphite layers grows on the 

selected crystal planes of the metal. 8 Guo et al. reported the synthesis 

of CNTs on the graphite surface under microwave irradiation. 9 
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5.1.1 Carbon nanostructures for electrochemical sensing  

The extraordinary electric, mechanical, plasmonic properties 

and large surface-to-volume ratio makes CNTs a suitable candidate for 

biochemical sensing. 10–12 CNTs exhibit high selectivity, better 

sensitivity and high electrochemical response to some biomolecules, 

which makes them as an important sensing platform for biomolecules.13, 

14 CNT based sensors are able to mediate electron transfer reactions with 

various electro active species present in a solution.15–17 

Functionalization of CNT surfaces can bring about drastic changes in 

the solubility, improved biocompatibility and they can even act as a 

better sensing platform for heavy metal ions.18, 19 CNT based sensing is 

found to be highly reliable, accurate and fast because of their unique 

material properties. 20 Nitrogen doped CNT surfaces shows a fast 

chemical disproportionation of H2O2 and their analytical sensitivity 

higher than that of undoped CNTs. 21  

Graphene as well as functionalized graphene are also equally 

competent platforms widely employed for electrochemical sensing. 22–

24 

Hydrogen peroxide act as a signaling molecule which is involved 

in various biological processes occurring in our body. 25 High biological 

specificity makes them function as as a modulator in gene expression 

during protein synthesis. 26 Moreover, it is an important biomarker for 

various human diseases. A fast, selective, and a stable quantification of 

H2O2 is a key factor in the proper maintenance of H2O2 level in our 

body.27,28 CNTs based materials can act as a better bio analytical sensing 
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platform for the detection of H2O2 even in trace level. 29 CNT/clay 

nanocomposites shows better sensitivity and selectivity in H2O2 sensing. 

30 Graphene based nanomaterials also are considered important 

functional materials suitable for functioning as efficient electrochemical 

sensing platform for important biomarkers such as H2O2.
31, 32  

In the present work, we observed accidental incorporation of 

CNTs in the nanocomposites of hydroxy functionalized fullerenes and 

hydroxy graphene prepared via hydrazine reduction. Another interesting 

aspect observed is the heavy hydrogenation of the carbon nano 

structures present in the nanocomposite by the hydrazine reduction, 

probably by via the formation of the active reducing agent diimide. 33 

5.2. (A)  Hydrogenated and hydroxy functionalized ternary hybrid 

of Graphene, Nanotube, and Fullerene (GNF1): Hydrazine 

reduction of a mixed aqueous dispersion of oxidized mixture 

of PFO and Reduced hydroxy graphene (RHG) 

Reduced hydroxy graphene (RHG) is prepared solvothermally 

from fluorographite derived hydroxygraphene (HG), following a 

procedure reported from this lab previously. 34 The aqueous dispersion 

of a PFO/RHG mixture in 1:1 ratio, obtained by mechanical mixing 

followed by calcination at 250 °C in a muffle furnace for 5 h, converts 

the water insoluble PFO network and RHG to a completely water 

dispersible forms. It is presumed that the mechanical mixing and 

calcination treatment in the presence of air might have resulted in the 

plausible oxidation of PFO & RHG and resulting in the breaking of PFO 

network and its conversion to water dispersible hydroxy functionalized 

fullerenes (fullerols). Conversion of RHG to hydroxy graphene also 
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possible by the oxidative treatment which is again water dispersible. 

This black colored aqueous dispersion obtained, when subjected to 

hydrazine reduction comes out from the aqueous medium, getting 

transformed into a highly hydrogenated and hydroxy functionalized 

ternary composite of graphene, nanotubes and fullerenes, designated as 

GNF1. The scheme of formation of GNF1 is shown in figure 5.1. In the 

ternary hybrid thus formed, CNT formation may have resulted by the 

rapping of some of the functionalized graphene sheets present. 

 

Figure 5.1: Schematic representation of the formation of hydrogenated 

and hydroxy functionalized ternary hybrid of Graphene, Nanotube, and 

Fullerene (GNF1) prepared by the hydrazine reduction of aqueous 

dispersion of oxidized PFO/RHG mixture. 
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5.2. (B) Hydrogenated and hydroxy functionalized ternary hybrid 

of Graphene, Nanotube, and Fullerene (GNF2) : Hydrazine 

reduction of a mixed aqueous dispersion of fullerol clusters 

and hydroxygraphene. 

In an alternative strategy, another hydrogenated and hydroxy 

functionalized ternary hybrid of Graphene, Nanotube, and Fullerene 

(GNF2) is prepared by the hydrazine reduction of an aqueous dispersion 

of fullerols prepared sonochemically with H2O2 reagent, as described in 

the previous chapter and fluorographite derived hydroxygraphene, taken 

in a 1:1 ratio. In GNF2, CNTs formed are found to be externally 

decorated with fullerol molecules. A schematic of the GNF2 formation 

is represented in figure 5.2. 

 
Fig 5.2: Schematic for the preparation of ternary hybrid of Graphene, 

Nanotube, and Fullerene (GNF2) prepared by the hydrazine reduction 

of fullerol and hydroxy graphene dispersion. 
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5.3. Results and discussion 

Both the ternary nanohybrids, GNF1 and GNF2 are 

characterized by means of various spectroscopic and microscopic 

techniques and the results are presented below.  

5.3.1 FTIR Analysis 

FTIR analysis of GNF1 and GNF2 are performed and the spectra 

obtained are presented in figure 5.3. In GNF1, the two intense peaks 

observed at 2916 cm-1, 2856 cm-1 corresponds to aliphatic  

–CH stretching. Similarly, two sharp peaks at 2920 cm-1 and 2844 cm-1 

are observed in GNF2 also corresponding to aliphatic C-H stretching, 

confirming the hydrogenation of the carbon nanomaterials present in the 

composite. The hydrogenation is presumed to have happened during the 

hydrazine reduction plausibly via imide formation and subsequent 

hydrogen incorporation as in the case of PHF. A striking difference 

observed here is the absence of aromatic C-H stretching. Probably, 

graphene and nanotube parts of the composite are more susceptible to 

hydrogenation in the nanocomposite than the fullerene part. As a result, 

the soft fragmentation of few fullerene balls as a consequence of their 

heavy hydrogenation, producing aromatic fragments are almost absent 

in both these cases. The sharp peak at 1702 cm-1 can be attributed to 

C=O stretching vibrations of the hemiacetals formed in the reduction 

process which is again more intensified in the case of GNF1 compared 

to GNF2 and PHF. Many cage vibrations of hydrogenated C60 are 

observed in the frequency range 500-1700 cm-1 both in GNF1 and 

GNF2. In the FTIR analysis, striking resemblance in peak positions can 
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be observed between the spectra of GNF1 and GNF2, supporting our 

hypothesis that water dispersible fullerols are formed after the breaking 

of PFO network. The shaded region in the spectra of GNF1 and GNF2 

indicate the vibrations due to the newly formed C-O-C interlinkages of 

the framework, centered around 1200 cm-1.  
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Figure 5.3: FTIR Spectra of (a) PHF (b) GNF2 (c) GNF1. 

5.3.2 Raman Analysis 

 In Raman analysis as well, there is a one-to-one correspondence 

of peak positions, except for small shifts when the spectra of GNF1 and 

GNF2 are compared, consistent with FTIR analysis. In both GNF1 and 
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GNF2, sharp and intense peaks are observed for aliphatic C-H stretching 

vibrations (at 2881 cm-1 in GNF1 and 2865 cm-1 in GNF2), strong 

evidence for hydrogenation. In Raman spectra also, the signature bands 

of aromatic fragments found in PHF are completely absent, again 

consistent with FTIR data.  Due to hydrogenation, the expected G band 

for graphene and nanotubes are almost absent in the Raman spectra, 

consistent with the literature. 35 The weak signals found at 1362 cm-1  

(D band), 1645 cm-1 (G band) and the medium signal at 2725 cm-1  

(2D band) can be attributed to the characteristic Raman signatures of 

graphene and nanotubes. In the Raman spectra of GNF2 and GNF1, the 

peaks observed at 1443 cm-1 in GNF2 and 1445 cm-1 in GNF1can be 

attributed to the characteristic pentagonal pinch mode of fullerene balls 

shifted due to the structural changes such as hydroxylation, 

hydrogenation and attachment to CNT or graphene surface.  
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Fig 5.4: Raman spectra of (a) GNF1and (b) GNF2 
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5.3.3 AFM Analysis 

The surface morphology and topological features of the prepared 

nancomposites, GNF1 and GNF2, are analysed by Atomic Force 

microscopy (AFM). The 2D and 3D images obtained for both the 

samples are presented in figure 5.5.  In the AFM images of GNF1(figure 

5.5a), nanotubes as well as interconnected fullerol clusters originated 

from PFO, lying on the graphene nanosheets are visible in an ordered 

manner.  Similarly, in GNF2, bundles of oriented nanotubes are visible 

whereas separate fullerol clusters are not observed (figure 5.5b). 

 

 

Figure 5.5: AFM images of (a) GNF1 (b)  GNF2 
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5.3.4  SEM Analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.6: FE SEM image of a) GNF1 and b) SEM image of GNF2. 
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The FE SEM image of GNF1 is obtained successfully whereas 

that of GNF2 is not obtained because of the burning of the sample while 

striking with high energy electron beam. Extensive hydroxylation of the 

fullerene balls makes the sample sensitive to high energy electrons. Note 

that in GNF1, fullerols are originated from PFO which is expected to be 

less hydroxylated whereas the fullerols employed for GNF2 preparation 

is from H2O2 assisted sono-chemical preparation and therefore the 

fullerene balls will be extensively covered with hydroxy groups. 

Therefore, ordinary SEM image is collected for GNF2 with low energy 

electron beam. Presence of CNTs is well observed both in GNF1 and 

GNF2 as per the SEM analysis. In FE SEM image of GNF1, the 

nanotubes which are observed to be protruded from the composite are 

marked with red circles (figure 5.6a). In the SEM image of GNF2 (figure 

5.6b)., the formed nanotubes are found to be externally covered with the 

fullerols, plausibly by C-O-C bonds as evident from XPS and FTIR 

studies as well. From figure 5.6b, it is observed that CNTs formed are 

arranged in an ordered pattern in GNF2. 

5.3.5 TEM Analysis 

TEM images are collected both for GNF1 and GNF2, even 

though burning of the external covering is observed for GNF2.  The 

TEM analysis confirms formation carbon nanotubes both in GNF1 and 

GNF2. In GNF1and GNF2, functionalized graphene sheets are found 

getting rolled up to form CNTs, in the presence fullerols. In GNF2, the 

formed nanotubes are externally covered with fullerol balls which are 

also observed in TEM analysis, (inset of figure 5.7d). Unfortunately, 
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high resolution TEM images could not be obtained due to the electron 

beam sensitivity of the sample. Both in GNF1 and GNF2, the nanotubes 

formed are found to be multiwalled in nature. 

  
 

  

Figure 5.7:  TEM images (a)&(b) of GNF1, (c)& (d) of GNF2 
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5.3.6 XPS Analysis 
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Figure 5.8 : XPS Survey spectra of (a) GNF1 & (b) GNF2 

 High Resolution C1s spectra of (c) GNF1 & (d) GNF2   

High Resolution O1s spectra of (e) GNF1 & (f) GNF2 
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Even though XPS is regarded as a powerful characterization 

technique for functionalized carbon nanostructures, unfortunately it is 

less useful in probing hydrogenation, mainly for two reasons. 36 The first 

one is the inability of XPS to detect hydrogen and the second reason is 

the chemical shift of the hydrogenated carbon observed in the C1s high 

resolution spectrum is too small to be distinguished separately. The 

results obtained in the XPS analysis of GNF1 and GNF2 are presented 

in figure 5.8. From the XPS survey spectra (figure 5.8a & b), lower 

oxygen content is observed in GNF1compared to GNF2, which implies 

that the fullerols originated from PFO are far less hydroxylated than the 

ones used in the GNF2 preparation. The high-resolution C1s spectra for 

GNF1 and GNF2 reveal almost same chemical constitution of the two 

nanocomposites.  Hemiacetal formation is also observed in both the 

nanocomposites as evidenced by the presence of C=O, both in high 

resolution C1s and O1s of both nanocomposites.  The carbonyl content 

is observed to be slightly more in GNF1 compared to GNF2. There are 

weak signals in the high resolution C1s spectra at 282.27 eV for GNF1 

and 281.44 eV for GNF2 indicating chemisorption and Si-C bond 

formation during the coating of the sample on the glass substrate used 

in the sample preparation for XPS analysis. 

A tentative assignment of the peaks observed in the high 

resolution XPS spectra of C1s and O 1s regions of both GNF1 and GNF2 

are summarized in table 5.1 
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Table 5.1: Peaks observed in the high resolution XPS spectra of C1s 

and O 1s regions of both GNF1 and GNF2 

Sample 

C1s 

Bindingenergy (eV) 

( Functional group ) 

O1s 

Bindingenergy(eV)  

(Functional group) 

GNF1 

282.27 (Si-C) 

284.9(C-C) 

285.3 (CH), C=C, C-O 

288.05 (C=O) 

289.1(π-π*) 

529.1 (C=O) 

531.16 (C-O) 

532.6 (C-O) 

GNF2 

281.44(Si-C) 

284.43 (C-C) 

285.19(CH), C=C, C-O 

286.77 (C-O-C) 

288.58 (C=O) 

528.8(C=O) 

530.02 (C-O-C) 

532.25 (C-O, Aromatic C) 

532.93 (C-O, Aromatic C) 

 

5.4. Electrochemical H2O2 sensing studies of GNF1 and GNF2 

Herein, electrochemical sensing of H2O2 is performed with both 

GNF1 and GNF2 modified GCE, in which 1,10-phenanthroline (phen) 

drop-casted on the GNF1/GNF2 modified glassy carbon electrode 

surfaces whose electrochemical oxidation is performed by continuous 

cyclic voltammetric running for 15 cycles in PBS solution of pH 7.4. 

Cu2+ complexed with immobilised1,10-phenanthroline-5.6-dione  

(phen-dione) on GNF1 modified GCE act as a better sensing platform 

for H2O2 detection than the PHF based sensor developed in the previous 

work. whereas Cu2+ complexed with immobilised1,10-phenanthroline-

5,6-dione (phen-dione) on GNF2 modified GCE showed lower activity 

than PHF based sensor. 
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Fig 5.9: Preparation of Cu2+-phen-dione@GNF1/GCE and Cu2+-phen- 

dione@GNF2/GCE sensors. 

The oxidized 1,10-phenanthroline can act as a mediator in the 

H2O2 sensing in an GNF1//GNF2 modified GCE surfaces. By 

continuous cyclic voltammetric running for 15 cycles  

1,10-phenanthroline (Phen) undergoes oxidation to its dione form as 

evident by the continuous increase in its oxidation peak current as shown 

in figure 5.10. The phen-dione immobilized electrode is then subjected 

to dipping in 1 mM CuSO4 solution for 180 s which result in the 

formation of copper complexed phen-dione@GNF1/GCE. A similar 

procedure is adapted for the preparation of copper complexed phen- 

dione@GNF2/GCE as well. All electrochemical measurements are 

performed with Phosphate Buffer Solution (pH 7.4) with 0.1 M KCl as 

supporting electrolyte. 
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Figure 5.10:  CV responses for a continuous run of 15 cycles for the 

preparation of phen-dione@GNF1/GCE (b) phen-dione@GNF2/GCE 

in 0.1 M PBS (pH 7.4) with 0.1 M KCl as supporting electrolyte. 

Cyclic voltammetric responses of both GNF1 and GNF2 

modified electrode surfaces in potassium ferro/ferri cyanide redox probe 

are recorded with KCl as supporting electrolyte in PBS (pH 7.4) solution 

as shown in figure: 
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Figure 5.11: CV responses of (a) bare GCE (b)Cu2+-phen- 

dione@GNF1/GCE(c)Cu2+-phen-dione@GNF2/GCE in 0.5 mM 

K3Fe(CN)6 (0.1 M PBS pH 7.4) with KCl supporting electrolyte. 
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The Electro-Chemically active Surface Area (ECSA) of the 

modified electrodes are calculated by the Randles-Sevcik equation. 

ECSA values for bare GCE, Cu2+-phen-dione@GNF1/GCE and Cu2+-

phen-dione@GNF2/GCE are 0.044 cm2, 0.053 cm2, 0.3778 cm2 

respectively. 

Cyclic voltammetric responses of Cu2+-1,10-phen-dione 

@GNF1/GCE and Cu2+-1,10-phen-dione@GNF2/GCE in a potassium 

ferrocyanide/ferricyanide system are recorded at different scan rate. 

Peak current is found to be increasing with the increase in scan rate as 

shown in figure 5.12a and figure 5.13a. The plot of peak current vs. 

square root of scan rate gives a straight line in both cases with R2 values 

of 0.9950 and 0.9944 respectively. From the linearity of the plots 

obtained, it is clear that electron transfer in both Cu2+-phen- 

dione@GNF/GCE and Cu2+-phen-dione@GNF2/GCE involves 

diffusion controlled processes. 
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Figure 5.12: CV curves of Cu2+-1,10-phen-dione@GNF1/GCE in 0.1M 

PBS  containing 5 mM Fe(CN)6 at at different scan rate  

mailto:dione@GNF2/GCE%20are%20.0755cm2
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Figure 5.13: CV curves of Cu2+-phen-dione@GNF2/GCE in 0.1 M PBS 

containing 5 mM K4Fe(CN)6 at different scan rate with Ag/AgCl as the 

reference electrode and 0.1 M KCl as supporting electrolyte . 

Electrochemical sensing investigations of H2O2 are performed 

by means of cyclic voltammetry, by using the developed sensor 

electrodes in 0.1 M KCl as supporting electrolyte and phosphate buffer 

solution (pH 7.4) and the cyclic voltammetric responses obtained are 

presented in figure 5.14a & 5.15a. In both the cases, oxidation peak 

current values increase with the successive addition of H2O2 and 

calibration graphs are plotted with peak current vs. concentration of 

H2O2 giving straight line with R2 values of 0.994 and 0.9971 

respectively for Cu2+-phen-dione@GNF1/GCE and Cu2+-phen- 

mailto:dione@GNF2/GCE%20in%200.1
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dione@GNF2/GCE showing good linearity over a range of 

concentrations in the micromolar level (figure 5.14b and figure 5.15b 

respectively). 
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Figure 5.14:  (a) Electrochemical sensing of hydrogen Cu2+-1,10-phen- 

dione@GNF1/GCE  (b) Corresponding calibration plot.  
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Figure 5.15: (a) Electrochemical sensing of hydrogen peroxide Cu2+-

phen-dione@GNF2/GCE (b) corresponding calibration plot.  

The Limits Of Detection (LOD) of the prepared hydrogen 

peroxide sensors are evaluated by the relation 3xS.D(bl.) /m, where 

S.D(bl) is the standard deviation of the blank solution calculated from 
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10 consecutive measurements and m is the slope of the calibration 

curve.The LOD values of Cu2+ -phen-dione@GNF1/GCE and Cu2+--

phen-dione@GNF2/GCE are found to be 3.018µM and 0.502µM 

respectively and the linear range they exhibited are 1 µM-11.02 µM & 

1.03 µM – 8.9 µM respectively. Sensitivity of the developed electrode 

materials are calculated as  23886.7µA/mM cm2, and 2148.806 µA/mM 

cm2 respectively which is calculated as slope of the calibration 

curve/ECSA value of the electrode. 

5.4.1 Interference study 

Investigations to find out the interferences from other probable 

interfering biomarkers like Uric acid, Ascorbic acid, and glucose for the 

detection of H2O2 are performed cyclic voltammetrically. For this,  

1.5 mM solutions of Uric acid (UA), Ascorbic acid, and glucose are 

prepared. 10 µl of each of these solutions of glucose, UA, and AA are 

added to 10 ml of Phosphate Buffer Saline solution (PBS, pH 7.4) and 

0.1 M KCl, containing 10 µM concentration of H2O2, one by one and 

variation in the peak current are noted. The peak current for H2O2 is 

affected only very slightly (± 1.2 %) by these interfering species for both 

the developed sensors. Thus, it is observed that no significant 

interferences are present in the determination of H2O2, in both the cases. 

The results obtained are summarized in figure 5.16.  

mailto:dione@GNF2/GCE%20are%20.0755cm2
mailto:dione@GNF2/GCE%20are%20.0755cm2
mailto:dione@GNF2/GCE%20are%20.0755cm2
mailto:dione@GNF2/GCE%20are%20.0755cm2
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Figure 5.16 : Bar diagram showing the effect of interfering species on 

H2O2 sensing for  (a) Cu2+-1,10-phen -dione@GNF1/GCE  (b) Cu2+-

phen-dione@GNF2/GCE. 

The electrochemical performances of developed electrodes in 

H2O2 sensing are compared with that of other electrode materials found 

in literature as well as PHF based sensor investigated in the previous 

work and the results are presented in Table 5.2. The comparison shows 

that in terms of sensitivity, GNF1 is found to be an excellent sensor. 

However, owing to higher standard deviation values for blank 

measurements, the calculated LOD value for GNF1 is slightly high 

(3.018 mM) compared to other H2O2 sensors examined. The sensitivity 

of GNF2 is found to be lower than PHF and the overall sensing 
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performance of GNF2 have not shown expected improvement even after 

the incorporation of graphene and CNTs, in spite of achieving 

tremendous enhancement in the peak current and electrochemically 

active surface area, when the redox probe ferrocyanide/ferricyanide is 

used. Apparently, heavy hydroxylation and hydrogenation are not 

favorable for these materials to function as the electrocatalytic material 

for H2O2 sensing activity even though mild functionalization of the 

surfaces can improve the adsorption of the analyte molecules to their 

surfaces. Thus, GNF1 for which oxygen content is comparatively less, 

function as a more sensitive sensing platform compared to PHF and 

GNF2. 

 

Table 5.2 : Electrochemical responses of various electrodes in H2O2 

sensing 

Sl No.     
 Electrode  

material      

Technique  

used      

   Linear  

range        

    Sensitivity  

(µA/mMcm2)         

Limit of  

Detection  

(µM)          

Ref 

1     Ag-PIL-GE     CV  0.1 µM-2.1 mM     38.73 0.05 39 

2  β-MnO2 nanorods/GCE CV  2.45 µM-42.85 mM 21.74 2.45 27 

3 MnO2/graphene oxide CV  5 µM-0.6 mM 38.2 0.8 40 

4 AgNPs/PQ11/graphene CV   100 µM-40 mM 39.89 2.8 41 

5 Graphene/Au NPs/CHIT CV  200 µM-4.2 mM                  99.5             ----           48 

6 
HRP/NiFe2O4NPs/ 

CHIT/Fe CV  
10 µM-2 mM            ---              2 49 

7 CoOX.NPs/ERGO         AMP 5 µM-1 mM 148.6 0.2 44 

8 
Cu2+ phendione@ 

PHF/GCE             CV 
1 µM-10 µM 8148.3 0.353 

Previous 

work 

9 Cu2+ phendione@GNF1/GCE             CV  1 µM-11.02 µM 23886.7 3.018 This work 

10 Cu2+phendione@GNF2/GCE             CV  1.0 µM-8.9 µM 2148.80 0.502 This work 
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5.5  Conclusions 

Hydrogen and hydroxy functionalized Graphene-Nanotube-

Fullerene ternary nanohybrids (GNF1) are prepared by the hydrazine 

reduction of aqueous dispersion of oxidized PFO/RHG mixture and 

Graphene-Nanotube-Fullerene ternary hybrid (GNF2) is prepared by the 

hydrazine reduction of a mixture of fullerol and hydroxygraphene 

dispersion in water. Characterization of the prepared nano-materials 

using various spectroscopic and microscopic techniques are performed. 

From SEM and TEM, formation of nanotubes by the rapping of 

graphene sheets are observed both for GNF1 and GNF2. In addition, in 

GNF2, the formed nanotubes are found to be externally covered with the 

fullerol network, plausibly by C-O-C bonds as evident from XPS.   

Even though both GNF1 and GNF2 is thought to be originated from the 

hydrazine reduction of fullerols and hydroxy graphene precursors, the 

fullerols used in GNF2 preparation is more hydroxylated than the 

fullerols formed from PFO. This might have resulted in more 

interlinking and external covering of nanotubes with hydrogenated 

fullerol clusters through covalent bonds. 

Another promising aspect of this work is the observation of high 

degree of hydrogenation present in the nanohybrids prepared. Similar to 

the hydrogenation of fullerol clusters observed in the previous work, the 

hydrazine reduction is thought to be proceeded via diimide formation 

where the fullerols formed from PFO acting as the required oxidizer in 

GNF1 and in GNF2 fullerols are one of the precursors which function 

as the oxidizing agent producing highly reactive diimides from 

hydrazine molecules. Hydrogen being perceived as the important future 

fuel; its safe storage is an area which have attracted tremendous research 
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attention. The observed degree of hydrogenation promises a landmark 

by providing a simple and straightforward hydrogenation strategy via 

diimides, of the most investigated hydrogen storage materials, viz., 

carbon nanomaterials. 

Enzyme-free electrochemical sensing studies are performed for 

H2O2 using the modified glassy carbon electrodes, Cu2+-phen- 

dione@GNF1/GCE and Cu2+-phen-dione@GNF2/GCE. Cu2+-phen- 

dione@GNF1/GCE is found to be a better sensor for H2O2 detection in 

terms of sensitivity. However, in terms of LOD, GNF1 based sensor did 

not show the best value. By and large, the developed sensors are 

excellent for the trace-level detection of the important biomarker H2O2, 

which can contribute to the global efforts for early-stage cancer 

diagnosis. 
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In this dissertation, the first topic investigated is the networking 

of fullerene balls via five membered furan ring systems resulting in the 

development of a nanostructured polymeric fullerene oxide (PFO) 

framework via thermal [3+2] cycloadditions of fullerene oxides formed 

by the thermal decomposition of C60Br24. Photocatalytic dye degradation 

of model dye methylene blue as well as the photocatalytic hydrogen 

peroxide generation are investigated. Thus, the prepared PFO is found 

to be a highly efficient metal-free, sunlight-active, photocatalyst with 

narrow bandgap and can be considered as excellent material for visible 

light harvesting. With the proposed band diagram for PFO, the plausible 

mechanism of ROS production and the photocatalytic process have been 

put forward. In addition, electrochemical glucose sensing applications 

of PFO are also investigated and it is found to be an efficient metal-free, 

mediator-free fourth generation sensing platform for the trace level 

detection of glucose. The pore architectures of PFO are revealed by 

various characterization techniques, which is made up of macropores 

and mesopores with some extent of mesoscale ordering.   

In the next work presented in this dissertation, networking of 

fullerene balls is achieved alternately via C-O-C bridges, by a reduction 

strategy employing hydrazine reagent to hydrogen bonded clusters of 

highly hydroxylated fullerenes called fullerols. Since fullerols are 

oxygen rich species, they are capable of acting as good oxidizing agents. 

Hydrazine is known produce diimides in the presence of oxidizers which 

are capable of hydrogenate multiple bonds.1 Thus, along with C-O-C 

networking, partial hydrogenation of the fullerene balls also take place 
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resulting in the formation of partially hydrogenated fullerol (PHF) 

networks. This will make the material slightly less hydrophilic, suitable 

for modification of glassy carbon electrodes, in the development of an 

enzyme free sensing platform for hydrogen peroxide. The H2O2 sensor 

thus developed using Cu2+ ions attached on 1,10-phenanthroline-5,6-

dione as the mediator on a PHF modified GCE, is found to be an efficient 

one in terms of sensitivity, selectivity, limit of detection and linear range 

when compared to other H2O2 sensors present in literature.     

In the next study, successful development of functional ternary 

nanohybrids of graphene, carbon nanotubes and fullerenes are achieved 

by two different strategies. In the first one, hydroxy graphene is prepared 

from fluorographite and is solvothermaly reduced to RHG (reduced 

hydroxygraphene). PFO and RHG are taken in 1:1 ratio, mechanically 

mixed in a mortar and the mixture is calcined. This process is thought to 

be breaking the PFO network and converting it to fullerols by oxidation. 

RHG also is getting oxidized back to hydroxy graphene, such that the 

entire mixture becomes completely dispersible in water.  This black 

aqueous dispersion is then subjected to hydrazine reduction. Apart from 

formation of hydrogenated fullerol balls and hydrogenated graphene 

sheets, accidental formation of few carbon nanotubes also by the zipping 

of curved hydroxylated graphene sheets during the reduction process. 

The hydrazine reduction is again thought to be proceeded via diimide 

formation where the fullerols formed acting as the required oxidizers. 

The composite formed is termed as GNF1. It is then characterized by 

various spectroscopic and microscopic techniques and successfully 
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employed as an efficient electrochemical sensing platform for H2O2. 

Another composite, GNF2 is prepared with an alternative strategy, 

mixing aqueous dispersions of fluorographite derived hydroxygraphene 

(HG) and fullerols (prepared by sonochemical H2O2 oxidation of C60), 

in 1:1 ratio, followed by hydrazine reduction. GNF2 also is 

characterized in a similar way. The interesting finding is that regardless 

of the difference in preparation methods, GNF2 exhibit striking 

resemblance with GNF1, especially in FTIR and Raman spectroscopic 

analysis, which confirms that GNF1 and GNF2 possess similar chemical 

constitutions. However, in XPS analysis, GNF2 is found to have more 

oxygen content than GNF1, probably because the fullerol precursor used 

in GNF2 preparation is more hydroxylated than the ones originated from 

PFO. Moreover, in the HR TEM analysis of GNF2, the carbon 

nanotubes are observed to have attachment of fullerene balls on their 

surface, again hypothesised as a result of the heavy hydroxylation of 

fullerene balls used here, resulting in C-O-C linkages with nanotubes. 

Similar to PHF, burning of a part of GNF2 in high energy electron beam 

is observed, except the nanotube part, in the HR TEM and FE SEM 

analyses. Instead of FE SEM images, ordinary SEM images are 

presented here. The H2O2 sensing studies are carried out by using Cu2+ 

ions attached on 1,10-phenanthroline-5,6-dione as the mediator on a 

GNF1/GNF2 modified GCE. Efficiency of the developed sensors are 

evaluated in terms of sensitivity, selectivity, limit of detection and linear 

range and PHF, GNF1 and GNF2 are compared as H2O2 sensor material.  

GNF1is demonstrated to be a better electrochemical sensing platform 

for H2O2 than PHF and GNF2.
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The present dissertation focusses mainly on networking of 

oxidized fullerenes to form novel functional materials and their diverse 

applications. Oxidized fullerenes have attracted researchers’ attention 

recently as an interstellar material. Detailed investigations leading to 

better understanding of their material properties and possible chemical 

transformations are relevant in the current scenario and offer 

possibilities for extended research in this direction. Designing 

photovoltaic devices utilizing the newly prepared fullerene-based 

polymeric framework will be another future prospect of this research 

work.  

The photocatalysts developed here are highly efficient in the 

harvesting of sunlight to carry out diverse chemical transformations 

which can be exploited further. Similarly, the electrochemical sensors 

for important biomolecules like glucose and hydrogen peroxide can 

indeed contribute towards the global urge for cost effective and sensitive 

sensing platforms for their trace level detection in biological media in a 

non-invasive manner, especially in the health monitoring of neonatal 

babies. 

Further, the high degree of hydrogenation observed in both these 

nanohybrids offer lot of possibilities for their potential use as hydrogen 

storage materials. This is the first report of utilization of hydrazine 

reduction with hydrogenation of double bonds via diimide formation in 

presence of an oxidizing agent, in graphene and carbon nanotubes. This 

opens up immense possibility and important future direction for further 

investigations with these interesting nanomaterials in the field of 

hydrogen storage. 
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