
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Electrochemical Charge Storage and Transfer in Carbon Nanostructures

Permalink
https://escholarship.org/uc/item/2mm3k6qs

Author
Narayanan, Rajaram

Publication Date
2016
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2mm3k6qs
https://escholarship.org
http://www.cdlib.org/


 

 UNIVERSITY OF CALIFORNIA, SAN DIEGO 

 
Electrochemical Charge Storage and Transfer in Carbon 

Nanostructures 

 

A dissertation submitted in partial satisfaction of the requirements for the degree 

Doctor of Philosophy 

 

in 

 

NanoEngineering 

 

by 

 

Rajaram Narayanan 

 

 

 

Committee in charge: 

 

Professor Prabhakar Bandaru, Chair 
Professor Andrea Tao, Co- chair 
Professor Clifford Kubiak  
Professor Yu Qiao 
Professor Michael Sailor  

 

 

 

2016 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 
Rajaram Narayanan, 2016 

All rights reserved



iii 
 

Signature Page 

 

The Dissertation of Rajaram Narayanan is approved, and it is acceptable in 

quality and form for publication on microfilm and electronically: 

 

 

 

 

 

 

 

Co-chair 

 

Chair 

 

 

 

University of California, San Diego 

2016 



iv 
 

Dedication 

I dedicate this thesis to my family, friends and colleagues for their 

support. 

 

 



v 
 

Epigraph 

 

 

 

 

 

I have learned from my mistakes, and I am sure I can repeat them exactly. 

Peter Cook 

 

 

 

 



vi 
 

Table of Contents  

 

Signature Page .......................................................................................................... iii 

Dedication .................................................................................................................. iv 

Epigraph..................................................................................................................... v 

Table of Contents ....................................................................................................... vi 

List of Figures ............................................................................................................ x 

List of Tables ............................................................................................................ xiv 

Acknowledgements ................................................................................................... xv 

Vita........................................................................................................................... xix 

Abstract of the dissertation ........................................................................................ xx 

Chapter 1 Introduction ................................................................................................ 1 

1.1 Electrochemical energy storage ........................................................................ 1 

1.2 Charge storage devices: Batteries and Electrochemical capacitors .................. 3 

1.2.1 Electrochemical capacitors ......................................................................... 6 

1.2.2 Batteries: Voltage and charge .................................................................. 14 

1.3 Electrochemical methods ................................................................................ 19 

1.3.1 Chronoamperometry (CA) ........................................................................ 19



vii 
 

 

1.3.2 Cyclic Voltammetry (CV) .......................................................................... 21 

1.3.3 Chronopotentiometry (CP)........................................................................ 27 

1.4 Motivation for the work and organization of the thesis ..................................... 29 

1.5 References ..................................................................................................... 32 

Chapter 2 Modulating the Electrostatic and Quantum Capacitances of Few Layered 

Graphene (FLG) ....................................................................................................... 36 

2.1 Nanostructured carbon electrodes for Electrochemical Capacitors (ECs) ....... 36 

2.2 Additional capacitance that modulate double layer capacitance ...................... 39 

2.2.1 Space charge capacitance ....................................................................... 39 

2.2.2 Quantum capacitance .............................................................................. 42 

2.3 Non ideality in nanostructures: Charges at defects ......................................... 45 

2.3.1 Point defects ............................................................................................ 47 

2.3.2 One- dimensional defects ......................................................................... 51 

2.3.3 Influence of defects on band structure and charge capacity ..................... 52 

2.4 Defect introduction and quantification ............................................................. 55 

2.4.1 Extrinsic defect introduction using Reactive Ion Etching (RIE) .................. 55 

2.4.1 Quantifying defects in Graphene through Raman Spectroscopy............... 58 

2.5 Modulation of the electrostatic and quantum capacitance of few layered 

graphene (FLG) .................................................................................................... 64 

2.5.1 Experimental details ................................................................................. 65



viii 
 

 

2.5.2 Defect characterization using Raman spectroscopy ................................. 68 

2.5.3 Electrochemical characterization of FLG samples with defects................. 73 

2.6 Conclusion ...................................................................................................... 81 

2.7 References ..................................................................................................... 82 

Chapter 3 Redox Electrolytes with Macroporous Electrodes for Electrochemical 

Energy Storage ........................................................................................................ 87 

3.1 Redox electrolytes for electrochemical energy storage ................................... 87 

3.1.1 Electrode materials for the redox electrolyte scheme ............................... 91 

3.2 Vertically Aligned Carbon nanotube arrays (VA-CNT) as a model porous 

electrode for redox electrolytes ............................................................................. 93 

3.2.1 Electrochemistry in porous electrodes ...................................................... 94 

3.2.2 Synthesis of VA-CNT arrays via Chemical vapor deposition (CVD) .......... 96 

3.2.3 Experimental synthesis of CNTs using thermal CVD ................................ 99 

3.3 Electrochemical characterization of VA-CNT arrays ...................................... 103 

3.3.1 Experimental details ............................................................................... 103 

3.3.2 Results and discussion ........................................................................... 105 

3.4 Hierarchical Porous Carbon (HPC) as 3- dimensional electrode materials with 

redox electrolytes ............................................................................................... 114 

3.4.1 Synthesis of RVC- CNT electrodes ........................................................ 115 

3.4.2 Electrochemical characterization ............................................................ 116



ix 
 

 

3.4.3 Results and discussion ........................................................................... 117 

3.5 Conclusion .................................................................................................... 123 

3.6 References ................................................................................................... 125 

Chapter 4 Electrochemical Kinetics at Nanostructured Electrode/ Electrolyte Interface

 ............................................................................................................................... 132 

4.1 Introduction ................................................................................................... 132 

4.2 Theory of electrochemical kinetics: Different models .................................... 134 

4.2.1 The Butler- Volmer (BV) model............................................................... 134 

4.2.2 The Marcus- Hush (MH) model .............................................................. 137 

4.2.3 The Marcus- Hush- Chidsey (MHC) model ............................................. 141 

4.3 Electrochemical kinetics at Single layer graphene (SLG)/ electrolyte interface

 ........................................................................................................................... 144 

4.3.1 Experimental setup................................................................................. 146 

4.3.2 Results and discussion ........................................................................... 149 

4.4 Conclusion .................................................................................................... 152 

4.5 References ................................................................................................... 153 

Chapter 5 Conclusions and Future prospects ......................................................... 155 

 



x 
 

List of Figures 

Figure 1.1.1 Ragone plot showing the typical energy and power densities 
of existing energy storage devices along with target 
applications ..................................................................................................   
 

 
 

1 

Figure 1.2.1 Typical voltage profiles across a battery (VBatt.) and an 
electrochemical capacitor (VCap.) under a constant current 
discharge .....................................................................................................  
 

 
 

6 

Figure 1.2.1.1. Mechanism of charge storage in an Electrochemical 
Capacitor .....................................................................................................  
 

 
7 

Figure 1.2.1.1.1 The formation of an electrochemical double layer ........................................  
 

11 

Figure 1.2.2.1 A diagram depicting the energy levels of the anode, cathode 
and electrolyte..............................................................................................  
 

 
16 

Figure 1.2.2.2 The discharge curve of a battery exhibiting the loss of the 
thermodynamically predicted open circuit voltage ........................................  
 

 
18 

Figure 1.3.1.1 A basic overview of Chronoamperometry (potential step 
experiment) ..................................................................................................  
 

 
20 

Figure 1.3.2.1 A basic overview of Cyclic Voltammetry (potential sweep 
method)........................................................................................................  
 

 
22 

Figure 1.3.2.2 A current–voltage profile of an ideal capacitor ..............................................  
 

25 

Figure 1.3.3.1 A basic overview of Chronopotentiometry (Galvanostatic 
method .........................................................................................................  
 

 
28 

Figure 2.1.1 Electrode materials for Electrochemical Capacitors (ECs)............................  
 

36 

Figure 2.1.2 HRTEM image of a fragment of activated carbon (AC) .................................  
 

37 

Figure 2.2.1.1 Capacitance potential profile for stress annealed Highly 
Oriented Pyrolitic Graphite (HOPG) .............................................................  
 

 
41 

Figure 2.2.2.1 A schematic representing the relative changes in the fermi 
level (EF) in nanostructures and bulk materials due to charge 
injection........................................................................................................  
 

 
 

42 

Figure 2.2.2.2 Quantum capacitance of single layer graphene (SLG) .................................  
 

44 



xi 
 

Figure 2.3.1.1 Jahn–Teller distortion as a result of a single vacancy defect 
in Graphene motif ........................................................................................  
 

 
48 

Figure 2.3.1.2 The effect of defects on bond length and orientation ....................................  
 

49 

Figure 2.3.2.1 Various edge plane configurations in Graphene ...........................................  
 

52 

Figure 2.3.3.1 Illustrations of delocalized bonding in CNTs due to doping...........................  
 

53 

Figure 2.3.3.2 Schematic of the Local density of states (DOS) in CNTs due 
to doping ......................................................................................................  
 

 
54 

Figure 2.4.1.1 A schematic representing the Reactive Ion Etching (RIE) 
process ........................................................................................................  
 

 
56 

Figure 2.4.1.2 Phonon dispersion in Graphene ...................................................................  
 

59 

Figure 2.4.1.3 Schematic of the phonons responsible for the major Raman 
bands in Graphene ......................................................................................  
 

 
60 

Figure 2.4.1.4 A typical Raman spectrum of SLG with defects displaying the 
different modes of interest ............................................................................  
 

 
61 

Figure 2.4.1.5 Raman spectra of a Graphite sample obtained at different 
edges ...........................................................................................................  
 

 
63 

Figure 2.5.1.1 Atomic Force Microscopy (AFM) indicating the typical 
thickness of the investigated FLG samples ..................................................  
 

 
65 

Figure 2.5.1.2 3 electrode set up used in electrochemical characterization 
of the FLG on Ni sample ..............................................................................  
 

 
67 

Figure 2.5.2.1 Artificial introduction of charged states in few layer 
graphenes ....................................................................................................  
 

 
68 

Figure 2.5.2.2 Raman spectra of FLGs irradiated with Ar plasma .......................................  
 

69 

Figure 2.5.2.3 Dispersion of the 2D (G’) Raman peaks with Laser energy ..........................  
 

70 

Figure 2.5.2.4 The decrease in the FLG defect density on hydrogen ion 
exposure ......................................................................................................  
 

 
72 

Figure 2.5.3.1 Electrochemical characterization of argon plasma processed 
FLGs ............................................................................................................  
 

 
75 



xii 
 

Figure 2.5.3.2 Altered band structure of FLGs due to defects and charge 
correlation length .........................................................................................  
 

 
79 

 
 

Figure 2.5.3.3 A pronounced 2-fold reduction of the capacitance of defect 
induced graphene post Hydrogen passivation ..............................................  
 

 
80 

Figure 3.1.1.1 Predicted energy densities of electrodes of different densities 
using a dual redox electrolyte system ..........................................................  
 

 
92 

Figure 3.2.1 Schematic and SEM image of the vertically- aligned CNT 
(VA-CNT) electrode......................................................................................  
 

 
93 

Figure 3.2.1.1 Schematic illustrating the dependence of on concentration 
(COx/Red) profiles in space (along x) due to redox reactions at 
the CNT surface at various times .................................................................  
 

 
 

95 

Figure 3.2.2.1 A schematic depicting the growth of VA-CNT arrays using 
thermal chemical vapor deposition (CVD) ....................................................  
 

 
97 

Figure 3.2.2.2 Diagram illustrating tip (top) and base (bottom) growth 
models with Ni and Fe catalysts, respectively ..............................................  
 

 
98 

Figure 3.2.2.2.1 A schematic representing the set up used to grow CNTs via 
thermal CVD ................................................................................................  
 

 
100 

Figure 3.2.2.2.2 SEM images of catalyst particles annealed at 650 deg. C 
under a H2 atmosphere ................................................................................  
 

 
102 

Figure 3.2.2.3 SEM images of the VA- CNT array featuring the overall array 
morphology ..................................................................................................  
 

 
103 

Figure 3.3.2.1 Electrochemical kinetics in macroporous electrodes 
constituted from nanostructure arrays ..........................................................  
 

 
105 

Figure 3.3.2.2 Cyclic Voltammograms (CV) of ferricyanide reduction in VA-
CNT arrays ..................................................................................................  
 

 
107 

Figure 3.3.2.3 Voltammetric charge  and current transients due to potential 
step at VA-CNT arrays .................................................................................  
 

 
109 

Figure 3.3.2.4 Voltammetric charge for hexamine oxidation as a function of 
scan rate ......................................................................................................  
 

 
110 

Figure 3.3.2.5 Galvanostatic discharge curves (at 200 mA/cm2) for various 
K3Fe(CN)6 concentrations (in 1 M KCl aq. electrolyte) ..................................  
 

 
112 



xiii 
 

Figure 3.3.2.6 Capacity cycling studies (at 200 mA/cm2 discharge current 
density) indicating relative stability ...............................................................  
 

 
113 

Figure 3.3.4.1 SEM images of Hierarchical porous carbon electrodes ................................. 
 

115 

Figure 3.4.3.1 Cyclic Voltammograms for double layer charging in RVC- 
CNT electrode............................................................................................... 
 

 
118 

Figure 3.4.3.2 Cyclic Voltammograms for ferricyanide reduction in RVC-
CNT electrodes ............................................................................................. 

 
120 

 
Figure 3.4.3.3 Schematic depicting mass transport in RVC-CNT electrodes ........................ 

 
121 

Figure 3.4.3.4 The percentage of the total volume of the RVC-CNT 
electrode that is being harnessed for charge storage .................................... 
 

 
122 

Figure 4.1 The convolution of the overall reaction rate at the electrode 
electrolyte interface into the electron transfer rate (KET) and 
mass transport rate (KMT) .............................................................................. 
 

 
 

133 

Figure 4.2.1.1 Effects of a change in potential on the activation free 
energies of oxidation and reduction .............................................................. 
 

 
135 

Figure 4.2.2.1 The standard free energy  for a redox reaction as function of 
the reaction coordinate ................................................................................. 
 

 
138 

Figure 4.2.3.1 The relationship among electronic states within the electrode 
and those within the electrolyte ..................................................................... 
 

 
142 

Figure 4.2.3.2 Calculated kinetic data for the BV, MH and MHC kinetic 
models .......................................................................................................... 
 

 
143 

Figure 4.3.1 Band structure of Single layer graphene (SLG) depicting a 
variable DOS ................................................................................................ 
 

 
145 

Figure 4.3.2 Calculated kinetic data corresponding to the MHC model for 
3D and 2D electrodes ................................................................................... 
 

 
146 

Figure 4.3.1.2 Droplet electrochemistry using SLG on Si/SiO2 as the 
working electrode .......................................................................................... 
 

 
147 

Figure 4.3.2.2 Chronoamperometric response to potential step inputs at the 
SLG electrode ............................................................................................... 
 

 
150 

Figure 4.3.2.3 Experimental kinetic data for the SLG electrode compared to 
the theoretical curves .................................................................................... 
  

 
151 



xiv 
 

List of Tables 

Table 2.1 Ionization process in Argon plasma ..............................................................   
 

57 

Table 2.2 Experimental data for Argon plasma irradiated Few Layer 
Graphene samples .......................................................................................  
 

 
78 

Table 3.1 Comparing capacitive and redox electrolyte schemes ..................................  
 

90 

   
   
   
   
   
   
   
   
   
   
   
   



xv 
 

Acknowledgements 

It takes a village to grant a PhD, as the saying goes, I think. 

I would like to take this opportunity to say thanks to the people who made it 

possible for me to accomplish something so significant. 

Firstly, I would like to express my sincere gratitude to my advisor, Prof. 

Prabhakar Bandaru. His support, encouragement and wisdom have helped me 

accomplish more than I could ever have imagined. The last five years have been the 

most creatively fecund period of my life thanks to his patience and enthusiasm. 

I would also like to thank my committee members, Prof. Clifford Kubiak, Prof. 

Yu Qiao, Prof. Andrea Tao and Prof. Michael Sailor for their time and encouragement 

along the way. I would especially like to thank Prof. Andrea Tao and Tyler Dill for 

being so generous with their help in training me to use the Raman spectrometer. I 

would also like to thank Prof. Sailor and his research group for providing me with the 

access to their spectrometer during my early years as a graduate student. Special 

thanks go to Prof. Andrew Kummel for taking the time to discuss my research and 

offer useful pointers in the way of career advice. 

Accomplishments are often accompanied by collaborators. I would like to 

thank Hidenori Yamada, Brandon Marin, Dr. Aliaksandr Zaretski and Prof. Darren 

Lipomi from UCSD; Dr. Hema Vijwani and Prof. Sharmila Mukhopadhyay from Wright 

State University; Dr. Mehmet Karakaya, Dr. Ramakrishna Podila and Prof. Apparao 

Rao from Clemson University for providing me the opportunity to work on exciting 

projects.                                      



xvi 
 

My dissertation would have taken a lot longer to complete if not for problem 

solvers extraordinaire at the Nano3 cleanroom at UCSD. I would like to express my 

gratitude to Ryan Anderson, Larry Grissom, Ivan Harris, Dr. Xuekun Lu, Sean Parks 

and Steve Schankweiler for all the help that I was offered. 

Robert Heinlein said “When one teaches, two learn”. I have learnt loads 

thanks to the teaching opportunities that I received over the course of my graduate 

life. For this, I would like to thank Prof. Prabhakar Bandaru, Prof. Farhat Beg, Prof. 

Robert Cattolica, Prof. Richard Herz and Prof. Joseph Wang. I would also like to 

thank the MAE 170 crew: Nick, Mike, Steve, Ian and Greg for their trust and 

encouragement. I would also like to thank Joon Lee for being a great friend and role 

model. Special thanks goes out to Gilbert Collins for keeping me amused with 

copious references to The Big Lebowski during off hours. 

I have had the most wonderful 5 years at UCSD and it is thanks to my 

colleagues and friends: Anna, Bei, Byung, Darren, David, Fatih, Hasan, Hidenori, 

Krishna, Marcelis, Mark, Max, Rahul and Serdar. I would like to take this opportunity 

to thank Dr. Mark Hoefer for mentoring me during my early years. Special thanks to 

Dr. Rahul Kapadia for all the support and Anna for the cheery chats, the turkey 

dinners (with stuffing!) and imminently explosive soda cans. I would also like to thank 

Hidenori and Krishna for their friendship and for stimulating discussions. I would also 

like to thank Dr. David Moreira for being the sounding board for my various cross- 

disciplinary digressions, for the football chats and of course, all the beer! 

I would also like to take this opportunity to thank Dana Jimenez 

(NanoEngineering) and J.V. Agnew (MAE) for putting up with my tedious questions, 

and for helping me get through the program. Thank you! 



xvii 
 

At this juncture, I would like to thank my friends Arun and Chatura for making 

me feel at home in San Diego and for all the impromptu dinner invites! I would also 

like to thank my friends Marjorie and Amay for constantly cheering me up and making 

UCSD a much more fun place. 

Lastly, I would like to thank my parents and my sister, for their unwavering 

support, unflinching confidence and countless sacrifices. I owe my success to them 

and words cannot describe my gratitude for them. 

Chapter 1, is based in part, on the material as it appears in “Charge Transfer 

and Storage in Nanostructures”, P.R. Bandaru, R. Narayanan, H Yamada, and M. 

Hoefer, Materials Science & Engineering (R), vol. 96, p. 1, (2015). The dissertation 

author was a co- author on this paper. 

Chapter 2 is based, in part, on the material as it appears in “Charge Transfer 

and Storage in Nanostructures”, P.R. Bandaru, R. Narayanan, H Yamada, and M. 

Hoefer, Materials Science & Engineering (R), vol. 96, p. 1, (2015). The dissertation 

author was a co- author on this paper. The chapter is also based, in part, on the 

material as it appears in “Modulation of the Electrostatic and Quantum Capacitances 

of Few Layered Graphenes through Plasma Processing”, R. Narayanan, H. Yamada, 

M. Karakaya, R. Podila, A. M. Rao, and P. R. Bandaru, Nano Lett.,15 (5), pp 3067–

3072, (2015). The dissertation author was the primary investigator and author of this 

paper. 

Chapter 3, in part, on the material as it appears “High Rate Capacity through 

Redox Electrolytes Confined in Macroporous Electrodes”, R. Narayanan and P. R. 

Bandaru, JECS, vol. 162(1), p. A86-A91, (2015). The chapter is also based, in part, 

on the material as it appears “Electrochemical charge storage in hierarchical carbon 



xviii 
 

manifolds”, R. Narayanan, H. Vijwani, S. M. Mukhopadhyay, and P. R. 

Bandaru, Carbon, vol. 99, p. 267, (2016). The dissertation author was the primary 

investigator and author on both the aforementioned papers. 

Chapter 4, in part, is being prepared for publication with co-authors H. 

Yamada, B.C. Marin, D.J. Lipomi and P.R. Bandaru. The dissertation author is the 

primary investigator and author of this publication. 

 



xix 
 

Vita 

2009               Bachelors in Engineering, College of Engineering Guindy, Chennai,   

INDIA 

2011 Master of Science, The Pennsylvania State University, University  

Park, State College, Pennsylvania, USA 

    2016     Doctor of Philosophy, University of California, San Diego, USA 

 

Publications 

1. “Electrochemical charge storage in hierarchical carbon manifolds”, R. 

Narayanan, H. Vijwani, S. M. Mukhopadhyay, and P. R. Bandaru, Carbon, 

vol. 99, p. 267, (2016) 

2. “Increasing Energy Storage in Activated Carbon based Electrical Double 

Layer Capacitors through Plasma Processing”, M. Muriel, R. Narayanan, and 

P.R. Bandaru, MRS Proceedings, vol. 1773, 15- 20, (2015) 

 

3. “Modulation of the Electrostatic and Quantum Capacitances of Few Layered 

Graphenes through Plasma Processing”, R. Narayanan, H. Yamada, M. 

Karakaya, R. Podila, A. M. Rao, and P. R. Bandaru, Nano Lett.,15 (5), pp 

3067–3072, (2015) 

4. “Charge Transfer and Storage in Nanostructures”, P.R. Bandaru, R. 

Narayanan, H Yamada, and M. Hoefer, Materials Science & Engineering 

(R), vol. 96, p. 1, (2015) 

 

5. “High Rate Capacity through Redox Electrolytes Confined in Macroporous 

Electrodes”, R. Narayanan and P. R. Bandaru, JECS, vol. 162(1), p. A86-A91, 

(2015) 

 



xx 
 

Abstract of the dissertation 

 

Electrochemical Charge Storage and Transfer in Carbon Nanostructures 
 

by 
 
 

Rajaram Narayanan 
 
 

Doctor of Philosophy in NanoEngineering 
 
 

University of California, San Diego, 2016 
 
 

Professor Prabhakar Bandaru, Chair 
Professor Andrea Tao, Co- chair 

 
 

The prospect of bridging the large energy density of batteries to the power 

densities of Electrochemical Capacitors (ECs) was explored. It has been 

demonstrated that nanostructuring of carbon electrodes significantly decrease the 

electrochemical capacitance of ECs due to density of states (DOS) related quantum 

and space charge effects. It is shown that the controlled generation of defects via 

Argo based plasma processing can substantially increase the electrochemical 

capacitance of a model nanostructured carbon electrode such as few layer graphene. 

Detailed consideration of the quantum and space charge capacitance was used to



xxi 
 

delineate a new length scale, correlated to the active defects contributing to the 

enhanced capacitance and was found to be smaller than a structural correlation 

length determined through Raman spectroscopy. The study offers insight into a 

scalable method to improve the energy density of ECs. An alternate approach to 

improving energy density and power density is shown via the use of redox additive 

electrolyte in macroporous carbon electrodes. The enhanced energy and power 

densities are initially, demonstrated on a model macroporous electrode such as 

vertically aligned carbon nanotube (CNT) arrays and then on a three-dimensional, 

hierarchically porous, reticulated vitreous carbon electrode with aligned CNTs within 

its macropores. Having demonstrated complete energy utilization at high current 

densities, cyclability studies were also conducted to test the longevity of the electrode 

system. 

Electrochemical kinetics is investigated at the interface of single layer 

graphene and a redox electrolyte as an aqueous solution of potassium ferricyanide. It 

has been demonstrated that graphene’s variable DOS substantially alters the kinetics 

of electron transfer. It is shown that the kinetics does not follow the classic Butler- 

Volmer model but a modified Marcus- Hush-Chidsey model incorporating variable 

DOS. 

The thesis is then concluded by summarizing the themes and findings 

presented in this work. 
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Chapter 1 Introduction 

1.1 Electrochemical energy storage 

Human prosperity has been directly linked to the ability to efficiently use 

energy, and requires both energy generation and storage. The impending resource 

crunch underlying fossil-based fuels has reinvigorated the development of alternative, 

renewable, energy sources. To enhance the viability of such sources, it is also 

necessary to provide compatible materials and devices that can store the energy for 

later use. In this context, recent advances in nanoscience and technology promise 

tremendous gains in energy storage material performance.   

 
Figure 1.1.1: Ragone plot showing the typical energy and power densities of existing 

energy storage devices along with target applications. 
 

 
Broadly, electrochemical energy storage may be classified as encompassing 

either batteries or electrochemical capacitors (ECs). While the former category 

incorporates devices with high energy density (~ 100 Wh/L) and relatively low power 
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density (~ 1 kW/L), the latter comprises media with opposite attributes, i.e., relatively 

lower energy density (~ 2 Wh/L) and higher power density (~10 kW/L)[1][2]. The 

overarching technological imperative is then to devise intermediate devices, 

combining the best of both energy and power densities.  

We first aim to survey and understand the scientific rationale behind the 

modalities of charge creation and manipulation for electrochemical energy storage in 

nanostructures. We will attempt to understand the aspects that are unique to the 

nanoscale for it is to be expected that such length scales bridge the atomistic aspects 

to the practical device utilization.  Specifically, we will look at the role of 

nanostructured carbon in electrochemical energy storage devices such as 

Supercapacitors. We will then discuss the advantages and limitations that 

nanostructuring bring about to charge storage and discuss approaches towards 

improving the energy density of these devices using various strategies It seems 

possible, e.g., from an examination of the literature, that defects were involved in the 

charge storage (through the reported capacitance) in the use of materials such 

activated carbon, nanotubes, etc., However, the result have not been reported in the 

defect context and we hope that our paper will elucidate such influences. The 

possibilities of defect and charge engineering through various techniques, e.g., 

plasma processing[3], [4], will then be discussed. The consideration of quantum 

effects, which is relevant when nanostructures (such as Graphene) with a finite 

density of states (DOS) are involved, will be understood through phenomena related 

to a quantum capacitance (CQ)[5]. 

We will also discuss the use of redox electrolytes, which could potentially 

bridge and combine the fast response time and high power density of ECs with the 

high energy density associated with redox based systems such as batteries[6]. 
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Particular emphasis will be placed on improved mass transfer rates in macro-porous 

carbon (such as nanotube arrays) and their influence on the power density of the 

electrochemical device. The transition from quasi 2D (i.e. thin film) electrodes to 3D 

electrodes with hierarchical porosity will be discussed. Hierarchically porous 

electrodes possess smaller pores contained in larger parent pores. Specifically, we 

will look at the possibility of using reticulated vitreous carbon (RVC) lined with aligned 

Carbon nanotubes as electrode materials in conjunction with redox electrolytes[7]. 

Accompanying characteristics such as a high cycle life, i.e. the capability of rapid 

charging and discharging, for thousands of cycles, will be studied. 

The dissertation will conclude with discussions on (a) electron transfer kinetics 

in nanostructured carbon (specifically Graphene) (b) The role of plasma induced 

defects on the surface charge profile of graphitic carbon and (c) practical 

considerations (specifically self- discharge) that ought to be characterized to monitor 

the efficacy of charge storage over long periods of time.  

1.2 Charge storage devices: Batteries and 

Electrochemical capacitors 

Broadly, the charge storage devices have been partitioned into batteries and 

capacitors as illustrative of their respective charge storage mechanisms. An energy 

storage device needs to deliver energy in a given time, i.e., as codified through 

electrical power. This translates to the product of the voltage (V) – which may also be 

termed as an open circuit voltage (VOC) through an equivalency to the potential 

difference generated across the terminals of the battery in a stand-alone configuration 

- and the current (I). A battery yields power, at a constant voltage, while the charge/ 

capacity (Q) on a capacitor per unit time (= I) can be discharged with a concomitant 
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drop in voltage. In the battery, charge depleted/unit time from one electrode is 

recovered/unit time at the other electrode. Consequently, a battery would intrinsically 

have a larger stored energy (= QV), while a capacitor has on the average a lower 

energy =1/2 QV (with the average in the voltage from a lower limit of zero to an upper 

limit of V volts reckoned as V/2) implying a larger energy density for the former. 

However, as the V does not need to be maintained, (say through chemical reactions 

as in a battery), the energy yield could occur in a faster time in the capacitor implying 

a higher power density. In principle, while batteries may be characterized by a 

capacitance they should be designed to only be a minor constituent of the total 

energy as only a small part of the total voltage would be under consideration.  

For obtaining the maximum voltage from an electrochemical cell, as in a 

battery, it is well understood that the difference between the anodic oxidation 

potential (VA) and the cathodic reduction potential (VC) ought to be as large as 

possible. An interesting argument, originally due to Poynting, can be invoked to relate 

such an aspect as analogous to the Carnot efficiency[8]. At a given current, I, the 

power released from the anode would be VAI, while at the cathode; the corresponding 

power absorbed would be VCI. Consequently, the difference (VA-VC)I =  VI, would be 

available for the external work. The device efficiency is then related to the ratio of the 

available energy to the input energy as equal to VA- VC/ VC, which can be related to a 

Carnot-like form, quite familiar to the scientific and technological community.  

The maintenance of a constant potential across a battery also implies that the 

causative mechanism be based on a chemical, i.e., redox, reaction with a 

fixed/constant free energy of reaction. The metal electrodes should effectively serve 

as infinite reservoirs/sinks of electrons (for anodes/cathodes, respectively) and the 
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reactions in the electrolyte would assure a separation between the anodic and the 

cathodic electrochemical potentials, the difference between which is manifested as 

the external battery voltage.  When the battery is connected to a loss-less element, 

this would imply a constant current at a constant voltage, and the battery could work 

for ever, supplying and retrieving back the power= VI. However, more practically 

there is a dissipation of energy in an external load (of resistance, R) and the power 

(=I2R) would have to be supplied irretrievably from the battery. Other considerations 

of deviations from non-ideal battery performance would also need to consider the 

internal resistance (Rint) of the battery, which hitherto has been assumed to be zero. 

Subsequently, the voltage that can be obtained from the battery is reduced to V – 

IRint, in addition to the reduction of the current to (V – IRint)/(R+ Rint). The failure of the 

battery, say to supply the redox reaction predicted voltage over a period of time ( i.e., 

whereby kinetic factors should be considered) would then be implicated to the 

increase of the Rint which may be attributed to internal mechanisms such as loss of 

electrolyte integrity, diminished electrode performance, say through structural 

changes accompanying the formation of a solid electrolyte interface (SEI) layer.  

On the other hand, in a capacitor, the electrodes need/do not serve as infinite 

sinks/reservoirs, as implied by the enhancement/loss of charge on the plates on 

charging/discharging. The mechanism implies that a very large voltage may be 

applied, with the upper limit being the electrical breakdown, which serves to 

fill/deplete the electrodes. The dielectric separating the electrodes has the function of 

just keeping the electrodes insulated from each other and at different potentials. 

Redox reactions must not be allowed for they stabilize the voltage and yield battery 

like characteristics. 
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Figure 1.2.1: Typical voltage profiles across a battery (VBatt.) and an electrochemical 

capacitor (VCap.) under a constant current discharge. 

 

In terms of performance, considering the activation and concentration 

limitation related polarization losses discussed above, batteries are generally 

characterized by a constant voltage over a discharge period. In contrast, capacitors 

have a reducing voltage when discharged.   

1.2.1 Electrochemical capacitors 

Generally while batteries have received much attention due to their 

widespread usage as well as frequent need for replacement, electrochemical 

capacitors (ECs) are noted for their reliability and have been quietly and extensively 

used. Their applications range from popular power tools such as cordless electric 

screwdrivers[2], to energy management/conservation applications, e.g., during 

elevator operation, energy could be stored during the downward descent and 

released for upward ascent[9], and energy storage, e.g., to store off-peak electricity 

from the utility grid at night. In many cases, the ECs could be used in concert with 

conventional battery systems. For example, in automobile applications a short burst 
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of high speed would be available from the capacitor, while motive energy for steady 

longer duration distance coverage would be the advantage offered by a battery 

source.  

 

Figure 1.2.1.1: Mechanism of charge storage in an Electrochemical Capacitor via (1) 
an electrical double layer formed across a charged electrode, and (2) due to chemical 
reactions occurring at the electrode surface. The stored energy density (W) is 

proportional to the net capacitance due to these mechanisms, over a voltage range 
(V), and is given per unit mass (m) as W = CV2/2m, while the power density (P=W/t), 
is related to the charge/discharge times, t(= RC), where R refers to the net resistance 

of the electrochemical system [10]. 

 

In an EC, the charge/energy storage harnesses the mechanisms intrinsic to 

(a) electrical capacitors, where the potential difference between charges of opposite 

polarities is a measure of the electrical energy stored, and (b) electrochemical activity, 

intrinsic to chemical reactions occurring at the surfaces of electrodes which again 

results in a net potential difference and energy storage. To illustrate (Fig. 1.2.1.1), 

when a positive/negative electrode (e.g., the anode/cathode) is inserted into an 

electrolyte (fluid/solid), charges of opposite polarity are attracted and form an 
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electrical double layer with an associated capacitance (the double layer capacitance: 

Cdl). Concomitantly, the potential dependence of the coverage of adsorbed 

electroactive species may be related to redox chemical processes. 

The consequent charge transfer then contributes to a Faradaic capacitance 

(CF). Due to the nature of charge storage, Cdl can be discharged and charged rapidly 

and contributes to high power density while CF mimics battery like behavior and would 

increase the energy density. Proper optimization of either component can help ECs 

span a greater range of energy and power densities. A combination of all such 

capacitances yields a net measured capacitance (Cmeas), which is the final 

determinant of the energy capacity (Table 1). The working of an electrochemical 

capacitor is then intermediate to the two traditional types of charge storage systems, 

i.e., capacitors and batteries, but the dividing lines are not easily defined. Given that 

the W scales as CmeasV
2, while the power density, P, scales as V2/R, it is obvious that 

a high Cmeas over a large voltage range (V) with minimal electrical resistance, R 

(through contributions from the electrolyte, electrolyte–electrode interface, and the 

electrode/current collector) is desirable.  

Significant research has been carried out into investigating the enhancement 

and optimization of these parameters, e.g., through increasing the surface area 

through the use of porous carbon structures, with large specific surface area (of 2000 

m2 /g[11]). The use of oxides, such as RuO2[12] or MnO2 electrodes, constituted of 

multivalent ions, has been advocated to induce additional forms of charge storage, 

such as the CF, which adds in parallel onto the nominal area based capacitance. The 

use of organic electrolytes or ionic liquids[13], instead of aqueous systems, could also 

increase cell voltages from 1 V to 3 V and 6 V, respectively, with potentially an order 

of magnitude increase in W and P. However, improving the poor electrical 
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conductivity of the alternative electrolyte systems is still a major obstacle. However, in 

spite of such efforts presently used electrochemical capacitors, which are mostly 

based on porous graphitic carbon, typically possess energy densities of the order of 5 

Wh/kg[14], [15], which is barely competitive with battery performance. To realize the 

full scope of ECs, the underlying reasons for the low W and P have to be understood 

and remedied. For instance, low values in W arise due to insufficient capacitance, 

and the high R intrinsic to the porous carbon limits the P. It is then the aim to 

elucidate fundamental issues relevant to optimizing EC parameters. It is also to be 

noted that the term ‘‘supercapacitors’’ has been used for ECs, and may be applicable 

when effects in addition to the CDL contribute. We will first discuss the double-layer 

attribute of the ECs. 

1.2.1.1 The double layer 

A fundamental attribute of an EC is that for an electrode of a given polarity, 

opposite charges are attracted to and stored on the electrode surface. The formation 

of a double layer of charge of two different polarities (see Fig. 1.2.1.1.1) is 

reminiscent of a two parallel plate constituted capacitor and the consequent device 

has been referred to as an electrical double layer capacitor (EDLC). One may also 

make analogies to the charging of an electrode when immersed in a plasma, e.g., an 

unconnected/floating electrode generally tends to get negatively charged due to the 

higher energy and mobility of the electrons compared to the ions. Indeed the analogy 

of the electrolyte being represented through a plasma, in order to increase the 

working range of the electrolyte to 10 V has recently been discussed under the 

terminology of ‘‘plasma electrochemistry’’[16]. An electrode sheath consisting of a 

positive ions screening layer surrounds the electrons to a spatial extent 
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corresponding to the Debye length, and consequently possesses an intrinsic 

capacitance. There has been extensive study focused on the understanding and 

accurate characterization of the double layer[17]–[19], especially with regards to its 

effective thickness. The aim has been to accurately estimate the resultant double 

layer capacitance (Cdl) and correlate to the experimentally determined Cmeas. The 

initial efforts assumed a rigid double-layer (the Helmholtz model), where the 

capacitance, CH= εrε0/d with an effective thickness (d) corresponding to a 

molecule/ion diameter. For an aqueous medium, with a bulk ε= 78, and d = 0.2 nm, 

CH would be of the order of 350 µF/cm2. However, typical measured capacitance is 

orders of magnitude smaller at 10–20 µF/cm2. Additionally, a variation of the 

measured capacitance with applied voltage on the electrode was observed, which 

seems outside the purview of the Helmholtz model. A major issue in the theoretical 

estimate was the assumption of the bulk dielectric constant[20] close to the 

electrode–electrolyte interface. For instance, the large electric field at the surface 

(due to the potential drop over a size scale of an ion) implies the necessity for 

considering orientational effects on the electrolyte constituted water molecules, in 

addition to enhanced polarization [21]. Consequently, the εr may be considerably 

reduced to as low as 4.7 for ion-electrode distances of the order of 0.1 nm and to 7.8 

for 0.2 nm (note that the radius of the OH ion is 0.155 nm). The order of magnitude 

reduction in the εr (from 78 to 7.8) correspondingly reduces the CH to 35 µF/cm2. 

Additionally, there is a lack of knowledge on the precise value of the d. While the 

charge in the metal electrode is considered to be perfectly mobile, a distinction needs 

to be made between the counter-balancing charge from the electrolyte into (a) 

immobile surface charge, and (ii) mobile charge in the bulk of the electrolyte. The 

formation of the latter charge is driven both by spatial constraints at the surface of the 
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electrode as well as the charge concentration gradient extending from the electrode 

surface outwards into the electrolyte.  

 

Figure 1.2.1.1.1: (a)The formation of an electrochemical double layer 
constituted from an increased concentration of oppositely charged ions on a 
positive electrode is shown. The spatial extent of the Helmholtz layer is 
dependent on the character of ions (cations and anions, the degree if 
solvation), (b) The two capacitances CH and CD model the immobile charges 

right next to the electrode and the mobile charges further away in the 
electrolyte, (c) The distribution of the mobile charges in the metal electrode 
(on the left) and the electrolyte (on the right), (d) Much of the applied voltage 
on the electrode is dropped across the immobile Helmholtz layer [10]. 

 

Instead of a rigid ionic layer, two constituent arrangements of the ions, termed 

the inner (IHP) and outer (OHP) Helmholtz planes need to be considered[17], [21]. 

While the ions of the IHP are specifically adsorbed, the ions of the OHP are 

nonspecifically adsorbed and are screened through solvation – see Fig. 1.2.1.1.1. 

The immobile charge is modeled as a space charge layer – Fig. 1.2.1.1.1(b), with a 

defined CH along with a CD representing all the other contributions from the mobile 
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charge in the electrolyte (constituting the diffuse double layer). The charge 

distribution in the electrolyte is depicted in Fig. 8(c), and the voltage applied on the 

electrode is correspondingly partitioned between the two capacitances – Fig. 

1.2.1.1.1(d).  

The effects of diffusion and mass transfer, coupled with the randomizing 

effects of thermal energy (=kBT, where kB is the Boltzmann constant =1.38 x 10-23 J/K, 

and T is the temperature, and is of the order of 26 meV at room temperature) are 

considered through the diffuse layer, which initiates past the OHP and extends into 

the bulk solution. Concomitantly, the charge distribution is displaced to a greater 

distance from the electrode also effectively reducing the capacitance. The Gouy–

Chapman theory, which is essentially the solution of the Poisson–Boltzmann equation 

for the concentration of carriers in an electrolyte near an electrode is invoked for the 

estimation of such diffuse layer capacitance (CD). The Debye length (LD), which is 

typically defined through Eq. (1.1) below[22], is a measure of the diffuse layer 

thickness, with x as the ion charge (e.g. x = 1, for a Na+ ion, and x = 1, for a Cl ion) 

and I0 as the ion species concentration in the electrolyte. 

 0
2 2 02

r B
D

k T
L

x e I

 
    (1.1) 

For a 1M (Io) (mol/l) electrolyte (corresponding to the Avogadro number 

related 6.023 x 1020 singly charged ions/cm3), the LD is of the order of 0.3 nm and 

varies inversely with the concentration: Io. While a further decrease in the LD may be 

thought plausible from an enhanced electrolyte concentration, typical solubility limits 

are of the order of 10 M, implying a limit close to 0.1 nm. The capacitance magnitude 

could in principle then be of the same order as the CH. The Gouy–Chapman theory 

was also successful in indicating a potential (Φe) dependence for the observed 
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capacitance (through considering the Poisson equation for the potential variation), 

which could not be accommodated in the model for the CH. A diffusion capacitance 

(CD) based on the potential variation with distance due to the ionic distribution, was 

derived to be of the form[22]: 
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The origin of the cosh() term can be traced to the sum of the individual effects 

of the activation barriers of the positive (x > 0) and the negative (x < 0) ions through 

exp e

B

xe

k T

 
 
 

 terms, while its integral (with respect to the voltage) was related to the 

net charge through the difference of the exponential terms – through a sinh() 

dependency. However, the cosh() term in Eq. (1.2), also indicates an increase of the 

capacitance without limit as the voltage is increased, contrary to experimental 

observation, where at large electrode potentials, a saturation of the capacitance was 

observed. Such a possible anomalous increase could then be suppressed by the 

series addition of the CH with the CD. Such a rationale, as expressed through the 

Stern modification to the Gouy–Chapman theory was that at sufficiently large applied 

potentials, oppositely charged ions would indeed adhere strongly to the electrode, 

with an average separation distance subject to limitations arising from ionic radius as 

well as the influence of the electrolyte (e.g., the solvation of the ions in aqueous 

systems). The implication is that as 
oI  or e  is increased, at a given temperature, that 

CD > CH, and the diffusion layer (and the CD) becomes increasingly irrelevant for the 
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measured capacitance. For example, at 1M and with a e = 0.026 V (corresponding to 

kBT, at room temperature), and r 78 the CD is 230 µF/cm2 and increases to 2300 

µF/cm2 at e = 3kBT. Taken in series with the CH (estimated to be 35 µF/cm2 from 

previous discussion in this section), the net capacitance would be of the order of 30 

µF/cm2 and 34.5 µF/cm2 , respectively indicating a closer approach to CH the larger 

the value of the CD. When an assemblage of two electrodes, typical to a cell, is 

connected to an external circuit the capacitances from the two equivalent electrodes 

add in series and the net cell capacitance would be approximately half of the 

estimated capacitances. Enhancement of the net capacitance can be obtained by 

placing an electrode undergoing redox reactions (indicative of Faradaic contributions, 

such as CF) as one of the pair of electrodes. If the CF is larger than the estimated Cdl 

(which in turn is comprised of contributions from CH and CD) a net capacitance of 

(1/CF + 1/Cdl)
-1~ Cdl is obtained. Such hybrid battery-capacitor cells may thus be 

constructed. Note that replacing both the electrodes – as in a battery results in a 

higher redox capacitance yielding higher energy density at the expense of a lowered 

power density.  

1.2.2 Batteries: Voltage and charge 

Several books[23] and reviews[24], [25] provide a good indication of the 

underlying materials issues[26]–[29] related to battery operation and efficiency. In this 

section, we briefly outline the general characteristics as relevant to charge storage in 

these devices. Many of the pertinent principles will be illustrated with respect to 

Lithium ion batteries, as they constitute a large proportion of batteries at present due 

to their use in portable electronic devices. The choice of Li itself is predicated on its 

low atomic weight potentially yielding high energy density. The discussion will also be 
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focused on Li ion interactions with solid materials, e.g., metal–air battery systems 

incorporating gas based reactions will not be considered, in spite of their widely 

touted superior performance as they are seem to involve formidable challenges even 

at a fundamental level, e.g., a knowledge of the precise electrochemical reactions 

involved. It has also been considered in a recent review that the gain in energy 

density, e.g., of Li/O2 cells over Li ion batteries would be ‘‘modest’’[30] . A battery 

operates on the thermodynamic principle that a net free energy (ΔG) and voltage 

(=ΔG/xF), accompanies a redox (reduction–oxidation) reaction of the form: 

 
f

b

k

k
O ne R    (1.3) 

                                            

In the above, O refers to the oxidized species which reduces (gains 

electrons) to R – the reduced species, e.g., Li e Li  . The kf and the kb refer to 

the forward and the backward chemical rate constants, with the ratio of k f to kb 

designated as the overall rate constant: k. The reaction proceeds at a fixed 

thermodynamic potential, referred to as a VOC, the open circuit potential, which for is 

3.04 V. In this case, a positive DG implies that this reaction proceeds with an increase 

of energy and is hence not favored thermodynamically. On the contrary,

Li e Li  , yields a VOC = + 3.04 V with a negative ΔG and is 

thermodynamically favored. Generally, the tendency for charge transfer so as to yield 

a higher |VOC| is related to the ease with which electrons can be transferred to and fro 

from the element/material. As an approximate rule of thumb, highly electropositive 

elements (such as Li, Ca, Mg) or highly electronegative elements (such as F) tend to 

have such a large tendency for oxidation and reduction, respectively and this is 
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reflected through higher VOC values. Compounds would generally have a lower 

electrochemical potential (m) – enabling use as cathodes, as charge transfer is 

hindered due to the necessity for charge rearrangement over a larger number of 

crystal units/ volume, compared to elemental materials – which could consequently 

serve as anodes. However, there does not seem to be any quantitative/direct 

correlation to metrics such as the electronegativity or ionization energies. 

 

Figure 1.2.2.1: A diagram depicting the energy levels of the anode (a supplier of 
electrons) and cathode (an acceptor of electrons) electrodes with respect to the 
electrolyte energy levels (i.e., the LUMO and the HOMO). As electron transfer occurs 
from a higher energy level to a lower energy level, proper positioning of the energies 
of the constituent elements in a battery would be necessary to prevent charge 
transfer into the electrolyte when the battery is not connected to an external circuit. 
Then, all the electrons would need to traverse the external circuit from the higher 
energy level anode to the lower energy cathode [10]. 

 

A good guide to understanding the concomitant charge transfer in a battery-

like device, say for example, in an organic electrolyte constituted system is the energy 

level diagram – taken from[29]– and depicted in Fig. 1.2.2.1, in which the effect of the 

electrode energy levels with respect to the LUMO (lowest unoccupied molecular 

orbital) and the HOMO (highest occupied molecular orbital) of the electrolyte is 
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considered. The LUMO and the HOMO may correspond to an equivalent conduction 

band and the valence band of the electrolyte, respectively. The maximal VOC (=µA- µC) 

would be obtained when the electrochemical potentials of the anode and the cathode, 

i.e., µA and µC are perfectly aligned to the LUMO and the HOMO, respectively. In this 

case, charge transfer to/ from the electrodes to the electrolyte would not occur, 

resulting in the total absence of internal electronic current, no internal voltage drop, 

and translating to an ideal voltage source. Only ionic current would be present in the 

electrolyte to neutralize the electrons appearing (/leaving) at (/from) the cathode 

(/anode) from the external circuit, i.e., positive (/negative) ions from the electrolyte 

moving to the cathode (/anode). However, even in such an ideal battery, the ion 

transfer rate across the electrodes lags the electron transfer rate, and poses a 

fundamental limitation in terms of the power that may be obtained. Consequently, a 

battery with a larger power density would have smaller ions – say, H+ , as in aqueous 

systems. However, there is a limited voltage range of 1 V in such systems, 

corresponding to the elctrolysis of water. 

As such matching of the energy levels across disparate materials is not 

possible in practice and yields a lower VOC as well as the formation of an interfacial 

layer typically due to [38] parasitic transfer of electrons from the anode to the 

electrolyte LUMO and reduction of the electrolyte. It may be thought that the 

positioning of the anode/cathode chemical potentials within the electrolyte LUMO– 

HOMO window would preclude electron transfer from (/to) the electrode to (/from) the 

electrolyte and internal electronic current and voltage drop. However, when the 

electrolyte is used at the extremes of its voltage range (which is desirable for 

achieving high energy/power densities) charge transfer might yet occur at the 

electrode–electrolyte interface. Such considerations dictate the choice of appropriate 
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anode and cathode materials, which would then be located above the LUMO and 

below the HOMO of the electrolyte, respectively. As a consequence of several such 

factors, in practical usage the voltage obtained from a battery is less than the 

thermodynamically predicted VOC. 

The parasitic charge transfer between the electrodes and the electrolyte is 

often held responsible for an induced polarization across the electrode–electrolyte 

interface.  

 

Figure 1.2.2.2: The discharge curve of a battery exhibiting the loss of the 

thermodynamically predicted open circuit voltage (OCV/VOC) due to various charge 
transfer mechanisms between the electrode and electrolyte, leading to a higher 

resistance [10]. 

 

The consequence is a gradual reduction of the voltage output of a battery as 

depicted in Fig.1.2.2.2. Such a kinetically induced factor diminishing the battery 

voltage is termed the Ohmic polarization loss [25]and accounts for the gradual drop – 

see the relatively flat part of the curve in the middle, in Fig. 2, in output voltage from 

the postulated VOC. At smaller and larger times, activation polarization and 

concentration polarization account for the relatively larger drops in VOC. The former is 

related to the net energy needed for a particular redox reaction to occur considering 
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intermediate states of a higher energy through Arrhenius activation. The magnitude of 

such activation induced polarization losses may be quite large, for example, in the 

use of metal–air batteries where the air-mediated kinetics may be significantly slower 

than for say, typical liquid-mediated kinetics. Finally, concentration polarization 

dominated loss occurs from limitations in the transport/diffusion of reactants to the 

electrodes and is typical at the end of the battery life. The kinetic limitations on charge 

transfer (arising from mismatched energy levels and consequent charge transfer) 

occur at various time scales, e.g., ranging from sub-milliseconds (where electron 

transfer reactions corresponding to chemical equilibria are rate limiting) to larger time 

scales (where mass diffusion is rate limiting). 

1.3 Electrochemical methods 

A basic understanding of the principles behind electrochemical measurements 

is key to understanding the operation of charge storage devices. In this section we 

will discuss 3 complementary techniques (1) Chronoamperometry (CA) (2) Cyclic 

Voltammetry (CV) and (3) Chronopotentiometry (CP). The data obtained using these 

techniques have been widely used to gain insights into the mechanism behind charge 

storage. 

1.3.1 Chronoamperometry (CA) 

In Chronoamperometry (CA), we study the relationship between the electric 

current passing to and from the electrode with time in response to an applied 

potential step. The relationship between the current and time will provide us with 

information relating to the charge storage mechanism and more importantly, into the 

mass transport regime in which the electrochemical reactions are taking place. 
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Consider the reduction reaction
f

b

k

k
O ne R . In a potential step 

measurement, the potential at the electrode is stepped from V1 (at which there is no 

conversion of O to R) to a a sufficiently negative potential V2 (at which the conversion 

of O to R is facile). The resulting current (I) due to electron transfer is recorded with 

time. The current rise is instantaneous after the voltage change and drops as a 

function of time.[31] 

 

Figure 1.3.1.1: A basic overview of Chronopotentiometry (a) initially the electrode is 

held at potential 1E  at which there is no conversion of O to R but reduction begins as 

soon as it is stepped to 2E . (b) The concentration profiles at various times. (c) Current 

(i) vs. time (t) characteristic. Illustration originally published by Bard et al.[31] 

   

Upon conversion of O to R at the surface, fresh O is required to arrive at the 

electrode. This happens in stagnant solution through diffusion i.e. the mass transport 

toward the electrode is controlled by the reacting species diffusing toward the 

electrode.  

As time progresses, the layer in the vicinity of the electrode grows in size. This 

layer is referred to as the “diffusion layer”. The thickness of this layer, l Dt , where 

D is the diffusion coefficient of the reactant species. Since the flux is proportion to the 

concentration gradient (which decreases with time), the resulting current too 
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decreases with time. The time dependence of the current under diffusion control 

obeys the Cottrell equation[32]. 

 
nFAC D

i
t

     (1.4) 

Where A  is the electrode area, C  is the bulk concentration of the redox species and 

F  is Faraday’s constant (~96500 C/mol). 

At short times, the diffusional flux is large and consequently the current is 

large. At longer times, the concentration gradient steadily decreases and I drop as 

well. We discussed thus far in this section, current due to a potential step at an 

electrode with dimensions far exceeding l  i.e. a macro- electrode. At macro- 

electrodes, the diffusion regime is linear and semi- infinite. In this regime, the 

concentration profiles far from the electrode surface are unperturbed due to the redox 

reaction at the electrode surface and the diffusive flux is always passing through a 

constant cross-sectional area regardless of the elapsed time. For electrodes with at 

least one dimension lesser than l  (micro electrodes) can exhibit a steady state 

current which is independent of time. This phenomenon occurs primarily because of 

non-linear diffusion (radial, cylindrical etc.)[33]. The current due to potential step can 

also be kinetically controlled over the time scales considered. This problem will be 

treated in detain in Chapter 4 (see section 4.3). 

1.3.2 Cyclic Voltammetry (CV) 

The CV technique involves perturbing an electrochemical system away from 

equilibrium by applying a time-dependent triangular voltage waveform, between two 

electrodes (the working electrode and a reference electrode): Fig. 1.3.2.1(a) and 
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measuring the electrical current (I) response: Fig. 1.3.2.1(b). While a reference 

electrode (e.g., a standard calomel electrode) is present in a three-electrode test cell, 

this is dispensed with in a two electrode EC. The potential difference in the former is 

applied between the test/working electrode and the reference electrode, while the 

measured current is reckoned between the test electrode and a counter electrode. 

The charge involved in a particular electrochemical process may be monitored 

through,
2

1

( ) ( )

t

t

Q t i t dt   while the area enclosed by the I–V plot is a measure of the 

electrical power which multiplied by the time yields the expended energy. The rate of 

change of voltage is referred to as the scan rate ( ) and informs on both the 

thermodynamics and kinetics of charge transfer. The lower and upper limits, i.e., in 

the range: 0 <   < 1, correspond to the thermodynamic equilibrium and kinetically 

limited regimes, respectively.  

 

Fig.1.3.2.1: A basic overview of Cyclic Voltammetry (potential sweep method) (a) A 

triangular voltage/potential (of magnitude Eλ) waveform applied over a time tλ for 
cyclic voltammetry induces both anodic and cathodic currents. (b) A typical 
voltammogram indicating cathodic reduction (and the corresponding current: ip,c as 
well as the anodic oxidation, with the corresponding current: ip,a for a one electron 
transfer reaction. The ib and ilim are the baseline and limiting currents, respectively 
[34]. 
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More practically, the range would be much more limited as relevant electro-

physical processes from chemical reaction velocity to electron transfer and ion 

diffusion are of finite speed. As extensive monographs exist on the performance and 

conduct of CV, we restrict our attention here to the significant features of a typical CV 

plot – see Fig. 1.3.2.1 (b). 

The generic peaked shape of the curve, in Fig.1.3.2.1(b), results from 

competing diffusion and kinetic processes. To explain, at time t0 and an electrical 

potential/voltage: E0 (point A), O is the abundant redox species. When the applied 

potential is now decreased (the IUPAC convention indicates decreasing voltage as 

we move from the left to the right with cathodic/negative currents, say iC, at the top 

and with anodic/positive currents, say ia, at the bottom [31]), at some potential close 

to E0
’ the reduction of O to R  will begin to occur. As the potential decreases further 

past E0
’, the O begins to reduce more rapidly and a diffusion layer forms at the 

surface of the working electrode. Once the diffusion layer becomes sufficiently thick 

such that the diffusion of O to the working electrode is equal to the diffusion of R 

away from the electrode, a peak current ip is reached at a potential Ep. The 

difference between Ep and E0
’ is related to an overpotential and proportional to the 

overall system resistance. Past Ep the diffusion of R away from the working electrode 

is sufficiently large, which then depletes O at the electrode surface. As a result of the 

greater flux of R away from the working electrode (compared to the flux of O to the 

working electrode), and the increasing diffusion layer thickness ( l ) the current begins 

to decay through being proportional to xFAI0D/ l . The x is the number of transferred 

electrons for the O to R reaction, A is the electrode surface area, I0 is the bulk 

concentration of the species undergoing the reaction, and D is the relevant O/R 
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species diffusion coefficient. Once Eλ is reached, the reverse reaction begins to occur 

and R begins to diffuse to the working electrode. Close to E0
’, the R begins to oxidize 

to O until a peak current is again attained, now with the opposite (i.e., anodic) 

polarity. Past Ep the current decays until the limiting current is reached. A proper 

setting of the Eλ is hence necessary to observe all such features. For instance the Eλ 

must be sufficiently far away from the Ep to avoid convolution with Faradaic currents, 

since the former represents the potential at which the double-layer restructures itself 

due to a change in the electrode polarity. For instance, when the electrode polarity 

changes from (+) to (-), negatively charged ions in the IHP and OHP are repelled 

electrostatically by the (-) charge on the electrode, while positively charged ions are 

attracted. In the limiting case of Eλ Ep, the idl can be approximated by difference 

between the baseline current ib and the ilim as defined by: 

 lim| |

. 2 .
dl b

dl

i i i
C

A A 


     (1.5) 

As can be seen from Fig. 1.3.2.1(b), the anodic and cathodic peak currents 

are considered with respect to the their respective baseline currents ib – which results 

due to charge migration from the bulk solution to the surface of the electrode, causing 

ions to stack preferentially near the surface of the electrode based on the polarity. 

The measured Cdl would then be dependent on the applied potential through ilim and 

the Helmholtz model would not strictly hold. Consequently, a diffusion capacitance 

(CD) based model may need to be use. However, if the capacitance is large and the 

potential range under investigation is relatively small, Cdl could be approximated to be 

independent of voltage over the specific voltage range. The Faradaic capacitance 

(CF) associated with the anodic/cathodic peak currents can also be determined. 
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Generally, the CF is not a capacitance in the typical sense, since it results from non-

transient currents associated with charge transfer. The term is defined through: 

 
| |

F

i
C


     (1.6) 

Generally, the shape of the CV plot (with reference to Fig. 9(b),) may either be 

constituted mainly from (i) rectangular contour – indicative of a purely double layer 

contribution: see Fig. 1.3.2.2, and (ii) a Faradaic peak – indicative of a specific redox 

contribution, as in Fig. 1.3.2.1(b). 

 

Figure 1.3.2.2: A current–voltage profile of an ideal capacitor. Such a curve is 

obtained in the absence of Faradaic reactions (no peak currents: ip as in Fig. 1.3.2.1 
(b). The steady state operation characteristics of a double-layer capacitance are 
indicated in the figure, i.e., the transient development of a current in response to a 

voltage increase from zero is not shown. From Ref. [69] 

 

While peaks in CV correspond to specific redox/Faradaic reactions, the 

possibility of multiple states of adsorption of metals/radical species due to a 

distribution in the binding configurations and energies is well recognized. Such a 

distribution is manifested in CV through multiple peaks over a voltage range (e.g., of 

0.2 V in the case of H adsorption on Pt surfaces) [35] . 
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The peak current ratio ipc/ipa as well as the potential peak separation 

( )p pc paE E E    in the voltammogram can be used to determine the degree of 

reversibility of a particular oxidation– reduction reaction (Eq. (2)). The relevant charge 

transfer characteristics are typically indicated through determining the solutions to the 

flux equations, where the experimental time scales are shorter than the times needed 

to obtain steady state. Furthermore, charge transfer kinetics are such that they follow 

Nernstian behavior, i.e., 

 
'
0

(0, )
ln

(0, )
O

R

C tRT
E E

xF C t

 
 
 
 

     (1.7) 

where iE E t  , with iE  being the initial voltage R as the universal gas constant 

(=8.31 J/mol K), (0, )OC t  and (0, )RC t  being the concentration of O/R at the 

electrode surface. Assuming linear semi-infinite diffusion, Fick’s law and the boundary 

conditions for the forward reaction of O to R (with respective diffusion coefficients: DO 

and DR) it can be shown [31], [36] that the current, i at any point in the CV curve is 

defined by: 

 ( )Oi xFAC D t     with '
0 ln

2
O

R

DxF RT
t E E

RT xF D


  
  

  
  

      (1.8) 

    

While t  is a dimensionless parameter, the function ( )t  must be solved 

numerically and a maximum current; ip may be obtained: 

 
5 3/22.69 10p Oi x AC D      (1.9) 
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The above relation has been cited as the Randles–Sevcık equation[36]. 

Assuming Nernstian charge transfer behavior, the potential for which the current 

reaches a peak value would be: 

  
1

'
0 ln 1.109 1R

p

O

DRT
E E

xF D

  
   
    

   
  

         (1.10) 

             

The   is for the anodic (/cathodic) sweep, respectively. If it is assumed that DO = DR 

(= D, say), then the anodic–cathodic peak separation 
59

p mV
x

E   at 298 K. 

Generally, reversible charge/electron transfer considering Eqs. (1.7) and (1.8), 

is therefore defined by three important relationships:  

(1) The ip (from Eq. (15)) is proportional to IO or IR as well as   

(2) ip,c/ip.a ~ 1 

 (3) 
pE  is not a function of scan rate or concentration. 

1.3.3 Chronopotentiometry (CP) 

When a constant input current (applied for a certain time) drives reactions at the 

electrode surface and the potential of the system is measured, such a measurement 

scheme is referred to as Chronopotentiometry, and provides complementary 

information to CV. When a current (isource = i0) is put in: Fig. 1.3.3.1 (a), electrons flow 

into the solution and the O species is reduced at a constant rate at the working 

electrode surface. Once the surface concentration of O is exhausted, the magnitude 

of the measured potential increases rapidly until another reduction potential is 

reached, resulting in a step-like function for the measured potential. Since ideally 
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polarizable electrodes do not exhibit redox reactions, the transitions between different 

redox events should be observed. The voltage response for a purely capacitive 

system (i.e., devoid of redox reactions) should only exhibit linear behavior as shown 

in Fig. 1.3.3.1(b). The time associated with the reaction can be termed a transition 

time ( ) and is a function of the diffusion coefficients and surface concentrations (Cs) 

of the O and R, and may be estimated through the Sand equation: 

                                 

2

, / /

2
s O R O R

source

xFAC D

i




 
 
 
 

                                             (1.11) 

 

Figure.1.3.3.1: A basic overview of Chronopotentiometry (Galvanostatic method) (a) 
A square current waveform is used for cyclic constant current chronopotentiometry. 
The current is cycled between a positive (io) and a negative value (io). (b) The 
resulting voltage response to current waveform for an ideally polarizable capacitor in 
series with a resistor. The equivalent series resistance (ESR) may be estimated by 

RESR =  V/2io. 

 

Analogous to ip and the instantaneous current in CV,   and the measured 

voltage can be derived analytically by using the semi-infinite linear diffusion boundary 

conditions and the flux equations. The capacitance can be derived from the slope of 

the voltage–time plot, as indicated in the caption of Fig. 1.3.3.1(b), where it is seen 
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that the voltage window ( V) and time associated with charging ( t) both play 

critical roles in influencing the electrode capacitance. For purely double-layer 

capacitors,  V is determined and characteristically related to the value at which the 

solvent undergoes electrolysis, i.e., for aqueous solutions  V is 1 V, while organic 

solvents, such as acetonitrile, typically have much larger breakdown voltages of 2.7 V 

[11]. When a redox couple is added to the solvent–solute system, the current 

supplied drives Faradaic reactions at the electrode surface until the surface 

concentration of the redox couple is depleted. The voltage at which this occurs is 

dependent on the reversibility of the system [3]. Assuming that  V is fixed for a 

given solvent, the Faradaic capacitance: CF can be defined for chronopotentiometric 

systems as: source
F

i

V
C





 with   being the time associated with the Faradaic 

reactions. Furthermore a maximum CF can be obtained with small source currents 

and when the surface concentrations are maximal. Additionally, an equivalent series 

resistance (ESR) may be calculated experimentally through RESR =  ESR/2i0 as 

indicated in Fig. 1.3.3.1(b). In capacitors, RESR is a combination of the current 

collector resistance, Rs, Rct and the contact resistances of the terminal leads. A low 

value of RESR is critical for high power applications, and large resistances can lead to 

heating and expansion of the electrolyte, causing capacitor failure. 

1.4 Motivation for the work and organization of the 

thesis 

In Chapter 1, we were introduced to the principles behind electrochemical 

charge transfer and in particular, we briefly discussed the effects of nanostructuring in 

energy storage. The goal of this work was to device ways to improve the energy 
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density AND power density of electrochemical energy storage systems using 

nanostructured electrodes i.e. devise strategies to help current electrochemical 

energy storage systems occupy the “target region” in Figure 1.1.  

Having briefly reviewed the mechanisms behind charge storage in batteries 

and electrochemical capacitors, we have identified that batteries can storage an 

enormous amount of energy whilst not being able to discharge it at arbitrarily high 

rates (the converse is true for electrochemical capacitors). Energy storage via E.g. 

Lithium ion intercalation in batteries, however reversible it may be, still suffers from 

low power densities primarily due to the fact that the ions need to diffuse in solid state 

to completely charge batteries. Intercalation (/ de-intercalation) thereby precludes 

quick charging (/ discharging) of energy. Intercalation also brings about phase 

changes in batteries that limit the cycle life to a few 100s of cycles. The cycle life of 

ECs on the other hand can extend up to 1000s of cycles simply by virtue of the nature 

of charge storage i.e. ion sorption at the double layer. This mechanism also ensures 

quick energy delivery as there are no kinetic and mass transport limitations. In this 

work, our primary focus will be to improve the energy density of EC like devices while 

maintaining their exceptional power handling capabilities. 

To this end, in Chapter 2, we will review the role of nanostructured carbon in 

ECs. Focus will be on one particular type of nanocarbon, Graphene, which is building 

block of carbonaceous electrodes. We will look at the factors contributing towards the 

low energy density of the ubiquitous carbon based electrodes in ECs. It will be noted 

that the finite electronic density of states of nanostructured graphitic carbon (E.g. 

Graphene) contribute toward to other capacitances intrinsic to the electrode i.e. the 

space charge capacitance (CSC) and the quantum capacitance (CQ). CSC and CQ are 

typically an order of magnitude smaller than the electric double layer capacitance (Cdl) 
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and add in series significantly reducing the overall capacitance (energy density) of the 

system. We will look at the relationship between defects (intrinsic and extrinsic) and 

the increased capacitance of Graphene (due to increased DOS) and investigate how 

these defects can be purposefully introduced in Graphene using a plasma based 

techniques known as reactive ion etching (RIE). We will conclude Chapter 2 by 

characterizing these defects and quantifying their effects on the effective capacitance 

of Graphene. 

In Chapter 3, we will look at yet another way by which can improve the energy 

density of ECs (while maintaining cycle life and power density) by introducing into the 

typical EC system, a redox agent. The energy stored in this case will be of Faradaic 

nature (due to electron transfer). We will particularly look at the efficacy of redox 

electrolytes i.e. redox agents added to the electrolyte to induce faradaic reactions. 

We look closely, at the unique mass transport regimes present in porous electrodes 

which can contribute towards increased power density of the overall electrode. The 

role of redox electrolyte in charge storage will be studied with a model electrode 

system, a vertically aligned carbon nanotube array (VA-CNT). To this end, we will 

look strategies to synthesize such arrays using a common technique known as 

chemical vapor deposition (CVD) and characterize the morphology of the structure via 

electron microscopy. These arrays will subsequently be characterized 

electrochemically. Before, concluding Chapter 3, we will also look at a new electrode 

system known as hierarchically porous carbons based on macroporous vitreous 

carbon foams (RVC) lined with CNTs. These electrodes will be investigated as a 

means to implement electrode systems that are 3 dimensional in nature which can 

result in increased energy per unit area occupied by the electrodes. 
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In chapter 4, we will look at some of the outstanding issues that need to be 

addressed in the future, in order to full understand electrochemical charge storage in 

nanostructured carbons. In particular, we shall look at the kinetics of electron transfer 

at nanostructured electrodes along with a new theoretical framework for explaining 

the results. We shall conclude chapter 4, by looking at the implications of defects on 

the surface charge profile of Graphene (particularly single layer graphene). This 

preliminary study can yield important insights regarding how extrinsic defects can be 

used to electronically dope graphene.   

This chapter is based, in part, on the material as it appears in “Charge 

Transfer and Storage in Nanostructures”, P.R. Bandaru, R. Narayanan, H Yamada, 

and M. Hoefer, Materials Science & Engineering (R), vol. 96, p. 1, (2015). The 

dissertation author was a co- author on this paper. 
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Chapter 2 Modulating the Electrostatic and 

Quantum Capacitances of Few Layered 

Graphene (FLG) 

2.1 Nanostructured carbon electrodes for 

Electrochemical Capacitors (ECs) 

Electrochemical Capacitors (ECs) store electrochemical energy via surface 

adsorption of ions in the electric double layer (DL). The capacitance, 0r
dl

A

d
C

 
 ; 

where A is the effective surface area accessible to ions, d  is the Debye length of the 

double layer and r  is the relative permittivity of the electrolyte medium (See Chapter 

1, section 1.2.1.1)[1]. Carbon electrodes have exceptionally high surface area and 

chemically inert[2]. The latter property of carbon prevents spontaneous self discharge 

of the electrode due to faradaic reactions and the former enable the EC to posses 

high Cdl (subsequently store a larger amount of capacitive energy). 

 

Figure 2.1.1: Electrode materials for (ECs): (a) closely packed high density CNT 

arrays (b) chemically modified Graphene and (c) activated carbon. 



37 
 

 
 

To this end several electrode materials such as Activated Carbon (AC)[3], 

CNTs[4] and Graphene[5] have been proposed (See Fig. 2.1.1). Indeed, ECs (also 

referred to as Supercaps or Ultracaps) that have already pervaded the market use 

AC as the electrode material due to it’s high surface area and it is the cheapest of all 

nanostructured carbon[6], [7].  

The term nanostructured is used here because intrinsic to these electrodes, 

are pores with dimensions of the order of nanometers (nm). Such well-developed 

porosity is what gives nanostructured carbon such high specific surface area (area 

per unit mass or volume) accessible to ions that form the electric double layer.  

 

Figure 2.1.2: a) HRTEM image of a fragment of AC b) Schematic model of the 

structure of ACs [8]. 

 

AC, is a classic example of nanostructured carbon having surface area in 

excess of 1000 m2/g. Depending on the synthesis (or activation conditions), ACs can 

have pores with a variety of diameters, however, the pores can generally be classified 

as: a) micropores (diameter< 2nm) b) mesopores (2< dia < 5 nm) and macropores 
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(50nm< dia.) with the micro and mesopores dominating the structure. Structurally, AC 

is inhomogeneous consisting of fullerenes, stacks of planar and graphitic sheets of 

several layers (See Figure 2.1.2 a) and amorphous carbon. Simulations of the 

structure of the AC system have indicated that the graphene sheets may also 

possess defects/ lattice strains.[9] It is also suggested that the micropores associated 

with ACs can be of the order of 0.5- 1nm.  Despite the highly developed porosity of 

AC, it has been suggested that it’s thermal stability and it’s ability to maintain 

structural integrity in solvents (E.g. electrolytes in ECs) is due the graphitic fragments 

are interconnected to form a sort of a backbone [8]. 

As discussed in Chapter 1, the theoretical capacitance of the EDL is ~ 20- 40 

µF/cm2. For electrodes made of AC (with surface area ~ 2000 m2/g), the capacitance 

is expected to be ~ 400 F/g. At a voltage ~ 2.7 V (typically used with organic 

electrolytes such as Acetonitrile), the energy density of the AC based EC is expected 

to be ~ 200 Wh/L, a figure, matching that of batteries. Clearly, this is not the case as 

most ECs have energy density ~ 5-10 Wh/L. Indeed, it has been demonstrated that 

not only is the theoretically expected value of Cdl never realized in AC electrodes but 

additional capacitances due to nanostructuring (increasing surface area) of the 

electrode cause a dramatic drop in observed capacitances [10]. 

In order to improve the capacitance of carbon based systems (and 

consequently their energy density) one needs to investigate the sources that lead to 

decreased capacitances and devise strategies to improve the electrode materials 

specific capacitance. In the subsequent sections, we shall look at Graphene as a 

prototype electrode material in order to understand the limitations faced by carbon 

based electrodes. Considering that the AC electrodes are made up mostly of few 
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layers of graphitic planes (Graphene), we will specifically look at the capacitance of 

few layered Graphene (FLG). Additionally, we will look at the relationship between he 

electronic band structure of Graphene and its relationship to capacitance. We will 

then llok at the influence of defects in Graphene on its charge storage properties, 

ways to introduce these defects and quantify them. 

2.2 Additional capacitance that modulate double layer 

capacitance 

2.2.1 Space charge capacitance 

The attraction of oppositely charged ions to an electrode was previously 

considered to be the basis of the formation of a double layer. While such a 

representation indicates an intuitive way of understanding the electrode–electrolyte 

interface, it has been well recognized that it yet represents a crude model due to its 

(a) lack of predictability of the measured capacitance, as well as (b) the abrupt nature 

of the considered interfaces, say in between the IHP and the OHP of the Helmholtz 

layer and with the diffuse double layer. As the surface of metal electrodes is typically 

negatively charged (due to the larger kinetic energy of the electrons in the electrode 

as well as in the electrolyte), cation adsorption may be preferred. However, the 

heavily solvated character of the cations precludes their efficient adsorption. Such 

electrode charging effects may be understood through surface energy measurements 

where ion adsorption reduces the interfacial surface energy and a peak 

corresponding to the point of zero charge (PZC) – which does not occur at zero 

potential due to the adsorbed ions, is exhibited [11]. It has also been assumed that 

the electrode is a perfect metal (which cannot support electric fields). However, 
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perfect screening that occurs with metals (of carrier concentrations of 1029/m3) of the 

electric fields may not always be assumed, e.g., when nonmetallic electrodes, such 

as semiconductors or nanostructures  are used. While the rationale for the use of 

semiconductors, such as Si may be due to the widespread usage in the electronics 

industry presenting the possibility of integration with electrochemical sensors or 

measurement apparatus, nanostructures such as carbon nanotubes are in vogue due 

to the high surface area. Consequently, with lower n, say of the order of 5 x 1020/cm3, 

the screening distance would be of the order of 0.34 nm, which is the thickness of a 

graphene sheet. The implication is that an atomic layer sheet would not be able to 

screen the electric fields and the assumption of metallic characteristics for the 

electrode would not be correct. The consequence is a charge re-arrangement in the 

electrode, where a potential gradient (due to the penetrating electric field) would yield 

a space-charge capacitance (CSC). As the potential variation in the material would be 

expected to be of similar origin to the CD (i.e., due to Poisson–Boltzmann statistics), 

the CSC may be calculated by similar means, and yields [12]: 

 

2 2
02

coshr s
SC

B B

x e N xe
C

k T k T

   
 
 
 

  (2.1)  

Here the r , N, and fs refer to the dielectric constant, carrier concentration, 

and potential drop relevant to the solid electrode material.  
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Figure 2.2.1.1: Capacitance potential profile for stress annealed Highly Oriented 

Pyrolitic Graphite (HOPG) [13]. 

 

It is important to note that the CSC would be in series with the Cdl (just like the 

CD) and may dominate the overall capacitance if it is smaller. One manifestation of 

the CSC was through a consideration of the charge capacity of the basal plane of 

stress annealed pyrolytic graphite, where with r = 3 for n= 1018/cm3 the pre-factor 

for CSC was computed to be 3 µF/cm2 (see Fig. 2.2.1.1) and was close to the value 

observed at s = 0 [13].It was also observed that there was a substantial dependence 

of the measured capacitance with s . 

In summary, we have discussed various capacitances, i.e., intrinsic to the 

electrolyte: Cdl (constituted from CH and CD) as well as those intrinsic to the electrode, 

i.e., CSC which all add in series. Since, the obtainable charge for an ideal EC may be 

primarily determined through the CH, the CD and the CSC may be considered as 

parasitic capacitances, i.e., the applied potential is partitioned across the material of 
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the electrode and the electrolyte instead of just across the electrode–electrolyte 

interface. While the CSC could in principle be substantially enhanced through metallic 

materials, CD is almost always present. It is important then to note that the value of 

s  seems to have an enormous impact in determining the overall capacitance that 

may be obtained from a practical EC, with a lower value being more conducive to 

comparison with experimentally obtained values. 

2.2.2 Quantum capacitance 

The term quantum capacitance (CQ) was initially invoked to model electron 

gases and transport in lower dimensional nanostructures [14]. The essential idea was 

that a 2-dimensional electron gas (2-DEG), when placed between two metallic 

electrodes at different potentials would not completely screen the intrinsic electric 

field between the electrodes. Consequently, and also due to the limited density of 

states (DOS), a finite capacitance-termed as a quantum capacitance (CQ) could be 

ascribed to the 2-DEG.  

 

Figure.2.2.2.1: A schematic representing the relative changes in the fermi level (EF) 

in nanostructures and bulk materials due to charge injection. (Image courtesy: 

Hidenori Yamada). 
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The CQ would be in series with the electrostatic capacitance (say, Cdl) 

implying that the smaller of CQ or Cdl would determine the overall capacitance. Note 

that for perfectly metallic electrodes the CQ would be effectively infinite due to their 

ability to completely screen the electric field. Consequently, for the experimental 

observation of maximum capacitance, the CQ needs to be as large as possible. Since 

CQ is essentially a property of incompletely filled/limited DOS, it would be quite 

important to consider in nanostructures and associated device modeling[14]. We 

model quantum capacitance (CQ), which is relevant with nanostructures such as 

graphene, with a finite DOS (E), as depicted in Fig. 2.2.1.1. The increase (/decrease) 

of the Fermi energy (EF) of the nanostructure could be significant, relative to the bulk, 

when charge carriers of a single type, e.g., electrons of magnitude dQ (= edN), are 

added (/removed) due to an applied voltage change (dV)[15]. An effective 

capacitance could therefore be defined for a given electrode, considering the DOS at 

the EF, as follows: 

  2

1 FQ

F

dQ edN
C e DOS E

dV
dE

e

 
 
 

        (2.2) 

We model the net device capacitance as a series combination of Cdl and CQ. 

Correlating such capacitance contributions from prototypical nanostructures, where 

electrochemical data is available, will now be discussed. In work, e.g., in[16], the CQ 

of a single graphene sheet has been derived analytically, with an aim of application 

towards MOSFET (metal oxide semiconductor field effect transistor)-like devices. It 

was experimentally seen that a higher CQ was obtained the smaller the number of 

graphene layers, i.e., SLG (single layer graphene) had a greater CQ compared to FLG 
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(few layer graphene)[17]. Correlations between the adsorbed ions in the Helmholtz 

layer with the p-electrons were also invoked as yet another mechanism to narrow the 

width of the double layer. An enhancement, by 0.15 V, of the point of zero charge 

(PZC), with increasing number of layers indicated a positive charging of the surface. 

However, as adsorption was ruled out, this may imply a positive surface doping due 

to space charge effects extending from the outer to the inner graphene layers in a 

FLG sample. While a reduced electrostatic screening was invoked, it is unclear what 

this implies in the context of the mutual interaction of the graphene layers in FLG.  

 

Figure 2.2.2.2: Quantum capacitance of single layer graphene (SLG) (a) Theoretical 

CQ of Single Layer Graphene (SLG) (b) Measured CQ of SLG in an ionic liquid [16]. 

 

It may be thought that the DOS at the Dirac point would increase 

proportionally to the number of layers implying a larger CQ for the FLG. Typically, the 

carrier concentration (N) studied was less than 2 x 1012/cm2 with concomitant CQ (see 

Fig. 2.2.2.2) values of the order of 5 µF/cm2[16]. Additional contributions from the 

induced charges (through an applied bias) from charged impurities due to ‘‘local 

potential fluctuations and electron/hole puddles’’ were also considered. While the 

comparison was then between the series addition of the gate oxide capacitance and 
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the CQ, it is aimed to consider, as previously discussed, the series addition of the Cdl 

with the CQ, as appropriate for an electrochemical capacitor (EC). 

In summary, we have seen that when considering nanostructures, additional 

capacitances due to the space charge region (CSC, related to the effective carrier 

concentration in the material) and quantum capacitance (CQ, DOS dependent) 

contribute significantly to the measured capacitance. Since, CQ and CSC are of the 

order of ~ 2-5 µF/cm2 in practical nanostructures and that they add in series with Cdl 

(~ 20 µF/cm2), the net capacitance is lowered. In the next section, we shall look at the 

defects in nanostructures and their role in modifying the DOS and doping levels of 

nanostructures. We will then look at ways to tune the DOS and the carrier 

concentration of nanostructures to effectively modulate CSC and CQ. 

2.3 Non ideality in nanostructures: Charges at defects 

Analytical or computational research has almost always initially focused on 

modeling defect free nanomaterials to typically postulate impressive theoretical 

thermal, electrical and structural properties. However, deviations from ideality, e.g., 

through defects, considerably modulate practical electrochemical kinetics and charge 

transfer. The presence of defects, in any given structure, is entropically inevitable in 

that the addition of any impurity in any amount would necessarily increase the 

entropy: S[18]. Generally, the lower dimensional defects, e.g., point/zero-dimensional 

defects, such as vacancies, interstitial or substitutional defects are more favorable 

compared to one- or two-dimensional defects such as dislocations or boundaries 

which impose a free energy penalty, due to the energy required for their formation 

(Ef), to the overall structure. It can be derived that the concentration of point defects 
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(nd), relative to the total number of atoms in the sites in the structure (N) is given by 

[19]: 

 exp exp
fd

B Bd

En S

N n k k T

  
  

   
   





      (2.3) 

However, defects do not necessarily hinder the performance of nanostructures, and 

in some applications, defects may even be necessary, e.g., defects in CNT chemical 

sensors act as binding locations for sensing functional groups as they are more 

energetic and subsequently more chemically reactive compared to pristine sites. 

Typically, functionalization is used to incorporate charged moieties such as -carboxyl, 

-amine, and -hydroxyl groups, to increase sensitivity and add specificity to sensing 

target molecules. Charged moieties could perhaps also achieve similar results. It 

would then be interesting to probe if functionalization is necessary to increase the 

electrocatalytic activity of a nanostructured electrode or if this can be achieved solely 

through charged defect introduction. We discuss then the influence of defects with 

respect to their natural and sometimes artificial appearance in model nanostructures 

such as one-dimensional carbon nanotubes and two-dimensional graphenes. 

Practically, such defect structures may be manifest in battery anodes or carbon based 

electrochemical capacitors. 

Much effort has been expended in calculating the formation energies of the 

defects though computing the difference in the energies between a defect free cell 

(as a unit representing the material) and a cell with a defect[20]. Such calculations 

are fraught with issues of correctly estimating the ground state energy and the aspect 

of obtaining the defect energy through subtracting two large numbers. While the 

accuracy of the individual methods and the involved approximations are beyond the 
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scope of the present review, the interested reader is referred to relevant papers[20], 

[21]. Typically, the formation energy, Ef are greater than 1 eV and may be as large as 

14 eV (for an adsorbed atom – single vacancy pair)[21]. Many such defects are 

evident as a function of specific synthesis conditions and contribute to variable 

electrochemical characteristics. For example, a two-dimensional graphene sheet 

would be mainly comprised of basal plane constituted carbon, with edge sites at the 

periphery. A similar basal to edge site ratio may be extended to multi-layer graphene. 

However, in graphene synthesized through the microwave exfoliation of graphene 

oxide (MEGO)[22], the fraction of edge, as well as the hydrogen content, has been 

shown to be considerably small through electron paramagnetic resonance (EPR) 

based measurements and a sp2 bonding character of 98% was ascribed through 

diffraction studies. Generally, intrinsic or extrinsic defects in CNTs or graphenes can 

be defined at any location where the periodic hexagonal arrangement of sp2 bonded 

carbon atoms (in a crystalline lattice) native to the constituent single-layer graphene 

sheet is perturbed. Intrinsic defects result from structural changes in the lattice 

without the introduction of impurity atoms, while the extrinsic defects may involve 

impurity atoms. In addition to structural effects, defects may also produce unique 

changes in the electronic properties. Moreover, impurity electronegativity and atomic 

or ionic size can affect the lattice interactions. 

2.3.1 Point defects 

In the simplest case, when the lattice is missing an atom a vacancy may form. 

Additional lower dimensional defects such as vacancy clusters, interstitial adatoms, or 

lattice impurities are widely manifest in graphene-based nanostructures. Such defects 

induce changes in the bonding structure and can cause re-hybridization of the carbon 
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atoms in addition to inducing local bond strain. The energy of formation for single 

vacancies, Ef,SV is 5–9 eV. A variation in the formation energy of as much as 4 eV 

could be due to the sample size[21]. If a single vacancy is created, carbon atoms 

surrounding the vacancy are at a relatively higher energy state since they are not fully 

coordinated and have dangling bonds. Such higher energy carbon atoms may 

undergo Jahn–Teller distortions (geometrical distortion of nonlinear molecules to 

reach a lower energy state) to minimize the local energy, forming a pentagon and a 

nonagon with one dangling bond, as seen in Fig. 2.3.3.1.  

 

Figure 2.3.1.1: Jahn–Teller distortion as a result of a single vacancy results in a 

deviation from the periodic hexagonal arrangement in a structure with a graphene 
motif (e.g., carbon nanotubes) yielding non-hexagonal units. From Ref. 16. 

 

With respect to the graphitic motif, the presence of non-hexagonal rings has 

been considered to induce local Gaussian curvature, e.g., with pentagons leading to 

positive (spherical) and heptagons leading to negative (saddle like) curvature[21]. 

Consequently, it can be deduced through elementary electrostatics that this would 

increase the local charge density for any deviation from a planar configuration. 

Vacancies can be mobile if enough energy is provided to overcome a geometry 
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dependent migration barrier Emb,SV of 0.5– 2 eV .Subsequently, if two vacancies join, a 

double vacancy is formed with an energy of formation Ef,DV of 4–5.5 eV[23]. In a 

double vacancy, there are no dangling bonds since two pentagons and a heptagon 

form which are relatively immobile with a migration barrier Emb,DV of 5 eV[23]. Yet 

another type of defect, the Stone-Wales (S-W) defect, occurs when a C–C bond 

rotates and forms non-hexagonal rings while maintaining sp2 hybridization and is 

unique to graphitic systems: Fig. 2.3.1.2(a). The most energetically favorable rotation 

of the C–C bond was calculated to be 90o (in Fig. 2.3.1.2(b)) with an activation 

energy (Ef,SW) increase from 5 eV to 10 eV[24]. The non-hexagonal pairings may 

cause bends or kinks along the CNT axis as externally manifested in Fig. 2.3.1.2(c).  

 

Figure.2.3.1.2: The effect of defects on bond length and orientation (a) A Stone–

Wales (S–W) defect, yielding non-hexagonal rings, is unique to graphitic systems and 
occurs through a C–C bond rotation. (b) Bond rotation energy as a function of bond 
angle for graphene – from Ref. [217], indicating that the most favorable angle of 
rotation s 900. (c) A practical manifestation of a bent CNT which may exhibit defects 

both at the lattice and the macroscopic level [25]. 

 

Extrinsic point defects may also arise from the addition of adatoms on the 

surface of the nanostructures. If the adatoms are smaller than the inter-graphitic 

spacing of 0.35 nm, they can reside interstitially facilitating the formation of two new 

covalent bonds (with a binding energy associated with the bond formation of 2 eV) to 

the surrounding carbons and an sp3 character[26], [27]. In the case of carbon 

adatoms, the migration barrier is 0.4 eV, implying high adatom mobility along the 
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graphitic surfaces. Generally, if a carbon adatom moves into a vacancy location, it 

may undergo rehybridization and covalently bond with the surrounding carbon atoms, 

e.g., if only a single vacancy is encountered, rehybridization would establish the 

symmetric hexagonal pairing typical of pristine graphene/CNT. Local bending can 

also occur if two carbon adatoms meet to form a dimer, which then interacts with the 

surrounding delocalized sp2 network to form an inverse Stone–Wales defect, with a 

higher energy of formation (7 eV), and less thermodynamically favorable compared to 

a S-W defect. For non-carbon adsorbed atoms or particles, the electronic interaction 

energies would vary with the state and size of the adatom (e.g., physisorption through 

van der Waals forces or chemisorption through bonding to the CNT surface). 

Covalently binding transition metals to the surface of CNTs using electrochemical 

techniques has been used to identify the location of defects along the surface of a 

CNT. Given a typical metal reduction potential of 2.5 V (with respect to the standard 

hydrogen electrode), adatom bonding to defects would occur if the defect energies 

are larger[21], [26].  

When foreign atoms add as substitutional impurities into the graphitic lattice, 

say, for the purpose of doping, they may also be considered to be point defects. 

Thermodynamically stable substitutional impurities tend to be similar in atomic size 

and have a close number of valence electrons, e.g., boron or nitrogen. However, 

when coupled with vacancies, a broader variety of substitutions can occur. Transition 

metals may also form strong covalent bonds (with bonding energies 2–8 eV) at 

vacancy sites by coordinating with dangling bonds[23], [28]. 

 

 



51 
 

 
 

2.3.2 One- dimensional defects 

A commonly observed defect in graphitic structures is an edge plane, where 

defects can induce different bond orderings and bond configurations. If bond 

reordering occurs without the addition of vacancies or other atoms, the armchair (Fig. 

2.3.2.1(a)) and zigzag (Fig. 2.3.2.1(c)) configurations are formed. These two forms 

are the most stable of the four depicted in Fig. 2.3.2.1, since they have the fewest 

dangling bonds which represent centers of charge concentration. If vacancies are 

present on the edge plane, then variations of these configurations can occur as 

illustrated in Fig. 2.3.2.1(b) and (d).  

The dangling bonds present at the edge plane can be passivated by various 

atoms or compounds giving rise to different bond strains and hybridization that have 

varying effects on delocalized p-bonding and local geometry. An example is hydrogen 

passivation, where the hydrogen bonds to a lone pair and adds local sp3 character. 

Many experiments have reported success in creating edge planes, e.g., through 

opening the endcaps of CNTs through involving strong oxidizers, and forming 

carboxyl functional groups to which additional moieties can be attached[29], [30]. 

Such zero- and one-dimensional defects may also affect graphitic geometry 

by causing bending and varied edge plane stacking (two-dimensional defects). At a 

critical concentration of defects, the macroscopic graphitic structure will be unique 

and define the morphology.  
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Figure 2.3.2.1:  Various edge plane configurations in Graphene with edge atoms in 

red: (a) armchair, (b) reconstructed armchair, (c) zigzag, (d) reconstructed zigzag. 
(For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) Adapted from Ref. [21]. 

 

2.3.3 Influence of defects on band structure and charge 
capacity 

 

Extrinsic defects and associated charges may also be purposefully induced in 

graphitic structures. The methods for their introduction may, for example, be through: 

(1) irradiation with electrons or ions[31], [32], and (2) chemical treatments. Generally, 

the methodology through which defects are introduced and the type of atoms or ions 

involved play a crucial role in how the defects interact with the electronic structure of 

the host lattice. For instance, the electronegativity and ionization potential of an 

adatom can determine, to a first-order, whether the adatom has a propensity for 

drawing electrons away or donating electrons to the surrounding bonds. The injection 

or withdrawal of electrons into p-bonds may be termed doping. Since p-bond 
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electrons are extensively delocalized in graphene and CNTs, the π and π*- orbitals 

may constitute the equivalent valence and conduction bands, respectively. 

When electron deficient moieties are added to graphitic structures either 

through bonding, adatom introduction, or substitutional impurity addition, energy 

levels in proximity to the regular bands may be created. For example, when B or N (of 

approximately the same size as carbon) with one less/more electron than carbon is 

added to graphitic structure, the carbon atoms are replaced as shown in Fig. 2.3.3.1 

(b) and (c). 

 

Figure 2.3.3.1: Illustrations of delocalized bonding in (a) pristine, (b) boron (B-) 

doped, and (c) nitrogen (N-) doped graphitic structures [25].  

 

The charge density shifts creating a partial positive/negative charge on the 

surrounding carbons and new defect energy levels are created near the 

valence/conduction band, as shown in Fig. 2.3.3.2. Instances of electron withdrawal 
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and donation with respect to the graphitic structures may then occur when B and N 

are added substitutionally. Such downward or upward variations in the Fermi energy 

modulate the voltage and the consequent current in charge transfer from a given 

nanostructured electrode to the electrolyte. 

Adatoms/adparticles can also cause shifts in the electronic DOS: Fig. 2.3.3.2, 

where due to the higher reactivity of defect sites, they could be trapped at the sites. 

Depending on the electronegativity of the adatom or the dipole moment of the 

adparticle, electron density can be shifted to or away from the p-bonds in graphitic 

structures. 

 

Figure 2.3.3.2: Schematic of the local density of states (LDOS) of (a) a boron doped 

SWCNT and a (b) nitrogen doped SWCNT[25]. 

 

An example of electrostatic doping arises when exposing CNTs to oxygen, 

which adds on as an adparticle on the CNT. Since the oxygen electronegativity 

(3.44)is greater than that of carbon (2.55) on the Pauling scale, the introduction of 
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oxygen shifts electron density away from the CNT, creating local positive charge. 

Inducing local charged regions along the CNT surface through defect manipulation 

and doping can be used to inherently change the bonding in CNTs through a variation 

in the Fermi energy. Changes in the net electrochemical potential would then dictate 

the reactivity of the constituent bonds and can increase electrocatalytic activity or 

charge transfer from the electrode. 

2.4 Defect introduction and quantification 

2.4.1 Extrinsic defect introduction using Reactive Ion Etching 
(RIE) 

 

In microfabrication, there are two fundamental techniques used to etch away 

material (a) Dry etching and (b) Wet etching. Reactive Ion Etching (RIE) is a dry 

etching process by which highly energetic ions of a specific gas from plasma is used 

to chemically react with the material that is to be etched or simply sputter away. A 

typical RIE system (shown in Fig. 2.4.1.1) consists of a vacuum chamber with a chuck 

(or substrate platter) at the bottom of the chamber. the chuck is electrically isolated 

from the chamber. There is an inlet at the top to allow gas (as specified by the user) 

to enter and exit the system through the bottom to the vacuum pump. Initially, the 

system is pumped down to a few mTorr of pressure before which the gas is 

introduced until the desired pressure is reached. The type of the gas and it’s 

concentration depends on the process employed for the etch. Gaseous mixtures are 

also heavily used for reactive etching. 
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Figure 2.4.1.1: A schematic representing the Reactive Ion Etching (RIE) process[25]. 

 

Plasma is created within the system by applying a strong radio frequency (RF) 

field to the chuck. The frequency of the RF field is ~ 13. 56 MHz and the plasma 

powers typically used are ~ 10-1000 W. The oscillating electric field ionizes the gas 

within the chamber by stripping them off of electrons and creates plasma. A typical 

ionization process of atoms of Argon is shown in table 2.1. 

When the applied voltage oscillates, the electrons in the plasma is accelerated 

in either direction. Considering that the bottom chuck is electrically grounded through 

a capacitor with a voltage source in series, a negative self bias develops at the chuck. 

It is because of this bias that positively charged ions in the plasma are accelerated 

towards the chuck (which holds the material to be etched).  
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Table 2.1: Ionization process in Argon plasma [25]. 

 

Ions with enough momentum (p) can sputter away atoms on the material (in 

this work it is Graphene) creating defects as discussed section 2.3.  The influence of 

the RIE power on p is evident in the following relationship: 

 
0

DCqV
p mv m v
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     (2.4) 

Where m is the mass of the ion, VDC is the self bias, d is the distance moved by the 

ion, q is the charge of the ion and v is the ion velocity. For a typical RIE etcher, the 

VDC can be determined by[25]: 
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Where RIEI  is the RF power supply current with a peak of 
0I ,  e  is the charge of an 

electron, 
0  is the permittivity of free space,   is the RF frequency in radians, sn  is 

the concentration of electrons at the surface (near the electrode) and A  is the area of 

the electrode. 

In this work, Ar plasma (see table 2.1) was used to sputter away carbon atoms 

from a graphene based substarte. We controlled the pressure and power to ensure 

that only (or majorly) Ar+ species were involved in the etching. Since Ar has ionization 

energy ~ 15.7 eV, it was also considered that during the etching process, the charged 

Ar+ ions could also extract ions from the graphene lattice thereby doping the material. 

The defects thus generated were quantified spectroscopically (section 2.4.2) and 

electrochemically. 

2.4.1 Quantifying defects in Graphene through Raman 
Spectroscopy 

 

Raman spectroscopy is a quick, non-destructive tool used to characterize the 

structural, optical and electronic properties of graphitic carbon. A too with good 

resolution, it is capable of resolving features that are intrinsic defects in graphitic 

carbon. Over the years, Raman spectroscopy has been used to characterize disorder 

(defects), carbon allotrope type (E.g. Graphitic vs. Diamond like), presence of 

adatoms and doping in graphitic structures[33]. Specific to Graphene, Raman 

spectroscopy has been able to diagnose structural and electronic properties because 

of the lack of band gap. Absence of band gap makes all transitions resonant. In 

Raman spectroscopy, the sample (in our case, a few layers of graphene) is irradiated 

with a mono-chromatic laser with a spot size of the order of microns. The incident 
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photons promote an electron from the valence band into the conduction band thereby 

creating an electron (e-)/ hole (h) pair. The pair then are scattered by phonons and/or 

defects and combine radiatively at the point of origin (i.e. with equal but opposite 

momentum) and produce a scattered photon. The scattered photon is collected and 

it’s wavelength is analyzed which provide us with insight regarding the type of 

defects. Since the different modes seen in a typical Raman spectrum of Graphene 

involves electron/ hole scattering with a phonon, it is important to see the different 

phonons that are operative in graphene (Fig. 2.4.1.2). 

 

Figure 2.4.1.2: Phonon dispersion in Graphene with the important phonons 

associated with Raman bands highlighted. Γ, K and M are the points of symmetry 

[34]. 

 

A unit cell in Graphene lattice consists of 2 atoms, therefore, 6 phonons are 

associated it with (i.e. 3 optical (O) and 3 acoustic (A)). Depending on the stretching 

of the carbon atoms, the phonons can be in-plane (i) or out of plane (o). Also, 

depending on in what direction C-C bond stretches i.e. along the bond and 
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perpendicular to the bond can give rise to transverse (T) and longitudinal (L) phonons 

respectively.  Four Raman bands: G, D, D’ and 2D (also referred to as G’) are of 

interest to us as they provide insight regarding crystallinity, lattice disorder, the 

number of graphene layers and doping. The G- band (~ 1580 cm-1) arises due to the 

electron- hole pair, excited due to a photon, scattering with iTO or an iLO zone-center 

phonon corresponding to in- plane stretching of the C-C bonds in the graphene 

lattice. The excited electron- hole pair then recombine radiatively to give rise to a 

photon which is red- shifted according to the energy given to the phonon [35]. The G-

band is common to all sp2 carbon forms that can give rise to in-plane bond stretching 

(See Fig. 2.4.1.3). 

 

Figure 2.4.1.3: Schematic of the phonons responsible for the major Raman bands in 

Graphene. (a) G- band due to scattering events involving the iTO and iLO phonons 
correspond ing to in- plane stretching of the C-C bonds. (b) D- band and 2D- band 
due to scattering events involving the iTO phone at a defect zone and backscattering 
respectively[36]. 

 

The 2D band (G’ band ~ 2700 cm-1) is a process arising due to the breathing 

mode of the carbon rings in graphene lattice. It is a double resonant process in which 

an electron originating at a symmetry point (say K) is first scattered at another point 

(K’) and is back scattered to K to combine radiatively with a hole to generate a 
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photon. In this case the backscattering event is due to a second iTO phonon, i.e. this 

is a 2- phonon process. The 2D band can be used to experimentally, to determine the 

number of layers in graphene The 2D peak corresponding to a single layer (SLG) is 

composed one sharp peak centered around ~2700 cm-1 and as the layers increase, 

the 2D peak is composed to multiple peaks centered at different points in the 2700 

cm-1 neighborhood, resulting in broad peaks with shoulders[37]. 

The D- band is a disorder induced band, i.e. it is characteristic of structural 

damage to the graphene flake. This band like the 2D band arises due to scattering 

events involving the iTO phonon, but unlike the 2D band, it requires the excited 

electron to be scattered at defect for momentum conservation. The excited electron is 

initially scattered by the phonon at K’ and it backscattered to K by a defect[38]. Like 

the 2D band, there is an overtone of the D- band known as the D’- band which arises 

due to scattering events involving two phonons. The D’- band is substantially weaker 

than the D- band is characteristic of edge type defects in graphene[39].  

 

Figure 2.4.1.4: A typical Raman spectrum of SLG with defects displaying the different 

modes of interest [38]. 
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A typical Raman spectrum of graphene, with defects in seen in Fig. 2.4.1.4. 

The amount of defects in a graphene sample can be quantified using the Tuinstra- 

Konig relationship [35]: 
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        (2.6) 

Where, DA  and GA are the integrated intensities (area under the peak) of the D and 

G peak respectively. LE  is the laser energy and aL  is the defect- correlation length 

i.e. the measure of the distance between individual defects. The fraction 1/ aL  then 

gives us an estimate of the defect density in the sample. Along with quantification of 

the defect density, Raman spectroscopy can also provide information about doping of 

the graphene sample. The position of the 2D peak is used in this regard. Since the 

2D peak arises due to the breathing of the carbon rings, addition/ extraction of 

electrons from the lattice can realx/ strain the graphene lattice resulting in the red/ 

blue shifting of the 2D peak relative to its position in the undoped graphene. The 

dispersion of the 2D peak postion can also give us information regarding the fermi 

velocity of the charge carriers within graphene and can be used as an important 

metric to study changes in the band structure of graphene due to defects[40]. 

The D- band like all Raman bands requires that momentum be conserved, 

that is the excited electron/ hole pair have equal and opposite momenta when they 

radiatively combine. However, graphene in particular can have two different types of 

edges namely: Zig- Zag and Armchair[41]. In certain cases, the momentum of the 

excited electrons and holes can be conserved after being scattered by a phonon, but 

their trajectories can change in a way that they do not meet to combine radiatively. In 
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such cases there are no visible peaks on the Raman spectrum. Indeed, Cancado et. 

al, have observed that the D-peaks due to Zig- Zag type of edges have considerable 

lower intensity compared to those produced due to Armchair type defects (See Fig. 

2.4.1.5) [41]. 

 

Figure 2.4.1.5: Raman spectra of a Graphite sample obtained at different edges.1 

and 2 correspond to Armchair and Zig- Zag type defects respectively. It can be seen 
that the D peak (corresponding to defects) is significantly weaker for Zig- Zag type 
defects than for Armchair type defects. Adapted from ref. [41]. 

 

We have thus far seen the value or Raman Spectroscopy to characterize 

defects in graphene. However, when extrinsic defects are generated using a process 

such as RIE (see section 2.4.1), the generated defects can be multiple types raging 

from point to line type defects. Line type defects are more easily formed due to the 

activation energy required for such defects being lower. Among line type defects, the 

defect type in graphene can be of zig-zag or armchair. In the subsequent sections, 

we will look into the experimental details behind defect introduction in graphene using 

RIE. We will complement Raman characterization with electrochemical 
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characterization to get an estimate of the total amount of defects regardless of 

whether they are of zig-zag (Raman silent) or of armchair type. We will also see how 

defects in Graphene can give rise enhanced capacitance and since the capacitance 

in graphene is mostly of space charge and/or quantum origin, we will correlate the 

increased capacitance in terms of increased carrier concentration and increased DOS 

respectively. 

2.5 Modulation of the electrostatic and quantum 

capacitance of few layered graphene (FLG) 

A comprehensive understanding of the characteristics of graphene with regard 

to its unique electrical and structural attributes would be incomplete unless the 

inevitable presence of defects have been considered[21]. While such imperfections 

may limit the realization of theoretically predicted characteristics, they may also be 

vital for uncovering new fundamental phenomena and related applications[42]. Here 

we show that the charged defect generation, through argon ion based plasma 

processing, in few layer graphene (FLG) could be integral to the substantial 

enhancement of the electrical capacitance and be of potential use in electrochemical 

(EC) energy storage[5]. By combining EC characterization techniques with detailed 

Raman spectroscopic analysis, we elucidate the contributions of plasma-induced 

defects to electrostatic and quantum capacitance. 

In addition, detailed consideration of the constituent space charge and 

quantum capacitances were used to delineate a new length scale, correlated to 

electrically active defects contributing to the capacitance, and was found to be 

smaller than a structural correlation length determined through Raman spectroscopy.  
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2.5.1 Experimental details 

The FLG samples were synthesized on Nickel foil using chemical vapor 

deposition (CVD)[43]. The synthesis details are available in the methods section in 

Ref. [43].  The FLG samples were the characterized using atomic force microscopy 

(AFM) and it was determined that the samples consisted of 5 ±1 layers of graphene 

with an inter layer spacing of ~ 1nm (see Fig. 2.5.1.1). 

 

Figure 2.5.1.1: Atomic Force Microscopy (AFM) indicating the typical thickness of the 
investigated FLG samples. The figure on the right indicates a 5+-1 layer FLG as has 
also been corroborated through electron diffraction studies. See supporting 

information in Ref. [44]. 

 

The FLG on Ni foil were cut into 2 cm by 1 cm samples for defect introduction 

using RIE and subsequent characterization using Raman spectroscopy and 

electrochemical methods. 

Defects were introduced using reactive ion etching (RIE, see section 2.4.1) 

using a Trion dry etcher[45]. The RIE powers were used from a range of 5 W to 50 W. 

Note that while discussing data, data points corresponding to 0 W are that of 
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unprocessed, as received samples. The etching gas used in this was Argon. Briefly, 

the vacuum chamber in the TRION etcher was loaded with the FLG samples and 

pumped down to a vacuum of a few mTorr. The Argon gas was then introduced until 

the chamber pressure reached 30 mTorr. The substrate was constantly back-cooled 

using Helium and substrate temperatures of 40 deg. C was constantly maintained 

during the etch process. For the specified powers and given pressure, we calculate 

the density of Ar+ ions participating in the etch to be ~ 1011/cm3. It was noted that 

Hydrogen gas was capacble of passivating edge type defects in graphene. In order 

study the effects of such passivation, post defect introduction using Ar plasma, some 

of the samples were treated with Hydrogen plasma (primarily consisting of H+
3
 ions) at 

a pressure of 1 Torr and a power of 5 W. Such high pressures and low power was 

use in the Hydrogen plasma in order not to introduce extra defects using the 

energetic H+
3 ions. The defect introduced samples were then characterized using 

Raman spectroscopy using a Renishaw microRaman spectrometer. Lasers of 

3different wavelengths were used: 488 nm, 514 nm and 633 nm for dispersion 

studies. The laser spot size was ~ 1 µm, and the spectra was acquired at least 30 

different spots (randomly chosen) and analyzed.  

Electrochemical characterization was done using a Gamry PCI4 potentiostat 

in a 3- electrode setup (see Fig. 2.5.1.2). The 3 electrodes were the working 

electrode (WE) which was the FLG sample and a platinum reference electrode (RE) 

against which the potential of the working electrode is measured and a platinum 

counter electrode (CE) through which the current flows to complete circuit. The 

electrolyte used in this case was a salt: Tetrabutylammonium Hexafluophosphate 

(TBAHP) in an organic solvent Acetonitrile (ACN).   
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Figure 2.5.1.2: 3 electrode set up used in electrochemical characterization of the 

FLG on Ni sample. The Working electrode (WE) is the FLG sample, the reference 

(REF) is a platinum wire and the counter electrode (CE) is a platinum wire coiled up.  

 

Cyclic Voltammetry (See section 1.3.2) was used to measure the capacitance 

of the FLG electrode. Briefly, the potential is scanned from an initial potential ( inV ) to 

a final potential ( fV ) linearly with time at scan rate ( ) is applied to WE with respect 

to REF and the current is monitored. For capacitive response, the current (I) vs. 

potential(V) response is rectangular. The capacitance was measured from the 

response from the following equation [11]: 

 

f

in

V

V
meas

IdV
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     (2.7) 
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2.5.2 Defect characterization using Raman spectroscopy 

It was hypothesized, based on previous experimental evidence that dangling 

bond rich edge plane defects could be created in the FLGs during Ar plasma 

exposure through the removal of carbon atoms, see Fig. 2.5.2.1a [46]. Considering 

that the formation energy of extended defects (∼1.1 eV for divacancy) is significantly 

smaller than point defects (∼7 eV), the creation of pores (or extended defects) in 

graphene with chiral edges (i.e., containing a combination of armchair: AC, and 

zigzag: ZZ, type edges) is expected [21].  

 

Figure 2.5.2.1: Artificial introduction of charged states in few layer graphenes. Argon 

ion based plasma processing was used to purposefully create defects, such as 
dangling bond rich edge plane defects of the armchair or zigzag varieties, in few layer 
graphene (FLG) structures [44]. 

The  structural attributes of the processed FLG films were analyzed through 

Raman spectroscopy to characterize the effects of plasma processing; see Figure 

2.5.2.2. The relative variation of the D-peak observed at ∼1350 cm−1 (which is 



69 
 

 
 

disorder induced and originates from higher order electron−phonon scattering 

processes) with respect to the G-peak at ∼1580 cm−1 (which arises due to normal first 

order scattering processes in graphene) was used as an initial metric[38]. The 

normalization of the Raman peaks was done with respect to the G-peak, per 

convention. It was seen that while the pristine FLG has an AD/AG ratio close to zero 

(where A refers to the net area integrated intensity of the respective peak), there was 

a substantial increase of the D-peak intensity with increasing Ar+ plasma 

exposure[47].  

 

Figure 2.5.2.2: Raman spectra of FLGs irradiated with Ar plasma.Enhanced plasma 

processing applied to the pristine sample, results in a substantial intensity 
enhancement of the D- and D′-peaks as seen in the Raman spectra (normalized to 
the G-peak). An increase in power, say to 50 W, may result in irreversible changes 
due to graphene removal. The plot of the Tuinstra−Koenig correlation length (La) 
obtained from the area integrated D- to G-peak intensity ratio is shown in the inset 
and indicates decreased crystallite size with increased plasma power. Adapted from 

Ref.[44]  

The AD/AG ratio has often been used, through the Tuinstra-Koenig relation 

(Eq. 2.6) see inset Fig. 2.5.2.2[35], [38]. Concomitantly, the G′ peak feature at ∼2700 

cm−1 (close to the second harmonic of the D-peak and characteristic of double/triple 
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resonance processes in graphenes[37]) was also observed. It is well-known that the 

deconvolution of the G′-peak into either a single peak or multiple peaks is indicative of 

the state of the graphene, that is, the number as well as orientation of the layers in 

the FLGs [48]. The decrease of the G′-peak intensity seen in Fig. 2.5.2.2 concurs with 

the enhancement in D-peak intensity, due to the defects induced by high plasma 

processing power. 

 

Figure 2.5.2.3: Dispersion of the 2D (G’) Raman peaks with Laser energy(a) The 
energy dispersion of the G′-peak indicated a blue shift and was composed of 
individual variation of the deconvolved 2D1 and 2D2 constituents. The laser energies, 
used for the Raman spectroscopy, are indicated on the individual plots. The relatively 
prominent left shoulder as well as the overall peak width (of ∼70 cm−1 ) seems to 
indicate a HOPG character to the processed FLGs. (b) The variation of the 2D1 and 
2D2 peak frequency (ωG′ ) with Raman laser energy was fit to a straight line, as 
expressed through ωG′ = aEL + b with a related to the phonon velocity/Fermi velocity 
(vF) ratio and b indicative of the phonon frequency at the K-point of the Brillouin zone. 
A larger change in the a was seen for the 2D1 peak and was used to infer a vF 

modulation due to plasma processing. The inset shows the variation of the computed 
vF with plasma power [44]. 

 

The fermi velocity of charge carriers within the Graphene lattice (vF), was 

noted using Raman spectroscopy through considering the dispersion of the G′-peak 

frequency ( 'G ) with laser energy ( LE ). Such a variation has previously been 

understood in terms of a relation of the form: 'G LaE b    , where a is the ratio of 
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the respective phonon velocity, vph, to the vF near the K-point of the Brillouin 

zone[49],[36]. The b connotes the in-plane transverse optical phonon (iTO) frequency 

at the K-point with a larger value marking a hardening of the phonon mode frequency. 

The G′-peak, from Fig. 2.5.2.2 could be adequately fitted through deconvolution into 

two peaks: Fig. 2.5.2.3 (a), termed 2D1 (smaller energy/wavenumber peak) and 2D2 

(the higher wavenumber peak). The relatively prominent left shoulder to the peak as 

well as the overall peak width (of ∼70 cm−1 ) may be indicative of highly oriented 

pyrolytic graphite (HOPG)-like character [33]. By plotting the energy dispersions of 

the 2D1 and 2D2 peaks at three laser energies (1.96 eV, 633 nm; 2.41 eV, 514 nm; 

and 2.54 eV, 488 nm), as shown in Figure 2.5.2.2b, we obtained increasing a values 

for the 2D1 peak as a function of plasma processing power (enhanced by ∼16%; from 

∼92 cm−1 /eV for the pristine sample to ∼107 cm−1 /eV for the 20 W processed 

sample) with a much smaller change for the 2D2 peak, from ∼86 cm−1 /eV in the 

pristine sample to ∼88 cm−1 /eV for the 20 W sample.  

Concomitantly, the b values for the 2D1 peak varied by ∼1% on the application 

of plasma power, with a much smaller change for the 2D2 peak; see intercepts in Fig. 

2.5.2.3 (b). Because of the small change of the b, we assumed a relative constancy 

of the vph and the origins of the change in a, for example, for the 2D1 peak, to be 

mostly from a change in the vF. With the pristine sample as a reference, the vF 

variation as a function of the plasma power was computed from the a and has also 

been plotted in the inset to Fig. 2.5.2.3 (b). The initially lowered vF was suggestive of 

positively charged defects/p-type doping due to the plasma processing [50]. 

Having shown that the defect density may be increased substantially through 

plasma processing, we now indicate further methodologies for the control of the net 
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FLG defect density. With such an aim, the argon plasma processed FLGs were 

subsequently subject to hydrogen plasma, which had been shown to be effective in 

passivating the number of dangling bonds and associated charged defect states. In a 

typical hydrogen plasma, there is a large variety of hydrogen ions, e.g., H+ , H2 
+ , H3 

+ 

, etc. and the processing conditions, mainly the gas pressure, must be regulated for 

the dominance of specific ions [51]. Also, lower pressures may cause the hydrogen 

ions to induce additional defects [52].  

 

Figure 2.5.2.4: The decrease in the FLG defect density on hydrogen ion exposure 

was manifested in the Raman spectra through a decreased AD/AG ratio and an 

increase in the La [44]. 

 

Considering such factors, we used a hydrogen gas pressure of 1 Torr with H3
+ 

as the predominant ion and obtained consistent and reproducible results. The 

hydrogen plasma power was set to be the same as that used for the initial Ar+ plasma 

processing. The resultant lowering of the AD/AG is indicated in Figure 2.5.2.4. For the 
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20 W Ar+ plasma power processed sample, the H3
+ plasma was effective reducing the 

D-peak intensity. However the Raman intensity did not return to that noted for the 

pristine sample suggesting that (i) the hydrogen plasma may not be completely 

effective, or (ii) that there may be some residual defects that resist passivation. 

2.5.3 Electrochemical characterization of FLG samples with 
defects 

 

The  D-peak increase in the Raman spectra of processed FLGs (see Fig. 

2.5.2.1)  seems to record a net increase in defect content, it has also been indicated 

that this feature is typical to AC edges and not of ZZ edge type defects based on 

momentum conservation principles. An important attribute of ZZ defects is that they 

may be electrically active and could contribute to an enhanced density of states 

(DOS) near the Fermi energy (EF), much more than the AC type edge defects (which 

contribute less due to the two constituent carbon atoms belonging to different 

sublattices)[38], [41], [53]. 

In this context, a nanostructure characteristic that is DOS specific is the 

quantum capacitance CQ, which is defined through[16]: 

  
 

2 2 2
2

4 D
FQ

F

n
C e DOS E e

 
       (2.8) 

In the above relation, e is the unit of elementary electronic charge, n2D is the carrier 

density (in cm−2 ) of the 2D graphene, ℏ is the reduced Planck constant (= 1.05 × 

10−34 Js), and vF is the Fermi velocity in m/s. We have previously shown through 

electrochemical characterization that the CQ is in series with the nominal double-layer 

capacitance, Cdl, and could be inferred through the total measured capacitance 
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(Cmeas)[54]. However, for the six-layer FLG used in our studies it may also be 

necessary to incorporate a space charge capacitance  (CSC)[55], which arises due to 

the screening of the electrolyte charge in the inner graphene layers by the outer 

graphene layers, and which would also be in series with the Cdl (see Supporting 

information for Ref. 47). We consider the relevant length scale for the charge storage 

to be defined over an equivalent Thomas−Fermi screening length (λTF); with the CSC 

given by[56]: 

 
22
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e n
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      (2.9) 

ε is the dielectric permittivity (∼5.7 ε0 for graphene[57], where ε0 = 8.854 × 10−12 C2 

/Nm2 ) and n is the carrier density per unit volume in units of cm−3 . Consequently, the 

individual contributions to the Cmeas would be manifested through: 

 
1 1 1 1

meas SC QdlC C C C
       (2.10) 

For insight into CQ and CSC of plasma processed FLGs, we conducted cyclic 

voltammetry (CV) of FLG-based electrodes (as the working electrode in a three 

electrode setup), in an organic electrolyte consisting of 0.25 M TBAHFP dissolved in 

CAN (see section 2.5.1), the results of which are shown in Fig. 2.5.3.1a.  

The area enclosed by the CV curves divided by the voltage scan rate (ν) is 

directly related to the net charge, and was used to estimate the Cmeas. The absence of 

peaks in the CV plots indicates the lack of redox reactions and faradaic capacitance 

(CF) contributions.[] It was seen that the Cmeas increased substantially as a function of 

the Ar+ plasma power: Fig. 2.5.3.1b and Table 2.2. The more than doubling of the 
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Cmeas from 1.9 μF/cm2 (for the pristine sample) to 4.7 μF/cm2 (for the sample subject 

to 20 W plasma) is remarkable and suggests a novel means of substantially 

enhancing capacitance. 

 

Figure 2.5.3.1: Electrochemical characterization of argon plasma processed FLGs. 
(a) CV characterization of plasma processed FLG samples (in 0.25 M TBAHFP 
dissolved in a 1 M acetonitrile). The area enclosed by the CV curves was used to 
parametrize the Cmeas, which increases with plasma power (indicated on the figure). 
(b) A close to 3-fold enhancement in the Cmeas (left axis) and the aggregated 
contributions of the computed CSC and the CQ (right axis), i.e., 1/Cgr = 1/CSC + 
1/CQ, as a function of the plasma power. The Cgr is in series with the nominal 
double-layer capacitance and is related to the induced charged defect density.[44] 

 

While it is indicated in Figure 2b, as well as in Table 1, that increased power 

(for example, at and beyond 35 W) causes a reduction in the Cmeas, the decrease may 

be due to the strong lattice disruption and/or etching away of graphene as suggested 

through the Raman spectra and optical microscopy.  

It was ensured that the Ni substrate was not involved in such estimates, as 

also discussed later in the paper. We do not use the F/g metric for reporting the 

capacitance values as is often done in extant literature, as the specific surface area 
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(in m2 /g) is (a) not well-known, and (b) not easily measurable. Indeed, there have 

been a lot of exaggerations in literature through the use of the theoretical SSA. 

Using nominally identical electrolyte and experimental conditions and 

assuming that the Cdl would be a function only of the electrolyte concentration,[11] an 

increased current in the voltammogram while the shape remains nearly rectangular, is 

characteristic of additional capacitance contributions, from the CSC and the CQ. For 

calibration of the constituents of the Cmeas, we used the bare Ni foil substrate, the CSC, 

and the CQ of which would be effectively very large due to its metallic nature. The 

Cmeas would then be close to the Cdl, from Eq. 2.10. A value for the Cdl of around 20 

μF/cm2 was measured for polished Ni foil. It should be noted that any enhancement 

possibly due to the area increase brought about by, for example, a change in surface 

topography would only further minimize the Cdl contribution and not substantially alter 

the conclusions. The discrepancy between Cmeas (in FLG samples), as in Figure 2b, 

and Cdl (obtained from Ni foil experiments) could then be attributed to the CSC and CQ 

of the FLG. We then proceeded to evaluate the relative partitioning of the CSC and CQ 

from Eqs. 2.8 and 2.9. In addition to the knowledge of the vF, the n2D (for 

understanding the variation of CQ) and n (for the CSC) and the related EF (see table 

2.2) must be recognized and estimated. 

 For obtaining the carrier concentrations to accommodate the partitioning into 

the various capacitances consistent with Eqs. 2.8−2.10, we numerically varied the n2D 

(i.e., = n2D,0) of the graphene layer closest to the electrolyte until the respective CSC 

and CQ were obtained and their sum in accordance with Eq. 2.10 matched the Cmeas; 

see Table 2.2. This involved for the CQ in eq 1 the net n2D calculated using the 
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summation of the carrier densities for all the FLG constituent layers, that is, 2 ,

0

N

D l

l

n


 , 

where 
2 ,D ln  is the carrier density in the lth layer, for the N + 1 layer FLG. In our 

experiments, N = 5. The 2 , 2 ,0 expD l D
TF

lxn n


   
 

 with x being the distance between 

the layers of the FLG samples. The resultant variation of the series addition of the CSC 

and the CQ is indicated as Cgr and indicated in Fig. 2.5.3.1b. 

Knowing vF from the 2D peak dispersion with laser energy in Raman 

spectroscopy (see section 2.5.2), the fermi energy, EF, can be estimated using the 

knowledge of n2D,0 using: 

      
 

2

2 ,0 2

0 0

F FE E

F
D

F

E
n f E D E dE D E dE

 
         (2.11) 

where f (E) is the Fermi-Dirac function, and is assumed to be unity for the far 

right hand side of the above relation. Such an assumption is valid if the Fermi energy 

(EF) of the first layer is more than 3kBT away from the Dirac point (denoted by E = 0). 

Indeed, in line with estimates of n2D,0 of ~ 5 × 1012 cm-2 , in practical graphene and 

graphite , the EF is of the order of 0.25 eV, which is much greater than ~ 78 meV 

(=3kBT at 300 K: room temperature, at which the experiments were done) [16]. The 

extension of such SLG based approximations to FLG has been previously noted in 

literature[58]. The underlying cause of an enhanced CQ may then be ascribed to the 

decreasing EF (in the negative sense, as would be the case for effective p-type 

doping) as schematically shown in Fig.2.5.3.3c.  Generally, the effects of the Ar 

plasma treatment have been shown to be very reproducible, within the error bars 

represented by the data in Fig. 2.5.3.2b. However, on further plasma processing 
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(e.g., the 35 and 50 W cases), while the vF appears to increase, the EF diminishes 

(Table 2.2). FLG fragmentation at such high powers, yielding negatively charged 

defects due to dominance of edge states, could be playing a role in such 

observations[50]. 

 Table 2.2: Experimental data for Ar plasma irradiated FLG samples. Argon Plasma 

Power (P) used to systematically modulate the measured Capacitance (Cmeas) of the 
Few-Layer Graphenes, which deconvolved to yield the Space-Charge Capacitance 
(CSC) and the Quantum Capacitance (CQ) in accordance with Equations 2.8- 2.11. 

Adapted from Ref.[44] 

P 

(W) 

Cmeas 

(µF/cm2) 

CSC 

(µF/cm2) 

CQ 

(µF/cm2) 

n 

(x 1012 cm-2) 

νF 

(x 106 m/s) 

 

EF 

(meV) 

0 1.9 ±0.7 2.5 9.1   1.0 1.00 247 

5 2.3 ±0.3 3.2 11.0   1.9 0.97 302 

10 4.3 ±0.7 7.3 20.3 22 0.95 669 

20 4.7 ±0.7 8.4 23.1 29 0.86 661 

35 4.0 ±0.3 6.6 19.6 15 0.87 533 

50 3.1 ±0.5 5.0 14.2   8.5 1.10 562 

 

Corresponding to the estimated n2D,0, we defined a charge correlation length, 

2 ,0

1
d

D

L
n

  , which may be understood as the average distance between charges 

(that could have arisen due to Ar+ plasma induced defects) that contribute to the CQ 

as well as the CSC. Such a length scale should be compared to the more conventional 

Tuinstra−Koenig correlation length (La), discussed earlier in the context of Raman 

spectroscopy, where AD/AG ∼ 1/La. 
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Figure 2.5.3.2: Altered band structure of FLGs due to defects and charge correlation 

length (a) The interlayer interaction in FLG has been implicated in a nonlinear energy 
dispersion, for example, a hyperbolic dispersion for bilayer graphene in the vicinity of 
the EF, a linear E−k energy dispersion relation could be considered for insight[58]. 
The plasma processing introduced positive charges akin to p-type doping into the 
FLG. The enhanced charge density increased the EF from ∼247 to ∼661 meV (at 20 
W plasma power), which was reckoned with respect to E = 0 point, along with a 
reduced vF that was indicated by the decreased slope. (b) A charge correlation 
length, Ld (right axis), as deduced from the carrier density in the graphene sheet 
closest to the electrolyte, was smaller compared to the Tuinstra−Koenig correlation 

length, La (left axis), as deduced from Raman spectroscopy[44]. 

 

In Fig.2.5.3.2b the respective variation of the Ld (right axis) and the La (left 

axis) as a function of the plasma power has been plotted. Note that the La is 

undefined for the pristine sample due to the negligible D-peak intensity; see Fig. 

2.5.2.2. While a steady decrease of the La due to reduced crystallinity is expected, it 

was noted that (a) the Ld was typically smaller compared to the La, and (b) a definitive 

Ld may be prescribed even for the pristine sample. We further interpret Ld through the 

hypothesis that charged defects that contribute to electrochemical characteristics may 

not correspond to an effective crystallite size, considered through La. Instead, defects 

that are not diagnosed through Raman spectroscopy, e.g., ZZ edge states, may be 

relevant. An enhanced charged defect density would result in a lower Ld. 
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In section 2.5.2, we had seen that by subjecting the Ar plasma irradiated FLG 

samples to hydrogen plasma, we could decrease the defect the density of the FLG 

samples (see Fig. 2.5.2.4). Concomitant to the reduction in defect density, we also 

observe electrochemically, Cmeas has also decreased (see Fig. 2.5.3.4). 

 

Figure 2.5.3.3: A pronounced 2-fold reduction of the capacitance was observed 

through CV characterization of H3
+ ion plasma exposed plasma processed samples. 

Such observations validate the hypothesis that hydrogen passivates the charged 
defect sites and reduces the capacitance tending toward the pristine state. A residual 
capacitance on hydrogen exposure may indicate that there may be some residual 

defects that resist passivation[44]. 

 

Owing to Hydrogen passivation, we observe a ~ 2 fold decrease in the 

measured capacitance, although the passivated samples do not quite have the same 

capacitance as those of pristine samples (this can also be seen with respect to the 

defect density in the Raman spectrum). It was also noted through preliminary X-ray 

photoelectron spectroscopy (XPS) measurements (see Section III of the Supporting 
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Information in Ref. 47) that there was little evidence of the contribution of the surface 

functional groups, for example, quinones, to the capacitance, as corroborated by a 

smooth CV scan[59]. 

2.6 Conclusion 

In summary, we have discussed the importance nanostructured carbon in 

electrochemical capacitors. We have discussed the consequences of nanostructuring 

on energy storage, specifically; we have discussed the influence of the space charge 

capacitance (CSC) and the quantum capacitance (CQ) on the overall measured 

capacitance of a traditional EC. Noting that the fundamental building block 

nanostructured carbon electrodes such as activated carbon to be of graphitic nature, 

we have studied the capacitive properties of a model system such as few layered 

graphene (FLG). Specifically, we have indicated a methodology for both increasing 

and decreasing the electrochemical capacitance of FLG-based nanographites 

through a combination of argon and hydrogen-based plasma processing. In addition 

to the utility for charge storage, our work contributes to understanding and controlling 

the charge storage characteristics. The proposal of a new length scale, Ld, correlated 

to electrically active defects contributing to the capacitance, which is smaller than the 

conventional Tuinstra−Koenig correlation length determined through Raman 

spectroscopy, implies a distinction between electrical and structural length scales. 

This chapter is based, in part, on the material as it appears in “Charge 

Transfer and Storage in Nanostructures”, P.R. Bandaru, R. Narayanan, H Yamada, 

and M. Hoefer, Materials Science & Engineering (R), vol. 96, p. 1, (2015). The 

dissertation author was a co- author on this paper. The chapter is also based, in part, 

on the material as it appears in “Modulation of the Electrostatic and Quantum 
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Capacitances of Few Layered Graphenes through Plasma Processing”, R. 

Narayanan, H. Yamada, M. Karakaya, R. Podila, A. M. Rao, and P. R. Bandaru, Nano 

Lett.,15 (5), pp 3067–3072, (2015). The dissertation author was the primary 

investigator and author of this paper. 
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Chapter 3 Redox Electrolytes with 

Macroporous Electrodes for 

Electrochemical Energy Storage 

3.1 Redox electrolytes for electrochemical energy 

storage 

In Chapter 1, we discussed two types of electrochemical energy storage 

devices 1) Battery and 2) Electrochemical capacitors. The energy storage mechanism 

is via electrostatic ion sorption at the electrode surface in the case of the latter while 

faradaic storage involving electron transfer was characteristic of the former. In recent 

years, there has been a tremendous amount of interest in incorporating faradaic 

energy storage schemes within a capacitive device in order to improve the energy 

density of ECs while still maintaining their very desirable power handling 

characteristics.  

One of the approaches has involved invoking the so called 

Pseudocapacitance (PC). In the case of PC, charge transfer is of a faradaic nature 

i.e. involves electron transfer (or redox reactions). However, unlike batteries (see 

section 1.3), the redox reactions occurs strictly at the surface without the need for 

bulk diffusion[1]. The stored charge (Q) varies linearly over a given potential window 

resulting in the origin of a capacitance(C) i.e. 
dQ

C
dV

 . The term “Pseudo” 

Capacitance originated due to the fact that the nature of charge storage is faradaic 
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but the energy storage is capacitor like. Historically, PC has been observed in 

underpotential deposition of metal cations on noble metal (E.g. Au, Ru etc.) surfaces, 

where incipient electrode surface–electrolyte ion interactions induce surface dipoles – 

the strength of which is proportional to the difference in the chemical potentials. More 

recently, PC has been observed due to proton intercalation in metal oxides (such as 

MnO2, RuO2 etc.) and due to lithium ion intercalation in nanostructured oxide 

materials [2]–[4]. In PC based devices, electron transfer contributes to higher energy 

densities compared to ECs and the lack of bulk diffusion (i.e. it being a surface 

process like a capacitor) contributes towards better power density compared to 

batteries. However, since PC is surface based process, not all of the redox active 

material participates in energy storage resulting in substantial dead weight/ volume of 

the electrode. Also most of the PC materials are either comprised of oxides of noble 

metals (like Ru) or transition metals (like Mn). The latter is electrically insulating 

compared to metals or carbon electrodes while the former is too expensive to be put 

into bulk production [1].  

Another strategy to incorporate faradaic energy storage in ECs involved using 

redox active electrode materials such as metal hydroxides (such as Ni(OH)2)[5]–[7] 

and conductive polymers (such as Poly- Aniline) [8]–[10]. The charge storage in these 

devices was more “battery like” i.e. the charge is stored over a narrow potential range 

pertinent to the thermodynamic potential of the redox reaction. In these schemes, 

there are drawbacks such as poor cycling life (i.e. number of charge/discharge 

cycles) due to phase change of the electrode material during redox reaction (say due 

to cation/anion intercalation in polymers) and increased electrical resistance (R) of the 

electrode material. The latter limits the power density of the overall device since 
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power, 
2VP

R
   where V is the operating voltage of the device [11]. Combining the 

aforementioned redox active electrode materials with a high surface area carbon 

electrode (like activated carbon) decreases the overall resistance of the electrode 

however, the active loading of the redox material is substantially reduced leading to 

lowered energy densities [12].  

Complete utilization of faradaic species without deteriorating the electrical 

conductivity of the electrode materials is necessary to successfully incorporate redox 

based energy storage in ECs. In this context, we will consider redox electrolytes as 

candidates to improve the energy density of ECs without compromising on the power 

handling aspect. In the redox electrolyte scheme, a redox couple (species capable of 

undergoing reduction (R) or oxidation (O) at certain applied potentials) exchanges 

electrons at the electrode/ electrolyte interface[].The principle is similar to that of 

batteries, however, the R (/O) are in solution rather than in the solid state (See Fig. 

3.1.1). A comparison between faradaic energy storage at the electrode/ electrolyte 

interface to that of capacitive ion sorption at the same interface is made in table 3.1. 

The charge storage elements in the case of redox electrolytes are in solution, 

complete utilization of redox species are possible and since the background 

electrolyte (supporting electrolyte) is already conductive, the overall electrical 

conductivity of the system remains undiminished. 

While aqueous, organic and ionic liquid electrolytes have been used for 

capacitive energy storage in ECs, redox electrolyte scheme has been primarily 

implemented using the aqueous system exclusively since the solubility of redox 

couples is significantly higher (leading higher charge densities) in aqueous 

electrolytes [13]. To this end, several redox additives such as Iodides, Sulphides, 
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Bromides and Vandayl couples (such as VOSO4) have been used with supporting 

aqueous electrolytes such as H2SO4  and KOH in ECs [14]–[16]. Organic redox 

additives such Quinones and Phenylenediamimes have been considered as well, 

because of their ability to contribute as functional groups on Carbon electrode surface 

[17]. The addition of such redox additives have in all cases increased the energy 

density by 50 -100% [18]. 

Table 3.1: Comparing the Capacitive and Redox electrolyte scheme 

Capacitive Redox electrolytes 

Electrostatic charge storage  Charge storage via electron transfer 

Charges remain on electrode surface Reduced/ oxidized species remain in 

bulk electrolyte 

Charge stored over wide potential 

window 

Charge stored over a narrow potential 

window 

Charge of ~ 20 µC/ cm2 Charge of ~ 200 µC/ cm2 

Energy density ~ 1- 10 Wh/L Energy density ~ 10- 100 Wh/L 

 

In the subsequent sections, we shall consider an aqueous electrolyte system 

(such as 1M KCl) with the well characterized potassium ferricyanide (K4(CN)6) as the 

redox additive. Our focus will be more the electrode materials suited for implementing 

redox electrolytes. We will discuss in detail the role of porous, specifically 

macroporous (pore diameter >50 nm) electrodes in storing faradaic charge using 

redox electrolytes. In the next section we will briefly review the porous electrodes 

used currently in conjunction with redox electrolytes along the unique mass transport 
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regimes present within porous electrode that aid high rate (high power) charge 

storage in ECs.  

3.1.1 Electrode materials for the redox electrolyte scheme 

Charge storage using redox electrolytes has been realized through the use of 

high surface area nanostructured materials, such as activated carbon (AC) and 

carbon nanotubes (CNTs)[19], [20], in conjunction with redox electrolytes. Optimized 

pore diameter or spacing mitigates diffusional limitations and could yield high 

charge/discharge rates without a detrimental effect on the cycling stability, which is 

often an issue when using surface functional groups for PC based storage [1].  

In using redox electrolytes, we note that the total amount of faradaic charge, 

due to electron transfer due to reduction/ oxidation reactions, 
f poreQ nFV C  ; where 

n is the number of electrons transferred during the redox reaction O ne R    , F 

is the Faraday’s constant (~96500 C/mol), 
poreV  is the volume of the pore in porous 

electrodes that the redox electrolyte has pervaded into (void volume within the 

electrode) and C  is the concentration (in M/L) of the either O or R. Therefore, for a 

given electrolyte concentration, the magnitude of 
fQ  depends on the pore volume 

and equivalent on the density of the electrode. It can be seen in Fig. 3.1.1.1 that 

electrodes with low apparent density are suited for redox energy storage as opposed 

to capacitive storage (recollecting that Cdl is proportional to the area of the electrode). 

Indeed, computation has shown that (See Fig. 3.1.1.1) low density electrodes are 

suitable for redox electrolyte scheme as they have a higher specific pore volume 

(pore volume per unit mass or electrode volume) [21].  
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Figure 3.1.1.1: Predicted energy densities of electrodes of different densities using a 
dual redox electrolyte system (Bromide, Br- for the positive and Methyl viologen, MV2+ 
for the negative electrode). The lines yellow through red depict the energy densities 
for different ratios of the dual additive. It can be seen that for high density electrodes 
(like activated carbon), the enrgy stored is lesser compared to low density electrodes. 
In the case of ECs (or EDLCs) the energy density is directly proportional to electrode 
density as ECs store energy via the capacitive phenomenon which is proportional to 
the surface area of electrodes (which is higher in high density electrodes.) Adapted 
from ref.[21] 

Activated carbon electrodes, have surface area ~ 1000 m2/g with apparent 

densities ~ 0.2 g/cm3. They have an accessible pore volume~ 1- 4 cm3/g of electrode. 

So, for a 1M/L redox additive participating in a one electron redox reaction, the total 

charge,
fQ  ~ 5 Ah/L (1 Ah= 3600 C). The net usable capacity of ECs due to 

capacitive charge, dlQ ~  3 Ah/L. It can be seen that redox electrolytes can improve 

the capacity of ECs by ~ 100 % which is consistent with values reported in the 

literature. Comparing the net capacity of ECs with redox electrolyte with batteries (~ 

100- 200 Ah/L), it is clear that substantial improvements are to be made to the redox 

electrolyte scheme for the technology to approach the target area intermediate to 

ECs and batteries (See section 1.1). In the subsequent sections we shall look at 
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electrodes with very low densities (pore volume ~ > 10 cm3/g) used in conjunction 

with redox electrolytes in order to achieve an order of magnitude improvement over 

the state of the art. In the next section we will look at Vertically aligned Carbon 

nanotube (CNT) arrays with well defined macrpores as a model electrode for energy 

storage using redox electrolytes. 

3.2 Vertically Aligned Carbon nanotube arrays (VA-

CNT) as a model porous electrode for redox 

electrolytes 

Vertically aligned Carbon nanotube (VA- CNT) arrays, are essentially carbon 

nanotubes either grown directly (using vapor deposition techniques) or deposited with 

an alignment along the z- axis on a substrate. The CNTs may be single or 

multiwalled, with a variety of diameters. Depending on the deposition technique 

different process parameters may be tuned to control diameter and the spacing 

between the nanotubes. VA- CNT arrays have found applications as field emission 

devices, electrochemical capacitors, batteries, sensors and superhydrophobic 

surfaces [22]–[26].  

 

Figure 3.2.1: Schematic (a) and SEM image (b) of the VA-CNT electrode [13]. 
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In our work, we will look at VA- CNT arrays comprising of multi- walled 

nanotubes on a Silicon substrate with pore sizes (distance between individual 

nanotubes) of the order of 300 nm. The individual CNTs all behave as electrodes 

(see Fig. 3.2.1) at which redox couples in the electrolyte undergo reduction/ oxidation 

reactions resulting in electron transfer in that chemical energy is transformed into 

electrical energy and vice versa. 

3.2.1 Electrochemistry in porous electrodes 

At the very outset, electrochemical reactions within pores in which electrolytes 

are confined operate within a different regime of mass transport as compared to 

reactions that occur at the surface planar (non porous) electrodes [27].  Consider the 

reduction reaction O ne R   in which O is being converted to R in response to 

an applied potential. Initially, only O is present in the electrolyte and the reduction 

reaction results in the depletion of O at the electrode surface. Therefore, as the 

reaction continues in time, the flux at the electrode is dominated by diffusion down 

concentration gradients in vicinity of the electrode surface. As the depletion region 

thickens, the concentration gradient decreases. The amount of O consumed can be 

thought of the net faradaic charge (
,f netQ ) stored and since overall consumption is 

diffusion dominant Dt  ; where D is the diffusion co-efficient of O and t tis the time. 

It can be seen that at short times (when the device is charged quickly) only a fraction 

of the available charge is stored (i.e ,f netQ  << fQ ). Like batteries, such diffusional 

limitations are one of the fundamental reasons why the total energy densities cannot 

be fully realized under high power conditions (for e.g. when the load connected to the 

battery draws large currents). 
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In porous electrodes, the electrolyte is confined within pores which have 

dimensions typically much smaller than Dt . In this case, the regime of mass 

transport in not diffusional but falls under the category of Thin layer electrochemistry 

(TLE). In TLE, confinement enables full access to all redox species at vicinity of the 

electrode without them having to diffuse to the electrode. Since diffusion is not 

involved 
,f netQ  is time independent and the same amount of energy is stored at 

practically all time scales. This is illustrated in Fig. 3.2.1. 

 

Figure 3.2.1.1: Schematic illustrating the dependence of on concentration (COx/Red) 

profiles in space (along x) due to redox reactions at the CNT surface at various times 
t (where t1>t2>t3). ‘L’ is the spacing between the CNTs which can be interpreted as 
the pore size of the electrode. 

 

At small times (t3), when the pore spacing L Dt , only the redox species 

(O or R) in the vicinity of the electrode is accessed setting up steep concentration 

gradients which impose diffusion limitations to charge storage. At large times (t1) the 

pore size L Dt enabling greater utilization of the redox species involved charge 
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storage since the operation is in the TLE regime. This also enables quicker charging 

and discharging due to lack of diffusional limitations. Therefore, TLE is the 

advantageous regime to work with since it enables faradaic charge storage at power 

densities closer to ECs since charge storage is a quasi- surface process as in ECs or 

PC. Moreover, as we discussed earlier, 
,f netQ is directly proportional to Vpore, the use 

of macroporous electrode in conjunction with redox electrolytes can in theory help us 

realise capacities nearing that of batteries with power densities characteristic of ECs. 

In this work, L  ~ 100 nm, assuming a typical value for D ~ 10-5 cm2/s; the charge 

discharge times would have to be shorter than 10 µs to induce diffusional limitations. 

Such short timescales are never practically required even whilst using high power 

density devices such as ECs. 

3.2.2 Synthesis of VA-CNT arrays via Chemical vapor 
deposition (CVD) 

 

Growth of CNTs has been achieved using various techniques such as thermal 

chemical vapor deposition (CVD), plasma enhance CVD, arc- sicharge and laser 

ablation [28]. Of all these techniques, CVD has been particularly attractive for growing 

CNT arrays because of the control it offers over array morphology particularly in 

terms of alignment [29]. 

In thermal CVD growth of CNT arrays, a substrate containing a thin layer of 

metal catalyst is initially heated. The catalyst film then breaks down to form catalyst 

islands (or nanoparticles). A carbon containing precursor gas is then decomposed on 

the surface of these catalysts. The carbon atoms diffuse into the catalyst 

nanoparticles and crystallize out as graphitic planes (see Fig. 3.2.1.1). 
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Figure 3.2.2.1: A schematic depicting the growth of VA-CNT arrays using thermal 

CVD. 

 

During the growth of the CNT arrays, the substrate and the catalyst play a 

significant role in the morphology of the array [30], [31]. Since carbon solubility is 

critical for the crystallization of graphitic planes out of the catalyst nanoparticles, 

transition metals (such as Fe, Ni and Co) are generally chose as catalyst materials 

[30]. In this work, we consider Iron (Fe) as a catalyst material for array growth. 

The substrate chosen in our array synthesis is p- doped Silicon (Si) with a 

resistivity ~ 1- 50 mΩ- cm. Doped Si was chosen as the substrate materials as it is 

important that the substrate be electrically conductive for electrochemical 

measurements. It is also worth noting that in aqueous electrolytes, Si is inert and 

does not participate in electrochemical reactions. Catalyst substrate interactions are 

of enormous importance when considering the mechanism by which CNTs grow (see 

Fig. 3.2.2.2). The wettability of the catalyst layer (i.e. the surface energy mismatch 

between catalyst and the substrate) control the dimensions and the morphology of 

the synthesized CNTs [2].   
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Figure 3.2.2.2: Diagram illustrating tip (top) and base (bottom) growth models with Ni 
and Fe catalysts, respectively. The effect of substrate-catalyst interactions on the 
growth model can be understood through changes in the contact angle between the 

two layers [29], [32]. 

 

Fe was also chosen for its limited propensity to form Silicides [31]. Silicide 

formation can hinder CNT growth since the solubility of carbon in Iron Silicide is 

substantially smaller than in pure Iron. 

A variety of carbon precursors have been used in thermal CVD growth ranging 

from low molecular weight hydrocarbons such as methane to acetylene. A liquid 

precursor such as benzene has also been considered [30]. Whilst low molecular 

weight decompose at lower temperatures enabling CNT growth at low temperatures, 

their decomposition is quite unstable. This is of particular importance as unstable 

decomposition can result in the formation of amorphous carbon (soot) which can 

poison the catalyst i.e. the soot covers the surface of the catalyst nanoparticles 

inhibiting the bulk diffusion of carbon atoms into the catalyst particles (see Fig. 

3.2.2.2). Acetylene for instance is a highly reactive gas which decomposes forming 

several by products (including smaller hydrocarbons). While very quick growth is 
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possible using acetylene, we have much less control over the overall growth rate of 

the arrays [29].  Therefore, in this work we use ethylene to grow CNT- arrays as 

ethylene decomposition is stable at elevated temperatures promoting higher growth 

rate and overall better quality of CNTs. 

3.2.3 Experimental synthesis of CNTs using thermal CVD 

3.2.3.1 Substrate preparation 

The substrate required to grow VA- CNT arrays was prepared as described 

below. A 3- inch p-silicon wafer was cleaned via sequential sonication in acetone, iso- 

propanol and de-ionized water. The wafer was then air dried using Nitrogen gas. 

Using the TRION etcher (see Chapter 2), the clean wafer was treated with Argon 

plasma at a power of 150 W for 5 minutes to remove inorganic particles and etch 

away the thin native oxide on the silicon wafer surface. A 5nm Fe catalyst was 

evaporated onto the wafer using a Temescal BJD 1800 electron- beam evaporator. 

The base pressured within the evaporation chamber prior to deposition was set at a 

pressure less than 6 µTorr to promote conformal deposition. Fe catalyst was 

deposited at a rate 0.5 nm/min. Post deposition, the wafer was diced into 5 mm 

squares. 

3.2.3.2 CNT growth 

CVD was performed in furnace with a 2 inch diameter quartz tube. The quartz 

tube was connected to cylinders with the feed gases Argon (Ar), Hydrogen (H2) and 

the carbon source, Ethylene (C2H4). The tube was also connected to a Leybold 

vacuum pump (See Fig. 3.2.2.3.1).  
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Figure 3.2.2.2.1: A schematic representing the set up used to grow CNTs via thermal 

CVD. Adapted from Ref.[29]. 

 

The Fe- coated Si chips were loaded into the quartz tube furnace on quartz 

slides. The furnace was then pumped down to ~ 80 mTorr to remove air and 

moisture. Argon was then flown into the furnace at a rate 400 SCCM. A throttle valve 

downstream was used to bring the pressure in the furnace up to atmospheric 

pressure (~ 750 Torr). The furnace was then heated to the growth temperature 

(between 600- 750 deg. C) at a rate 50 deg. C/ min. Once the growth temperature 

was attained, H2 was flown into the system at the rate of 200 SCCM. The substrates 

were annealed in the presence of H2 for a set amount of time to reduce the catalyst 

oxide layer and improve catalyst mobility[33]. After annealing, C2H4 was flown into the 

furnace for CNT growth to occur. During growth time the ratio C2H4 : H2 :Ar was 

maintained at 1:2:4. After 20 minutes of growth, C2H4 and H2 were shut off and the 

furnace was allowed to cool to room temperature under an Ar atmosphere. Before 

discussing the structural characterization, we will briefly discuss the role the 

annealing time plays on the morphology of the CNTs and the array. 
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Typically, CNT array densities are of the order of 1011- 1012 CNT/ cm2 []. This 

equates to an average specing between the CNTs to be ~ 10 nm. Noting that we 

define the pore size of our array electrode to be the spacing between the CNTs , 

these densities translate to a mesoporous array (pore size < 50 nm). As discussed 

earlier (see section 3.1), we need a macroporous array (pore size > 50 nm) to 

successfully implement the redox electrolyte strategy. In this work, the annealing time 

pre- growth under H2 atmosphere was used a process parameter to control the 

spacing between the tubes [34]. 

When heated under H2 atmosphere, the catalyst film initially breaks down to 

form tiny catalyst nanoparticles. These nanoparticles will, over time, coalesce to form 

larger particles due to Ostwald ripening [35]. The increasing surface of the 

nanoparticles minimizes their surface free energy. The average size of the 

nanoparticles, 
1

3R t  when ripening is under diffusion control and the size 

1
2R t  when ripening is under kinetic control. Here t  is the time. Ripening depends 

of the diffusivity of the metal and metal- substrate interaction energy as well [36].  

In order to determine the ripening mechanism in play, we heated out Fe 

coated Si substrates to a temperatures of 650 deg. C (our growth temperature) and 

annealed under H2 atmosphere for different times and quickly cooled the substrates 

without flowing the ethylene. The results are summarized in Fig. 3.2.2.2.2. 
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Figure 3.2.2.2.2: SEM images of catalyst particles annealed at 650 deg. C under a 
H2 atmosphere for (a) 5, (b) 10 and (c) 20 minutes. Ostwald ripening increases the 
nanoparticle size and the inter- particle separation with time. The histograms 

underneath the SEM images display the mean particle size R  for various annealing 

times.  

 

We note empirically, that the catalyst particle size 
0.31R t  i.e. the ripening 

process is diffusion limited. Also, after 20 minutes, we noticed a mean particle 

diameter ~ 64 nm with a wide distribution of particle size. Only some of thes particles 

will be small enough to nucleate CNT growth while the larger particles do not 

participate in growth (as the activation energy for carbon diffusion increases with 

catalyst particle size). In the 20 minute annealing case, the small particles are 

spatially more dispersed resulting CNT arrays with inter tube spacing > 50 nm. 

3.2.3.3 Structural characterization 

The length (lCNT) and diameter (dCNT) of the CNTs were measured using a 

Phillips XL30 environmental scanning electron microscope (ESEM) at multiple points 

on the sample with average values determined to be 100 ± 10 μm and 40 ± 5 nm, 
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respectively (see Fig. 3.2.2.3) []. The weight of the CNTs was determined by weighing 

before and after growth with a Metler Toledo AG285 balance and was determined to 

be in the range of 60 ± 15 μg. The spacing between the CNTs was measured to be 

350 ± 50 nm, and was taken to yield an equivalent pore size (per convention, the 

electrodes would then be classified as macroporous). The total volume of the 

electrode, Vel was then estimated through the product of the projected area (=Aproj) of 

0.25 cm2 and the CNT length of 100 μm to be 0.0025 cm3 with a mass loading of 0.24 

mg/cm2 (=60 μg/0.25 cm2) [13]. 

 

Fig. 3.2.2.3: SEM images of the VA- CNT array featuring the overall array 

morphology (a) and the spacing between the CNTs (b) [13]. 

 

3.3 Electrochemical characterization of VA-CNT arrays 

3.3.1 Experimental details 

All electrochemical characterization reported in this study was performed in a 

3- electrode cell (see Chapter 2) with VA-CNT arrays on Si substrate as the working 

electrode, Saturated Calomel Electrode (SCE) as the reference electrode, and 

platinum wire as the counter electrode using a Gamry PCI4 potentiostat. In the 

experiments, the front side of the silicon wafer constituted electrode (with the CNT 
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arrays) was immersed into the electrolyte, while a copper wire was soldered (using 

indium) to the back of the substrate. The wire and the solder were kept outside the 

electrolyte. It was ensured through cyclic voltammetry (CV) conducted under similar 

conditions that the silicon substrate has a negligible contribution to the 

electrochemical performance. For electrolytes, we used aqueous redox systems 

consisting of both ferricyanide (potassium hexacyanoferrate (III) (K3Fe(CN)6), with a 

diffusion coefficient, D = 6.8 × 10−6 cm2/s, and ruthenium hexaamine trichloride 

(Ru(NH3)6Cl3) - with a D = 7.9 × 10−6 cm2/s, in 1M KCl supporting electrolyte 

[22,23].The former and the latter provide prototypes of an inner and outer sphere 

systems, respectively for monitoring the sensitivity to surface conditions and electron 

transfer kinetics [24,25]. All chemicals were purchased from Sigma-Aldrich Inc. and 

were >97% pure. Prior to electrochemical characterization, to ensure complete 

wetting by the electrolyte, the CNT electrodes were rinsed in acetone, isopropyl 

alcohol and water (in that order for 30 s in each solvent). CV was employed to record 

the current-voltage curves, the area of which divided by the scan rate (  ) would be 

directly proportional to the transferred charge. The electrolytes used in every 

experiment were < 2 hours old and in the case of CV, the potential was scanned 

between +0.6 and −0.6 V vs. SCE at various scan rates. Presented CVs at any 

particular   consist of the average of at least 5 cycles. Chronoamperometry (CA) 

considering the redox reactions under a voltage step was used to probe the time 

scales in the variation of the electrical current. Galvanostatic discharge (See chapter 

1) experiments were conducted at varying current densities and redox electrolyte 

concentrations to evaluate the rate capability of the investigated capacitive systems. 
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3.3.2 Results and discussion 

The electrochemical performance of the CNT array electrodes in a given 

electrolyte, i.e., K3Fe(CN)6 or Ru(NH3)6Cl3, was first characterized using CV through 

the variation of the cathodic (or anodic) peak currents: Ip, and the scan rate   (see 

Fig. 3.3.2.1).  The CNT electrodes are open pore structures, i.e. the pores are open 

to the bulk electrolyte that lie beyond the lCNT in the z- axis. Since the tipe of the CNTs 

are electroactive as well, the voltammetry current will be sum of (a) a thin layer 

current ( TLEI  due to TLE within the pores) and (b) a diffusion limited current (
diffI )  at 

the top of the electrodes. It can be seen in Fig. 3.3.2.1 (a) that at very low   (long 

time), the diffusion layer from each of the tips overlap, resulting a in a current that is 

proportional to Aproj. 

 

Figure 3.3.2.1: Electrochemical kinetics in macroporous electrodes constituted from 

nanostructure arrays are manifested through: (a) overlap of the diffusion layer 
contours as the voltage scan rate (ν) decreases, i.e.,  3 >  2 >  1, resulting in 

planar diffusion to the top of the electrode, while (b) inside the pores, a decreased 
concentration gradient results in thin layer behavior at lower scan rates, and more of 
the electrolyte volume can be accessed [13]. 
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From the average CNT spacing of ∼350 nm and with 0.04 V/s <   < 4 V/s, 

and V ∼26 mV (=RT/F) the diffusion layer thickness, RT
F




  was estimated to be 

∼3.7 μm even at the largest scan rate. Such a value was significantly larger than the 

spacing between the tubes and hence the investigated macroporous system could 

exhibit TLE behavior at all scan rates. For a reversible, one-electron redox reaction, 

over a time, t, the total peak current (after baseline correction) is the sum [37]: 
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Where, 
F t
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 denotes the normalized current for a reversible reaction under 

planar diffusion, 
 0

exp
E E F
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 ( 0E E t   is the applied voltage, 
0E  is the 

formal potential of reduction of K3Fe(CN)6,  F is the Faraday constant = 96,485 C/mol, 

R is the gas constant = 8.31 J/mole K, and T is the room temperature of ∼298 K). 

poreV  and OC  are the pore volume of CNT arrays electrode and the bulk 

concentration of K3Fe(CN)6 in the electrolyte respectively. The overall cyclic 

voltammograms (current- voltage response) can be seen in Fig. 3.3.2.2 (a). It can be 

seen that the observed currents increase with increasing scan rate. This overall 

current is convolution of TLEI and diffI as seen from Eq. 3.1. 

The deconvolution of a particular I-V curve, obtained from CV, into the thin 

layer (black curve) and the diffusion constituents (red curve) is depicted in Figure 

3.3.2.2b. While it may be possible to estimate Aproj and Vpore for a given electrode 

using, the voltammetric currents at any given potential may not necessarily follow due 
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to uncompensated resistance induced ohmic distortion [11], [38]. It was noted that the 

positive feedback compensation used in commercial instrumentation yields a 

residual, small resistance of ∼0.5 Ω, which at larger currents (>10 mA) and at high  , 

could still distort the I-V curves, through a correspondingly large voltage drop and 

preclude clear electrochemical interpretation. 

 

Figure 3.3.2.2: Cyclic Voltammograms (CV) of ferricyanide reduction in VA-CNT 

arrays (a) depicting increasing peak currents with increasing   (0.04 V/s, 0.1 V/s, 0.4 

V/s and 1 V/s), in 10 mM K3Fe(CN)6 / 1 M KCl (aq.) electrolyte. (b) Calculated peak 
currents due to the combined contributions from the thin layer current and the planar 
diffusion current (in red), (c) effect of Ohmic distortion (in red) due to the solution 
resistance on the estimated thin layer peak currents observed in the CV. Parameters 

used: Vpore = 0.0024 cm3, Aproj = 0.25 cm2, Co = 10 mM, Ru = 5 Ω . 

 

To separate ohmic and mass transport effects, the voltammograms were 

numerically computed from an expression previously derived by De Tacconi et. al 

[39]. Figure 3.3.2.2c compares the thin layer currents (ITLE) with (red curve) and 
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without (black curve) ohmic distortion, assuming an Ohmic resistance, Ru of 2.5 Ω. It 

was seen that the distorted peak was lower amplitude but smaller but wider 

compared to the undistorted peak. However, if the faradaic reaction is allowed to 

completion, i.e., if the voltammetric peak is well within the scanned potential window 

(Vi = −0.6 V to Vf = +0.6 V, in our case), the voltammetric charge Qtot will be 

unaffected by ohmic effects. Consequently, analysis of Qtot could provide greater 

insights into the kinetics[40]. 
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Such a variation was clearly seen experimentally from a plot of Q tot with
1

2


: Figure 

3.3.2.3a. The intercept (=FVporeCo at a 
1

2


 = 0) was ∼2.3 mC, using 10 mM 

K3Fe(CN)6. The volume of the electrolyte trapped within the pores (=Vpore) was 

estimated to be 0.0024 cm3, which is 96% of the total volume of the electrode of 

0.0025 cm3 (=Vel) as previously estimated (see Experimental section) and indicates 

the extent of CNT constituted electrode porosity. 

Further chronoamperometric experiments were used to note that diffusion to 

the electrodes dominates above ∼0.3 s, as evidenced by the I ∼ t−1/2 variation – 

corresponding to a Cottrell mechanism, implying purely planar diffusion limited 

response through [41]: 
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Figure 3.3.2.3: Voltammetric charge ( totQ ) and current transients due to potential 

step at VA-CNT arrays (a) totQ  as a function of 
1

2


( : voltage scan rate) for the 

macroporous electrodes .The intercept at 
1

2


= 0, constitutes the thin layer charge (

TLEQ ), (b) A current-time plot from chronoamperometry conducted on the 

macroporous electrodes. It was noted that at short times, that there was rapid 
depletion of the redox species in the confined thin layer followed by a purely diffusion 
limited Cottrell response at longer times. 10 mM K3Fe(CN)6) in 1 M KCl (aq.) was 
used as the redox electrolyte [13].  

 

The electrode area Aproj was estimated from the slope to be ∼0.28 cm2, close to the 

estimated Aproj of 0.25 cm2. From Fig. 3.3.2.3b, it was also observed that the slope of 

the current at very short time scales is clearly not diffusion limited owing to the rapid 

depletion of the electrolyte in the pores, i.e., corresponding to the thin layer regime. At 

large times, planar diffusion to the top of the clusters would be obtained reflecting the 

Cottrell ideal. The noted supra-linear dependency, i.e., I ∼ t −γ, with 0.5 < |γ | ≤ 1, at 

smaller time scales point to electrolyte depletion and at even shorter times Cottrell 

behavior should again occur, now related to the regions between the nanotubes [42], 

[43]. 

A key aspect of the TLE regime is that the electrochemical response seems to 

be identical to that of species adsorption on the electrode from the linearity of the 
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observed I with the   [44]. Such species adsorption may be undesirable and form a 

rate-limiting step if the corresponding kinetics are slow. The charge stored in this case 

is capacitive due to the absence of mass transport and the confinement of 

electroactive species on or close to the surface [45], [46]. This is particularly relevant 

for K3Fe(CN)6 which has been shown to adsorb onto carbon electrodes with surface 

chemistry sensitive transfer kinetics [47].  

 

Figure 3.3.2.4: Voltammetric charge for hexamine oxidation as a function of scan rate 

(a) totQ  as a function of 
1

2


, for the macroporous electrodes, with 10 mM 

Ru(NH3)6Cl3) in 1 M KCl (aq.) as the redox electrolyte, (b) The lack of a current peak 
when the macroporous electrode is transferred from a 10 mM constituted redox 
electrolyte (K3Fe(CN)6 in 1 M KCl (aq.)) to the supporting electrolyte (1 M KCl, devoid 
of K3Fe(CN)6, i.e., 0 M), indicates the lack of adsorption/desorption (at 0.4 V/s). The 
inset indicates the background double-layer current in the absence of K3Fe(CN)6  [13]. 

 

Consequently, for further verification of the TLE regime, we conducted CV 

experiments using (Ru(NH3)6Cl3), an outer-sphere redox couple that is insensitive to 

surface chemistry. From Fig. 3.3.2.4a, it was inferred that the intercept charge was of 

similar magnitude (∼2.2 mC) to that observed for K3Fe(CN)6. As an additional control 

experiment, to rule out adsorption, we transferred samples exposed to the K3Fe(CN)6 

redox species to the bare electrolyte (1M KCl) and compared the voltammograms in 
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both the cases. The observed voltammetric response (inset to Fig. 3.3.2.4b) was that 

of a double layer capacitance without any redox peaks that could be associated with 

adsorbed K3Fe(CN)6. The absence of such memory effects effectively precludes 

adsorption [48]. 

To evaluate the capacity of the examined electrode/electrolyte system, 

galvanostatic discharge experiments were carried out with different concentrations of 

the redox additives at a constant current density. A large plateau was observed in the 

voltage at close to the formal potential (∼0.23 V vs. SCE) of the redox couple 

indicative of faradaic characteristics: Fig. 3.3.2.5a. The recorded charge capacity, in 

mAh/cm3 or mAh/cm2, was obtained through a chronopotentiogram, by dividing the 

charge by either Vel or Aproj, respectively. The discharge current density was ∼200 

mA/cm2 (corresponding to the ratio of the applied current of 50 mA and Aproj). For 1M 

K3Fe(CN)6, the maximum observed capacity, from Fig. 3.3.2.5a, was ∼26 mAh/cm3 or 

0.28 mAh/ cm2. Such values were close to or relatively better (considering the 

discharge current densities) than those previously observed and estimated for 

macroporous electrodes constituted from, e.g., (1) Nickel foam based electrodes with 

CoO [49]: 0.8 mAh/cm2 (at 40 mA/cm2), (2) hybrid Polypyrrole/CoO nanowire array of 

0.15 mAh/cm2 (at 50 mA/cm2) [50], (3) conductive hybrid metal oxides 

(Ni(OH)2/NiCo2O4) on carbon fiber paper: 0.25 mAh/cm2 (at 150 mA/cm2)[51], (4) 

Co3O4/NiO core/shell nanowire arrays[52]: ∼0.18 mAh/cm2 (at 120 mA/cm2), (5) (Co, 

Ni) based compounds on hollow core nanorod array[53]: ∼0.14 mAh/cm2 (at 10 

mA/cm2), etc. It was also observed from the inset of Fig. 3.3.2.5a, that the observed 

capacity was linearly proportional to the concentration of the redox species, with the 

implication that a further improvement in capacity would be possible using redox 
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additives with a greater solubility, e.g., KI, with a solubility limit of ∼8 M compared to 

K3Fe(CN)6 with an aqueous solubility of ∼1M[54]. 

 

Figure 3.3.2.5: (a) Galvanostatic discharge curves (at 200 mA/cm2) for various 

K3Fe(CN)6 concentrations (in 1 M KCl aq. electrolyte), inset: shows that the faradaic 
capacity varies linearly with the concentration, (b) The capacity, normalized to the 
nominal thin layer capacity, as a function of discharge current density. It was seen 
that the capacity contribution from diffusion processes is negligible beyond 50 
mA/cm2 and mostly is due to thin layer attributes at 200 mA/cm2 [13]. 

 

Moreover, in our experiments, the capacity normalized to the thin layer 

capacity (through the calculated Vpore) seems to be constant beyond ∼50 mA/cm2: 

Fig. 3.3.2.5b, implying that much of the observed capacity (at high current densities) 

is within the electrolyte confined in Vpore. At lower current density, diffusional 

contributions would also add to the capacity. It was noted that the TLE based 

capacity of the single macroporous electrode constituted device could be cycled at 

very high rates for up to 5000 cycles (at 200 mA/cm2): Fig. 3.3.2.6. The capacity 

dropped by 10% within the first ten cycles after which it was constant while exhibiting 

excellent Coulombic efficiency, i.e., Qdischarge/Qcharge of ∼97%. 
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Figure 3.3.2.6: Capacity cycling studies (at 200 mA/cm2 discharge current density) 

indicates relative stability (after an initial drop of ∼10% over the first 10 cycles) of the 
capacity for over 5000 cycles. The Coulombic efficiency (=Qdischarge/Qcharge) over all the 

cycles was ∼97%. The inset shows the representative charge/discharge cycling 
behavior over three cycles. 100 mM K3Fe(CN)6) in 1 M KCl (aq.) was used for the 

redox electrolyte [13]. 

 

Thus far, we have demonstrated that using the VA- CNT array as a model 

macroporous electrode, high specific capacities of  26 mAh/ cm3 (~ 5 times that of 

conventional ECs) using redox additives such as K3Fe(CN)6 . The electrode can 

essentially be thought of a as a thin film electrode owing to the fact that the overall 

thickness of the CNT film ~ 100 µm. This electrode is a quasi 2- dimensional 

electrode. In the subsequent sections we will explore the possibility of using a 3- 

dimensional electrode. 
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3.4 Hierarchical Porous Carbon (HPC) as 3- 

dimensional electrode materials with redox 

electrolytes 

Two-dimensional electrodes have limited applicability in large scale energy 

storage devices due to their thin film nature. Three- dimensional electrodes can 

alleviate this problem by providing high surface area, enhance mass transport of 

redox active species as well as help us realise a higher capacity per foot print 

area [55]. Porous, three-dimensional electrodes such as particulate fluidised beds, 

packed beds, stacked meshes, honeycomb channels, foams, woven fibres and felts 

can be used in electrochemical devices [55], [56]. 

Reticulated vitreous carbon (RVC) is a solid porous structure consisting of 

inter-connected macropores. It is made of vitreous (glassy) carbon and is good 

conductor of heat and electricity [57], [58]. RVC has a very high pore volume (Vpore) 

and surface area. It is a rigid structure with low density and pores with diamteres ~ 

300 µm. It is an open structure capable of hosting other porous structures with a finer 

porosity within it. Indeed, in this work, we will be looking at RVC foams with aligned 

CNT arrays grown within them (RVC-CNT) [59]. The CNT array itself is a porous 

structure (as discussed in section 3.2) which is housed within another porous 

structure and hence the system is named “hierarchically porous electrodes” (See Fig. 

3.4.1).  
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Figure 3.4.1: SEM images of Hierarchical porous carbon electrodes. Bare reticulated 

vitreous carbon (RVC) foam (left) was used as a template for the internal growth of 
carbon nanotubes (CNTs)- figures on the right, providing a hierarchical assemblage 
for energy storage. While the macroscale pores (e.g., of ~300 µm as in RVC) enable 
the storage of electrolyte volumes that would contribute through redox reactions to 
the energy density, the nanostructures provide a large geometric area and 

capacitance in addition to limiting diffusion-related processes [60].  

 

3.4.1 Synthesis of RVC- CNT electrodes 

The base porous structure is reticulated vitreous carbon (RVC) foam. It is 

commercially available from Ultramet Inc., and by itself had been earlier indicated as 

a promising electrode material for its ease of surface functionalization [55], [57], [58]. 

This grade of RVC foams (specified as 80 ppi: pores per inch, corresponding to ~ 31 

pores/cm and an average pore size of 317.5 µm) has a specific surface area: SSA 

(per unit mass) of ~0.1 m2 /g and exhibits 97% porosity. Such pore size enables 

adequate gas passage and the synthesis of carbon nanotubes (CNTs), through 

chemical vapor deposition (CVD), on the pore walls: Fig. 3.4.1[61]. While the detailed 

CNT synthesis has been described earlier [61], we discuss the procedure briefly. 

Vertically aligned nanotubes were synthesized onto the porous foams through a 

floating catalyst method, in a multi-zone CVD furnace reactor (MTI Corporation Ltd.). 

A mixture of ferrocene and xylene (catalyst and carbon source) was injected in the 

pre-heated zone maintained at 380 deg.C, which was followed by a reaction zone 

where the substrates were maintained at 700 deg.C in an Ar/H2 environment. 

Subsequently, the furnace was allowed to cool down to room temperature in a 
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reduced flow of Ar. The structural morphology of the as-fabricated CNT-foam hybrid 

structures was characterized by scanning electron microscopy (SEM: JEOL 7401F 

FE-SEM). The average CNT radius and height, for a growth time of ~40 min, were 

determined by SEM to be of the order of 9 ± 4 nm and 25 ± 3 mm, respectively. We 

report representative results on samples with a net CNT mass of ~6.7 mg in a volume 

of 1 cm3 of RVC foam. 

3.4.2 Electrochemical characterization 

Cyclic voltammetry (CV) was performed, over a voltage range (ΔV) using a 

Gamry PCI4 potentiostat, to characterize the performance of the bare RVC (which 

served as the basis for comparison) as well as the hierarchically constituted RVC-

CNT electrode, which formed the working electrode in a three-electrode setup (using 

Pt wire as the counter electrode and a saturated calomel electrode: SCE, as the 

reference electrode). We have verified explicitly, in our experimentation, that the 

counter electrode does not limit the current. The working electrodes were 

successively rinsed in acetone, isopropanol and distilled water prior to the 

electrochemical characterization to enhance electrode wetting. The double layer 

capacitance (Cdl) was estimated through the use of a KCl electrolyte (aq., 1 M), while 

the influence of redox reactions was probed through the addition of potassium 

hexacyanoferrate: K3Fe(CN)6 (with a species diffusion coefficient [62], D = 6.8 x 10-6 

cm2 /s) to the 1 M KCl. Scan rates (v) in the range of 0.001- 2 V/s, were employed for 

the capacitance estimation. The Cdl was determined through the average of the ratio 

of the magnitude of the charge and discharge currents to the v, through [63]. 
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The   0.5 | | | |a cI I I   denotes the voltammetric current taken as the 

average of the cathodic current: cI , and the anodic current: aI , with Vi and Vf being 

the initial and final voltages of the CV scan, and m is the measured electrode mass. 

3.4.3 Results and discussion 

At the very outset, the pore size in the bare RVC foam and that corresponding 

to the spacing between the CNTs are three orders of magnitude apart [59]. The CNT 

surface area of the sample (per unit volume) was deduced (on the basis of an 

average radius for an individual CNT of ~9 nm and a height of ~25 mm, discussed 

previously) to be of the order of ~17 m2 /g Consequently, a factor of ~170 (=17/0.1) 

increase was expected in the surface area due to the CNT growth within the RVC 

[61]. However, the specific capacitance of CNTs (which we experimentally 

determined to be ~5 mF/cm2 ) is considerably smaller than that of glassy carbon 

constituting the RVC foam (~20 mF/cm2 ) [64]. Consequently, a fifty fold increase in 

the volumetric capacitance, from ~0.8 mF/cm3 for the bare RVC foam sample to ~40 

mF/cm3, for the RVC-CNT hierarchical electrode was observed through CV: Fig. 

3.4.3.1a. Based on the measured capacitance of the CNT foam, the equivalent 

surface area for the CNTs in the foam would be ~17.5 m2 /g, which is close to the 

previous estimate of ~17 m2 /g. Alternately, the gravimetric capacitance was 

determined to be of the order of 39.2 mF/cm3 over the entire voltage range of ~0.8 V: 

3.4.3.1a, the charge density would be ~31.4 mC/cm3. It should be noted that the Cdl 

was measured only in order to estimate the SSA of the structures electrochemically 
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and that no formal comparison can be made between the Cdl and Faradaic capacity 

(from TLE) as they originate from different mechanisms [60]. 

 

Figure 3.4.3.1: Cyclic Voltammograms for double layer charging in RVC- CNT 

electrode (a) at 25 mV/s in 1 M KCl (aq.) electrolyte indicating the fifty fold 
enhancement of the double layer current obtained from a hierarchical RVC-CNT 
electrode compared to a bare RVC foam electrode. (b) The variation of the double 
layer capacitance (Cdl) with the scan rate ( ) [60].  

 

However, while an ideal Cdl would be independent of the  , it was noted that there 

was a gradual decrease of the Cdl at   > 1 V/s: Fig. 2(b), possibly due to Ohmic 

effects [30]. Additionally, the SSA was estimated to be ~120 m2 /g, which is an order 

of magnitude lower than the state-of-the art and indicates that Cdl of the RVCCNT 

manifold alone would be inadequate for applications requiring high energy density 

[65]. 

We had previously discussed that the use of TLE conditions, incorporating 

Faradaic redox reactions, would enable a much more significant enhancement of the 

energy density through increased charge storage while maintaining a rate 

comparable to that of double layer capacitors [13]. While the relevant redox reaction: 

   
4 3

6 6
Fe CN Fe CN e

    would take place on the electrode/ electrolyte 
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interface, our investigations do not relate to surface phenomena specifically, but more 

to the prevalent TLE conditions. Fig. 3.4.3.2a indicates a representative 

voltammogram observed through the use of K3Fe(CN)6 (1 mM) in aq. KCl (1 M) on (a) 

RVC foam, and (b) RVC-CNT. In addition to the increased charge storage in the latter 

(evidenced by the larger peak currents), it was observed that the anode/cathode peak 

separation (ΔEp) was smaller (53 mV for the RVC-CNT vs. 174 mV for the bare 

foam). Typically, a ΔEp of less than ~59 mV is either indicative of TLE induced redox 

conditions or electrolyte adsorption on the surface [11]. The latter aspect was ruled 

out through transferring samples exposed to the K3Fe(CN)6 redox species to the bare 

electrolyte (1 M KCl), which resulted in a voltammetric response akin to that of a 

double layer capacitance without any redox peaks that could be associated with 

adsorption [13].  

The redox peaks in the CV curves of Fig. 3.4.3.2a were analyzed for 

estimating the magnitude of the charge stored due to (i) the double-layer capacitance, 

as well as (ii) Faradaic reactions [66]. The results of such determination are depicted 

in Fig. 3.4.3.2b and indicate that while the former contribution is relatively constant 

with the  , a sharp decrease was noted for the latter with  . The double-layer charge 

is roughly constant at 40 mC/cm3 . While the redox reaction induced charge seems to 

be of equivalent magnitude, it has the very important advantage that in principle the 

relevant charge density could be enhanced by orders of magnitude through the use of 

higher concentration redox electrolytes. For example, while 1 mM K3Fe(CN)6 was 

utilized in the present experiments, with the deployment of 1 M of redox couple, 

volumetric charge storage densities 1000 times larger could be obtained approaching 

battery-like capacities. Additionally, redox reactions involving multiple electron 

transfer would also help in further enhancing the capacity [67], [68]. 



120 
 

 
 

 

Figure 3.4.3.2: Cyclic Voltammograms for ferricyanide reduction in RVC-CNT 

electrodes (a) at a scan rate of 25 mV/s observed through the use of 1 mM 
K3Fe(CN)6 in 1 M KCl supporting electrolyte on (a) RVC foam, and (b) RVC-CNT 
electrodes. A lower anodeecathode peak separation (DEp) was observed in the case 
of the RVC-CNT electrode. (b) The magnitude of the charge stored due to (i) Cdl, as 
well as the (ii) Faradaic reactions as a function of scan rate, as estimated from the CV 

scans of (a) [60]. 

 

The net voltammetric charge totQ  (see Eq. 3.2), as estimated from the CV plots is due 

to contributions from both (a) planar diffusion limited current at the top of the 

electrode (Idiff) as well as in pores with radii >> d (equivalent to D V


  ) and (b) a 

TLE current (ITLE) in between the CNTs and in pores with radii << d: Fig. 3.4.3.3a. It 

was noted from Eq. 3.2 that the consideration of the charge is preferred over the peak 

currents, as the latter are susceptible to Ohmic resistance related anomalies as well 

as the overlap of peaks from the diffusion and TLE related processes [38], [69]. 

Additionally, the intercept of the observed plots-as in Fig. 3.4.3.3b, of totQ  with 
1

2


 

(=FVporeCo) would be related to the contributing pore volume (Vpore) in the given 

range, and governed by TLE conditions [70]. Ideally, Vpore= Vel, implying complete 

utilization of the inner volume of the hierarchical manifold by the electrolyte. 
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Figure 3.4.3.3: Schematic depicting mass transport in RVC-CNT electrodes(a) 
Compared to a bare RVC foam electrode (left), the RVC-CNT electrode (right), ion 
transport would have less diffusional limitations due to the easier establishment of 
thin layer electrochemistry (TLE) conditions. The CNTs induce TLE conditions both in 
the macropores of the RVC. (b) The variation of the total estimated charge: Qtot with 

1
2



 for the RVC and RVC-CNT electrodes. The intercept on the ordinate axis would 

be related to the pore/electrolyte volume contributing to the energy density [60]. 

 

As expected, it was observed that generally the Faradaic charge for the RVC-

CNT electrode was larger than that of the bare RVC foam for the investigated . The 

variation with 
1

2


 was nonlinear indicating a range of length scales, which may be 

estimated through a piece-wise fitting of the curves. The extrapolation of such fits to a 

1
2



→ 0 would be representative of very large scan rates where diffusion would play 

a negligible role and the charge capacity would mainly arise from TLE conditions [70]. 

Generally, an overlap of the diffusion layers relevant to each CNT in an array occurs 

as the n decreases resulting in planar diffusion to the top of the electrode. However, 

inside the pores, a decreased concentration gradient results in thin layer behavior at 

lower , and more of the electrolyte volume can be accessed. 



122 
 

 
 

 

Figure 3.4.3.4: The percentage of the total volume of the RVC-CNT electrode that is 
being harnessed for charge storage. While at low v, most of the charge is accessed 
through TLE mechanisms and close to 94% of the net volume of the wetted RVC-
CNT electrode contributes, for the bare RVC foam, only ~60% of the net volume 
seems to be active for charge storage [60]. 

 

Consequently, from the intercept value (=FVporeCo), the relevant contributing 

volumes (Vpore) as well as the length scales may be determined. The results of such 

extrapolation are indicated in Fig. 3.4.3.4, where the ordinate indicates the 

percentage of the total volume of the RVC-CNT electrode that is being harnessed for 

charge storage. It was observed that at low , most of the charge is accessed through 

TLE mechanisms and close to 94% of the net volume of the wetted RVC-CNT 

electrode contributes. However, for the bare RVC foam, only ~60% of the net volume 

is active for charge storage. 
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The role of the CNTs synthesized within the RVC foam, in addition to 

increasing the effective surface area of the manifold, is to diminish the effective pore 

size of the native RVC foam and enable a greater access to the electrolyte volume. 

This may be seen through an application of Eq. 3.2, with D = 6.8 x 10-6 cm2 /s and   

=1 mV/s, yielding a d ~230 µm, while the pore size (d) is of the order of 320 µm, 

implying the absence of TLE conditions. However, with the growth of 25 µm long 

CNTs, the effective pore size (d) is reduced to 270 µm indicating a greater likelihood 

of achieving TLE in the RVC-CNT manifold and access to the enclosed electrolyte. It 

should also be noted that the presence of CNTs induce TLE conditions due to 

electrolytes trapped in between, resulting in enhanced mass transport in the 

circumferential direction. Given that the proof-of-concept experiments were done with 

1 mM K3Fe(CN)6, there is enormous promise for further enhancing the charge 

capacity, which is linearly proportional to the concentration of the redox species. For 

example, using redox additives with a greater solubility, e.g., KI, with a solubility limit 

of ~8 M may enhance the charge storage capacity potentially by a factor of 8000. 

3.5 Conclusion 

We have shown that under conditions where the nanostructure spacing/pores 

in a macroporous electrode is smaller than the equivalent diffusion layer thickness 

that capacity enhancement corresponding to thin layer electrochemistry could be 

induced. Consequently, faradaic reactions from the charge in the enclosed electrolyte 

could contribute. In addition to the enhanced kinetics that could be obtained due to 

the relative absence of diffusion, the measured capacity would be directly 

proportional to the electrolyte volume confined in the pores and its bulk concentration. 

Galvanostatic discharge experiments, carried out with different concentrations of the 
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redox additives on VA- CNT arrays, yielded a voltage plateau further indicative of the 

faradaic characteristics of the capacity. For 1M K3Fe(CN)6, the maximum observed 

capacity was found to be ∼26 mAh/cm3 (normalized to the pore volume) or 0.28 

mAh/cm2 (normalized to the projected area of the electrode). For an aqueous system, 

with a density of ∼1 g/cm3 the capacity could be of the order of 26 mAh/g. It was also 

noted that the capacity could be cycled at very high rates for up to 5000 cycles (at 

200 mA/cm2). Further work in increasing the capacity could focus on electrolytes with 

a greater concentration of the redox species as well as electrodes with an increased 

pore volume. 

We have also demonstrated that by the use of hierarchical porous manifolds 

for both large energy density - through redox electrolytes stored at a macro-pore 

level, and power density - using high surface area nanostructures. Such a scheme 

accomplishes the dual objectives of minimizing the issue of inadequate charge 

storage in electrochemical capacitors, and that of diffusional limitations, which limit 

the power of batteries. 

Additionally, self-discharge phenomena inherent to the considered faradaic 

processes must be considered [11]. Recent experiments on the use of electrode 

specific electrolytes confined through the use of ion-selective membranes, or through 

enhanced polarization indicate efforts in this direction [67]. 

This chapter is based, in part, on the material as it appears “High Rate 

Capacity through Redox Electrolytes Confined in Macroporous Electrodes”, R. 

Narayanan and P. R. Bandaru, JECS, vol. 162(1), p. A86-A91, (2015). The chapter is 

also based, in part, on the material as it appears “Electrochemical charge storage in 

hierarchical carbon manifolds”, R. Narayanan, H. Vijwani, S. M. Mukhopadhyay, and 
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P. R. Bandaru, Carbon, vol. 99, p. 267, (2016). The dissertation author was the 

primary investigator and author on both the aforementioned papers. 
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Chapter 4 Electrochemical Kinetics at 

Nanostructured Electrode/ Electrolyte 

Interface 

4.1 Introduction 

At the very outset, nanostructuring of carbon electrodes (as inactivated 

carbon) in order to increase it’s specific surface area has contributed towards 

reduced energy density of ECs due to the DOS related quantum capacitance (CQ) 

and carrier concentration related space charge capacitance (CSC). In chapter 2, we 

discussed the role of defects in effectively increasing the CQ and CSC and 

consequently the measured capacitance, Cmeas at the Few layered graphene (FLG) 

/electrolyte interface. In chapter 3, we embarked on a more practical approach to 

improve the energy density of ECs using redox electrolytes in conjunction with 

nanostructured electrodes.  

Redox reactions of the form O ne R    result in electron transfer which 

in combination the double layer capacitance (Cdl) could improve the energy density of 

ECS by at least and order of magnitude without compromising the exceptional power 

density that is characteristic of ECs. Specifically, we outlined the reasons for the 

improved energy density AND power density by invoking arguments based on thin 

layer electrochemistry (TLE). We demonstrated the improved energy storage 

performance in a quasi two- dimensional electrode like the vertically aligned CNT 
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array and three- dimensional electrode such as the RVC- CNT. The discussion in 

chapter 3 focused on the improved mass transport in these electrodes under the TLE 

scheme. However, a discussion regarding redox reactions at the nanostructured 

carbon/ electrolyte interface would be incomplete without discussing the relevant 

electrochemical kinetics at the electrode surface. 

Generally, the rate of an electrochemical reaction is a convolution of two rates 

i.e. the heterogenous electron transfer rate at the electrode surface (KET) and the 

mass transport rate (KMT) as seen in Fig. 4.1.1.  A redox reaction is considered to be 

reversible (or kinetically facile) if KET >> KMT and irreversible (or kinetically sluggish) if 

KET << KMT. KET is generally a function of potential at the electrode surface and it has 

been shown that this dependence is often complicated involving the potential, the 

structural state of the reactants/ products (O/R), the solvent reorganization energies 

and the DOS of the electrode [1]. 

 

Figure 4.1: The convolution of the overall reaction rate at the electrode electrolyte 

interface into the electron transfer rate (KET) and the mass transport rate (KMT) 

 

In lieu of our discussion in chapter 3 regarding redox reaction at the 

nanostructured carbon electrode/ electrolyte interface, in subsequent sections, we will 

discuss relevant kinetic models elucidating the relationship between KET and the 

electrode potential. Considering that graphene is the fundamental building block of 
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any nanostructured carbon electrode (see chapter 2), we will use Single layer 

graphene (SLG) as an electrode material to discuss the electrochemical kinetics at 

the electrode electrolyte interface [2]. 

4.2 Theory of electrochemical kinetics: Different 

models 

Consider the electrochemical reaction: 

 
f

b

k

k
O e R    (4.1) 

The reactant (O) is converted to product (R) in a reduction reaction (conversely, R is 

converted to O in the case of an oxidation reaction) in response to an applied 

potential (E). At the equilibrium potential, E0 (also known as the formal potential), the 

activities of O and R are equal i.e. [O]= [R]; fk and bk are the forward (cathodic) and 

backward (anodic) reaction rates. When E<< E0 , fk  >> bk  and vice versa. Generally, 

the aim of any kinetic model is to provide information regarding the dependence of  

,f bk  on the overpotential, 
0| | E E   . To this end, 3 models have been proposed to 

explain the electrochemical kinetics of the reaction in Eq. 4.1 at the electrode/ 

electrolyte interface. In the subsequent sections, we will review these models with a 

focus on the effect of reduced DOS due to the nanostructuring of the electrode on the 

,f bk -   relationship. 

4.2.1 The Butler- Volmer (BV) model 
It has been demonstrated that the electrode potential strongly affects the rate 

of the reaction such as the one in Eq. 4.1. For e.g., in a system in which only O is 
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initially present, at potentials E>> E0 (or  >> 0), no electrochemical reaction occurs 

(i.e. no current is observed due to electron transfer), however, when  <<0, O is 

converted to R. In this section we will review one of the fundamental predictive 

models, the Butler- Volmer (BV) model which explains why this is the case. Despite 

it’s limitations (which we will examine in subsequent sections), the BV model is still 

widely used in electrochemical literature. Indeed, any model describing kinetics can 

eventually be reduced to the BV model near equilibrium [1], [3]. 

 

Figure 4.2.1.1: Effects of a change in potential on the activation free energies of 

oxidation and reduction. Illustration originally published by Bard et al. [1]. 

 

The idea behind the BV model can be seen in the form of free energy of 

activation picture (see Fig. 4.2.1.1). Initially at equilibrium E= E0 ( =0) , the activation 

free energy for reduction and oxidation with respect to a reference are 
‡

0cG  and 

‡

0aG  respectively, when the potential is changed by to a new value E, the energy of 

the electron residing in the electrode changes by –F( E )= -F(E-E0)= -F( )  , hence 
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‡

0cG  moves up or down by that amount. For a positive E , the activation barrier as 

seen by R  is lower than the initial barrier at E0 and the converse is true forO e . 

The barrier lowering for R  is fraction of the total energy change and that fraction is 

referred to as   or the transfer co-efficient.  It is evident graphically that  depends 

on the shape of the free energy curve vs. reaction coordinate. Thus: 

 
‡ ‡

0 (1 )a aG G F        (4.2a) 

 
0

‡ ‡ ( )c cG G F        (4.2b) 

 

The BV model is based on the transition state theory [1], [4]–[6], which defines the 

relationship between ,f bk  and   as an Arrhenius type relationship. Therefore: 

 /
/ /

‡

exp c a
f b f b

G
k A

RT

 
 
 
 


    (4.3a) 
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    (4.3c) 

 

At equilibrium, 
fk =

bk = 0k ; where 0
/

‡

/
0 exp c a

f b

G
k A

RT
 

  
 

 is the standard rate 

constant. The plot of  ln fk vs.   would yield a straight line with a slope
F

RT


 [6]. 

BV model predicts that 
/f bk  increases indefinitely with increasing | |  which is 

seldom observed in real systems. Indeed, in the preceding discussion, we did not 

discuss in any detain what the reaction coordinates were for the reaction in Eq. 4.1. In 
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the next model, this will be considered in terms of structural changes to O and R 

during electron transfer. 

4.2.2 The Marcus- Hush (MH) model 

The BV dealt with electron transfer kinetics in terms of macroscopic concepts. 

The reaction rate was expressed in terms of phenomenological parameters such as 

0k  and . The Marcus- Hush (MH) model is a microscopic theory of electron transfer 

which predicts the ,f bk -  relationship whilst incorporating the structural aspects of 

the reactants, products and the solvent in the form of reorganization energy   . 

There are 3 fundamental tenets to the MH model [1]: 

1) The standard free energy (G) of the reactants and products vary quadratically 

(see Fig. 4.2.2.1) with reaction coordinate (q). In general, the reaction coordinate is a 

multidimensional surface defining the free energy of the system in terms the nuclear 

coordinates of the reactants/ products [7], [8]. Change in nuclear coordinates come 

about by change in the vibrational/ rotational motion of the reactants and products as 

well from the fluctuations in the position and orientation of the solvent molecules. The 

standard free energy of O ( 0 ( )OG q ) and R (
0 ( )RG q ) are given by: 

           

   
20 ( )

2O O
kG q q q       (4.4a) 

   
20 0( )

2R R
kG q q q G       (4.4b) 

Where k  is constant of proportionality. 
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Figure 4.2.2.1: The standard free energy (
0G ) for a redox reaction (as in Eq. 4.1) as 

function of the reaction coordinate. On the application of a potential (E), the standard 

free energy of O ( 0
OG ) has been shifted down by

00 ( )F E EG   . Oq  and Rq  are 

the nuclear coordinates of O and R respectively and 
‡q  is the coordinate at which 

electron transfer must occur. Illustration originally published by Bard et al. [1]. 
 

 

2)  Electron transfer is radiationless (isoenergetic) i.e. the electron should move from 

the initial state to the final state of the same energy [9]. 

3) Electron transfer must obey the Franck- Condon principle. That is during electron 

transfer, the nuclear coordinates of O and R remain unaltered. Essentially, the 

transfer must occur at a common coordinate 
‡q [7], [8], [10]. 

Graphically, tenets (2) and (3) say that unlike the BV model, the standard free 

energy for both O and R can move along either axes. Assuming that a potential (E) is 
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applied at the electrode, the standard free energy of O ( 0
OG ) has been shifted down 

by 
00 ( )F E EG   . Since electron transfer must occur at 

‡q [10]:  

   ‡ ‡
2

0 ( )
2O O

kG q q q       (4.5a) 

   ‡ ‡
2

0 0( )
2R R

kG q q q G      (4.5b) 

Since ‡0 ( )OG q =
‡0 ( )RG q ; Eqs. 4.5a and 4.5b can be solved to yield

‡q : 

 
 

0
‡

2
RO

R O

q q G
q

k q q

 
 
 

 
 


   (4.6) 

The activation energy for reduction of O to R is given by and using Eq. 4.4a: 

      0 ‡ 0‡ ‡0
O O O OfG G q G q G q        (4.7) 

Substituting for 
‡q  from Eq. 4.6 into Eq. 4.4a: 

 

2
0

‡ 1
4f

G
G





 
 
 
 


      (4.8) 

Where the reorganization energy  
2

2
O R

k
q q    is the energy required for O and R 

to adjust to common nuclear coordinate during electron transfer. 

 

From the BV model we saw that the transfer co-efficient    was characteristic of the 

shape of the free energy curve with respect to the reaction coordinate. More precisely 

[8]: 

 

‡1 1

2 2
FG F

F E

 


 
       (4.9) 
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In the BV model,   was considered to be a constant, however, because of the fact 

that the free energy profile can move along either axes in the MH model, there is 

distinct potential dependence of  (Eq. 4.9). This has important consequence for the 

/f bk   relationship. From Eqs. 4.3a- 4.3c, we can see that  ln fk vs.   curve to be 

an inverted parabola with a maximum at  = . This inversion is a major result from 

the MH model. One of the reason that the reaction rate has a maximum along the 

potential axes is that at very high  , the electron transfer ought to be facile, however, 

the vibrational modes of O and R are forced to accept the energy liberated quickly, 

the probability for which decreases as   exceeds   [1]. 

The predictions of the MH model have been verified experimentally. The MH 

model explains, as to why the certain electrochemical reactions are faster than 

others. More importantly, the MH model explains why reactions involving small metal 

ions are slower compared to those involving large complexes. The reason for this is 

that   is smaller for larger complexes tend to show a smaller change in solvation 

energies compared to smaller ions and as noted earlier,   has significant 

contributions from solvent reorganization. 

So far, we have only considered the effect of   on the relationship between 

reaction rate and potential. More importantly, it was implicitly assumed that electron 

transfer occurs from a narrow range of energy states within the electrode. In the next 

model, we will see that electron transfer can occur from a wide range of energy states 

and that the DOS of the electrode material plays a major role in defining the /f bk   

relationship.  
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4.2.3 The Marcus- Hush- Chidsey (MHC) model 

As discussed earlier, the MH model assumes that electron transfer occurs 

from a narrow range of energy levels within the electrode. Indeed, the rate so 

calculated is a local rate. However, when considering heterogeneous electron 

transfer, electron transfer from the electrode can occur from any occupied state 

matched in energy with an unoccupied state in the electrolyte. Since electron transfer 

can occur over a range of energies, the effective transfer must then be integrated 

over all applicable energy states [11]–[14]. This in some sense is the crux of the MHC 

model. 

On the electrolyte side, the O and R species are distributed over a wide range 

of energies around the reorganization energy   (see Fig. 4.2.3.1). It is implicitly 

assumed that   is symmetric for O and R. As seen in Fig. 4.2.3.1, the distribution of 

states (or the number density) of redox species follows that of a Gaussian distribution 

(  / ,O RD E  for O/R) with mean of   and a standard deviation of 2 kT . On the 

electrode side, the number of states within the range of energies E  and E dE  is 

given by the density of states ( )E dE . In a metal, the number of states always 

exceeds that of the electrons and thus some of the states are filled with others 

remaining vacant [14]. 

At absolute zero, the highest occupied state corresponds to FE (Fermi 

energy) and all the states FE E  remain unoccupied. At thermal equilibrium, the 

filling of the states follow the Fermi function given by: 
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Where k is the Boltzmann constant and T is the temperature. It can be seen that for 

states well below FE , the occupancy is virtually unity and for those above FE , the 

occupancy is virtually zero. 

 

Figure 4.2.3.1: The relationship among electronic states within the electrode and 

those within the electrolyte.  The vertical axis is the electron energy E . The states on 

the electrolyte side follow a Gaussian distribution with a mean  . On the electrode 

side, the shaded region are occupied states and unshaded region are the vacant 
states. Electron transfer can occur from any occupied state within the electrode 

overlapping with electrolyte states. Illustration originally published by Bard et al. [1].   

 

As seen in Fig. 4.2.3.1, electron transfer can occur not only from a very narrow band 

of electronic states within the electrode but from any occupied state that happens to 

overlap with a corresponding receiving state within the electrolyte. Therefore, the 
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reaction rates must them be integrated over all allowed energies and can be defines 

as [1], [12], [14]: 

    / / , ( )f b O Rk D E f E E dE 




     (4.11) 

Where is proportionality constant comprising of the probability and frequency of 

electron transfer. Under the MHC framework, for the same concentrations of 

electrolyte (i.e. same  /
,O RD E ), the reaction rate

/f bk  (in the forward and reverse 

directions) is then a function of the electrode DOS ( ( )E ). 

 

Figure 4.2.3.2: Calculated kinetic data /

0

ln f bk

k
 
 
 

 vs.   for the BV, MH and MHC 

model.   has been assumed to 1 eV in these calculations [15]. Image courtesy: 

Hidenori Yamada 

 

For metal electrode ( )E  is generally constant and
/f bk  saturates with when 

 >>0. Indeed, the normalized reaction rates /

0

f bk

k
 saturate for  >>0 for 3- 
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dimensional electrodes in general. For a metal electrode, the behavior of  /

0

ln f bk

k
 
 
 

 

vs.   can be seen in Fig. 4.2.3.2 for the BV, MH and MHC models.  While the linear 

and inverted characteristic are obvious for the BV and MH case respectively, the 

characteristic specific to the MHC model can be seen to saturate beyond   (1 eV in 

Fig. 4.2.3.2).   

So far, we have seen the 
/f bk   characteristics of 3D electrodes with a 

constant DOS (Fig. 4.2.3.2). However, in the case of nanostructured carbon 

electrodes made of ~ 2D graphitic planes, the DOS is variable [15]. The study of the 

electrochemical kinetics at the 2D electrode/ electrolyte interface is thus crucial for us 

to understand the potential limitations/ advantages of using nanostructured electrodes 

in conjunction with redox electrolytes. To this end, the electrochemical kinetics at an 

idealized 2D electrode, Single layer graphene (SLG) will be evaluated in the 

subsequent sections. 

4.3 Electrochemical kinetics at single layer graphene 

(SLG)/ electrolyte interface 

In Chapter 2, we discussed that Graphene is a fundamental building block of 

any nanostructured carbon electrode. In discussing redox electrolytes in chapter 3, 

the focus was solely on the improved mass transport in porous, carbonaceous 

electrodes. In this section, we will also discuss the electrochemical kinetics at SLG/ 

electrolyte interface. Not only is SLG representative of nanostructured carbon 

electrodes, it has a unique band structure and linearly varying DOS (see Fig. 4.3.1) 

that could yield some interesting results regarding electrochemical kinetics. 
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Understanding the electrochemical kinetics at the SLG/electrolyte interface is 

important not only for energy storage devices but also for chemical/ biological 

sensors and nanomaterial based photoelectrochemical devices[16], [17]. 

 

Figure 4.3.1: (a) Band structure of Single layer graphene (SLG). The E k  

relationship near the Dirac point has a linear dispersion relationship. (b) The DOS of 

SLG. Near the neutrality point | ( ) | | |E E   . Adapted from ref. [18]. 

 

The band structure of SLG has a linear E k  dispersion relationship in the form of  

FE k  near the Dirac point (at the K or K’ point in the Brillouin Zone) []. Being a 2-

dimensional material, SLG has 2D DOS given by [19]: 

  
 

2

2

F

E
E

 
    (4.12) 

Where  is the reduced Planck Constant and F is the fermi velocity of the carriers. 

Inspection of Fig. 4.3.1b suggests that at the vicinity of E , the DOS | ( ) | | |E E  [18]. 

   From Eq. 4.12, it is clear that SLG has variable DOS i.e. the DOS is function 

of E . The effect of variable 2D DOS has a significant effect on the electrochemical 

kinetics at the SLG/ electrolyte interface. The MHC model predicts a saturation of 
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/f bk  at   >>0 for a constant, 3D DOS. It can be seen from Fig. 4.3.2, that for a 

variable 2D DOS, such saturation is not evident and that 
/f bk  continues to increase 

beyond  . It can be seen through Eq. 4.11, an increasing DOS with increasing 

electron kinetic energy could result in the observed variation in
/f bk .  

 

Figure 4.3.2: Calculated kinetic data, /

0

ln f bk

k
 
 
 

 vs.   corresponding to the MHC 

model for 3D and 2D electrodes.   has been assumed to 1 eV in these calculations 

[15]. Image courtesy: Hidenori Yamada 

 

4.3.1 Experimental setup 

Single layer graphene (SLG) was synthesized via CVD (see chapter 3) on 

copper foil and was transferred to a p-Si substrate (with native oxide) through metal 

assisted exfoliation. The detailed procedure regarding synthesis and transfer can be 

found in ref.[20]. The transferred SLG films were characterized vis Raman 

spectroscopy and optical microscopy. 



147 
 

 
 

The electrochemical characterization was performed in a 3- electrode set up 

(as discussed in chapter 2 and 3) with the SLG on Si/SiO2 as the working electrode, a 

Saturated Calomel (Hg/HgCl2) reference electrode and a platinum wire counter 

electrode.  

 

Figure 4.3.1.2: Droplet electrochemistry using SLG on Si/SiO2 as the working 

electrode (a) The working electrode setup: Silver epoxy was coated along the 
perimeter of the SLG on Si/SiO2 sample and was masked using Kapton tape. A metal 
wire was also attached to the epoxy contact to make electrical connections to the 

working electrode. (b) The electrochemical setup under droplet configuration. 

 

Unlike chapter 2&3, the 3 electrode were set up in a droplet electrochemical 

configuration. The reason being , since SLG has a sheet resistance ~ 850 ±250 Ω-sq-

1[20], an electrical contact at one edge of the SLG sample with rest under the 

electrolyte would have introduced serious artifacts owing to Ohmic effects [21]. 

Therefore, electrical contact on the SLG sample was established in a ring format 

using silver epoxy i.e. the entire perimeter of the SLG sample was coated with the 

conductive epoxy to minimize Ohmic loss (see Fig. 4.3.1.2). The contacts were then 

masked with Kapton tape to prevent contact with the electrolyte. An exposed SLG 

area of ~ 0.4 cm2 was covered with a droplet of electrolyte (~ 100 µL in volume) 
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consisting of 1mM K3Fe(CN)6 (Potassium ferricyanide) and 1mM K4Fe(CN)6 

(Potassium ferrocyanide) for reduction and oxidation reactions respectively, in 

supporting 1M KCl solution [21].  

Electrochemical characterization was performed using Chronoamaperometry 

(CA). In CA a potential step is applied to the working electrode and the current is 

monitored as function of time (see section 1.3.1). In chapter 1 and chapter 3, we 

discussed the current response for a reversible reaction (i.e. KET >> KMT) under 

diffusion control (planar semi-infinite diffusion) and described the current- time 

relationship via the Cottrell equation (see Eq.3.3). However, reduction and oxidation 

reactions have been observed to be irreversible on the basal plane of Graphene (KET 

<< KMT) [21]. For reaction as in Eq. 4.1, When either O/R is initially present, under 

such kinetically controlled conditions, the CA current is described by [1]: 

 ( )CottrellI I F     (4.13a) 

 Cottrell

FAC D
I

t
    (4.13b) 

    2( ) expF erfc       (4.13c) 

 

1/2
/

1/2

f bk t

D
    (4.13d) 

A  is the electrode area, C  is the bulk concentration of O/R, D  is the diffusion co-

efficient of O/R (= 6.86 x 10-6 cm2/s, see chapter 3) and
/f bk  is the reduction/ 

oxidation reaction rate. 

For a reduction reaction, the electrode is initially maintained at a potential at 

which no current flows and then is stepped down to a potential at which 
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electrochemical reduction occurs (  <0). The resulting current is normalized by the 

Cottrell current (
CottrellI ) and the normalized current ( ( )F  ) is a non- linear function 

which is fit for different values of  . From  ,
fk can be estimated. The same 

procedure applies for oxidation reactions except now,  >0.    

4.3.2 Results and discussion 

The Raman spectrum confirms that the samples are indeed single layer owing 

to the intensity ratio I2D/IG > 2 (see chapter 2). The defect density (as quantified by 

AD/AG) for the as- transferred graphene flakes < 0.1 confirms that the samples are 

quite pristine without a significant amount of defects [20]. Optical micrographs confirm 

that the graphene samples are conformal with straight edges with no obvious folding/ 

rippling on the surface (see Fig. 4.3.2.1). 

 

Figure 4.3.2.1: (a) Raman spectrum of SLG on Si/SiO2 samples (b) Optical 

microscope (20x magnification) showing distinct regions on Si/SiO2 wafer with and 
without SLG. 

The current response for CA is shown in Fig. 4.3.2.2. We saw that (in section 

4.2) that the reaction rate 
,f bk  is generally a function of potential and regardless of 
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the kinetic model, it has a tendency to increase with . For the reduction (/oxidation) 

of Ferricyanide (Ferrocyanide), we see that an increasing negative (/positive)  the 

observed current does increase.  

 

Figure 4.3.2.2: Chronoamperometric response to potential step inputs at the SLG 

electrode. For decreasing (increasing) overpotential (  ), the magnitude of the 

reduction (oxidation) current increases. Note that for  =0, the reaction rate 
,f bk = 0k , 

the standard rate constant. Also notice the symmetry in the oxidation and reduction 

currents for identical | | .   

 

Also, it can be seen that for both, reduction and oxidation, the magnitude of 

the current is similar i.e., the currents are symmetric about  =0. We saw in the MH 

model that the transfer co-efficient  is a function of both   and the reorganization 

energy . Since the applied   are the same for both oxidation and reduction, it can 



151 
 

 
 

then be concluded from symmetric currents that is the same for both oxidation and 

reduction reactions. This is not surprising as the redox couple used here (Potassium 

Ferri/Ferrocyanide) is a large complex, and the change in it’s solvation energy 

between O and R configurations is not expected to be significantly different. This 

once again is predicted by the MH model.  

 

Figure 4.3.2.3: Experimental kinetic data, ,

0

ln .f bk
vs

k


 
 
 

 characteristic for the SLG 

sample. A fit based on the MHC model for a 2D DOS has been calculated. The 
calculated curve for 3D DOS for the same reorganizational energy has also been 

added for reference. 

 

The normalized reaction rates ,

0

f bk

k
were calculated for different  . The 

experimental data is compared to calculated curves based on 2D and 3D DOS (from 

Eqs. 4.11 and 4.13) having assumed a =0.1 eV [15]. It is evident that the reaction 
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rates for both oxidation and reduction are symmetric (the potential window in the 

positive direction was limited due to electrolytic decomposition beyond  =+0.3 V.  

The error bars were evaluated from characterizing 3 different SLG samples under 

identical experimental conditions. It can been seen that due to the variable DOS of 

SLG, normalized reaction rates can exceed that of 3-dimensional electrodes for small

 .  Considering that the forward and backward reaction rates 
,f bk  of Graphene (a 2D 

electrode) are sensitive to potentials far from the equilibrium potential, the data 

presented here can be used to effectively characterize the electronic band structure 

of Graphene including its DOS and its doping level due to impurities or other defects. 

4.4 Conclusion 

In summary, we have reviewed the three fundamental models of 

electrochemical kinetics of electron transfer at the electrode/ electrolyte interface. 

While reviewing each model, we discussed continuous improvements that have 

helped explain contemporary results involving electron transfer [15]. Specifically, we 

discussed the Marcus- Hush- Chidsey model in the context of a variable electronic 

DOS, characteristic of nanostructured carbon materials. It was seen that, in the MHC 

framework, reaction rates (and hence currents) tend to saturate beyond a certain 

potential determined by the reorganization energy  . We chose Single layer 

graphene (SLG) as a model electrode to verify existing models trying to predict 

electron transfer rates at nanostructured carbon/ electrolyte interface. We saw that 

the experimental results indeed agree well with theory and the results obtained in this 

study could be critical in understanding the role of the electronic band structure of 

graphene on its heterogeneous electron transfer rates.  
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Chapter 5 Conclusions and Future 

prospects 

The overarching goal of the work presented in this dissertation is to improve 

the energy density of Electrochemical Capacitors (ECs) while preserving their 

exceptional power density. Indeed, there are numerous applications for which 

moderately high energy densities and high power densities are required ranging from 

power tools to electric vehicles. Noting that the material of choice presently for ECs is 

activated carbon, a type of nanostructured carbon, an attempt has been made to 

understand and alleviate their limitations on more idealized systems mimicking real 

materials.  

Indeed, we have outlined, unambiguously, that nanostructuring, while critical 

for improving the effective surface area for charge storage, posits limitations in the 

form of reduced capacitance (and consequently the energy) due to quantum and 

space charge effects. We have investigated a technique, whereby, deliberately 

introduced defects via a plasma processing technique (Reactive ion etching), was 

used to increase the overall capacitance of the nanostructured carbon electrode. This 

was demonstrated on an idealized electrode in the form of few layered graphene 

(FLG).  We quantified, not only the magnitude of the capacitance increase but also of 

that of the total defect density. A combination of our theoretical and experimental 

approaches could help researchers to identify defects that are undetectable by 

Raman spectroscopy which has hitherto been a versatile tool to detect defects. 
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While defects did improve the specific capacitance of carbon electrodes, it 

does affect the electronic conductivity of graphitic materials. It is thus imperative to 

engineer ways to increase the electronic density of states (DOS) disproportionately 

higher compared to the associated decrease in electronic conductivity. Furthermore, 

even in quasi 3-dimensional electrodes such as FLG, surface states introduced by 

defects could be valuable for chemical sensing and photoelectrochemical 

applications. Thus a rich portfolio of problems is still open to the scientific community 

with respect to engineering and utilizing defects. 

In that spirit, the alternate approach to defects was considered to boast the 

energy of ECs via redox electrolytes. The redox electrolyte approach changes 

conventional ECs into battery like devices in the way (and by the amount of which) it 

stores energy and delivers power. Through the work in this dissertation, it has been 

established that porous carbon electrodes are singularly qualified for this approach to 

work. The enhanced mass transport in these electrolytes due to the thin layer regime 

contributes to exceptional power densities by alleviating diffusional limitations 

common to Li ion batteries. While we have demonstrated an order of magnitude 

improvement in the energy density compared to ECs, this has been, so far done only 

on one electrode. The practical challenges of (a) finding redox couples for both 

(positive and negative) electrodes (b) preventing the aforementioned redox couples 

from intermixing leading to self- discharge of the device and (c) finding redox couples 

with sufficient solubility in aqueous and organic electrolytes. Also, we have 

demonstrated enhanced energy density and power density in both thin film 

macroporous (VA- CNT array) and 3-dimensional electrodes (RVC-CNT 

foam).Robust, electrically conductive electrodes with high developed porosity with a 

potential for scalable manufacture must still be developed. 
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In the final section, our ideas regarding quantum effects due to 

nanostructuring and the role of redox couples in charge storage converge as we 

investigate electrochemical kinetics at the nanostructured electrode/ electrolyte 

interface. Indeed, we discovered that the unique band structure of graphene, a 

representative electrode, with its variable DOS plays a crucial role in modulating the 

electrochemical reaction rates. We demonstrated experimentally that the reaction 

rates dependence on the applied potential and fit our observations by invoking the 

Marcus- Hush- Chidsey model of electron transfer with variable DOS. The results 

obtained in this study could be critical in understanding the role of the electronic band 

structure of graphene on its heterogeneous electron transfer rates. It can be seen 

from models and our experimental results, that electrochemical characterization can 

yield important insights into the effects of an electrode’s dimensionality on its 

electronic properties. 

 

 

 




