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Electrochemistry behaviours of C6Q attached with physical method: solvent casting 

and mechanically attachment, to various solid-state electrode surfaces (gold, glassy 

carbon and platinum) were studied in aqueous and non-aqueous solution 

containing a variety of doping cations such as Group I alkali-metal cations and 

quatemaI)'-ammonium �if. Electroreduction and reoxidation of microcrystalline 

C6Q in 0.1 M TBAPFJACN showed one to four pairs, characteristic solid state 

current-potential curve, with only first and second pairs appeared to be stable and 

reversible. 

In contact with 0.1 M TBAPFJACN, the large peak separation and small 

maximum at reverse scan observed with cyclic voltammetric experiments, as well 

as the current-time transients obtained in chronoamperometric experiments 

produce evidence of nucleation and growth (N&G) processes at the electrolyte-

solid-electrode interface. 
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C60 cast onto glassy carbon or gold electrodes showed very different results of 

cyclic voltammetry (CV), chronocoulometry (CC), and chronoamperometry (CA) 

in aqueous and non-aqueous solutions. With the presence of alkali-metal cations in 

1 .+ + + 
b

+ + 
aqueous electro yte, MnC60 (M = LI , Na , K ,R ,Cs , n = 1 to 6) was fonned at 

the end of potential scan, and the loss of faradaic activity when oxidizing MnC60 at 

reverse of potential scan indicated the fonnation of non-electroactive and 

irreversible species. In aqueous solution, CV results showed a parallel shift in 

reduction peak position as the sizes of cation increased. 

A glassy carbon electrode modified by C60 coat was used to mediate the oxidation 

of cysteine in contact with an aqueous electrolyte containing potassium cation. 

Under conditions of cyclic voltammetry, the potential of cysteine is lowered by 

approximate 100 m V and current is enhanced significantly relative to the situation 

prevailing when a bare glassy carbon electrode is used. Mediation also occurs 

when the potential range covered include that of Cw/C60
n
- redox couples. 
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Oleh 

LIM EI BEE 

Disember 2001 

Pengerusi: Profesor Madya Tan Wee Tee, Ph.D. 

Fakulti: Sains dan Pengajian Alam Sekitar 

Tingkablaku elektrokimia bagi C60 yang dilekatkan secara fizikal melalui "kot 

larutan" dan "lekatan mekanikal", kepada permukaan pelbagai elektrod pepejal 

(emas, karbon kaca dan platinum) telab dikaji dalam larutan akues dan tak akues 

yang mengandungi pelbagai kation berdop seperti kation logam-alkali Kumpulan I 

dan kuatemari-ammonium �W. Elektro-penurunan dan pengoksidaan bagi 

mikrokristal C60 dalam 0.1 M TBAPFdACN menunjukkan satu hingga empat 

pasang kelok arus-keupayaan yang berperanan pepejal, dengan hanya pasangan 

pertama dan kedua berkelakuan stabil serta boleh berulang. 

Berhubungan dengan 0.1 M TBAPFdACN, pemisaban besar antara puncak dan 

maksima kecil pada imbasan terbalik yang diperhatikan dengan eksperimen 

voltammetri berkitar, serta transian arus-masa yang diperolehi dalam eksperimen 

kronoamperometri menghasilkan bukti bagi proses penukleusan dan tumbesaran 

(N&G) pada antara-fasa elektrolit-pepejal-elektrod. 

C60 yang disapu ke atas elektrod karbon kaca atau emas menunjukkan keputusan 

vo)tammetri berkitar (CV), kronokulometri (CC), dan kronoamperometri (CA) 
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dalam larutan akues dan tak akues yang amat berbeza. Dengan kehadiran kation 

logam-alkali dalam elektrolit akues, MnC60 (M = Lt, Na +, K+, Rb +, Cs +, n = 1 to 6) 

telah dihasilkan pada akhir imbasan keupayaan, dan juga, kehilangan aktiviti 

faradaik semasa pengoksidaan MnC60 pada imbasan keupayaan terbalik 

menandakan pembentukan sesuatu spesies yang tidak eletroaktif dan tidak 

berulang. Dalam larutan akues, keputusan CV menunjukkan satu anjakan selari 

pada kedudukan puncak penurunan dengan saiz kation yang meningkat. 

Satu elektrod karbon kaca yang diubahsuiakan dengan kot C60 telah digunakan 

untuk memediankan pengoksidaan sistena dalam suatu elektrolit akues yang 

mengandungi kation potassium. Di bawah kawalan voltammetri berkitar, 

keupayaan sistena telah diturunkan lebih kurang 100 m V dan arusnya jelas 

ditingkatkan berbanding dengan situasi biasa iaitu bila sesuatu elektrod karbon 

kaca tanpa ubahsuian digunakan. Pemedianan juga berlaku bila julat keupayaan 

yang dilingkungi termasuk pasangan redoks Cr,o/C60 n-. 



VII 

ACKNOWLEDGEMENTS 

My supervisor, Assoc. Prof Dr. Tan Wee Tee certainly is the first and most 

important person whom I would like to acknowledge. Thank you for your 

guidance, help, suggestion and patience throughout the duration of this project. My 

sincere appreciation also goes to my co-supervisor Assoc. Prof Dr. Zulkamain 

Zainal and Assoc. Prof Dr. Anuar Kassim f<;>r their for their valuable time, effort 

and support during my study. 

Along the way, I have been assisted by my course-mates and friends who share 

their knowledge with me. I would particularly like to thank Ng Geok Khoon, Chew 

Won Yin, Sim Leng Tze, Lee Chiu Sze, and Lim Kean Pah. Finally yet 

importantly, I wish to convey my deepest gratitude to my family, my housemates, 

and all of my friend who help me a lot in one and another way in the preparation of 

this project. 

I gratefully acknowledge the award of the P ASCA scholarship from Universiti 

Putra Malaysia, which enable me to undertake this work. 



Xl 

TABLE OF CONTENTS 

Page 

DEDICATION ...... .. , ... ... '" ... .. , ... .. , ... ... ... ... ... ... '" .. , ... ... '" ...... .. . 11 
ABSTRACT ...... ... ...... ... ... ... .. , '" .,. '" ... ... ... ... ... ... .. , '" .,. ... ... ...... HI 
ABSTRAK...... ... ...... ...... ... ... .. . ...... ... ...... ... ... ... . .. . ..... ... .......... v 
ACKNOWLEDGEMENTS .. . ... ...... . .. ... . . ... . .. . . .. .. . . .. . .  , '" ... ... ... ...... Vll 
AFPROV AL ... ...... .. , '" ... '" ... .. , '" ... ... ... ... ... ... ... ... ... '" ... ... ... ... ... Vlll 
DECLARATION ........... , '" ... ... ... ... ...... ... ... .. , ... ... ... ... ... ... ... ... ... x 
LIST OF TABLES ... ... .. . ... ...... ... '" ..... , .... , . ...... .. , .... , . ........ , '" ... . xv 
LIST OF FIGURES...... ... ... ... ... ... ... ... ....... ...... ... ... ...... ... ... ...... ... XVI 
LIST OF SYMBOLS AND ABBREVIATIONS xxv 

CHAPTER 

1 INTRODUCTION ..... , ... ... ... ... .. , ...... ........ , .............. , ... . " . L 1 
l.1 Buckminster Fullerene, C60... ... ... ... ... ... ... ... ... ... .. . ... ..... l.3 
1.2 Fundamental of Voltammetric Techniques...... ... ... ... ........ 1.9 

1.2.1 Cyclic Voltammetry (CV) ... ... ... ... ... ... .. , . .. ... ... ... 1.9 
1.2.2 Osteryoung Square Wave Voltammetry (OSWV)...... 1.13 
1.2.3 Chronocoulometry (CC) and Chronoamperometry 

(CA)... ............ ... ... ......... ... ... .. . ... ...... ... ... ..... 1.16 
1.3 Solid State Electrochemistry... ... . .. ... ... ... ... ... ... ... . .. . .. ... 1.20 
1.4 Nucleation and Growth Processes (N&G)......... ... ... ......... 1.23 
1.5 Objectives ... ..... , ... ... ... ... .. , ... ... ........ , ... ... ... ... .. , '" .... 1.26 

2 LITERATURE REVIEW 
2.1 Solution Electrochemistry of C60 Dissolved in Solvent... ...... 2.1 
2.2 Electrochemistry of Solid C60 in Non-aqueous Solvents ... .. , . 2.4 
2.3 Electrochemistry of Solid C60 in Aqueous Solution ... ... .... ,. 2.10 
2.4 Applications of C60 Modified Electrode ...... ... ... ... ... ... '" .. 2.11 

3 EXPERIMENTAL 
3.1 Chemicals and Materials ... ... ... ... '" ... '" ... ... ... ... ... ... ... .. 3.1 
3.2 Instrumentation and Apparatus 

3.2.1 Instrumentation of Electrochemical Measurements... . 3.1 
3.2.1.a Working electrode (WE) ... ... '" ... ... ... ... ...... 3.3 
3.2.l.b Reference electrode (RE) ... ... '" ... ... ... ... ..... 3.3 
3.2.1.c Counter electrode (CE)... ... ... . .. ... ... ... ... . . . .  3.3 

3.2.2 Instrumentation of Physical Structural and Surface 
Morphology Studies ...... ... .................. ...... '" ... . 3.4 

3.3 Preparations 
3.3.1 Preparation of Non-aqueous Reference Electrode...... 3.4 
3.3.2 Aqueous Reference Electrode ... .............. , ... ... ..... 3.5 
3.3.3 Preparation of Working Electrode... ......... ...... ...... 3.5 
3.3.4 Preparation of Voltammetric Cell...... ......... ...... ... 3.6 
3.3.5 Preparation of Basal Plane Graphite Electrode for 

SEM... ... ... ......... ...... . .. ... ..................... ... ..... 3.8 



3.4 Procedures for Data CoIJection 
3.4.1 Cyclic Voltammetry 

3.4.1.a General run of solution and solid state 

Xll 

voltammetry ofC6o ... ..... , .. , .. , ... ...... ... ...... 3.8 
3.4. 1. b Effect of potential cycling on the C60 redox 

couples ... ............ ...... ... ... ...... ..... , .. , ...... 3.9 
3.4.1. c Effect of working electrodes on the C60 redox 

couples ..... , '" ... ... ... ... '" ... ... ... ... ... .. , .. . .. 3.9 
3.4.1.d Effect of solvent systems on the C60 redox 

couples ... ... ... ......... .... " ........ , ... ... ... ...... 3.9 
3.4.1.e Scan rate studies of solid C60 in non-aqueous 

and aqueous solvents ... ... '" ... ... ... ... ... ... ..... 3.9 
3.4.1. f Effect of varying amount of C60 on the C60 

redox couples in non-aqueous and aqueous 
solvents ......... ... ............ ... ... ..... , ... ... ... .. 3.10 

3.4.1.g Effect of varying temperatures on the C60 
redox couples ...... ... ... ............ ... ... ......... 3.10 

3.4.1.h Effect of concentration of supporting 
electrolyte on the C60 redox couples in non-
aqueous and aqueous solvents... .................. 3.10 

3.4 .1.i Effect of varying anions and cations of 
supporting electrolyte on the C60 redox 
couples in acetonitrile ...... ... '" ........ '" ... ... . 3.11 

3.4.1.j Effect of varying anions and cations for alkali-
metal salts on the C60 redox couples in non-
aqueous solvents... ... ...... ... ...... ... ... ......... 3.11 

3.4.1.k Effect of varying anions and cations for alkali-
metal salts on the C60 redox couples in water... 3.11 

3.4.1.1 Effect of mixed supporting electrolytes on the 
C60 redox couples in water ... ... . ,. ... ... ... ... .... 3.12 

3.4.1.m Scan reversal studies ... '" ... ... ... '" ... ... ..... 3.12 
3.4.1.n Observation of irreversible properties of C60 in 

water and acetonitrile... ... ... ...... ... ... ... ...... 3.12 
3.4.2 Chronoamperometry (CA) and Chronocoulometry 

(CC)... ............ ..................... ... ... ...... ...... ..... 3.12 
3.4.3 Microelectrode Studies ...... ...... ... ...... ... ... ... ... ... 3.13 
3.4.4 Physical Structural and Surface Morphology Studies 

3.4.4.a In-situ optical microscope... ... ... ... ...... ... .... 3.13 
3.4.4.h Ex-situ scanning electron microscope (SEM)... 3.13 

3.4.5 Fabrication and Electrochemistry Study of C60 
Modified Electrode in L-cysteine Solution .... ,. ... ... .  3.14 

4 RESULTS AND DISCUSSION 
4.1 Cyclic Voltammetry 

4.1.1 General Run of CV 
4.1.1.a Solution voltammetry of C60 in CH2Ch ... '" ... 4.1 
4.1.1.h Solid state voltammetry of C60 in acetonitrile... 4.3 

4.1.2  Effect of Potential Cycling on the � Redox 4.11 
Couples ...... ... ............ ......... ... ... ...... ...... ... .. . 



4.2 
4.3 
4.4 

4.5 

4.1.3 Effect of Working Electrodes on the C60 Redox 
Couples ... ...... ...... ... . , . ......... ...... ' "  ..... , ... ' "  ... . 

4.1.4 Effect of Solvent Systems on the C60 Redox Couples 
4.1.4.a Solid state voltammetry of C60 in aqueous 

solution ...... .. , .. , ...... ... ... ' "  ... ... ' "  ' "  ' "  .... . 
4.1.4. b Solid state voltammetry of C60 in non-aqueous 

and mixed solvents ..... , ......... ... . , . ... .. , ..... . 
4.1.5 Scan Rate Studies of Solid C60 

4.1.S.a In non-aqueous solvent: acetonitrile ... ' "  ... ... . 

4.1.S.b In aqueous solution ..... , .. , ... ' "  . ... .. ........... . 
4.1.6 Effect of Varying Amount of C60 on the C60 Redox 

Couples . 
4.1.6.a In non-aqueous solvent: acetonitrile ... ... ... ... . 
4.1.6.b In aqueous solution ... ...... ' "  ... ................ .. 

4.1.7 Effect of Varying Temperatures on the C60 Redox 
Couples ., . .. , ...... ' "  ......... ... ' "  ... ... . , . .  , . . . , ........ . 

4.1.8 Effect of Concentration of Supporting Electrolyte 
on the C60 Redox Couples in Non-aqueous and 
Aqueous Solvents ...... ...... ........... ... ............... .. 

4.1.9 Effect of Varying Anions and Cations of 
Supporting Electrolyte on the C60 Redox Couples in 
Acetonitrile ... ... ... ...... ... ... ... ...... ... ... . , . .......... . 

4.1.10 Effect of Varying Cations for Alkali-metal Salts on 
the C60 Redox Couples in Non-aqueous Solvents ..... . 

4.1.11 Effect of Varying Anions and Cations for Alkali-
metal Salts on the C60 Redox Couples in Water ....... . 

4.1.12 Effect of Mixed Supporting Electrolytes on the C60 
Redox Couples in Water. .. ... ... ... ...... ...... .......... . 

4.1.13 Scan Reversal Studies ...... ... ...... ... .......... " .. , .... . 
4.1.14 Observation of Irreversible Properties of C60 in 

Water and Acetonitrile ... ... ... . , . ..... , ... ...... ... .  , . ... . 
Chronoamperometry (CA) and Chronocoulometry (CC) ... ... . 
Microelectrode Studies ........... ... ... ... ...... ... ... ...... ' "  .... " 

Physical Structural and Surface Morphology Studies 
4.4.1 In-situ Optical Microscope ... ... ... ' "  ... ... . .. .......... . 
4.4.2 Ex-situ Scanning Electron Microscope ................. . 

Applications and Advantages of C60 Modified Electrode in L
cysteine Solution 

4.5.1 Data Obtained When the Potential is Scanned Over 
Potential Region Where C60 is Electroinactive (Case 
1) ... ... ... ... ... .......... , . ... ... ...... ... ........ , ...... .... . 

4.5.2 Data Obtained When the Potential is Scanned Over 
Potential Region Where C60 is Electroactive (Case 
2) ......... ... ... ............ ... ... ...... ...... ......... ...... .. 
4.5.2.1 Further consideration on the influence of 

potential cycling ............................ , ...... . 
4.5.2.2 Effect of varying the C60 dosage in the solvent 

casting ...... ... ......... ... ............ ............. .. 
4.5.2.3 Calibration graph ... ......... ' "  ... ... ... .. . ...... .. 

Xlll 

4.13 

4.17 

4.24 

4.29 
4.36 

4.41 
4.48 

4.52 

4.58 

4.62 

4.66 

4.70 

4.77 
4.83 

4.90 
4.94 

4.105 

4.112 
4.113 

4.122 

4.125 

4.126 

4.127 
4.127 



5 CONCLUSION 
5.1 Electrochemical Behaviours of C60 in Non-aqueous Solvents .. 
5.2 Electrochemical Behaviours of C60 in Aqueous Solvent. .. .... . 
5.3 C60 Modified Glassy Carbon Electrode ..... , . .. ........ , ... ... ... . 
5.4 Recommendation of Further Studies ... '" ....... . . . . . . . , .. , ...... . 

XIV 

5.1 
5.2 
5.3 
5.3 

BIBLIOGRAPHY ...... '" ., . ... ... '" ... ... '" ... ... '" .. , .. , .. , .. , .. , ... ... ... ...... R.l 
VITA . . .. ,. '" ... ... ......... ... .... ... . , . .... ,. '" ... '" '" '" '" ..... , .. , .. , ... ... ... B.1 



xv 

LIST OF TABLES 

Table Page 

4.1 Physical properties of non-aqueous solvents . . . ... .. , .... , . ... ...... .. , 4.27 

4.2 Peak potentials for varying amount of C601CH2Ch coated onto 1 
mm diameter gold electrode via SC method, performed in 0.1 M 
TBAPF6 in ACN, with scan rate 100 mV/s ... .. , ... '" '" '" ... ... ... ... 4.45 

4.3 Table 4.3: The values of peak separation and half-wave potential 

of first reduction-reoxidation couple for 20 ilL C6oICH2Cl2 coated 
onto 1 mm diameter gold electrode surface at varymg 
temperatures, experiment performed in ACN containing 0.1 M 
TBAPF6 with scan rate of 100 mV/s . .. ........ , ... ... ... ..... , ... . ,. ... 4.55 

4.4 Peak potential, peak separation and half-wave potential of 20 IlL 
C60 coated onto 1 mm diameter gold electrode, reduced in ACN 
containing 0.1 M TBA salts with various anions, with scan rate of 
100 mV/s, three cycles each and data of third cycle used .. . .... ,. .... 4.63 

4.5 Reduction peak potential Epc (ii) of 20 IlL C60 coated onto 3 mm 
diameter glassy carbon electrode, reduced in 1.0 M KX (X = CI, 
Br, I, N03, OH) and 0.5 M K20x with scan rate of 100 mV/s... ..... 4.74 

4.6 Reduction peak potential (number ii), Epc of 20 IlL C60/CH2Ch 
(SC) in 0.1 M Group I alkali-metal salts in water, using 3 mm 
diameter glassy carbon with scan rate of 100 mV/s ...... . .. . .. '" ..... 4.74 

4.7 Comparison of crystal, hydrated IOn radii m A, lomc 
conductivities and hydration enthalpies for various Group I alkali-
metal cations ... . ,. '" ... ... ... . , . ...... ... ... . , . ... ... ..... , ... .... ... ... ..... 4.75 



Figure 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

3.1 

3.2 

4.1 

4.2 

4.3 

4.4 

LIST OF FIGURES 

(a) Molecule C60; (b) Pure solid C60 crystallized in a face-
centred cubic (fcc) structure ... .................. ... ........ , . " . .  , ' "  

(a) The molecular orbital scheme for C6Q; (b) The molecular 
orbital scheme for C60-..... , ' "  .. , ' "  . . , ' "  . . . .  , . . .  , ' "  .. , . ,  . ' "  ... ' "  . 

Potential waveform for CV . . . . . . . . . ... . . , .. . .. . ... . . .. . . .. . . . . . . .  ' "  . 

Typical current response for CV ............ ... ... .. , . " ' "  . . . ... .. . . 

Potential-time waveform for OSWV ...... ..... , ' "  . . . .... .. . .. . . . . . . 

OSWV voltammograms for reversible electron transfer: (a) 
forward current; (b) reverse current; (c) net current. .. ... ..... , .. . 

The change of (a) potential, £; (b) current, i; (c) charge, Q; 
versus time, t in double potential step CA and CC .... , . . . . . " . . . .  

Forward and reverse charge of Anson plot. .. ... ...... ... ......... . 

Block diagram of the instrumental arrangement in 
electrochemical measurement. ., .. . . . . . .. . . . .  " .. . .. . .. , . ,  . . . .  ' "  . . .  . 

The assembly of parts of non-aqueous reference electrode ... .. , 

(a) Cyclic voltammogram (100 mV/s), and (b) Differential 
current for OSWV (320 mV/s) of C60 dissolved in CH2Ch 
containing 0.1 M TBAPF6, with 1 mm diameter gold versus 
AglAg+ ....... ... ... ... ... ...... ' "  .. . . . . . . . . . . . . . . . . . . . . . . . . . .. . . .. ... . . . 

CV of C6Q attached onto 1 mm diameter gold electrode by MA 
method, swept past the (a) first and (b) second redox couples, 
performed in 0.1 M TBAPFdACN with a scan rate of 100 
mV/s . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 

CV of 20 ,.u.. C601CH2Ch coated with SC method onto 1 mm 
diameter gold electrode, with 0.001 M FclFc + as an internal 
reference, with the £112 of + 110 mY, swept with 100 mV/s in 
0.1 M TBAPFdACN ... ... ...... ... ... ... ......... ... ... ... ... ........ . 

CV of 20 J.J.L Cw'CH2Ch coated onto 1 mm diameter gold 
electrode by SC method, swept past the third redox couple, 
performed in 0.1 M TBAPFdACN with a scan rate of 100 
mV/s ...... ......... ... .......... ... ......... ...... ...... ................ . .  

XVI 

Page 

1.6 

1.8 

1.12 

1.12 

1.13 

1.15 

1.19 

1.19 

3.2 

3.4 

4.2 

4.9 

4.9 

4.10 



4.5 

4.6 

4.7 

4.8 

4.9 

4.10 

4.11 

4.12 

CV of 20 ilL C60/CH2Ch coated onto I mm diameter gold 
electrode by MA method, swept past the forth redox couple, 
performed in 0.1 M TBAPF6/ACN with a scan rate of 100 
mV/s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

CV of 2 0  j.l1 C601CH2Ch coated onto 1 mm diameter gold 
electrode by SC method, reduced in ACN containing 0.1 M 
TBAPF6, 40 multiple cycling swept from initial potential-200 
mV to -1600 mV with scan rate 100 mV/s; 1st

. 3rd
, 5 th, 10th, 

15 th, 20th,.25 th, 30th, 35th, and 40th cycles are shown ... ....... .... . 

Effect of working electrode for C60 attached onto (a) and (b) 1 
mm diameter gold; (c) and (d) 3 mm diameter glassy carbon; 
(e) and (f) 1 mm diameter platinum, with MA (a, c, e) or SC 

(10 JlL C601CH2Ch; b, d, f) method, performed in 0.1 M 
TBAPFdACN, using 100 mV/s. Three cycles are shown, the 
label, 1 st represents first cycle of the CV run ... ...... ... ... " .. . .. . 

Cyclic voltammograms of C60 attached onto 3 mm diameter 
glassy carbon electrode by (a) mechanical attached (MA) of 
microcrystalline C60, (b) Solvent casting (SC) of 20  j.l1 
C6oICH2Ch, in contact with 0.1 M KClIfhO, scan rate 100 
mV/s ...... ... ...... ...... .......... ... ... ......... ...... ... ... ... ... ..... . 

Cyclic voltammograms of C60 attached onto 3 mm diameter 
glassy carbon electrode by (a) and (b) mechanical attached 
(MA) of microcrystalline C60, (c) Solvent casting (SC) of 20 
j.l1 C6o/CH2Ch. in contact with 0.1 M NaC1IH20, scan rate 100 
mV/s ... ... ... ... ............ ... ...... ... ... ......... ...... ... ... ... ... .. . 

Typical cyclic voltammograms of microcrystalline 40 
mechanically transferred onto 1 mm diameter gold electrode 
surface reduced in various solvents (a) ACN; (b) DMF; (c) 
DMSO; and mixed solvents (d) DMSOIDMF 1: 1 v/v; (e) 
DMF/ACN 5 :1 v/v; (f) DMF/ACN 5:2 v/v; containing 0.1 M 
TBAPF6. 0.1 M (g) CsCI; (h) RbCI; (i) KCI in DMSO IH20 
4:1 v/v, scanned with 100 mV/s, swept past the second 
reduction couple, three cycles 1,2, and 3 are shown ......... ... .. 

Plot of peak current versus peak potential at varying scan rates 
for varying amount of C60 coated onto 1 mm diameter gold 
electrode surface via SC method, experiment was performed in 
0.1 M TBAPF6 in ACN, with scan rate ranged from 10 to 400 
mV/s .... ... ... ...... ... ...... ...... ... ...... ...... ... ...... ...... ... ..... . 

The shifts of peak potential versus scan rate for 20 (X), 40 (.\) 
and 60 (+) j.l1 of C60 coated onto 1 mm diameter gold 
electrode surface vIa SC method, performed In 0.1 M 
TBAPFdACN, with scan rate varied from 10 to 400 mV/s ...... 

XVll 

4.10 

4.12 

4.16 

4.2 3  

4 . 2 3  

4.28 

4.32 

4.33 



4.13 

4.14 

4.15 

4.16 

4.17 

4.18 

4.19 

4.20 

4.21 

4.22 

Plot of peak current for first redox couple versus scan rate of 
20, 40, and 60 J..LL CwlCH2Ch coated onto] mm diameter gold 
electrode via SC method, performed in 0.1 M TBAPF6I'ACN, 
scan rate ranged from 10 to 400 mV/s ... ... ... ... ... ... ...... ... .. . 

Plot of 10glO ipc (a) and ipa (b) versus 10glO v, for 40 J..LL 
C601CH2Ch coated onto 1 mm diameter gold electrode via SC 
method, in contact with 0.1 M TBAPF6/ACN ... ... ... ........... . 

CV of 20 J..LL CwlCH2Ch coated onto 1 mm diameter gold, 
reduced in 0.1 M TBAPFJACN, swept with scan rates 10, 15, 
20, 30, 40, 50, 60, 80, 100, 125, 150, 175, 200, 250, 300, 350, 
400 mV/s, third cycle is shown ... ... ... ... ... ...... ... ............. .. 

CV of 60 /-iL CwlCH2Ch coated onto 1 mm diameter gold, 
reduced in 0.1 M TBAPFJACN, swept with scan rates 10, 15, 
20, 30, 40, 50,60, 80, 100, 125, 150, 175,200,250,300,350, 
400 mV/s, third cycle is shown ............ ... ...... ......... ... .... .. 

CV of microcrystalline C60 attached mechanically onto 1 mm 
diameter gold electrode, reduced in 0.1 M TBAPFJACN, 
swept with scan rates 10, 15, 20, 30, 40, 50, 60, 80, 100, 150, 
200,250,300,350,400 mV/s, second cycle is shown ...... ..... . 

Cyclic voltammograms for 20 J..LL C601CH2Ch coated onto 3 
mm diameter glassy carbon by SC method, reduced in 0.1 M 
KCI, with scan rate (a) 20, (b) 50, (c) 100, (d) 200 mV/s ... ..... . 

Cyclic voltammograms for 20 J..LL C60 coated onto 3 mm 
diameter glassy carbon by SC method, reduced in 0.1 M KCI 
with various scan rates. From bottom to top: 5, 10, 20, 30, 50, 
70, 100, 150,200,300,400,500 mV/s ............ ... ... .......... .. 

Plot of total charge transferred versus scan rate for 20 J..LL C60 
coated onto 3 mm diameter glassy carbon electrode by SC 
method, supporting electrolyte 0.1 M KCI ......................... . 

Plot of current of peak (i) versus scan rate for 20 /-iL C60 coated 
onto 3 mm diameter glassy carbon electrode by SC method, 
supporting electrolyte 0.1 M KCl. .. . . .... ... ... . . . ' "  ... . .. ... ... .. . 

Plot of peak potential of peak (i) versus scan rate for 20 !-!L C60 
coated onto 3 mm diameter glassy carbon electrode by SC 
method, supporting electrolyte 0.1 M KCI ........ , .. . ... ... ....... . 

4.23 Plot of the first reduction-reoxidation peak current versus 
varying amount of CwlCH2Ch coated onto 1 mm diameter 
gold electrode VIa SC method, performed In 0.1 M 
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TBAPFdACN, with scan rate 100 mV/s... . . .  ... ... ... ... ... ... .... 4.45 

CV of varying amount of C601CH2Ch coated onto 1 mm 
diameter gold electrode via SC method, (a) 20 ilL, (b) 40 ilL, 
(c) 60 Ill, reduced in 0.1 M TBAPFdACN, using 100 mV/s, 
swept past the first redox couple, third cycle is shown ....... .... . 

CV of microcrystalline C60 attached onto 1 mm gold electrode 
via MA method, reduced in 0.1 M TBAAPFd ACN, using 100 
m Vis, swept past the first redox couple, third cycle is shown ... 

Cyclic voltammograms for varying amount of C601CH2Ch 
coated onto 1 mm diameter gold electrode via SC method, (a) 
10, (b) 20, (c) 40, (d) 80 IlL� performed In 0.1 M 
TBAPFdACN, using scan rate 100 mV/s, swept past the 
second redox couple, third cycle is shown ... ...... ...... ...... .... . 

CV of microcrystalline C60 attached (MA) onto 1 mm diameter 
gold electrode, performed in 0.1 M TBAPFdACN at scan rate 
100 mV/s, with different amount of microcrystalline used: (a), 
(c) larger quantity, (b), (d) less, swept past the first (a, b) and 
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Cyclic voltammograms for varying amount (in volume, ilL) of 
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electrode using SC method, performed in 0.1 M KCI, swept 
with 100 mV/s from -200 to -1800 mV ........... . ...... ...... ... . 

Cyclic voltammograms of (a) 2, (b) 5, (c) 20, (d) 60 III 
CwCH2Ch coated onto 3mm GC electrode via SC method, 
reduced in 0.1 M KCI, swept with 100 m Vis from -200 to 
-1800 mV ... ... ... ......... ............ ...... ... ....................... . 

Total charge transferred (i) and number of electron transferred, 
n per molecule (ii) versus amount of CroICH2Ch coated onto 3 
mm diameter glassy carbon electrode VIa SC method, 
performed in 0.1 M KCI with 100 mV/s, swept from -200 to 
-1800 mV .................. ............... ...... ...... ......... ...... .. . 

Plot of peak potential versus temperature for first reduction
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100 mV/s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 
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CV of first reduction�reoxidation couple of Cro'CH2Clz coated 
onto 1 mm diameter gold electrode studied m 0.1 M 
TBAPFdACN at different temperature, swept with 100 mV/s, 
third cycle is shown ... ... ... ' "  ' "  ' "  .... . . . .. . .. ..... . . .. ...... .. . . .. . 

CV of first and second reduction-reoxidation couple of 
CroICH2Ch coated onto 1 mm diameter gold electrode reduced 
in 0.1 M TBAPFdACN at 5 and 60°C, swept with 100 mV/s, 
three cycles are shown ... ... ' "  ' "  ., . .  , . ..... , ' "  ' "  .. .... . . . . , . .. , ... . 

Plot of first reduction�reoxidation peak current versus peak 
potential for 20 ilL CwlCH2Ch coated pnto 1 mm diameter 
gold electrode via SC method, reduced in (a) 0.5 M and (b) 1.0 
M TBAPFdACN, scan rates from 10 to 400 mV/s ... .. , .. , ...... . 

Cyclic voltammograms of 20 J.tL CwlCH2Ch coated onto 3 
mm diameter glassy carbon electrode via SC method, reduced 
in (a) 2.0, (b) 1.0, (c) 0.5, (d) 0.2, (e) 0.1, (f) 0.05 M KC1IH20 
as the supporting electrolyte, scanned with 100 m V /s from 
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Cyclic voltamrnograms of 20 JlL C601CH2Ch coated onto 3 
mm diameter glassy carbon electrode via SC method, reduced 
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scanned with 100 mV/s from -200 to -1800 mV ......... ........ . 

CV of 20 J.tL C60 coated onto 1 rnm diameter gold electrode by 
solvent casting method, m ACN containing 0.1 M (a) 
TBACI04, (b) TOACl04 Scanned from -200 to -2000 m V 
using 100 m V Is, first cycle is shown ..... , .. , ... ... ... ... . .......... . 

CV of 1 st reduction couple of 20 J.tL C60 coated onto 1 mm 
diameter gold electrode by solvent casting method, in ACN 
containing 0.1 M TBAX (X = (a) PF6-, (b) BF4-, (c) CI04-, (d) 
Cn, scanned with 100 m V Is, three cycles each and third cycle 
is shown ... ... .. , ... ... . .. ' "  ... . . . . , . .. . ... ' "  ' "  ' "  ' "  . .. ... ... ... . .... . 

CV of 2nd reduction couple of 20 J.LL C60 coated onto 1 mm 
diameter gold electrode by solvent casting method, in ACN 
containing 0.1 M TBAX (X = (a) PF6-, (b) BF4-, (c) CI04-, (d) 
en, scanned with 100 mV/s, three cycles each and third cycle 
is shown ........ , ... ' "  ... .... , .. , . .. . .. , ... ..... . ... . .. ' "  ... ... ' "  .. ... . 

4.41 Cyclic voltammograms of microcrystalline C60 attached 
mechanically onto 1 mm diameter gold electrode, reduced in 
(a) O.l M LiCIOJACN, (b) 0.1 M NaCIOJACN, (c) 0.1 M 
LiCIOJI)MSO, (d) 0.1 M NaCIOJI)MSO, scan with scan rate 
of 100 mV/s, two cycles are shown. 20 J.LL CwlCH2Ch 
deposited by solvent casting method onto (e) 1 mm diameter 
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gold electrode, (f) 1 mm diameter platinum electrode, reduced 
in 0.1 M NaCIOJl)MSO, scan with scan rate of 100 mY/s, 1st 
cycle is shown ... ' "  . . .  ' "  . . . . . , . . . . . . . . . . . . . . . . . .  , . . . . . . . . . . , . . . , . . . . . .  

Cyclic voltammograms of 20 JJ,1 C6ClCH2Clz coated onto 3 
mm diameter glassy carbon electrode reduced in 1.0 M KX (X 
= CI, Br, I, N03, OH). and 0.5 M K20x with scan rate 100 
mV/s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Cyclic voltammograms of 20 JJ,1 C6ClCH2Ch coated wjth SC 
method onto 3 mm diameter glassy carbon electrode, reduced 
in O.l M (a) CsCl, (b) RbCl, (c) KCl, (d) NaCl and (e) LiCI04. 
For (a) to (d), the potential was swept from -200 to -1800 mV 
vesrsus AglAgCl, and for (e) was swept from -200 to -2000 
m V versus Agi AgCI, all with scan rate of 100 m V /s ... ' "  ., . . .... 

Cyclic voltammograms of C6ClCH2Ch coated onto 3 mm 
diameter glassy carbon using SC method in (a) 1.0 M CsCI, (b) 
to (d) 1.0 M mixed supporting electrolyte of CsCI:NaCI with 
ratio 8:2, 5:5, 2:8, (e) 1.0 MNaCI, with scan rate of 100 mV/s .. 

Cyclic voltammograms of 401CH2Clz coated onto 3 mm 
diameter glassy carbon using SC method in (a) 1.0 M RbCl, 
(b) to (d) 1.0 M mixed supporting electrolyte of RbCI:NaCI 
with ratio 8:2, 5:5, 2:8, (e) 1.0 M NaCI, with scan rate of 100 
mV/s ... ... ......... ... ...... ...... ... ...... ............ ... ... ......... ... 

Cyclic voltammograms of C601CH2Ch coated onto 3 mm 
diameter glassy carbon using SC method in (a) 1. 0 M CsCI, (b) 
to (d) 1.0 M mixed supporting electrolyte of CsCI:KCI with 
ratio 8:2, 5:5, 2:8, (e) 1.0 M KCl, with scan rate of 100 mV/s ... 

Current maximum for first reoxidation peak when the direction 
of the potential on the reverse scan is switched at the foot of 
process 1st reoxidation. Performed in 0.1 M TBAPFJACN 
using 1 mm diameter gold electrode, scan rate 20 m V Is, swept 
from -200 mV to -1200 mV ... ...... ...... .. , . .. . .. . . . . . . . . , ' "  ...... 

Current maximum for second reoxidation peak when the 
direction of the potential on the reverse scan is switched at the 
foot of process 2nd reoxidation. Performed in 0.1 M 
TBAPFJACN using] mm diameter gold electrode, scan rate 
20 mV/s, swept from-200 mV to-1600 mV ... ............ ... .... 

Current maximum for first reduction peak when the direction 
of the potential on the reverse scan is switched at the foot of 
process 1st reduction. Performed in O.l M TBAPFJACN using 
1 mm diameter gold electrode, scan rate 20 m Vis, swept from 

-200 mV to-1200 mV ... ...... ' "  ., . . . , . .. . . . . .. . . . . . . . . . . . . . . . . . . . .  , 
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20 mV/s, swept from -200 mV to -1600 mV ...... ... ...... '" .... 4.89 

4.51 Cylic voltammograms of microcrystalline C60 attached 
mechanically onto 1 mm diameter gold electrode, scanned 
with 100 mV/s, reduced in (a) 0.1 M KCIIH20, followed by 
reduction in (b) 0.1 M TBAPFdACN, run 1, three cycles, (c) 
run 2, three cycles, (d) run three, 10 cycles, (e) in 0.1 M 
KC1IH20 ... ... ... ... ... '" ... '" ... ............ ...... .. , .. , .. , .. , ... ..... 4.93 

4.52 Double step chronoamperometry for 20 Jl1 C601CH2Ch coated 
onto 3 mm diameter glassy carbon electrode performed in 0.1 
M NaC1IH20, potential stepped from -200 mV to -1800 mV 
versus Ag/AgCl with different pulse width. (a) Plot of 1 versus 
t, from left to right 150, 200, 250, 300, 500, 1000, 2000 msec, 
forward and reverse current shown; (b) plot of i versus (112, 
from longest line to shortest line: 150 msec to 2000 msec, 
forward current shown ... ... .. , .. , .. , .. , .. , ........ , ... ... ...... . , . .  ,. 4.100 

4.53 Forward and reverse plot of i versus (1/2 of CA, same as those 
shown in Fig. 4.52 (b), from (a) to (g): 150, 200, 250, 300, 
500, 1000, 2000 msec. Noted that the scale of x-axis is the 
same but y is not ... . , . ... '" '" ... '" ... ... ... ... ... ... ... ... ... ... ..... 4.101 

4.54 Double step chronoamperomograms for 20 Jl1 C6oICH2Ch 
coated onto 3 mm diameter glassy carbon electrode, reduced in 
0.1 M (a) KCI, (b) NaCI, (c) RbCI, (d) CsCI in aqueous (with 
background current shown). Potential stepped from -200 m V 
to -1800 mV versus Ag/AgCI, with 2000 msec pulse width. 
Highlighted area of (d) is enlarged and shown in (e); (f) plot of 
i versus (Ifl of (d)... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 4.102 

4.55 Double step chronocoulomograms for 20 J.lL C6oICH2Cb 
coated onto 3 mm diameter glassy carbon electrode, reduced in 
0.1 M KCIIH20, with background current shown. Potential 
stepped from -200 mV to -1800 mY versus AglA�CI, with 
2000 msec pulse width. (a) Plot ofQ-t, (b) plot ofQ-t fl ... ... .. , 4.103 

4.56 Plot of i versus t of CA for 10 � C60 coated onto 1 mm 
diameter gold electrode by solvent casting method, performed 
in 0.1 M TBAPFdACN, initial potential stepped from -200 
mY to (i) first, (ii) second and (iii) third redox couples versus 
AglAg+, with default pulse width of 250 msec ... ... '" ... '" ... '" 4.103 

4.57 Plot of (a) Q versus ( and (b) Q versus (Ifl of CC for 10 JJL C60 
coated onto 1 mm diameter gold electrode by solvent casting 



method, perfonned in 0.1 M TBAPFJACN, initial potential 
stepped from -200 m V to (i) first, (ii) second, and (iii) third 
redox couples versus AgJ Ag +, with default pulse width of 250 
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msec .. . ... .. .. . , ...... ... ... ... ... ... ... . , . ... '" ... ... ... .. , ... ... ... ..... 4.104 

4.58 Cyclic voltammogram of C60 microcrystals attached 
mechanically onto 125 f..lm diameter gold disk microelectrode, 
reduced in 0.1 MTBAPFJACN, scanned from -200 to -1600 
mV versus AgJAg+ with 100 mV/s. 1st and 2nd cycles are 
shown .... .. '" ...... . , . ... '" ... '" ., . ...... ... ... . ,. ... ..... 4.107 

4.59 Scan rate study of C6(J microcrystals attached mechanically 
onto 125 !lm diameter gold disk microelectrode, performed in 
0.1 M TBAPFJACN, scan from -200 mV to first redox couple 
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4.60 Plot of peak current versus scan rate for C60 microcrystals 
attached mechanically onto 125 f..lm diameter gold disk 
microelectrode, performed in 0.1 M TBAPF6 in ACN, scanned 
from -200 mV to first redox couple versus AglAg+... ..........  4.108 

4.61 Scan reversal studies of C60 microcrystals attached 
mechanically onto 125 f..llTI diameter gold disk miicroelectrode, 
performed in 0.1 M TBAPFdACN with 20 mV/s. Current 
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reoxidation. (d) is the enlarge part for the highlighted area of 
(c) ... .. .. . .. . . ...... ... ... . ..... ... ... ... .  , .  ... ... ...... ... ...... ... ... ... 4.109 

4.62 Double step chronoamperometric (a) (b) and 
chronocoulometric (c) experiments of C6(J microcrystals 
attached mechanically onto 125 f..llTI diameter gold disk 
microelectrode, reduced in 0.1 MTBAPFJACN, potential 
stepped from -200 to -1600 mV versus AglAg+ with default 
pulse width of 250 msec. (b) is enlarged part of highlighted 
area on (a) .. .... ... ....... . .. .. ... .... .... . .... ...... '" ... . , . .. , ... ...... 4.111 

4.63 In-situ optical microscope pictures for 10 IJL CwlCH2Ch 
coated onto 1 mm diameter gold electrode; (a) before 
electrochemical reaction, (b) electroreduction up to first 
reduction peak at potential -1200 m V versus AgI Ag + for 360 
sec. in 0.1 M TBAPFJACN... . . .. .. ... .... ... ... ...... ... ... ... ...... 4.116 

4.64 SEM photos for C60 microcrystals attached mechanically onto 
5 mm diameter basal plane graphite electrode ( a) before 
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(c) -1200 mY, (d) - (f) -1600 mV versus AglAg+ in 0.1 M 
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4.65 SEM photos for e60 microcrystals coated via solvent casting 
method onto 5 mm diameter basal plane graphite electrode, (i) 
before electrochemical reaction; after electrochemical reaction 
at (j) -1200 mY, (k) - (1) -1600 mV versus Ag/Ag+ in 0.1 M 
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4.67 Comparison of voltarnmogram for the oxidation of cysteine in 
0. 1 M KHZP04, pH 7.0, with scan rate of 100 mV/s, scanning 
in a positive direction from 0 to 1500 mY: (a) without L
cysteine using bare GC electrode; (b) without L-cysteine using 
modified GC electrode coated with 1 0  JlL C6olCH2Ch 
(solution); (c) without L-cysteine using modified GC electrode 
coated with C60 saturated in toluene (dropwise); (d) oxidative 
current of 0.2 mM L-cysteine on bare GC electrode; (e) 
oxidative current of 0.2 mM L-cysteine on modified GC 
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oxidative current of 0.2 mM L-cysteine on modified GC 
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