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Preface

The field of high-energy and power storage devices, the domain of super-
capacitors (or ultracapacitors as they are known), has seen a recent upsurge 
in market development and usage, research and development activity, and 
significant and rapid strides in device development. Thus, we have foreseen 
a renewed interest in this emerging field (and specifically the field of ceramic 
oxide–based supercapacitors) by the student population and well-educated 
next generation of scientists and engineers. This textbook originated from 
our own intense and sustained research in the field of supercapacitors and 
AB’s substantial research background in the area of ceramic materials and 
their application to supercapacitor development. This book is designed to 
cater to a broad base of seniors and graduate students having varied back-
grounds such as physics, electrical and computer engineering, chemistry, 
mechanical engineering, materials science, nanotechnology and even to 
a reasonably well-educated layman interested in state-of-the-art devices. 
Given the present unavailability of a “mature” textbook having a suitable 
breadth of coverage (although basic books and a plethora of journal articles 
are available with the added difficulty of referring to multiple sources), we 
have carefully designed the book layout and contents with contributions 
from well-established experts in their respective fields. This book is aimed 
at undergraduate seniors and graduate students in all of the disciplines men-
tioned earlier.

The textbook consists of six well-rounded chapters arranged in a logical, 
distilled manner. Each chapter is intended to provide an overview‚ not a 
review‚ of a given field with examples chosen primarily for their educational 
purpose. The student is encouraged to expand on the topics discussed in the 
book by reading the exhaustive references provided at the end of each chap-
ter. The chapters have also been written in a manner that fits the background 
of different science and engineering disciplines. Therefore‚ the subjects have 
been given primarily a qualitative structure, and in some cases, providing a 
detailed mathematical analysis.

Each chapter contains several simple, well-illustrated equations and sche-
matic diagrams to augment the research topics and help the reader grasp the 
fundamental nuances of the subject properly. The progression of chapters 
is designed in such a way that all background theories and techniques are 
introduced early on, leading to the evolution of the field of nanostructured 
ceramic oxide–based supercapacitors. The readers will find this logical evo-
lution highly appealing as it introduces a didactic element to the reading of 
the textbook apart from the joy of grasping the essentials of an important 
subject.



viii Preface

﻿

We, the editors (KRVS and AB) first and foremost thank the dedicated and 
respected individual scientists who have written the individual chapters. 
Their enthusiasm in writing chapters of high quality and delivering them 
on time after incorporating the review suggestions made the release of the 
textbook a simplified task for us. In addition‚ several outstanding graduate 
students of the Nanosolar and Energy Storage Technologies (NEST), Amrita 
Centre for Nanosciences, Kochi, Kerala, India, have also made important 
contributions. We thank Ranjusha‚ Anjali‚ Praveen P., Roshny, Lakshmi V., 
Pratibha, and Vani, in particular, and the other students of the division for 
their assistance and also Dr. Sivakumar for his assistance. We also thank our 
Division Director Dr. Shanti Nair and the management of Amrita Institute of 
Medical Sciences, Kochi, for their support in undertaking this project. 



ix﻿

Editors

Dr. Avinash Balakrishnan joined as 
faculty at Nanosolar Division in 2010, 
following a postdoctorate at Grenoble 
Institute of Technology (Grenoble-INP) 
France. He completed his PhD and MS 
in Materials Engineering at Paichai 
University, South Korea. He is an alum-
nus of National Institute of Technology, 
Karnataka, where he completed his 
bachelor’s in metallurgical engineer-
ing. Dr. Balakrishnan has received 
several prestigious fellowships and 
travel grants throughout his academic 

career that includes a KOSEF fellowship to pursue his master’s (2003), Korea 
Research Foundation Fellowship for his PhD (2005), and CEFIPRA postdoc-
toral fellowship (2008). His past professional experience also includes being 
a research scientist at Korea Research Institute of Standards and Science, 
South Korea, where he extensively worked on high-temperature and high-
strength ceramic materials for space, armor, and dental applications. During 
his postdoctoral research, he mainly focused on simulations and mechanics 
related to ceramic nanoparticles.

His current research interest includes developing nanostructured ceramic-
based oxides as electrode materials for energy storage devices. The concepts 
being investigated are growth behavior, morphological effect on the charge–
discharge mechanism, and effect of secondary particle phase in the elec-
trode to name a few. He is also actively leading five government-funded 
projects related to high–energy density supercapacitors. He has coauthored 
more than 70 research publications in reputed international journals such 
as Acta Materialia, Journal of American Ceramic Society, and Journal of Materials 
Research. He has filed 8 Indian patents in the area of energy storage. He is 
currently the associate editor of the Journal of Nanoscience and Nanotechnology.



x Editors

﻿

Dr. K.R.V. Subramanian is currently an 
associate professor with Amrita Centre 
for Nanosciences, Kochi, India. He 
joined Amrita in July 2008. He obtained 
his PhD from Cambridge University, 
England, in 2006. His doctoral disserta-
tion focused on the development and 
characterization of several unary and 
multicomponent oxide electron beam 
resists that are suitable for high-reso-
lution electron beam nanolithography. 
His doctoral work was highly com-
mended and resulted in Engineering 
and Physical Sciences Research 
Council (EPSRC) proposals and pub-
lications in high-impact journals, 

such as Nanoletters and Advanced Materials. He is a fellow of the Cambridge 
Commonwealth Society. His previous alma mater for his bachelor’s and mas-
ter’s degrees in engineering include the National Institute of Technology, 
Tiruchirapalli, and the Indian Institute of Science (IISc), Bangalore. He also 
worked as a postdoctoral research associate at the University of Illinois at 
Urbana–Champaign, where he was involved in device fabrication (cancer 
cell charge sensing) and high-resolution electron beam lithography studies 
on a widely used electron beam resist poly(methyl methacrylate). He contin-
ued his postdoctoral research at IISc, Bangalore, where he oversaw work on 
zinc oxide and conducting polymers. Dr. Subramanian has 60 journal pub-
lications and 29 conference presentations to his credit. He is also a reviewer 
for many prestigious journals such as Energy and Environmental Science, 
Nanoscale, Journal of Physical Chemistry, Chemical Communications, and RSC 
Advances. Dr. Subramanian’s research interests encompass nanostructured 
photovoltaics, materials for energy storage, supercapacitors, batteries, nano-
fabrication, device processing, functional nanomaterials, and nanomaterials 
for cancer therapy. He was the co-principal investigator for large government 
funded projects in the area of photovoltaics and energy storage.



xi﻿

Contributors

Heather Andreas received her PhD degree in electrochemistry from the 
University of Calgary, Canada, in 2004. She pursued her postdoctoral studies 
at the University of Ottawa with an emphasis on electrolyte-related issues 
of supercapacitors. In 2006, she joined as assistant professor at Dalhousie 
University in Halifax, where she received the university faculty award from 
the Natural Sciences and Engineering Research Council and the Leaders 
Opportunity Award from the Canadian Foundation for Innovation. In July 
2011, she accepted a position as associate professor at Dalhousie. Her research 
focuses on the use of electrochemical methods to study and optimize alter-
native energy storage with an emphasis on supercapacitors.

S. Jayalekshmi is a professor in the Department of Physics of the Cochin 
University of Science and Technology, Kerala, India. Her research areas 
include polymer light-emitting diodes, rechargeable lithium-ion cells, 
nonlinear optics, nanophotonics, and bio-nanophotonics. Eleven students 
have completed PhDs under her supervision and eight more are currently 
working for PhDs under her supervision. She has contributed more than 
60 publications in international journals. She is a member of the Society of 
Photo-Optical  Instrumentation Engineers (SPIE) and the Electrochemical 
Society (ECS) and a life member of the Material Research Society of India. 
Her  research laboratory, “Division for Research in Advanced Materials,” 
(DREAM) can be accessed at http://physics.cusat.ac.in/research/dream_lab/
index.html.

Meisam Valizadeh Kiamahalleh received his BSc in chemical engineer-
ing from University of Mazandaran, Iran, in 2006, where he proceeded with 
his first research project on “reverse osmosis,” under the guidance of  Prof. 
Ghasem Najafpour. In 2007, he moved to Malaysia to pursue his MSc in chem-
ical engineering in Universiti Sains Malaysia on carbon nanotube-based 
nanocomposites for the supercapacitor electrode materials under the super-
vision of S. H. S. Zein. He has six ISI journal articles and four international 
conference papers to his credit. Meisam is now pursuing his PhD on novel 
graphene-based nanoporous materials for controlled drug delivery under 
the supervision of Prof. Mark Biggs at the School of Chemical Engineering, 
University of Adelaide, Australia.

Praveen Pattathil graduated from Bharathiar University, Tamil Nadu, India, 
with a master of science degree in physics in 2007. He completed his MTech 
in nanotechnology at Amrita Nanosolar and Energy Storage Division, 



xii Contributors

﻿

Amrita University, Kochi, India. His research focuses on metal oxide–based 
supercapacitor/battery material. He has also received a Ministry of New and 
Renewable Energy (MNRE) fellowship and has more than ten publications 
in international journals to his credit.

Anand Puthirath graduated from Cochin University of Science and 
Technology with an MSc in physics in 2010. Currently, he is a PhD student 
in the Department of Physics, Cochin University of Science and Technology, 
under the guidance of Dr. S. Jayalekshmi. His research is focused on polymer-
based rechargeable battery materials, organic photovoltaic materials, and 
nonlinear optics active photonic materials. He is a student member of the 
reputed research organizations SPIE and ECS. He has won the Best Student 
Paper Award at the International Conference OPAP-2013 held in Singapore, 
organized by Global Science & Technology Forum (GSTF). He has six pub-
lications in international journals and has attended many international and 
national conferences.

P. Ragupathy is a quick hire scientist in Electrochemical Power Systems 
Division at the Central Electrochemical Research Institute, Karaikudi. He 
received his BS, MS, and MPhil degrees in chemistry from St. Joseph’s College, 
affiliated with Bharathidasan University, Tiruchirappalli, India. He obtained 
his PhD degree in materials electrochemistry from the Indian Institute of 
Science, Bangalore, India. Before becoming a research fellow at Nanyang 
Technological University and NUS Nanoscience and Nanotechnology 
Initiative at Singapore, he was a postdoctoral fellow at the University of 
Texas, Austin. His research interests include development of new synthesis 
methods and nanostructured materials for lithium-ion batteries, redox flow 
batteries, and supercapacitors.

Jaya T. Varkey graduated in applied chemistry from Cochin University of 
Science and Technology, Kerala. She received her PhD in chemistry from the 
School of Chemical Sciences, Mahatma Gandhi University, Kerala, India. She 
developed a novel polymeric resin for solid-phase peptide synthesis during 
her PhD work. A postdoctoral fellow from the University of Minnesota, USA 
(1999–2003), she has presented papers in several national and international con-
ferences including the 17th American Peptide Symposium, San Diego. She has 
won the National Young Scientist award winner in chemistry in 1995. She has 
to her credit several international papers and a book on peptide synthesis by 
Lambert Academic Publishing, Germany. She is currently an assistant profes-
sor in chemistry at St. Teresa’s College, Ernakulam, Kerala, India.

S. H. S. Zein received his PhD in chemical engineering from Universiti Sains 
Malaysia (USM), where he then joined this department as a lecturer and was 
promoted to associate professor. His research interests include chemical 
reaction engineering, catalyst synthesis and characterization, and carbon 



xiiiContributors

﻿

nanotubes. His current interest is catalysis of plant fibers toward the produc-
tion of nano-carbonaceous materials and an alternative source of energy, and 
the development of bone replacement materials. His outstanding academic 
contribution is also evidenced by the 130 scientific articles he has published 
over the past 10 years; some of them were listed as the top 25 hottest articles 
published for a period of time. Apart from authorship, he worked as inter-
national grant assessor in many reputed regional and international journals. 
In the past 10 years, he has been awarded nationally and internationally for 
his research and teaching. Receiving Excellent Teaching Awards from USM 
and two awards from the British Inventors Society in 2009 and 2011 are the 
most recent ones. 





1﻿

1
Capacitor to Supercapacitor: An Introduction

Praveen Pattathil, Nagarajan Sivakumar, and Theresa Sebastian Sonia

1.1  Historical Background

Supercapacitors, also known as electrochemical capacitors or ultracapacitors, 
store electrical charge in the electric double layer at an electrode–electrolyte 
interface, primarily in a high–surface area electrode. The high surface area 
and the small thickness of the double layer (in the order of angstrom) enable 
these devices to exhibit high specific and volumetric energy and power den-
sity with an essentially unlimited charge–discharge cycle life. The opera-
tional voltage  in these devices is governed by the breakdown potential of the 
electrolyte and ranges usually between <1 and <3 V for aqueous and organic 
electrolytes, respectively.1–3

The concept behind the supercapacitor mechanism was known since the 
late 1800s. The first supercapacitor device, based on double-layer charge stor-
age (using carbon electrodes), was built in 1957 by H.I. Becker of General 
Electric for which he was granted a U.S. patent (No. 2,800,616).4 Figure 1.1 
shows a diagrammatic representation of this device.

The limitation of Becker’s device was that its setup was similar to a battery 
where both anode and cathode need to be immersed in a container of elec-
trolyte. This dramatically reduced the volumetric energy and power den-
sity of the device. The device was never commercialized. However, over the 
last few decades, supercapacitor technology has grown into a full-fledged 
industry with sales amounting to several hundred million dollars annu-
ally. The unique properties of supercapacitors have often complemented the 
limitations of batteries and fuel cells. With increasing oil prices, this is an 
industry that has rapidly expanded in power quality and emerging auto-
mobile applications. Earlier supercapacitors could deliver few volts and had 
capacitance values measuring from microfarads up to several tens of farads. 
With the latest advancements, cells exhibiting millifarad storage capacity 
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with exceptional pulse power performance to devices having hundreds of 
thousands of farads of storage capability and operational voltages up to 
1500 V are available in the market. This chapter aims at briefly presenting 
the historical background of the evolution of supercapacitor technology.

In 1962, Robert A. Rightmire, a chemist at the Standard Oil Company of Ohio 
(SOHIO), filed a patent application (U.S. patent 3,288,641 awarded in 1966)5 for 
a supercapacitor device that he had invented in the format in which it is pres-
ently used. The carbon double-layer capacitors were originally developed by 
SOHIO as a by-product of fuel cell–related development activities. The patent 
by Robert Rightmire was subsequently followed by another U.S. patent appli-
cation (No. 3,536,963)6 by a fellow SOHIO researcher Donald L. Boos in 1970, 
which laid the foundation for the hundreds of patents and journal articles 
covering all aspects of supercapacitor technology. At an international confer-
ence on double-layer capacitors and similar energy storage devices in 1991, 
Donald Boos described in detail the phenomenon and his activities in devel-
oping prototypes of what he termed “Electrokinetic capacitors.” The motiva-
tion for this research was initiated by the problem associated with obtaining 
stable electrical readings on fuel cells. The duration of the stability was attrib-
uted to the electrodes being used in the device. This triggered the concept of 
employing high–surface area carbon electrodes.

However in 1971, SOHIO went into financial crisis, as its Alaska oil pipeline 
venture took a heavy beating. This led SOHIO to cutback many of its long-
term research investments, including the capacitor project. This prompted 
them to license their supercapacitor prototype for commercialization, but the 
licensee failed.

Porous carbon electrodes

Electrolyte

FIGURE 1.1
The General Electric–patented capacitor. (From Becker H.I., Low-voltage electrolytic capacitor. 
U.S. Patent 2,800,616.)
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The prototypes of the supercapacitors, which SOHIO sent across the 
globe in its quest to commercialize, harnessed a lot of interest. In 1974, 
USSR Academy of Sciences reported a paper entitled, “Anomalous Electrical 
Capacity and Experimental Models of Hyperconductivity” regarding a 
molecular capacitor. Although this article was received with high skepti-
cism, the research grants were funded, albeit with close inspection.

By this time, that is, in 1975, a second licensee, the Nippon Electric Company 
(NEC) of Japan, entered into an agreement with SOHIO for this technology. 
As it started recovering from its financial crunch with the oil production 
happening and flowing through its Alaska pipeline in 1977, SOHIO also 
resumed its supercapacitor research activities. By 1978, NEC had invested 
a lot of time and money in fundamental investigations, expedited manufac-
turing and marketing capability for its supercapacitor devices, creating large 
supply chains. Two years later in 1980, the SOHIO introduced its “Maxcap” 
double-layer capacitor product, having an aqueous electrolyte with capaci-
tance rated up to several farads and exhibiting an operating voltage of 5.5 V. 
But constant transferring of ownership, to a company called Carborundum, 
then to Cesiwid, and finally to Kanthal Globar, allowed NEC to take the com-
mand as the world leader in this technology with a rich history of develop-
ing and marketing supercapacitor products. Hence, NEC is often credited for 
the term “Supercapacitor” for its electrochemical capacitor products. By 1982, 
different variants of NEC’s supercapacitors were pitched into the market to 
meet new application requirements.

Beginning in 1985, research efforts were diverted on the utilization of 
supercapacitors in automobile applications with emphasis on starters for 
internal combustion engines. The Cold War and the Space Race triggered the 
Russians to also participate and contribute in this area. A Russian company 
called MP Pulsar (later changed its name to ELIT) started developing state-
of-the-art supercapacitors in 1988 at the Accumulator Plant in Kursk. The 
following year (1989), ELIT developed the first asymmetric supercapacitors 
based on the use of a nickel oxyhydroxide as cathode, potassium hydroxide as 
electrolyte, and activated carbon as anode. These devices were used to power 
wheelchairs and toys. In 1990, ELIT started focusing on symmetric designs 
with potassium hydroxide electrolyte and two activated carbon electrodes.

Inspired by these developments, a company by the name The Econd 
Corporation was founded in 1991 in Moscow, which demonstrated that their 
product could be used for starters in trucks as well as for hybrid electric 
vehicles (HEVs). Again in the same year, NEC reported the development of 
high-performance double-layer capacitors using activated carbon electrodes.

These developments made Russians to invest more into this technol-
ogy, which led to the opening of a manufacturing unit under a joint stock 
company called ESMA in Troitsk, Russia, in 1993. Soon, ESMA pioneered the 
development of devices in a range of sizes from 20 kJ, 14 V modules to 30 MJ 
190 V modules used to power heavy-duty automobiles like trucks and buses. 
These modules exhibited capacitance in the range of 3000–100,000 F per cell. 
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NEC Japan’s innovative idea of using activated carbon electrodes was employed 
by ESMA for constructing anodes for cells similar to nickel–cadmium (Ni-Cd) 
batteries used in aircrafts. These ESMA cells offered very good power and 
energy storage performance with high cycling stability at a reasonable cost.

The market potential of this technology grabbed worldwide attention. 
In 1994, Commonwealth Scientific and Industrial Research Organization 
of Australia joined hands with Plessey Ducon, a manufacturer of passive 
components. Two years later, the research and development team produced 
a carbon and organic electrolyte–based spiral-wound supercapacitor with 
an energy density of 9 Wh/kg and time constants ranging from seconds to 
milliseconds.

In 1996, with the rising competition worldwide, NEC introduced several 
new products to the market, including the FG series, the high-power FT series, 
and the FC series under the brand name “Tokin.”

In 1997, supercapacitors made history when it was first disclosed that such 
systems can be designed to deliver energy densities exceeding 10 Wh/kg. 
These capacitor banks opened up avenues for propulsion applications in 
heavy-duty vehicles, like trucks and buses, where it could store about 30 MJ of 
energy at 190 V. Dr. Arkadiy Klementov of ESMA delivered a disclosure pre-
sentation titled Application of Ultracapacitors as Traction Energy Sources at 
the 7th International Seminar on Double-Layer Capacitor and Similar Energy 
Storage Devices. ESMA design was an asymmetric capacitor (U.S. patent 
no. 6,222,723),7 which essentially used one battery electrode coupled with a 
carbon electrode. The combination offered advantages in terms of higher spe-
cific energy, higher operating voltage, and low cost.

By this time, Nippon Chemi-Con (NCC) of Japan, a billion-dollar manu-
facturing company which had earned the distinction of being the larg-
est producer of aluminum electrolytic capacitors, entered the market with 
their supercapacitors under the brand name “DLCAP.” NCC started its mass 
production in 1998 with both spiral-wound and prismatic cell designs hav-
ing 3000 F and 2.5 V ratings. NCC used a propylene carbonate solvent as its 
electrolyte, which does not have the fire and health issues associated with 
some of the alternative organic electrolytes. They employed a resealable valve 
approach, which was a boost to capacitor production.

During the same year, that is 1998, the Daewoo group of South Korea 
designed its first supercapacitor product and named it “NessCap.” With 
both public and private investors pitching in funds, NessCap started cap-
turing the market with its broad product line of supercapacitor variants. 
The design of NessCap products was based on an organic electrolyte with a 
spiral-wound prismatic cell configuration showing capacitance from a few 
farads to 5000 F and was rated at 2.7 V, one among the highest voltages in 
the industry.

However, Japanese domination in the market still remained. The year 1999 
saw Panasonic introducing its high-performance “UpCap” supercapacitor, 
rated at 2000 F and 2.3 V, for transportation applications including HEVs. 
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It offered a waterproof construction at a low cost. The supersealed package 
also ensured that no heat was entrapped during the operation. This feature 
was important, because heat was generated during the charging/discharging 
of hybrid vehicles (i.e., during regenerative braking and acceleration) and 
had to be dissipated.

Supercapacitors inherited new engineering designs over a period of time 
with new applications. For instance, in 2001 a supercapacitor design exhibit-
ing spiral-wound series and a low-profile thin-format series, both having an 
organic electrolyte, appeared in the market. This was introduced by “Tokin” 
of Japan, which later changed its brand name to “NEC-Tokin” in 2002.

The year 2002 saw a lot of developments in this area. At the centen-
nial meeting of the Electrochemical Society, Asahi Glass’s Dr. T. Morimoto 
described an asymmetric supercapacitor design in which both electrodes were 
carbonaceous in nature and used an organic electrolyte containing a lithium 
salt. These prototypes showed a volumetric energy density of 16 Wh/L. Today 
several companies are following this approach because of the higher operat-
ing voltage (i.e., 4.2 V) and higher energy density the design has offered.

The same year saw Maxwell Technologies acquiring supercapacitor man-
ufacturer Montena Components of Rossens, Switzerland. This acquisition 
resulted in a lot of new designs coming into the market. For example, met-
alized carbon cloth electrode material was replaced by carbon-coated alu-
minum foil current collectors, which were then made into cylindrical cells. 
Maxwell also launched its broad range of supercapacitor products called 
“BoostCaps.” Currently, Maxwell is manufacturing larger devices that are 
being used in many applications, including HEVs, power generation sys-
tems like wind turbines, and internal combustion engine starters. Maxwell 
licensed its technology to EPCOS in Germany; however, EPCOS elected 
to exit this market in late 2006, as it was unsure about the time it would 
require to achieve the break-even point of its investment. However, this did 
not stop Maxwell Technologies from becoming the leading U.S. producer of 
supercapacitors.

In 2007, ESMA and its partner American Electric Power came out with a 
significantly cheaper lead oxide/sulfuric acid/activated carbon asymmetric 
supercapacitor which could store large amounts of electricity from the util-
ity grid at night. This storage system was designed to last for ten years and 
exhibited good cycle numbers. Such asymmetric systems could offer tough 
competition for many existing battery systems. It should be noted that ESMA 
had reported good cycle efficiency, with an estimated cycle life greater than 
5000 cycles. This system had energy density much higher than that of sym-
metric supercapacitors but less than that of lead-acid batteries. Figure 1.2 
provides the important phases in supercapacitor development.

Today, the largest market for supercapacitors is in uninterruptible power 
supplies and power quality applications.8 Since 80% of power line distur-
bances last less than a second, supercapacitors can provide a better solu-
tion than batteries because they offer the lowest cost per unit power and 
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have the longest operational life. Another product with a quickly growing 
market is HEVs.9 Over 50 state-of-the-art HEV models are expected to be 
on the road by 2015, an outstanding 300% growth rate that is expected to 
last at least a half decade. Cell phones and digital cameras will also be 
another major application area. It is projected that a compounded annual 
growth rate for a supercapacitor is about 27%.

With the onset of nanotechnology, the uses of nanostructured electrodes 
are also expanding. This enhances the possibilities and practicality of super-
capacitors for heavy-duty applications. With huge advancements occur-
ring in nanotechnology, more efficient supercapacitors have been reported. 
The knowledge of these changes also broadens the possibilities for future 
advance storage devices. Nanostructured metal oxides present an attractive 
alternative as an electrode material because of their high specific capaci-
tance and low resistance, making it easier to design high-energy and power 
density supercapacitors. Extensive research into ruthenium oxide (RuO2) 
has been conducted for military applications, where cost is less of an issue 
than it is for commercial ventures.10–12 Academic researchers have focused 
on other cheaper metal oxides as replacement for RuO2, but the selection 
has been limited by the usage of concentrated H2SO4 as an electrolyte. It was 
hypothesized that high capacitance and fast charging were largely a result 

• �e �rst supercapacitor
   device is developed by
   H.I. Becker of General
   Electirc.

• In 1962, Robert A. Rightmire (SOHIO),
   �les his patent for the invention of a
   supercapacitor device followed by
   D. Boos in 1970 who transformed this
   concept into technology.

• In 1985, research e�orts were
   diverted on the utilization of
   supercapacitors in automobile
   applications for internal combustion
   engines.

Nanotechnology starts
showing its potential in
energy storage devices.

A lot of reports on
utilization of
nanostructured ceramic
oxide systems are
published in journals
and patents.

• In 1989, Russians launch the �rst
   asymmetric supercapacitors.

• In 1990, ELIT starts focusing on
   symmetric designs with potassium
   hydroxide electrolyte and two
   activated carbon electrodes.

1957 1960–1970 1970–1980

MAJOR EVENTS

1980–1990 1990–2000 2000–2010

• In 1974, USSR Academy of Sciences
   reports a paper on molecular
   capacitor.

• �e Econd Corporation is created in 1991 in
   Moscow.
• In 1994, Commonwealth Scienti�c & Industrial
   Research Organization (CSIRO) of Australia joins
   hands with Plessey Ducon, a manufacturer of 
   passive components.

• In 1996, NEC introduced several new products
   like FG series, the high-power FT series, and the
   FC series.

• In 1978, Nippon Electric Company
   commercializes supercapacitor.

• In 1980, SOHIO introduces “Maxcap”
   double-layer capacitor.

FIGURE 1.2
Timeline showing the important phases in supercapacitor development.
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of hydrogen adsorption, so a strong acid was, therefore, necessary to provide 
good proton conductivity. This limited the range of possible electrode mate-
rials, as most metal oxides dissolute quickly in acidic solutions. Milder aque-
ous solutions, such as KCl, have therefore been considered for use with metal 
oxides such as MnO2.13–15 Although many of these ceramic oxides currently 
appear to possess lower specific capacitances than ruthenium oxides, the 
lower cost and milder electrolyte may be enough of an advantage to make 
them a suitable candidate.

Table 1.1 provides a summary of the worldwide research activities and 
development on supercapacitors.

TABLE 1.1

Worldwide Research Activities and Development on Supercapacitors

Country/Company
(Product)

Description of the 
Technology

Device 
Characteristics
(Voltage, Capacitance, 
Energy Density, and 
Power Density) Status/Availability

Australia – Cap XX
(Carbon particulate 
composites)

Spiral wound and 
monoblock, 
particulate with 
binder, organic 
electrolyte

3 V, 120 F,
6 Wh/kg, 300 W/kg

Packaged prototypes

France – aft
(Carbon particulate 
composites)

Spiral wound, 
particulate with 
binder, organic 
electrolyte

3 V, 130 F,
3 Wh/kg, 500 W/kg

Packaged prototypes

Japan – NEC
(Carbon particulate 
composites)

Monoblock, multicell, 
particulate with 
binder, aqueous 
electrolyte

5–11 V, 1–2 F,
0.5 Wh/kg, 
5–10 W/kg

Commercial

Japan – Panasonic
(Carbon particulate 
composites)

Spiral wound, 
particulate with 
binder, organic 
electrolyte

3 V, 800–2000 F,
3–4 Wh/kg, 
200–400 W/kg

Commercial

Russia – ESMA
(Hybrid)

Double-layer/
Faradaic, monoblock 
multicell modules, 
carbon/nickel 
oxide/KOH

1.7 V cells, 
50,000 F,
8–10 Wh/kg, 
80–100 W/kg

Commercial

Russia – ELIT
(Carbon particulate 
composites)

Bipolar, multicell 
carbon with H2SO4

450 V, 0.5 F, 1 Wh/kg,
900–1000 > 100,000 
cycles

Commercial

Sweden – Superfarad
(Carbon-fiber 
composites)

Monoblock, multicell 
carbon cloth on 
aluminum foil, 
organic electrolyte

40 V, 250 F
5 Wh/kg, 
200–300 W/kg

Packaged prototypes

(Continued)
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1.2  Scope of the Book

As the title suggests, the focus of this work is on supercapacitors based on 
nanostructured ceramic oxides. Ceramic oxides have been selected due to 
their excellent stability in different electrochemical systems. The justifica-
tion for the usage of ceramic oxides as electrode materials for supercapac-
itors is their potential to attain high capacitance at a low cost. This book 
covers in detail the fundamental science, principles, and measurement 
techniques associated with the performance evaluation of supercapacitors 
(Chapters  2–4). The heart of this book (Chapters 5–6) aims to give a self-
contained account on the development of metal oxide–based electrodes for 
supercapacitor applications. The final chapter concludes the discussion by 

TABLE 1.1 (Continued)

Worldwide Research Activities and Development on Supercapacitors

Country/Company
(Product)

Description of the 
Technology

Device 
Characteristics
(Voltage, Capacitance, 
Energy Density, and 
Power Density) Status/Availability

U.S. – Evans
(Hybrid)

Double-layer/
electrolytic, single 
cell, monoblock, 
RuO2, tantalum 
powder dielectric, 
H2SO4

28 V, 0.02 F
0.1 Wh/kg, 
30,000 W/kg

Packaged prototype

U.S. – Los Alamos 
National Lab

(Conducting polymer 
films)

Single-cell, 
conducting polymer 
PFPT. On carbon 
paper, organic 
electrolyte

2.8 V, 0.8 F
1.2 Wh/kg, 
2000 W/kg.

Laboratory prototype

U.S. – Pinnacle 
Research Institute

(Mixed metal oxides)

Bipolar, multicell, 
RuO2, on titanium 
foil, H2SO4

15 V, 125 F & 100 V, 1 F
0.5–0.6 Wh/kg, 
200 W/kg

Packaged prototypes

U.S. – US Army, Fort 
Monmouth

(Mixed metal oxides)

Hydrous RuO2, 
bipolar, multicell, 
H2SO4

5 V, 1 F
1.5 Wh/kg, 
4000 W/kg

Unpacked lab 
prototype

U.S. – PowerStor 
(Aerogel carbons)

Spiral wound, aerogel 
carbon with binder, 
organic electrolyte

3 V, 7.5 F
0.4 Wh/kg, 
250 W/kg

Commercial

U.S. – Maxwell
(Carbon fiber 
composites)

Monoblock, carbon 
cloth on aluminum 
foil, organic 
electrolyte

3 V, 1000–2700 F
3–5 Wh/kg, 
400–600 W/kg

Commercial

Source:	 Burke A., J Power Sources, 91, 37–50, 2000.

Abbreviations:	 �PFPT, poly (3-(4-fluorophenyl)thiophene); RuO2, ruthenium oxide; Wh, watt-hour.



9Capacitor to Supercapacitor: An Introduction

﻿

pointing out the future scope and directions of nanotechnology in creating 
next-generation supercapacitors.
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2.1  Introduction to Electrochemical Systems

Electrochemistry represents a dynamic field with many applications in 
today’s industrial economy. Electrochemical energy systems are devices 
that directly convert chemical energy into electrical energy. Fuel cells like 
batteries or galvanic cells are the most important examples of electrochemi-
cal systems. The understanding and design of electrochemical systems are 
both fascinating and challenging because of the simultaneous collaboration 
of mass transport, charge transport, electrochemical kinetics, and thermal 
effects. Electrochemical processes have important applications in both nature 
and industry. This includes generation of chemical energy in photosynthesis, 
electroplating, batteries, supercapacitors, and also in the biomedical field.

Electrochemistry explains the relationship between chemical changes and 
resulting electricity. It deals with the conversion of chemically stored energy 
directly into electrical work. This includes the study of chemical changes caused 
by passing an electric current through a medium, as well as the generation of elec-
tric energy by chemical reactions. It also connects the study of electrolyte solutions 
and their chemical equilibrium.1–3 Chemical reactions, which require energy, can 
be carried out at the surfaces of electrodes in cells connected to external power 
supplies. From such chemical reactions, one can learn about the nature and prop-
erties of the chemical species contained in the cells, and this knowledge can also 
be used for the preparation of new chemicals. Electrochemical cells that produce 
electric energy from chemical energy form the basis of batteries and the fuel cells.

2.2  Electrochemical Cell

The components of an electrochemical cell are two half-cells, made up of an 
electrode kept in contact with an electrolyte. The electrode can be a conductor 
(such as a metal or carbon) or a semiconductor. The electrolyte is a solution 
consisting of charge-carrying ions. For example, a solution of sodium chlo-
ride (NaCl) in water is an electrolyte containing sodium ions and chloride 
ions. An electric field applied across this solution causes the ions to move 
toward oppositely charged fields, Na+ toward the negative and Cl− toward 
the positive field.4 This movement and the subsequent buildup of charges 
create a potential difference. The movement of the electrons brought about 
by the chemical reactions causes a current to flow through the electrodes. 
In all the electrochemical cells, it is the oxidation-reduction (redox) reaction 
which leads to the development of potential. Oxidation and reduction reac-
tions taking place simultaneously is called a redox reaction. The system in 
which such redox reactions take place to produce electrical energy is called 
an electrochemical cell, which is often called a galvanic cell.4–7
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The half-cells are connected by a separator that permits the movement of 
charged ions between the half-cells but avoids the mixing of the electrolytes. 
The separator can consist of a salt bridge, or it can be an ion exchange mem-
brane or a sintered-glass disk. Both the half-cells can be kept in contact with 
the same electrolyte as well. In galvanic cells, spontaneous reactions occur 
at the interface between the electrode and the electrolyte, when the two 
electrodes are connected. In electrolytic cells, reactions are made to occur at 
these interfaces with the help of an external power supply connected to both 
electrodes. The power supply provides electrical energy, which is converted 
to chemical energy in the form of the products of the electrode reactions.

A typical galvanic cell is shown in Figure 2.1, which is referred to 
as  the  Daniel cell. It consists of a zinc (Zn) electrode kept in an aque-
ous zinc  sulfate solution and a copper (Cu) electrode kept in an aqueous 
copper sulfate (CuSO4) solution.8 When the switch is closed, zinc is oxidized 
to zinc ion, giving off two electrons into the solution.

	 Zn Zn e→ ++ −2 2 � (2.1)

The electrons thus liberated pass through the external circuit, reach the 
Cu electrode, and reduce a copper ion to copper metal on the surface of the 
copper electrode.

	 Cu e Cu2 2+ −+ → � (2.2)

Ammeter

2e–

Na+ Cl–

2Cl–

Zn2+

Cu2+

Cu
CuZn

Zn

2Na+
Salt bridge

Zinc sulphate solution
Zinc electrode (anode) Copper electrode (cathode)

Copper sulphate solution

– +

–

FIGURE 2.1
Schematic representation of a Daniel cell.
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The electron flow in the external circuit constitutes an electric current, 
which is a result of the chemical reaction taking place inside the cell. Ions 
flow within the electrolytes and across the salt bridge, as shown in the figure, 
to maintain the ionic charge balance in the solutions. The overall result is the 
reduction of copper ion by zinc.

	 Cu Zn Cu Zn2 2+ ++ → + � (2.3)

The electrode where oxidation takes place is called the anode and the elec-
trode where reduction takes place is called the cathode. Reactions 1 and 2 are 
known as half-reactions or redox reactions.

A typical Daniel cell is represented symbolically as

	 Zn Zn M Cu M Cuaq
lll

aq/ ( ) ( )/( ) ( )
2 21 1+ +� � A

The double vertical line represents a salt bridge. The function of a salt 
bridge is to bring about contact between two solutions. It is a U-shaped tube 
bent at right angles and the tube is filled with potassium chloride (KCl), 
starch, and water and the ends are sealed. The purpose of the salt bridge is to 
prevent the mixing of electrolyte solution and polarization and to provide a 
passage for the movement of ions. The concentration of the solution is shown 
in brackets and the direction of current is represented by an arrow. The left-
hand side electrode is the anode and on right-hand side is the cathode.

2.3 � Electrochemical Cell Components and Concepts

Electrochemical cells are generally classified as galvanic cells and electrolytic 
cells. In galvanic cells (also called voltaic cells), chemical energy is  con-
verted  into electrical energy and in electrolytic cells, electrical energy is 
converted into chemical energy. Common batteries consist of such cells. In 
an electrolytic cell, a redox reaction (sum of two half-reactions: a reduction 
and an oxidation) occurs when electric energy is applied.9–13

Electrochemical cells can be used to measure a redox reaction taking place 
inside the cell and can control these reactions as well. These reactions can 
be initiated and stopped by connecting or disconnecting the two electrodes. 
If the electrodes are connected by a battery or a power source, the chemical 
reactions proceed in its nonspontaneous or reverse direction. An ammeter 
can be connected in the external circuit for measuring the current that passes 
through the electrodes. The magnitude of the current quantifies the reactants 
that get converted into the products in the cell reaction. Electric charge q is 
measured in coulombs. Faraday, denoted by F, is the amount of charge car-
ried by one mole of electrons. For most purposes 1 F equals 96,500 coulombs.
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2.4 � Thermodynamics of the Electrochemical Cell

By the first law of thermodynamics,

	 ΔU = q + w� (2.4)

where ΔU is the change in the internal energy of the system, q is the heat 
absorbed by the system, and w is the work done by the system. In electro-
chemistry, the work done is the electrical work, when an electrical charge is 
moved through an electric potential difference.

Consider a system that undergoes a reversible process at constant temperature 
and pressure. Here mechanical work done is PV, where P is the pressure and V is 
the volume and the electrical work done is w = −PΔV + Welec. A reversible process 
at constant temperature and pressure requires q to be equivalent to TΔS, (where 
ΔS represents the change in entropy of the system).

Therefore Equation 2.4 becomes,

	 ∆ ∆ ∆U T S P V WT P, = − + elec � (2.5)

At constant pressure, the system’s enthalpy change is

	 ΔHp = ΔUp+PΔV� (2.6)

At constant temperature, the Gibbs free energy change is

	 ∆ ∆ ∆GT TH T S= − � (2.7)

Combining Equations 2.4 and 2.7, we get

	 ∆G WT P, = elec � (2.8)

To obtain a relationship between the electric work and the cell potential, 
consider an electrochemical cell having two terminals with a potential dif-
ference E. The two terminals are connected to the surroundings. When a 
charge, Q, is moved through a potential difference, E, the work done on the 
surroundings is EQ. If the charge carriers are electrons, then the total charge,

	 Q = Ne� (2.9)

where N is the number of electrons and e is the charge. If n is the number of 
moles of electrons and F is the charge per mole or Faraday constant,

	 Q = nF� (2.10)
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The work done by the system is nFE. If the system transfers energy to the 
surroundings, the electrical work is negative.

	 ∆G WT P, = elec  �

Hence,

	 ∆G nFET P, = − � (2.11)

If E is measured in volts, F in coulombs, and n is the number of moles of 
electrons per mole of reaction, then ΔG will have units of Joules per mole.

2.5  Components of an Electrochemical Cell

2.5.1  Reference Electrodes

Reference electrodes (or standard reference electrodes) are used to determine 
the potential of other electrodes. The electrode potentials of these electrodes 
are known. In most electrochemical experiments, the interest lies in only 
one of the electrode reactions. For this purpose, a reference electrode is used 
as the other half of the cell. The reference electrode is characterized by its ease 
to prepare and to be maintained. But the major condition for using an elec-
trode as a reference electrode is that it should have a constant potential. The 
concentration of any ionic species taking part in the reaction must be held at 

Hydrogen at 1 bar

Platinum wire

Platinum foil covered in
porous platinum

Dilute hydrochloric acid

FIGURE 2.2 
A standard hydrogen electrode.
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a constant value, which can be attained by employing an electrode reaction 
where a saturated solution of an insoluble salt of the ion is involved.14–19

Reference electrodes are generally classified into primary and secondary 
reference electrodes. The simple example for a primary reference electrode is 
the hydrogen electrode (Figure 2.2).

By maintaining a constant pressure of hydrogen gas, the potential of a 
hydrogen electrode can be used for determining the activity of the hydrogen 
ions in the tested solution. But keeping this activity at unit value is difficult. 
Any small variation of temperature or a trace amount of soluble impurities 
alters the pH and the system deviates from the ideal condition.

To solve this issue secondary reference electrodes, are used which are not 
hydrogen electrodes but they maintain a constant electromotive force (EMF) 
during the experiment. In practice, potentials are measured against reference 
electrodes that are easier to work with than the normal hydrogen electrode. 
Such electrodes are known as secondary reference electrodes; the most 
common ones are the saturated calomel electrode and silver–silver chloride 
(Ag–AgCl) electrode.20,21

2.5.2  Calomel Electrode

A calomel electrode (represented in Figure 2.3) can be set up by placing small 
amounts of mercury in a glass vessel, on top of which a thin layer of Hg2Cl2 
(mercury chloride, also known as calomel) is spread. Calomel is soluble only 
in water. The two layers of mercury and the calomel are covered with a satu-
rated solution of KCl. A glass tube carrying a platinum electrode is intro-
duced to provide electrical connections. A salt bridge dipped into the KCl 
solution couples the calomel electrode with other electrodes. The electrode 
can be used as an anode or cathode to determine the electrode potential of 
other electrodes.22 The electrode is symbolically represented as, 

	 Hg/Hg+/KCl (sat.)� B

When the electrode is used as anode,

	 2 22Hg Hg e→ ++ − � (2.12)

	 Hg Cl Hg Cl e2 2 22 2+ − −+ → + � (2.13)

The net reaction is

	 2 2 42 2Hg Cl Hg Cl e+ → +− − � (2.14)
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When the electrode is used as cathode,

	 Hg Cl e Hg2 2 4 2 2+ → +− −Cl � (2.15)

The potential of the calomel electrode depends on the concentration of KCl 
solution in it.

Advantages of the calomel electrode:

	 1.	Ease of construction.
	 2.	Cell potential can be reproduced.
	 3.	Potential remains constant for a longer time.
	 4.	Temperature invariant.

Ag–AgCl electrodes are another example of secondary electrodes. The cell 
can be represented symbolically as follows:

	 Ag | AgCl(s) | Cl–(aq) || Ag(s) + Cl–(aq) AgCl(s) + e–� C

This electrode is usually a piece of silver wire coated with AgCl. The silver 
coating is created using silver as the anode in an electrolytic cell contain-
ing HCl. The Ag+ ions combine with Cl– ions as soon as they are formed at 
the silver surface.

The potentials of both these electrodes have been very accurately deter-
mined against the hydrogen electrode.

 Pt wire

Salt bridge

Saturated
KCl solution

Calomel paste
Hg

FIGURE 2.3 
Calomel electrode.
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2.5.3  pH-Based Reference Electrodes

pH-sensitive electrodes can be used as reference electrodes with a buffer 
solution of constant pH. The glass electrode is rarely used as the reference 
electrode, because it is difficult to maintain a constant value for potential and 
requires frequent standardization of the electrode. Instead, a quinhydrone 
electrode can be used, whose principle is based on the electrochemically 
reversible redox system of p-benzoquinone (quinone) and hydroquinone 
in which hydrogen ions participate. This electrode is simple to construct. 
Here a noble metal wire, usually platinum, is introduced into the solution 
containing some crystals of quinhydrone.23–27

2.6  Electrolytes

An electrolyte is a substance that splits into ions when dissolved in 
appropriate ionizing solvents such as water. Soluble salts, acids, and 
bases are all examples of electrolytes. Electrolyte solutions can also 
be  formed by dissolving some biological and synthetic polymers, 
characterized by the presence of certain functional groups, which 
carry a charge.

When a salt is dissolved in a solvent, like water, the individual components 
of the salt undergoes chemical transformation with the solvent molecules 
(here water) and will dissociate into ions. The reaction can be explained 
using the principles of thermodynamics. This process is termed as solvation. 
Solvation results in the formation of electrolyte solutions. For example, when 
NaCl is dissolved in water, the salt dissociates into its component ions. The 
reaction can be expressed as follows:

	 NaCl Na Cls aq aq( )
+

( )
−

( )→ + � (2.16)

Another possibility for forming electrolytes is when a substance reacts 
with a solvent and forms ions, as opposed to getting dissociated into its 
component ions. For example, when carbon dioxide gas reacts with water, it 
forms a solution containing hydronium carbonate and hydrogen carbonate 
ions. An electrolyte can exist in a molten state too. A typical example is mol-
ten NaCl, which can conduct electricity. An electrolyte in a solution may be 
described as concentrated if it has a high concentration of ions, or dilute if it 
has a low concentration of ions.28–31

Aqueous electrolytes were employed for electrochemical cells until recently 
as they provided good ionic conductivity. But they present difficulties in 
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packaging and also report the problem of electrolyte leakage.32 An alternative 
to liquid electrolytes is solid polymer electrolytes. In addition to solving the 
packaging issues, polymer electrolytes have the advantage of being able to 
be formed into thin films, which enhances the energy density of the cell, 
which implies they can store more energy. Polyvinyl alcohol is one such type 
of polymer electrolyte system, which has electrochemical capacitor applica-
tions. Another widely used polymer electrolyte is a proton exchange mem-
brane or polymer electrolyte membrane (PEM). A polymer electrolyte system 
is shown in Figure 2.4. It is basically a semipermeable membrane generally 
made from ionomers. They conduct protons while being impervious to gases 
such as oxygen or hydrogen; that is, they separate the reactants while facili-
tating the transport of protons. This property enables them to be used in 
a membrane electrode assembly of a proton exchange membrane fuel cell 
or of a proton exchange membrane electrolyzer. The most widely used and 
commercially available PEM materials are Nafion fluoropolymers,  a DuPont 
product.33–35 They make use of a solid polymer membrane (a thin plastic film) 
as the electrolyte. This polymer is permeable to protons when it is saturated 
with water, but it does not conduct electrons.
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FIGURE 2.4
Supercapacitor based on polymer electrolyte system.
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2.7  Electrode Potentials

Current and potential are the two electrical variables of interest in 
electrochemical cells. Current is related to the rate of the electrode reactions 
and the potential to the cell energy. A schematic representation of an electro-
lytic cell is represented in Figure 2.5.

Current is measured in amperes (A), or the amount of electricity in 
coulombs (C) that passes across a medium per second(s). Potential between 
the two electrodes is measured in volts (V) with a voltmeter. Potential (V) 
is the unit of energy or work (J) per amount of electric charge (C). That is, 
1 V = 1 J/C so that the cell potential is a measure of the energy of the cell 
reaction. The cell is said to be at open circuit when no current flows; that 
is, when there are no external connections to the electrodes. Under these 
conditions, no electrode reactions take place.36

Measurements of the potentials of galvanic cells at open circuit give 
information about the thermodynamics of cells and cell reactions. The 
potential of the cell when the solution concentrations are 1 molar (1m) at 
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FIGURE 2.5 
Schematic representation of an electrolytic cell.
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25°C is called the standard potential of the cell and is represented by E°. 
The available energy (the Gibbs free energy ΔG°) of the cell reaction is 
related to E° by

	 ΔG° = −nFE°� (2.17)

where n is the number of electrons transferred in the reaction and F is 
a proportionality constant, called the Faraday (96,485 coulombs/equiv-
alent). The cell potential is the difference in the potential of the two 
half-cells.

2.8 � Calculation of Standard Electrode Potential

In an electrochemical cell, an electrode potential is created between two 
metals and this potential is available from the redox reactions in the cell. 
The total cell potential Ecell has contributions from both the anode and 
cathode. The anode has the ability to lose electrons and the potential 
developed is called oxidation potential and the cathode has the ability to 
gain electrons and the resulting potential is called reduction potential. 
Thus, Ecell = (reduction potential – oxidation potential). Thus, for the 
Zn/Cu cell, the voltage of the full cell is: (+0.34 – (–0.76)) = 1.1 V. But this 
potential cannot be determined alone and can only be obtained in com-
bination with some other electrodes. Also, this potential depends on the 
temperature and concentrations of the substances.37–39

A reference electrode, standard hydrogen electrode (SHE), for which the 
potential is known, can be combined with another electrode with unknown 
potential. Thus, a galvanic cell is formed. The potential of SHE is set to be 
0.0 V and the galvanic cell potential gives the unknown electrode’s poten-
tial. Since the electrode potentials are conventionally defined as reduction 
potentials, the sign of the potential for the metal electrode being oxidized 
must be reversed when calculating the overall cell potential. Also, the elec-
trode potentials are independent of the number of electrons transferred 
and the two electrode potentials can be combined to give the overall cell 
potential. The cell potential is the difference in potential of the two half-
cells. These are frequently tabulated with respect to the standard or nor-
mal hydrogen electrode, which is arbitrarily assigned a half-cell potential 
of zero.

Thus, the value, +0.34 V, is assigned to the half-reaction

	 Cu e Cu2 2+ −+ → � (2.18)
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Similarly, the standard potential for the Zn/Zn2+ cell yields Zn2+ + 2 e −→ Zn, 
which is −0.76V.

Electrochemical cell redox reactions are taking place due to the flow of 
electrons from anode to cathode. The force on the electrons causing them 
to move is referred to as electromotive force or EMF (E). One can measure 
the magnitude of the EMF causing electron flow by measuring the voltage. 
Electricity is generated due to the electric potential difference between the 
two electrodes and this difference in potential is called the cell potential. This 
electric potential varies with temperature, pressure, and concentration of the 
cell. As mentioned earlier, these redox reactions can be broken down into two 
half-reactions.40–43

2.9  Standard Half-Cell Potential

When a net reaction proceeds in an electrochemical cell, oxidation occurs at 
one electrode (the anode) and reduction takes place at the other electrode (the 
cathode). The electrochemical cell consists of two half-cells joined together 
by an external circuit through which electrons flow and an internal pathway 
that allows ions to migrate between them so as to preserve electroneutrality. 
Cell potential is the difference between anode and cathode potential:44–47

	 E E Ecell cathode anode= − � (2.19)

when half-reactions are written as reductions.
Example,

	 Zn Zn e→ ++ −2 2 , E VZn
Zn2

0 76
+

= + . � (2.20)

	 2 2 2H e H+ −+ → , E VSHE
0 0 00( ) = + . � (2.21)

The net reaction is,

	 Zn H Zn H+ → ++ +2 2
2 � (2.22)

	 E E E VZn
Zn

SHEcell = − + = − + = −
+







( )
2

0 0 76 0 00 0 76. . . � (2.23)
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2.10 � Concentration Effects on Cell Potential (Nernst Equation)

Nernst equation relates free energy change in a chemical reaction to the 
EMF of a cell. To derive this equation, a reduction reaction is considered as 
a suitable example.

For example, reducing the concentration of Zn2+ in the Zn/Cu cell from its 
standard effective value of 1M to a much smaller value:

	 Zn(s)| Zn2+
(aq,.001M)|| Cu2+

(aq)| Cu(s)� D

This will reduce the value of reaction quotient Q for the cell reaction,

	 Zn(s) + Cu2+ → Zn2+ + Cu(s)� E

thus making it more spontaneous and driving it to the right according to 
Le Châtelier principle, and making its free energy change ΔG more negative 
than ΔG°, so that E would be more positive than E°.48,49

According to thermodynamics, equilibrium constant is related to free 
energy change by van’t Hoff’s equation as

	 ∆ ∆G G RT Q= +0 ln � (2.24)

which gives

	 − = − +nFE nFE RT Q0 ln � (2.25)

which can be rearranged by dividing the whole equation by –nF:

	 E E RT
nF

Q= −ο ln � (2.26)

Q can be taken as 
Zn
Cu

2

2

+

+

	 E E RT
nF

Zn
Cu

= −
+

+
ο ln

2

2  or

	 E E RT
nF

Cu
Zn

= +
+

+
ο ln

2

2 � (2.27)

By raising the base to ten, the equation will be,

	 E E RT
nF

Cu
Zn

= +
+

+
ο 2 303

2

2. log � (2.28)
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Substituting the values for R and F at room temperature, the equation 
changes to,

	 E E Cu
Znn = +

+

+
ο 0 0591

2

2. log � (2.29)

This is the Nernst equation which relates the cell potential to the standard 
potential and to the activities of the electroactive species. The cell potential 
will be the same as E° only if [Cu2+]/[Zn2+] is unity.50

2.11  Junction Potentials

It is the potential that develops at an interface, or a junction, where a separation 
of charges is observed. Junction potentials are formed when a metal electrode 
comes in contact with a solution containing its cation or solutions of vary-
ing concentrations, or those containing different substances, when in contact 
across a junction. A potential can also develop when electrolyte solutions hav-
ing differing compositions are separated by a boundary, such as a membrane 
or a salt bridge. The two solutions may contain the same ions, just at different 
concentrations or may contain different ions altogether. The basic principle is 
that the ions have different mobilities, which means that they move at differ-
ent rates. The potential that develops at the junction when two solutions of 
dissimilar concentrations are brought to contact is termed as liquid junction 
potential. As is the case with most of the physical or chemical phenomena, the 
ions in the solution of higher concentration diffuse into the solution having a 
lower concentration. The rate of this diffusion of each ion will be proportional 
to its speed when influenced by an electric field (mobility).51 The speed with 
which the anion and cation diffusion take place will be different. If the anion 
diffuses faster than the cation, it will go promptly into the dilute solution. As 
a result, the dilute solution becomes negatively charged and the concentrated 
solution becomes positively charged. At the junction of the two solutions, an 
electrical double layer of positive and negative ions will be produced, creat-
ing a potential difference. This potential is called junction potential or diffu-
sion potential, and its magnitude depends on the speed of cations and anions.

2.12  Calculation

The liquid junction potential cannot be measured directly but can be 
theoretically calculated. The value cannot be accurate because it is impos-
sible to determine experimentally the individual activities of ions of the 
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electrolytes comprising the junction. The EMF of a concentration cell with 
transference includes the liquid junction potential.52,53

	 E RT
F

a
awithout transference = ln 2

1
� (2.30)

where a1 and a2 are activities (a parameter which expresses the availability 
of the ionic species to determine properties, to take part in a chemical reac-
tion or to influence the position of an equilibrium) of HCl in the two solu-
tions, R is the universal gas constant, T is the temperature, and F is Faraday’s 
constant.

	 E t RT
F

a
aMwith transference = ln 2

1
� (2.31)

where a2 and a1 are activities of HCl solutions of right- and left-hand 
electrodes, respectively, and tM is the transport number of Cl– (transport 
number is the fraction of the total current carried by a given ion in an 
electrolyte).

Eliquid junction potential  = E Ewith transference without tra− nnsference

= −( ) 





t RT
F

a
aM 1 2

1
ln � (2.32)

2.13  Elimination

The liquid junction potential affects the exact measurement of EMF of a 
chemical cell. So it should be eliminated or at least its effect should be 
minimized. Using a concentrated electrolyte solution in the form of a 
salt bridge (Figure 2.6), connecting the two cells can minimize the liquid 
junction potential. A salt bridge is employed because the ions of the 
salt will be present in excess at the junction and they can carry the cur-
rent. Usually, a salt bridge consisting of a saturated solution of KCl and 
ammonium nitrate (NH4NO3) with lithium acetate (CH3COOLi) is placed 
between the two solutions constituting the junction.54–58 When such a 
bridge is used, the ions in the bridge are present in large excess at the 
junction and they carry almost the whole of the current across the bound-
ary. The efficiency of KCl/NH4NO3 is due to the fact that in these salts, the 
transport numbers of anion and cation are the same and these two ions 
have approximately equal conductivity.
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2.14  Mixed Potentials

The value of the potential of a given electrode with respect to a suitable 
reference electrode, usually SHE, is not always governed by the electrode 
potential developed by the metal and its ions in solution. The principle of 
charge conservation requires that there must be at least one reduction and 
one oxidation in an electrochemical reaction.59 For example,

	 2 2 2H e H+ −+ → � (2.33)

	 Zn Zn e→ ++ −2 2 � (2.34)

Other reactions may also occur when the metal is thermodynamically unsta-
ble in aqueous solution. The reduction of hydrogen ions may interfere with 
the electrode equilibrium. In this example, the metal zinc with negative elec-
trode potential is in an acidic solution containing its cations. If the potential of 
the zinc electrode is increased, the current density would vary considerably. 
The standard potential of hydrogen is more positive than that of zinc; the rate 
of hydrogen discharge increases according to its characteristic Tafel line. At 
the point where the two Tafel lines meet, both the reactions occur at the same 
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FIGURE 2.6
Salt bridge connecting the two half-cells.
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current density.60–63 The potential at this point is a steady one and is called 
mixed or corrosion potential. (The relationship between the current flowing 
and potential for a reaction can be measured, and a straight line relationship 
should be found. The plots of these straight lines are called Tafel lines.)

2.14.1  Mixed Potential Theory and Corrosion

The mixed potential theory comprises the following facts:64,65

	 1.	An electrochemical reaction can be considered to have two or more 
partial oxidation and reduction reactions.

	 2.	There is no net accumulation of electric charge during the reaction.

That is, a metal immersed in an electrolyte cannot spontaneously accumulate 
an electric charge. Electrochemical reactions are composed of two or more 
partial oxidation or reduction reactions. During the corrosion of an electri-
cally isolated metal sample, the total rate of oxidation must equal the total rate 
of reduction.66 Corrosion is the tendency of the metal to get destroyed in the 
surrounding environment through electrochemical reaction. The rate of cor-
rosion depends on the nature of the corrosion product (the oxide layer), which 
is formed during corrosion. For example, metals such as iron and zinc form 
oxides during corrosion that are porous and conducting in nature. Hence, the 
metal will be thoroughly destroyed if the corrosion proceeds.67–70 On the other 
hand, metals such as aluminum and titanium form oxides that are nonporous 
and nonconducting. So corrosion stops as soon as the oxide film is formed. 
Electrode potential is another rate-determining factor. Whenever two metals 
are in contact with each other, there exists a potential termed open circuit 
potential. The rate of corrosion depends upon this potential and higher the 
open circuit potential, faster will be the corrosion rate.

2.15  Concentration Overpotential

During electrolysis, a minimum potential difference must be applied between 
the electrodes before decomposition occurs and current flows. For a continu-
ous process, the applied voltage should be higher than the decomposition 
potential. When decomposition potential is applied, electrolysis may not 
start. When the potential is increased slightly above the theoretical value, 
electrolysis will start and this potential is called overpotential (η). In other 
words, the potential difference brought about by the differences in concentra-
tion of the charge carriers between bulk solution and on the electrode surface 
is called concentration overpotential. It is basically the difference in equilib-
rium potentials across the diffusion layer and occurs when electrochemical 
reaction is sufficiently rapid to lower the surface concentration of the charge 
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carriers below that of a bulk solution. It can be stated that concentration 
overpotential can be taken as the potential of a reference electrode with 
interfacial concentrations relative to the potential of a similar reference elec-
trode with the concentrations of the bulk solution. For this kind of potential 
difference measurement, the ohmic potential drop between the electrodes 
also needs to be considered (ohmic potential drop is the potential due to 
solution resistance and is the potential required by the ions to move in the 
solution). The rate of the reaction depends on the ability of the charge carriers 
to reach the electrode surface and involves the depletion of these carriers at 
the electrode surface.9,71,72

2.16  Electrode–Electrolyte Interface

The electrons are charge carriers present in an electrode, whereas an 
electrolyte has two types of charge carriers (cations and anions).73,74 The 
direction of the current flow is shown in Figure 2.7.

Charge transfer at an interface takes place only due to chemical reactions, as 
there are no free electrons in the electrolyte and no cations and anions in the 
electrode as well. If strips of two different metals are put into an appropriate 
electrolyte solution, one is likely to find that a potential difference appears 
between the two strips. This system, as shown earlier, is a galvanic cell com-
monly known as a battery. The associated EMF of the chemical reaction 
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FIGURE 2.7
Charge transport at the interface between the electrode and the electrolyte.
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produces a potential difference between both the metals and the electrolyte. 
The interface between each piece of the metal and electrolyte solution forms 
an electrode. Figure 2.8 gives the schematic representation of a galvanic cell.

Electrodes are always used in pairs. It is not possible to make volt-
age measurements or pass current into an electrolyte without using two 
electrodes.

A simple example is a piece of Cu and a piece of Zn both partly immersed 
in the same dilute solution of CuSO4. The copper becomes about 1 volt posi-
tive with respect to the zinc. The potential change occurs in two steps at the 
electrode–electrolyte interfaces, not in the bulk solution.

Both metals are negative with respect to the electrolyte, but the potential 
of the zinc is more negative when compared with that of the copper. It is 
impossible to measure these absolute electrode potentials directly because 
contact cannot be made with the electrolyte without using another electrode. 
However the cell potential, which is the difference between the two electrode 
potentials, can be measured directly.

In all electrochemical experiments, a metal–electrolyte interface is always pres-
ent. The metal in contact with the electrolyte is called the electrode. There are dif-
ferent types of charge transport phenomena taking place in the electrolyte or in 
the electrode as represented in Figure 2.9. But the movement of charged species 
on the metal electrolyte interface is an entirely different behavior. The charge 
carriers from the solute are not able to migrate into the metal and the electrons 
from the metal cannot migrate into the solute without assistance. Electric current 
can pass from the metal into the solute through a charge exchange at the inter-
face.18 This happens through an electron transfer from the electrode to the ions 
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FIGURE 2.8
Schematic representation of a galvanic cell.
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in the liquid. This exchange can be utilized with a redox reaction at the surface 
of the metal electrode. Every time an electrode is brought into contact with an 
electrolyte, these redox reactions take place. This results in the accumulation of 
certain net charge in the electrode–electrolyte interface and builds up a charge 
separation on the interface, thus preventing further redox reactions.

There are many types of electrodes:

•	 Inert metal electrodes or capacitors: These metals exhibit high resistance to 
redox reactions and do not allow charge transfer between the two phases.

•	 Nonpolarizable electrodes: These electrodes are characterized by the 
absence of charge accumulation on their surface. This is owing to the 
fact that they allow charge transfer from the electrode to the solute.

•	 Partially polarizable electrodes: These electrodes exhibit varying levels 
of charge barriers to the movement of charged particles. Usually, 
metal–semiconductor electrodes behave as polarizable or non
polarizable over a range of potentials.

Equilibrium potential describes the electric transport through the electrode 
interface. An electrode kept in contact with an electrolyte will facilitate redox 
reactions and will lead to the formation of a net charge separation at the 
interface between the electrode and the electrolyte. As a result of this charge 
separation, an opposing electric field is built up at the interface, which 
prevents further redox reactions. This potential can be measured by using 
a standard hydrogen electrode.
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FIGURE 2.9
Transport at the electrode–electrolyte interface and mobile charged species. (From 
Gregory, D.P., Modern Aspects of Electrochemistry, 10, 239, 1975.)
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2.17  Pourbaix Diagram

Graphs of reversible metal electrode potentials versus pH of the solutions 
in which they are dipped at fixed temperature and pressure provide impor-
tant information regarding the thermodynamic stability of many phases. 
Pourbaix diagram is a plot of potential and pH and can be used to explain the 
corrosion reactions of a metal kept in aqueous solutions. Pourbaix diagrams 
can be constructed by using the principles of thermodynamics and Nernst 
equation. They can provide valuable information in the study of corrosion 
phenomena. But they cannot give any information about the kinetics of the 
reactions. Hence, one must be careful while using Pourbaix diagrams for 
explaining the corrosion behavior. Normally, the Pourbaix diagrams are 
built for aqueous solutions with the concentrations of metal ions 10−6M and 
at the temperature 298K (77ºF/25ºC).75

The Pourbaix diagram for iron–water system at an ambient temperature 
is shown in Figure 2.10. For the diagram shown, only anhydrous oxide 
species were considered and not all of the possible thermodynamic spe-
cies are shown. Here the dashed lines, (a&b) give the pH dependence of the 
equilibrium potentials of hydrogen and oxygen electrodes. The area in the 
graph indicated as “passivation” corresponds to the formation of solid com-
pound (iron oxide) on the metal surface. This oxide layer protects the metal 
from corrosion. Iron oxidizes in this zone but the resulting iron oxide film 
prevents further oxidation, thereby protecting the metal underneath. This 
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FIGURE 2.10
Pourbaix diagram of iron in aqueous solution.
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is termed as passivation. The area marked as “immunity” represents the 
electrochemical reaction of reduction of the iron ions. No corrosion occurs 
in this zone. Metallic iron oxidizes in the area marked as “corrosion” zone. 
Horizontal lines of the Pourbaix diagrams represent the redox reactions, 
which are independent of the pH. Vertical lines of the diagrams represent 
the non–redox reactions. Such non–redox reactions do not involve electrons 
and are dependent on pH. The diagonal lines correspond to the redox reac-
tions, which are dependent on the pH (of the electrolyte).

Limitations of Pourbaix diagrams:
•	 Corrosion kinetics cannot be studied using these diagrams.
•	 The diagrams are derived for only specific temperature and pressure 

conditions.
•	 The diagrams are derived for selected concentrations of ionic species.
•	 Most diagrams consider pure substances only.
•	 The diagram does not consider the nonideal behavior of aqueous 

solutions.

2.18  Activity Coefficients

The interaction between the ions influences the properties they exhibit. The 
ionic species are surrounded by oppositely charged ions, thereby form-
ing a cloud around it. If the central ion has to react in the solution or at an 
electrode, it should free itself from this cloud. For this, energy is required, 
and the overall result is the loss of energy to the system. This is followed 
by the loss of activity of the ion, which increases with the concentration. 
A parameter, which expresses the availability of the ionic species to deter-
mine properties, to take part in a chemical reaction, or to influence the posi-
tion of equilibrium, is called activity (a) and is associated with concentration 
(c) by the relation,

	 ai  = gi ic � (2.35)

where gi is known as activity coefficient, which depends on the unit in which 
concentrations for a given system are expressed, that is, as molarity, molal-
ity, or mole fraction. Thus, the chemical potential (µi) of a species may be 
expressed as,

	  i iim m cg= +ο RT ln i � (2.36)

where ci is the mole fraction and gi is the activity coefficient.
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2.19  Electrochemical Kinetics

Electrochemical kinetics is a branch of electrochemistry dealing with the rate 
of electrochemical processes. The electrochemical reactions taking place at the 
interface between an electrode and an electrolyte influences the net reaction 
rate. The current that flows between the anode and the cathode as a result of 
the chemical reactions is a measure of the rate of the reaction. Electrochemical 
corrosion refers to the deterioration of a metal by a chemical process. The 
resulting mass loss of the metal can be determined using Faraday’s law, 
which relates the current flowing to the mass of metal corroded:76

	 Massloss =
× ×( )

×
I t M
z F

� (2.37)

where I is the current flowing in amperes, t is the time in seconds, M is 
the molar mass of the material, z is the number of electrons involved in the 
reaction, and F is Faraday’s constant.

2.20  Charge Transfer Mechanisms

The reasons for the thermodynamically irreversible behavior of the reac-
tions at the electrode interface can be observed in the elementary act of the 
charge transfer. A typical electrode reaction comprises the transfer of charge 
between an electrode and a species in the solution. This charge transfer act 
is inhibited by the presence of an energy barrier between the oxidized and 
the reduced state. This barrier indicates that the redox reaction could occur 
only in certain conditions. During the course of numerous interactions with 
other species (atoms, ions, molecules, etc.), a molecule can be excited to a state 
in which it has an abnormal energy content. This energy content is sufficient 
for most of the species in a chemical reaction to come into the transition state. 
The transition state represents the top of the energy barrier, an event before 
a reaction is triggered. If such a probabilistic model is applied for an event 
like electron transfer at an interface, the mathematical calculations show that 
the electron exchange reactions at the electrodes would be impedingly slow. 
Quantum mechanically speaking, for a fast electron exchange to happen, 
electrons in a particle outside the double layer should attain certain well-
defined quantized energy states equal to those in which free electrons exist 
in the metal. These energy states can be attained by the particle at a lower 
energy content than that needed for its transfer over the top of the energy 
barrier. This process of electron exchange between the electrode and a par-
ticle in solution is called electron tunneling.



35Electrochemical Cell and Thermodynamics

© 2008 Taylor & Francis Group, LLC

The rate of chemical processes can be influenced by modulating the 
concentrations of reactants or by changing the temperature or both; 
the rate of electrochemical reactions also can be changed by varying the 
electrode potential. Making the electrode more electronegative increases 
the number of electrons in the metal that are ready to tunnel to ions, 
thereby increasing the rate of the reduction process. However, making the 
electrode more electropositive decreases this rate and enhances the num-
ber of particles ready to donate electrons, thus increasing the rate of the 
oxidation process.77

Thus, it is possible to have a correlation between the rate of reaction 
and the concentration of the reacting species and also between the rate of 
reaction and the electrode potential where a direct proportionality could 
be established. At any electrode potential, redox reactions are taking place, 
but at different rates; the rate of each reaction is governed by the respec-
tive concentration and by the corresponding effects of the potential. This 
rate of an electrochemical reaction is represented as the electric current 
density, which is the measure of the quantity of electrons moving in a 
certain volume of space during a specified unit of time. One of the meth-
ods to evaluate the charge transfer mechanism is through cyclic voltam-
metry. This method offers a rapid measurement of the redox potentials of 
the electroactive species. The potential of a working electrode (electroac-
tive species) is measured against a reference electrode (platinum foil/wire), 
which maintains a constant potential.

2.21  Butler–Volmer Equation

The Butler–Volmer equation gives the fundamental relationship in 
electrochemistry describing how the electrical current on an electrode 
responds to the changes in the potential (considering that redox reactions 
can occur on the same electrode).78 The Butler–Volmer equation can be 
written as:

	 I Ai
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where I is electrode current in amperes (A), i0 is exchange current density 
in A/m2, η is activation overpotential defined as (η = E – Eeq), in which E is 
the electrode potential and Eeq is the potential at the equilibrium, αa and αc 
are the cathodic and anodic charge transfer coefficients respectively; F is the 
Faraday constant, R is the universal gas constant.
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2.22  Batteries and Supercapacitors

One of the oldest and most important applications of electrochemistry is 
the storage and conversion of energy. To sum up the discussion, a cell is a 
single arrangement of two electrodes and an electrolytic solution within the 
cell that produces a chemical reaction when electricity is passed. Each cell is 
made of two electrodes; one that liberates electrons is the oxidizing electrode 
and the other that absorbs electrons is the reducing electrode. A galvanic cell 
converts chemical energy to work and an electrolytic cell converts electrical 
work into chemical energy.

Devices that carry out these conversions are called batteries. It is a com-
bination of two or more cells arranged parallelly or in series. Primary 
batteries are commonly referred to as dry cells. In ordinary batteries, the 
chemical components are contained within the device itself. If the reactants 
are supplied from an external source as they are consumed, the device is 
called a fuel cell.77

A potential energy is generated by the movement of electrons, which can 
be used in a circuit.33 Supercapacitors are the capacitor-based storing cells, 
which are more efficient than the normal batteries. Indifference to tem-
perature change, shocks, and vibrations and a long service life are some of 
the other advantages of supercapacitors. A disadvantage is that the storage 
capacity of the supercapacitor is restricted due to limitations on the size of 
the electrodes. As a result, supercapacitors are larger than a battery of the 
same capacity.

The supercapacitor, also known as ultracapacitor or double-layer capacitor, 
differs from a regular capacitor in that it has a very high capacitance. It is capa-
ble of charging and storing energy at a higher density than standard capaci-
tors. A capacitor stores energy by the means of static charges as opposed to 
an electrochemical reaction as is the in case in batteries. Applying a voltage 
differential on the positive and negative plates charges the capacitor. The 
modern supercapacitor uses special electrodes and electrolytes. The electric 
double-layer capacitor is the most common system in use today. It is a carbon-
based system and uses an organic electrolyte that is easy to manufacture.

The higher energy density of supercapacitors over capacitors provides 
access to new power electronic and industrial storage applications. Many 
automotive companies use double-layer capacitors to shield certain electrical 
engine parts from voltage fluctuations. The rapid charging rate of the 
supercapacitors also makes them effective in mass transit braking mecha-
nisms and portable fuel cells for electric/hybrid vehicles. The newly pro-
posed applications for large size supercapacitors include load leveling in 
electric and hybrid vehicles as well as in the traction domain, the starting 
of engines, applications in the telecommunication and power quality, and 
reliability requirements for uninterruptable power supply or UPS installa-
tions. Supercapacitors also serve as backups to primary batteries to bridge 
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brief power interruptions or for a smooth electrical flow. To increase the 
range of applications of supercapacitors, newer forms of dielectric materials 
are now being developed. Electrodes based on carbon nanotubes (CNTs) pro-
vide very high power and energy performance because of the higher surface 
area, conductivity, and the ability of CNTs to optimize capacitor properties. 
Supercapacitors using CNTs as electrode can potentially achieve higher 
energy densities than conventional capacitors with an equivalent amount 
of delivered power. So combining a supercapacitor with alternative energy 
sources can replace car batteries and can help the environment by going 
green.76

2.23  Differences between a Supercapacitor and a Battery

In a battery, energy is stored in the form of chemical energy, whereas in 
a capacitor, the energy is stored as an electrostatic field. A battery stores 
a lot of energy and less power, whereas a capacitor can provide large 
amounts of power, but stores less energy. The most important difference 
between a supercapacitor and a battery is the principle of electrochemical 
energy storage. Electrochemical energy can be stored in two fundamen-
tally different ways. In a battery, the potentially available chemical energy 
storage requires oxidation and reduction of reagents to release charges that 
can perform electric work when they flow between two electrodes having 
different potentials. Thus, the charge storage is achieved by electron trans-
fer that produces a redox reaction in the electroactive material according 
to Faraday’s law. The main advantages and limitations of supercapacitors 
are shown in Table 2.1.

TABLE 2.1 

Advantages and Limitations of Supercapacitors

Advantages Limitations

Unlimited life High self-discharge
High specific power Low specific energy
Charges very easily and simple 
charging methods needed

Low cell voltage

Charge and discharge at low 
temperatures

High cost
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3.1  Introduction

The breathtaking technological innovations in all walks of life continue to 
make human life on earth more and more comfortable day by day. However, 
the reality that the existing energy resources fueling these technologies are 
being exhausted at an alarmingly faster pace should not be overlooked. The 
biggest challenge before human society in the present century is to develop 
and maintain sustainable and green energy resources to support comfort-
able human life for many, many future generations. Practical realization of 
renewable and efficient energy sources is the urgent need of the hour. When 
it comes to energy generation, the significance of energy storage follows 
naturally.

Capacitors are fundamental electrical circuit elements that store electrical 
energy in the order of fractions or multiples of farads [one farad is the charge 
in coulombs that a capacitor will acquire when the potential across it changes 
by one volt (V)]. Capacitors have two main applications. The first is the func-
tion by which a material can be charged with electrical energy, which can 
also be discharged when required. This function is applied to smoothing 
circuits of power supplies, backup circuits of microcomputers, and timer cir-
cuits that make use of the periods of charging or discharging. The other 
application is to block the flow of direct current. This function is applied in 
filters that extract or eliminate particular frequencies. This is indispensable 
to circuits where excellent frequency characteristics are required.

As mentioned earlier, in response to the changing global requirements, 
energy has become the primary focus of the major world powers and the 
global scientific community. Consequently, in addition to the extensive 
research activities for realizing efficient and newer energy sources, much 
interest has also been focused in developing and refining more efficient 
energy storage devices. One of such storage devices, the supercapacitor, has 
matured significantly in its design and functioning, over the last decade 
and has emerged with the potential to facilitate major advances in energy 
storage.

Supercapacitors, also referred to as ultracapacitors or electrochemical 
capacitors, are characterized by electrode materials having a very high sur-
face area and thin electrolytic dielectric materials. As will be seen later, this 
leads to an increase in both capacitance and energy. They have capacitance 
values that are several times greater than the values shown by conventional 
capacitors. Such high values of capacitance enable the supercapacitors to 
show high energy densities in addition to the high power density exhibited 
by conventional capacitors. A brief background regarding the working prin-
ciples of capacitors will be helpful to get a better understanding of the nature 
of supercapacitors.1–6
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3.2  Electrostatic Capacitor

Ordinary electrostatic capacitors, shown schematically in Figure 3.1, consist 
of two conducting electrodes separated by an insulating dielectric mate-
rial. When a certain amount of voltage is applied across the two electrodes, 
opposite charges build up on the surface of each electrode. The function of 
the dielectric material is to keep the charges separated. The separation of 
opposite charges gives rise to an electrical field that allows the capacitor to 
store electrical energy. The ability of a capacitor to store electrical energy is 
represented by its capacitance, C.

C is defined as the ratio of the stored (positive) charge Q to applied voltage V:

	
C Q

V
= 	 (3.1)

For a conventional capacitor, C is directly proportional to the surface area 
A of each electrode and inversely proportional to the distance between the 
electrodes d:

	
C A

dr
= ee0

	
(3.2)

where e0 is the dielectric constant (or “permittivity”) of free space 
and er, the dielectric constant of the insulating material between the 
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FIGURE 3.1
Schematic representation of electrostatic capacitors.
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electrodes. The product of the two parameters constitutes the constant of 
proportionality. The variation in the voltage V and the electric field E of 
a capacitor with the separation between the electrode plates d is shown 
graphically in Figure 3.2. A capacitor is characterized by its energy density 
and power density. These parameters can be calculated per unit mass or 
per unit volume.

The expression for the energy En stored in a capacitor is given below. 
As seen from the equation, the stored energy is directly proportional to the 
capacitance value.

	
E CVn = 1

2
2 	 (3.3)

The power P of a capacitor is the energy utilized or extracted per unit 
time. P is calculated by considering the capacitor as a circuit element in 
series with an external “load” resistance R. This resistance also includes 
that which is offered by the internal elements of a capacitor, such as current 
collectors, electrodes, and dielectric material. The resistance measured is 
the aggregate resistance of all these factors and is termed as the equivalent 
series resistance (ESR). The voltage during discharge is determined by all 
these resistance factors. When measured at matched impedance (R = ESR), 
the maximum power Pmax for a capacitor is given by the equation:

	
P V

ESRmax =
×

2

4
	 (3.4)

V

E

d

FIGURE 3.2
Graphical representation of the variation of voltage (V) and electric field (E) of a capacitor with 
the distance of separation between the electrode plates (d).
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This relationship explains how the ESR limits the maximum power of a 
capacitor. The characteristic feature of a capacitor is that it offers a very high 
power density, but low energy density. On the other hand, electrochemical 
batteries and fuel cells show very high energy density, even though they 
have lower power densities. This means that a battery can store more total 
energy than a capacitor, but it cannot deliver it very quickly, as its power 
density is low. Capacitors, on the other hand, store relatively less energy per 
unit mass, but the stored energy can be discharged rapidly to produce a lot 
of power and hence, their power density is usually high.4,7

3.3  Electrolytic Capacitor

The next-generation capacitors are the so-called electrolytic capacitors. These 
capacitors are assembled using aluminum and tantalum as electrodes and 
ceramic materials as dielectric media. By architecture, in these capacitors, 
solid/liquid electrolytes with a separator between two symmetrical elec-
trodes are used, as shown schematically in Figure 3.3. Electrolytic capacitors 
use an electrolyte as a conductor between the dielectric medium and an elec-
trode. A typical aluminum electrolytic capacitor includes an anode foil and 
a cathode foil, both made of aluminum, processed by surface enlargement 
and formation treatments. The anode and cathode foils are made up of high-
purity, thin aluminum, having a thickness of 0.02–0.1 mm. As mentioned 
earlier, increasing the plate area will lead to an increase in the capacitance. 
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FIGURE 3.3
Schematic representation of an electrolytic capacitor.
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This can be achieved by increasing the surface area that is in contact with the 
electrolyte. Usually this is done by etching the foils. As a result of etching, 
the aluminum dissolves and a dense network of billions of microscopic tun-
nels, which penetrate through the foil, is created.

The dielectric is attached to, or contained in, the anode foil. It is a thin 
layer of aluminum oxide, Al2O3, which is chemically grown on the anode 
foil during a process called “formation.” The negative aluminum foil, or 
cathode, is provided with an electrolyte solution, which serves the follow-
ing two purposes:

•	 Creates good contact with the anode by permeating all through the 
etched structure.

•	 Repairs any flaws in the oxide dielectric layer when the capacitor is 
polarized.

The etched structure of the foil ensures good contact with the electrolyte, 
thereby reducing the series resistance. Anode foil has a thin stabilized oxide 
film, which serves as the dielectric medium. Such architecture will possess 
a very high capacitance.

The capacitance of the dielectric portion of the anode aluminum foil can be 
calculated from Equation 3.2 as follows: 

	
C S

da = × −8 85 10 8. e
	 (3.5)

Here e is the dielectric constant, S is the surface area (cm2), and d is the 
thickness (cm) of the dielectric portion and the numerical constant corre-
sponds to the permittivity of free space.

The oxide film, which is formed by the forming voltage (1 V or less) or 
naturally during storage, acts as the dielectric for the cathode foil that has 
a capacitance Cc. According to the construction of aluminum electrolytic 
capacitors, Ca and Cc are connected in a series.

As these capacitors are in the series configuration, the effective capacitance 
is given  by the equation:

	

1 1 1
C C Ctotal anode cathode

= + 	 (3.6)

The patterned anode and cathode foils have a considerably large surface area. 
Due to the excellent contact provided by the electrolyte, the separation between 
the cathode and the anode constituted by the oxide dielectric layer is signifi-
cantly small. These prime factors are responsible for the much higher capaci-
tance (of the order of µF) of electrolytic capacitors compared with electrostatic 
capacitors (of the order of pF). Since electrolytic capacitors exhibit exceptionally 
high capacitance, they are already commercialized in full scale.
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The variation in voltage (V) and electric field (E) of an electrolytic capacitor 
with the distance of separation between the cathode and aluminum oxide 
film (dielectric) d is graphically represented in Figure 3.4. It can be seen that 
beyond d, electric field E and voltage V show a curved decrease.3,4,8

3.4  Electrical Double-Layer Capacitor 

The third-generation capacitors are constituted by an electric double-layer 
capacitor (EDLC), where the electrical charge stored at a metal–electrolyte 
interface is the driving force behind the construction of a storage device. 
The interface can store electrical charge of the order of approximately 106 F. 
The  main constituent in the electrode construction is activated carbon. 
In spite of being known for almost 40 years, the technology was not well 
researched until recent times. The need for this revival of interest has 
arisen due to the increasing demands for electrical energy storage in appli-
cations, such as digital electronic devices, implantable medical devices, and 
stop/start operation in vehicle traction, which need very short, high-power 
pulses that can be realized by EDLCs. Similar to batteries, they possess 
high energy density in addition to quite high power density. They also pos-
sess a longer life cycle than batteries and a higher energy density than the 
age-old ordinary capacitors. The combination of all these features has led 
to the evolution of a new breed of storage devices called hybrid charge 
storage devices, which are commercialized and used widely, in which an 
electrochemical capacitor is interfaced with a fuel cell or a battery. In these 
capacitors, both anode and cathode are made up of carbon, along with 
organic and aqueous electrolytes.3,9,10 The new device, supercapacitor, is a 
common variation of the term EDLC.

V

E

d

FIGURE 3.4
Graphical representation of variation of voltage (V) and electric field (E) of an electrolytic 
capacitor.
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3.5  Technological Aspects of Supercapacitors

3.5.1  Construction

The basic components of a supercapacitor are the two electrodes, the separa-
tor, and the electrolyte, as shown in Figure 3.5. The electrodes are highly con-
ductive and also possess a large surface area. This is made possible by using 
metallic current conductors and active materials like carbon. The separator of 
the two electrodes is essentially a membrane that allows the cross movement 
of ions but not the electrons. In other words, it prevents electronic conduc-
tance. The electrode–separator system is then rolled or folded into a cylindri-
cal or rectangular shape and stacked in a container and impregnated with an 
electrolyte. Solid-state electrolytes as well as organic or aqueous electrolytes 
are in use, chosen according to the power requirements.

The voltage at which the supercapacitor is operated is determined by the 
voltage at which the electrolyte decomposes, which depends on several fac-
tors such as the environmental temperature, current intensity, and required 
lifetime. An EDLC gives a very high capacitance, of the order of thousands 
of farads, which results from the very small distance that separates the oppo-
site charges at the interfaces between the electrolyte and the electrodes, as 
well as the large surface area of the electrodes.11

3.5.2  Electrodes

As pointed out earlier, the larger capacitance value of a supercapacitor is due 
to the large surface area of the electrodes, which ensures better contact with 
the electrolyte and thus increased capacitance. For this purpose, electro-
chemically inert materials with the highest specific surface area are utilized 
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to form a double layer with the maximum number of electrolyte ions. The 
common materials in use are metal oxides, carbon, and graphite, which are 
characterized by very high surface reactivity. The challenge is the construc-
tion of inexpensive electrodes that are chemically and electrically compatible 
with the electrolyte. In order to be used for applications that demand high 
energy storage, the electrodes should be constructed with activated carbon 
(porous) with a very high surface area with appropriate surface and pore 
geometry. Carbonaceous materials in common use consist of activated car-
bon fibers, carbon black, active carbon, carbon gel, skeleton carbon, meso-
carbon, and microbeads. The best carbon electrodes reported have surfaces 
with areas as high as 3000 m2/g of material. The electrode capacitance may 
reach up to 250 F/g. Carbon powders, or sometimes fibers, are made into a 
paste and applied on the surface of the metallic current collector. This might 
cause the development of considerable contact resistance between grains 
and between the grains and the support. To avoid these problems, some 
pressure has to be applied, or the carbon powder has to be reinforced with 
metal fibers or powders, which will increase the electrical conductivity.

Recently, several capacitors, using high–surface area electrodes composed 
of RuO2-based composites, have been introduced. Such devices have a capac-
itance of 200–300 mF at 4–8 V. The Resistance Capacitance (RC) time constant 
is about 5 ms. The astonishing fact is that they might only be the size of a 
credit card.11,12

3.5.3  Electrolyte

As mentioned earlier, the electrolytes in use can be solid, organic, or aque-
ous. Quaternary salts dissolved in organic solvents constitute organic elec-
trolytes. The voltage at which they dissociate may be higher than 2.5  V. 
Aqueous electrolytes are typically KOH or H2SO4, with a dissociation volt-
age of only 1.23 V. The energy density is thus about four times higher for an 
organic electrolyte when compared with an aqueous one. As evident from 
Equation 3.3, the energy density varies as the square of the capacitor volt-
age. Hence, it is desirable for high-energy applications to use a capacitor 
with an organic electrolyte. Lower electrolyte conductivity will lead to an 
increase in the internal resistance or ESR. Therefore, care must be taken to 
ensure that the electrolyte used exhibits high conductivity and adequate 
electrochemical stability to allow the capacitor to be operated at the highest 
possible voltages.

Earlier studies have identified tetraethyl ammonium tetrafluoroborate 
in acetonitrile as the best performing organic electrolyte system for EDLC 
applications. Depending on the molarity, conductivities up to 60 mScm−1 are 
possible. The market is now buzzing with the introduction of another kind 
of electrolyte namely ionic liquid, introduced by Covalent Associates, which 
has many advantages. The ionic liquids are noncorrosive, with typical con-
ductivity around 8 mScm−1, and these electrolytes can be used up to a high 
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temperature of 150°C. Blending these electrolytes with acetonitrile is found 
to enhance the conductivity up to 60 mScm−1.11,13

3.5.4  Separator

For the high performance of EDLCs, the need has arisen to look beyond the 
separators that have been prepared commercially for batteries. Depending 
on the type of electrolytes, different types of separators are being used. For 
organic electrolytes, polymer or paper separators are applied. With aqueous 
electrolytes, glass fiber separators as well as ceramic separators are found to 
be suitable.

The basic requirements to realize a competitive EDLC are to achieve all the 
performance characteristics such as high ionic electrolyte conductance, high 
ionic separator conductance, high electronic separator resistance, high elec-
trode electronic conductance, large electrode surface area, and low separator 
and electrode thickness.11–13

3.6  Charge Storage Mechanism

Though the detailed charge storage mechanism of the supercapacitor is not 
fully understood, the following theories pertaining to the electrochemical 
double layer seem to provide adequate interpretation of the charge storage 
capability of the supercapacitor.

EDLCs are, as explained earlier, constructed from two carbon-based 
electrodes, an electrolyte, and a separator. An interface is formed at the 
boundary between any two dissimilar materials or phases. At every inter-
face, an array of charged particles and oriented dipoles are thought to 
exist. This array is known as an electrical double layer, and Figure 3.6 pro-
vides a schematic diagram of a typical EDLC. Like conventional capaci-
tors, EDLCs store charge electrostatically, or non-faradaically, and there is 
no transfer of charge between the electrode and  electrolyte. They utilize 
an electrochemical double layer of charge to store energy. When a volt-
age is applied, charge accumulates on the electrodes. Ions in the electro-
lyte solution diffuse across the separator into the pores of the electrode 
of opposite charge but there will not be any back movement, resulting in 
the recombination of the ions. This accumulation of charged ions on the 
oppositely charged electrode surfaces leads to the formation of a double 
layer of charge at each electrode, which contributes to an enhanced energy 
density. Higher energy densities are further facilitated by having a larger 
surface area for the double layers.

As discussed earlier, there is no charge transfer between the electrode and 
electrolyte. Hence there are no chemical or composition changes associated 
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with non-faradaic processes. Absence of any chemical change makes the sys-
tem reversible, with very high cycling stabilities. The EDLCs are generally 
operated with stable performance characteristics for many charge–discharge 
cycles, sometimes as many as 106 cycles. But electrochemical batteries are 
generally limited to only about 103 cycles. Since they have high cycling stabil-
ity, EDLCs are used in deep-sea or mountain environments that are inacces-
sible for manual handling. The basic unit of an EDLC is depicted in Figure 3.7. 
Mainly three different models are suggested to explain the charge storage 
mechanism in EDLCs. They are the Helmholtz model, the Gouy–Chapman 
model, and the Stern model.2–5
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3.6.1  Helmholtz Model

According to the Helmholtz model, positive and negative charges stored at 
the interfaces may be considered as corresponding to a simple parallel plate 
capacitor. The operating principle of a double-layer capacitor based on the 
Helmholtz model is illustrated in Figure 3.8.

In general, the relation between the charge per unit area h and the double-
layer potential y is given by the following equation:

	
h

pd
y= ×d

4
	 (3.7)

Here, d is the interface media dielectric constant and d, the mean distance 
between the solid, polarizable electrode surface and the average ionic center. 
The value of d is generally a few angstroms.

In the Helmholtz model, a potential gradient exists only in the area of 
the electric double layer. As a result, the potential curve takes the form as 
shown in Figure 3.8. If the potential under no-charge conditions is y 0, then 
Equation 3.7 can be rewritten as

	
h

pd
y0 04

= ×d
	 (3.8)

On the other hand, if an external electric field is applied to the system, 
some charges are accumulated at the interfaces. As a result, the value 
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of y 0  changes to y1  and the charge h1  gets accumulated, as given by 
Equation 3.9:

	
h

pd
y y1 1 04

2= × −( )d
	 (3.9)

From Equations 3.8 and 3.9,

	
h h y

y1 0
1

0
2=





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,
 

y y1 0>>( ) 	 (3.10)

It is understood, from Equation 3.10, that the charge equivalent to h1  can 
be accumulated by charging with an external electric field. The unit area 
capacitance, C, is related to the surface charge density, h, and thus to the cur-
rent density, i(t) where t is the time, via the following equation:

	

C d
d

i t
d
dt

= =h
y y

( )
	 (3.11)

When a capacitor is under a constant-rate discharge, i(t) = i, and

	

C i
d
dt

= y 	 (3.12)

Thus, at a constant current density discharge, one can qualitatively distin-
guish between battery, supercapacitor, and conventional electrolytic capaci-
tor as shown in Figure 3.9.

The specific capacitance of EDLC is given by

	

C
A

= e
pd4

	 (3.13)

Here, C is the capacitance, A is the surface area, e is the relative dielectric 
constant of the medium between the two layers (the electrolyte), and d is the 
distance between the two layers (the distance from the electrode surface to 
the center of the ion layer). This approximation is roughly correct for concen-
trated electrolytic solutions.

The variation in double-layer potential y with respect to time is shown in 
Figure 3.9. It is evident that, the electrolytic capacitor has the least charge 
storage capacity followed by the supercapacitor having moderate capacity 
and finally, the battery, which is the best, with apparently infinite charge 
carrying capacity.14–17
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3.6.2  Gouy–Chapman Theory

Gouy–Chapman theory describes the effect of a static surface charge on the 
membrane potential. A negative surface charge leads to the formation of 
a double layer, since positive ions in solution tend to balance the negative 
surface charge. For simplicity, one has to consider only the external surface 
charge. This is the relevant case for most experiments, where ion substitu-
tions are made only in the external solution.

Consider a qualitative physical description. In the absence of surface 
charge, the resting potential across the membrane depends on the concen-
tration and membrane permeability of several ions. When external negative 
surface charge is added, a double layer is formed, and the electric field in 
this double layer results in a potential difference across it. The electric field 
in the external double layer is generally in the same direction as the elec-
tric field in the membrane. The membrane permeability and the effect of 
concentration should be balanced so that overall potential differences will 
not change. The addition of a negative surface charge causes a decrease in 
the magnitude of the potential difference across the membrane. The usual 
method for obtaining information about the surface charge is to neutralize 
it, at least partially, by the addition of polyvalent cations, and to study the 
voltage-dependent properties for different amounts of neutralization. The 
neutralization of the negative surface charge may be caused by binding or  
screening, or by both.

Battery
d   /dt = 0:  C = In�nityψ

Supercapacitor
d   /dt small: Large Cψ

Electrolytic capacitor
d   /dt large: Small Cψ

ψ

t

FIGURE 3.9
Variation of double-layer potential y with respect to time.
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The external surface charge is assumed to be homogeneous and the expres-
sion relating to the double-layer potential, the external surface charge den-
sity, and the ionic concentrations in the external solution is

	

st i
i

n
i

G
C Z FV
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(3.14)

where
st  = negative surface charge density per unit area in the absence of 

neutralization
G = constant at a given temperature
n = number of ionic species
Ci = concentration of ion i in the external solution
Zi = valence of ion i
F = faraday constant
V = potential across the double layer
R = gas constant
T = temperature

If st  is expressed in units of electronic charges per square nanometer,

	 G = 2.7 (nm2/electronic charge) (moles/liter)1/2	 (3.15)

When there is no binding to the surface charges, Equation 3.14 is appli-
cable. In many experiments, the addition of polyvalent cations to the external 
solution has been used to neutralize surface charges, and thus to probe their 
properties. When additional polyvalent cations are added to the external 
solution, the equilibrium constant k for cation binding is given by

	
k MS

M S
= ( )

m 	
(3.16)

where
MS = neutralized site concentration
Mm = polyvalent cation concentration at the membrane
S = free negative surface charge concentration

The relation between Mm, the polyvalent cation concentration at the mem-
brane, and M, the polyvalent cation concentration in the external solution, is 
given by the Boltzmann factor as follows:

	
M M Z FV

RT
M

m = −



exp

	
(3.17)

where ZM  is the valence of polyvalent cation.
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The assumption is that each surface charge is either free or completely 
neutralized. So this is equivalent to assuming that the valence of the poly-
valent cations and the valence of the negative surface charge are equal. 
Then, St, the total negative surface charge concentration in the absence of 
neutralization, is

	 S S MSt = + 	 (3.18)

Equations 3.15 and 3.17 combine to give

	

S
S kMt

=
+( )

1
1 m 	

(3.19)

In the above treatment, S is the negative surface charge concentration per 
unit volume. If s is defined as the negative surface charge concentration per 
unit area, s and S are proportional, and an equation can be written for s and
st, similar to Equation 3.18 for S and St

	
S

kMt

s
s

=
+( )

1
1 m 	

(3.20)

Combining Equations 3.13, 3.16, and 3.19, one can find a general expression 
for the charge density
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(3.21)

It is seen that Equation 3.21 relates the effective surface charge den-
sity to the membrane potential V and to the concentration of a neutral-
izing cation. This concentration appears in the term containing M, which 
is related to binding, and in the one containing Ci, which is related to 
screening.

Gouy suggested that interfacial potential at the charged surface could be 
attributed to the presence of a number of ions of given sign attached to the sur-
face and to an equal number of ions of opposite charge in the solution. Counter 
ions are not rigidly held, but tend to diffuse into the liquid phase until the 
counter potential set up by their departure restricts this tendency. The kinetic 
energy of the counter ions will, in part, affect the thickness of the resulting 
diffuse double layer. Gouy and, independently, Chapman developed theories 
of the so-called diffuse double layer, in which the change in concentration 
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of the counter ions near a charged surface is found to follow the Boltzmann 
distribution:

	
n n ze

kT
= −



0 exp y

	
(3.22)

where
n0 = bulk concentration of counter ions
z = charge on the ion
e = charge on a proton
k = Boltzmann constant.

However, there is an error in this approach, as derivation of this form of 
the Boltzmann distribution assumes that activity is equal to molar concen-
tration. This may be an acceptable approximation for the bulk solution, but 
will not be true near a charged surface.

Since there is a diffuse double layer, rather than a rigid double layer, as 
shown in Figure 3.10, the concern must be with the volume charge density 
rather than surface charge density when studying the coulombic interactions 
between charges. The volume charge density for any ion i can be expressed as

	
ri i iZ en= ∑ 	

(3.23)
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Here the symbols have the already explained meaning. The coulombic 
interaction between charges can then be expressed by the Poisson equation. 
For plane surfaces, this can be expressed as

	

d
dx d

2

2
4y pr= −

	
(3.24)

where y varies from y0 at the surface to 0 in bulk solution. Thus, one can 
relate the charge density at any given point to the potential gradient away 
from the surface.

Combining the Boltzmann distribution with the Poisson equation and 
integrating under appropriate limits, the electric potential as a function of 
distance from the surface can be obtained. The thickness of the diffuse dou-
ble layer is given by
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At room temperature, this expression can be simplified as

	
l e

 double = × ( )3 3 106
1 2. /
r

zc
	

(3.26)

In other words, the double-layer thickness decreases with increasing 
valence and ion concentration.

The Gouy–Chapman theory describes a rigid charged surface, with a cloud 
of oppositely charged ions in the solution and with the concentration of the 
oppositely charged ions decreasing with the distance from the surface. This 
is the so-called diffuse double layer.

This theory is still not entirely accurate. Experimentally, the double-
layer thickness is generally found to be somewhat greater than calculated. 
This may be related to the error incorporated by assuming that the activity 
equals molar concentration when using the desired form of the Boltzmann 
distribution. Conceptually, it tends to be related to the fact that both anions 
and cations exist in the solution and with increasing distance away from the 
surface, the probability that an ion of the same sign as the surface charge will 
be found within the double layer increases as well.18–23

3.6.3  Stern Modification of the Diffuse Double Layer

The Gouy–Chapman theory was developed on a better approximation, com-
pared to the Helmholtz model. The approximation was based on the assumption 
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that ions behave like point charges and also that there are no physical limits 
for the ions in their approach to the surface. However, strictly speaking, this 
assumption is not true. Stern, therefore, modified the Gouy–Chapman dou-
ble-layer theory. His theory states that ions do have a finite size and so cannot 
approach the surface closer than a few nanometers. The ions of the Gouy–
Chapman diffuse double layer are not at the surface, but at some distance d 
away from the surface. This distance will usually be taken as the radius of the 
ion. As a result, the electric potential and the ion concentration of the diffuse 
part of the layer are low enough to justify treating the ions as point charges.

According to Stern, it is possible that some of the ions are specifically 
adsorbed by the surface in the δ plane, and this adsorbed layer is known as the 
Stern layer. Therefore, the potential will drop by y 0 −yd over the “molecular 
condenser” (i.e., the Helmholtz plane) and by yd  over the diffuse layer. yd  
is termed the zeta (ς) potential. A visual comparison of the amount of counter 
ions in each of the Stern layer and the diffuse layer is provided in Figure 3.11.

The double layer is formed in order to neutralize the charged surface, 
which, in turn, brings about an electrokinetic potential between the surface 
and any point in the mass of the suspending liquid. This voltage differ-
ence is of the order of mV and is referred to as the surface potential. The 
magnitude of the surface potential is related to the surface charge and 
thickness of the double layer. As one leaves the surface, the potential drops 
off roughly linearly in the Stern layer and then exponentially through the 
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diffuse layer, approaching zero at the imaginary boundary of the double 
layer. The potential curve is useful because it indicates the strength of the 
electrical force between particles and the distance at which this force comes 
into play. A charged particle will move with a fixed velocity in a voltage 
field. This phenomenon is called electrophoresis. The particle’s mobility is 
related to the dielectric constant and viscosity of the suspending liquid and 
to the electrical potential at the boundary between the moving particle and 
the liquid. This boundary is called the shear plane and is usually defined as 
the point where the Stern layer and the diffuse layer meet. The relationship 
between zeta potential and surface potential depends on the level of ions in 
the solution. Figure 3.11 represents the change in charge density through the 
diffuse layer. The electrical potential at this junction is related to the mobil-
ity of the particle and is called the zeta potential. Although zeta potential 
is an intermediate value, it is sometimes considered to be more significant 
than surface potential as far as electrostatic repulsion is concerned.24–26

Effectively, the capacitance in the EDLC (Cdl) can be treated as a combina-
tion of capacitances from two regions, the Stern type of compact double-
layer capacitance (CH) and diffusion-region capacitance (Cdiff). Thus, Cdl can 
be expressed by the following equation:

	

1 1 1
C C CHdl diff

= +
	

(3.27)

3.7  Equivalent Model of an EDLC

A simple model for a double-layer capacitor can be represented by a capaci-
tance (C) with an ESR and an equivalent parallel resistance (EPR) as shown 
in Figure 3.12. The ESR models power losses that may result from internal 
heating, which will be of importance during charging and discharging. 
The EPR models current leakage and influences long-term energy storage. 
By determining these three parameters, it is possible to develop a first-order 
approximation of EDLC behavior.

ESR

EPR

C

FIGURE 3.12
A simple model for a double-layer capacitor.
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3.8  Pseudocapacitance

A different kind of capacitance can arise at certain types of electrodes, called 
pseudocapacitance, which originates from thermodynamic reasons and is 
due to charge acceptance (∇q) and a change in potential (∇V). The derivative

	
C

d q
d V

= ( )
( )

∇
∇ 	

(3.28)

corresponds to a capacitance, which is referred to as  pseudocapacitance. 
The main difference between pseudocapacitance and EDL capacitance lies 
in the fact that pseudocapacitance is faradaic (faradaic process is the one that 
involves the transfer of electrons across the electrode–electrolyte interface) 
in origin, involving fast and reversible redox reactions between the electro-
lyte and electroactive species on the electrode surface. The most commonly 
known active materials showing pseudocapacitance are ruthenium oxide, 
manganese oxide, vanadium nitride, electrically conducting polymers, 
such as polyaniline, and oxygen- or nitrogen-containing surface functional 
groups.

While pseudocapacitance can be higher than EDL capacitance, it suffers 
from the drawbacks of a low power density (due to poor electrical conductiv-
ity) and lack of stability during cycling. A typical example is the pseudoca-
pacitance observed in ruthenium dioxide. This kind of pseudocapacitance 
can originate when an electrochemical charge transfer process takes place 
to an extended limit by a finite quantity of reagents or of available surface. 
Several examples of pseudocapacitance can be cited, but the capacitance 
function is usually not constant and, in fact, is appreciably dependent on 
potential or state of charge.

A broad range of significant capacitance values arises for ruthenium diox-
ide electrodes when the process is surface limited and is proceeded in sev-
eral one-electron stages, where the pseudocapacitance is almost constant 
(within 5%) over the full operating voltage range. Some other metal oxides 
also behave similarly, but only over smaller operating voltage ranges. The 
ruthenium dioxide pseudocapacitance provides one of the best examples of 
electrochemical (pseudo) capacitance, because, in addition to the almost con-
stant capacitance over a wide voltage range, its reversibility is excellent, with 
a cycle life of over several hundred-thousand cycles. Furthermore, the pseu-
docapacitance can increase the capacitance of an electrochemical capacitor 
by as much as an order of magnitude over that of the double-layer capaci-
tance. However, as the cost of ruthenium dioxide is comparatively high, elec-
trochemical capacitors are employed in military applications only.28–30

Another type of material exhibiting pseudocapacitive behavior, which is 
highly reversible, is the family of conducting polymers, such as polyaniline 
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or derivatives of polythiophene. These are cheaper than ruthenium dioxide, 
but are less stable, giving only thousands of cycles (still quite attractive) over 
a wide voltage range.

3.9  Different Kinds of Supercapacitors: Hybrid Capacitors

Supercapacitors are expected to overcome the relative disadvantages of 
EDLCs and pseudocapacitors to realize better performance characteristics. 
Utilizing both faradaic and non-faradaic processes to store charge, hybrid 
capacitors have achieved energy and power densities greater than EDLCs 
without the sacrifices in cycling stability and affordability that have limited 
the success of pseudocapacitors. Research has been focused on three differ-
ent types of hybrid capacitors, distinguished by their electrode configuration. 
They are the composite, asymmetric, and battery types of hybrid capacitors.

In composite electrodes, carbon-based materials are integrated with either 
conducting polymers or metal oxide materials, and they incorporate both 
physical and chemical charge storage mechanisms together in a single elec-
trode. The carbon-based materials facilitate a capacitive double layer of 
charge and also provide a high–surface area backbone that increases the 
contact between the deposited pseudocapacitive materials, and the electro-
lyte. The pseudocapacitive materials further increase the capacitance of the 
composite electrode through faradaic reactions.

Asymmetric hybrids combine faradaic and non-faradaic processes by 
coupling an EDLC electrode with a pseudocapacitor electrode. In partic-
ular, the coupling of an activated carbon-negative electrode with a con-
ducting polymer-positive electrode has received a great deal of attention. 
The lack of an efficient, negatively charged conducting polymer material 
has limited the success of conducting-polymer–based pseudocapacitors. 
Asymmetric hybrid capacitors that couple these two electrodes mitigate the 
extent of this trade-off to achieve higher energy and power densities than 
comparable EDLCs. Also, they have better cycling stability than comparable 
pseudocapacitors.

Like asymmetric hybrids, battery-type hybrids couple two different elec-
trodes. However, battery-type hybrids are unique in coupling a supercapaci-
tor electrode with a battery electrode. This specialized configuration reflects 
the demand for higher energy supercapacitors and higher power batteries, 
combining the energy characteristics of batteries with the power, cycle life, 
and recharging characteristics of supercapacitors.

Because of the difference in the mechanisms of storing charges between the 
double-layer capacitors and the conventional capacitors, traditional capacitor 
models are inadequate for electrochemical capacitors. A number of models 
currently exist that apply to the operation of double-layer capacitors.31–37
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3.10  Electrode Materials for EDLCs and Supercapacitors

3.10.1  Activated Carbons

Activated carbons are less expensive and possess a higher surface area than 
other carbon-based materials, and activated carbon is the most commonly 
used electrode material in EDLCs. Activated carbons have a complex porous 
structure composed of differently sized micropores (<20 Å wide), mesopores 
(20–500 Å), and macropores (>500 Å) to achieve high surface areas. Although 
capacitance is directly proportional to the surface area, for activated car-
bons, all of the high surface area does not contribute to the capacitance of 
the device.

3.10.2  Carbon Aerogels

There is much interest in using carbon aerogels as electrode materials for 
EDLCs. Carbon aerogels are formed from a continuous network of conduc-
tive carbon nanoparticles with intermingled mesopores. Due to this con-
tinuous structure and its ability to bond chemically to the current collector, 
carbon aerogels do not require the application of an additional adhesive 
binding agent. As binderless electrodes, carbon aerogels have been shown to 
have a lower ESR than activated carbons.

3.10.3  Carbon Nanotubes

Recent research trends are based on the use of carbon nanotubes as an EDLC 
electrode material. Electrodes made from carbon nanotubes are grown as an 
entangled mat of carbon nanotubes, with an open and accessible network of 
mesopores. Unlike other carbon-based electrodes, the mesopores in carbon 
nanotube electrodes are interconnected, allowing a continuous charge dis-
tribution that uses almost all of the available surface area. Thus, the surface 
area is utilized more efficiently to achieve capacitance values comparable to 
those in activated-carbon–based supercapacitors, even though carbon nano-
tube electrodes have a modest surface area compared with activated carbon 
electrodes. Because the electrolyte ions can more easily diffuse into the mes-
oporous network, carbon nanotube electrodes also have a lower ESR than 
activated carbon electrodes.

3.10.4  Conducting Polymers

Conducting polymers have a relatively high capacitance and electrical con-
ductivity and they also have lower ESR and cost compared to carbon-based 
electrode materials. In particular, the n/p-type polymer configuration, with 
one negatively charged (n-doped) and the other positively charged (p-doped) 
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conducting polymer electrode, has the highest power density and potential 
energy. Pseudocapacitors are not utilized to their full potential because of 
the lack of efficient, n-doped conducting polymer materials. Additionally, 
it is believed that the mechanical stress on conducting polymers during 
reduction–oxidation reactions limits the stability of these pseudocapacitors 
through many charge–discharge cycles.

3.10.5  Composite Materials

Composite electrodes are formed by the combination of carbon-based mate-
rials with either conducting polymers or metal oxide materials as explained 
earlier.38–41

3.11  Comparison

The specific energy versus specific power graph, for different energy storage 
devices is shown in Figure 3.13, and the interesting thing is that supercapaci-
tors cover the maximum area in the diagram.2

Various parameters of a battery, electrostatic capacitor, and electrochemi-
cal double-layer capacitor are compared in Table 3.1. It can be inferred that 
supercapacitors or electrochemical double-layer capacitors hold healthy 
characteristics and dominate batteries and electrostatic capacitors in most of 
the parameters.42–47
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3.12  Applications

The supercapacitor is still a young technology that is yet to experience wide-
spread implementation. It does, however, enjoy a great amount of attention 
with regards to its potential applications in a number of areas.

A traditionally high ESR has previously limited EDLCs to memory 
backup applications, and they have been used in such settings for many 
years. Recent reductions in ESR have improved the power capabilities of 
supercapacitors, and they are now well suited to pulsed-current applica-
tions such as mobile phones and electrical actuators. They can also perform 
a load-leveling function when used in combination with batteries, provid-
ing peak power in devices, such as laptops, and reducing power demands 
on the battery and, therefore, extending the battery’s lifetime. They can be 
used in a similar manner in electrical vehicles (EVs), providing power for 
acceleration and allowing a primary power source, such as a fuel cell, to 
supply the average power. When used in EVs, supercapacitors also allow 
for energy to be recuperated during braking, improving the efficiency of 
the vehicle.

Supercapacitors can also be used on their own to provide the energy 
needed by power quality systems that ensure reliable and disturbance-free 
power distribution. Supercapacitors then supply the energy needed to inject 
power into the distribution line and thus compensate for any voltage fluctua-
tions. They can also be used to design systems that grant adjustable-speed 
drives the ability to ride through temporary power supply disturbances. 
Such applications are vital in industrial settings and can prevent material 
and financial losses that could occur due to machine downtime.

TABLE 3.1

Comparison of Parameters of a Battery, Electrostatic Capacitor, and Electrochemical 
Double-Layer Capacitor

Battery
Electrostatic 

Capacitor
Electrochemical 

Capacitor

Discharge time 0.3–3 h 10−3 to 10−6 s 0.3–30 s

Charge time 1–5 h 10−3 to 10−6 s 0.3–30 s

Energy density (Wh/kg) 10–100 <0.1 1–10

Specific power (W/kg) 50–200 >10,000 ≈1000

Charge–discharge efficiency 0.7–0.85 ≈1 0.85–0.98

Cycle life 500–2000 >500,000 >100,000
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3.13  Advantages and Disadvantages of Supercapacitors

The advantages and certain disadvantages of supercapacitors are listed in 
Table 3.2.

3.14  Concluding Remarks

With the advent of nanoscience and nanotechnology, many novel ideas have 
been introduced to revolutionize supercapacitor design and performance.
In 2007,48 a supercapacitor architecture employing vertically aligned single-
walled carbon nanotubes (SWNTs) as electrodes and a room temperature 
ionic liquid as the electrolyte was demonstrated, with all the components 
integrated on cellulose paper. The large surface area associated with the 
nanotube electrodes and the much reduced spacing between them have 
resulted in much higher values of capacitance, of the order of several thou-
sands of farads. Since then, there have been a flow of innovative ideas to 
make the so-called paper supercapacitors smarter. In one of the recent 
developments,49 a modified paper supercapacitor has been realized by print-
ing SWNTs onto treated sheets of paper. These supercapacitors are found 
to have capacitance around 3 F/g and excellent cycling stability up to 2500 
cycles without capacity loss. Paper-based, all solid-state, flexible supercapaci-
tors are of very recent origin. They can be charged by solar cells and then 

TABLE 3.2

The Various Advantages and Certain Disadvantages of Supercapacitors

Advantages Disadvantages

•	Device voltage is determined by the circuit 
application, not limited by the device chemistry.

•	Very high device voltages are possible (but 
there is a trade-off with capacity).

•	High power is available.
•	High power density is possible.
•	Simple charging methods can be adopted. No 

special charging or voltage detection circuits 
are required.

•	Can be charged and discharged in seconds, 
much faster than batteries.

•	No chemical reactions.
•	Cannot be overcharged.
•	Long cycle life of more than 500,000 cycles at 

100% depth of discharge.
•	Long calendar life of 10–20 years.
•	Low impedance

•	Linear discharge voltage 
characteristics prevent the use of all 
the available energy in some 
applications.

•	Power is available only for a very 
short duration.

•	Low energy density (6 Wh/kg)
•	Cell balancing required for series 

chains.
•	High self-discharge rate, which is 

much higher than that of batteries.
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discharged to power many devices, demonstrating their efficient energy 
management in self-powered nanosystems.50 Another exciting event is 
the practical realization of paintable supercapacitors.51 In this approach, 
the supercapacitor components are engineered into paint formulations 
and simple spray painting techniques can be used to fabricate the super-
capacitors on a wide variety of materials, including glass, glazed ceramic 
tiles, flexible polymer sheets, and stainless steel, without the requirement 
of any surface conditioning. By  using the spray painting technique, it 
is possible to achieve maximum flexibility in surface forms and device 
geometries. This technique can equally well be used to fabricate recharge-
able Li ion cells and solar cells on any desired surfaces. The possibility of 
assembling such devices on any arbitrary surface will have a significant 
impact on the design, implementation, and integration of energy-capture 
storage devices.
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4.1  Introduction

In order for a material to be considered a supercapacitor, it should have 
electrochemical properties similar to that of a typical capacitor. This 
chapter describes the common measurement techniques used to evaluate 
the performance of a capacitive material or supercapacitor system. These 
techniques include cyclic voltammetry, galvanostatic charge/discharge, 
electrochemical impedance spectroscopy (EIS), self-discharge measure-
ments, and others. A brief analysis of the typical experimental profiles 
expected for each technique is provided, as well as a description of the 
method by which key supercapacitor descriptors can be calculated.

Although this book focuses on the pseudocapacitive metal oxide super-
capacitor systems, in practice, many of these metal oxides are deposited 
on high–surface area carbon electrodes in order to minimize cost and 
weight. The charge storage in these carbon electrodes is primarily double-
layer storage; therefore, a general description of simplified double-layer 
models is provided herein. These high–surface area carbon electrodes 
may also introduce resistance limitations in the material because of the, 
sometimes significant, electrolyte resistance inside the pores. As many of 
the key supercapacitor characteristics depend on the porosity of the elec-
trode, a description of the pore effect is provided. Where appropriate, the 
resistive considerations of ion migration through pseudocapacitive films 
is also considered with respect to the influence this resistance will have 
on the expected experimental profiles obtained by the techniques out-
lined in this chapter.

4.2 � Definitions and Characteristics of Key Descriptors

This section defines some of the key descriptors used in evaluating superca-
pacitors and the key relationships between these descriptors. Important con-
siderations that influence each descriptor and supercapacitor performance 
are also highlighted.
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4.2.1  Voltage/Potential

Potential is the energy required to move a unit charge through an elec-
tric field, or in the case of an electrode–electrolyte interface, across the 
interface. Often, the terms “potential” and “voltage” are used inter-
changeably. More precisely, “potential” is used when the measurement 
is made against an electrode of known constant value such as a refer-
ence electrode. “Voltage” is used when recording the difference in volt-
age between two nonreference electrodes (e.g., the positive and negative 
electrodes of a full supercapacitor). In this chapter, voltage and potential 
are both denoted with the symbol V. The unit for voltage and potential is 
volts (V).

4.2.2 � Stable Voltage Window

One of the key characteristics of a supercapacitor electrode or electrolyte 
material is its stable voltage window. The stable voltage window is the 
potential over which all the materials in the supercapacitor can be used 
without degradation (i.e., without irreversible and damaging changes to 
either electrodes or electrolyte, such as electrode dissolution or irrevers-
ible oxidation/reduction, electrolyte decomposition, significant volume 
changes leading to electrical disconnection of material, etc.). In practice, 
the voltage window used is often smaller than the stable voltage win-
dow to ensure material stability in the event of accidental overcharge. 
Additionally, for some pseudocapacitive materials with only small poten-
tial windows for the pseudocapacitive reaction, the practical voltage 
window may be limited to that over which only the pseudocapacitive 
reaction occurs, as this is the range in which charge storage occurs. Thus, 
the practical window can be much smaller than the stable window for 
these materials.

Together, the practical, stable voltage windows of the materials in a super-
capacitor define the voltage of the supercapacitor as a whole. Since energy 
is dependent on V2 (see Equation 4.4), the voltage of the supercapacitor is 
extremely important in defining the energy that can be stored in a super-
capacitor. Additionally, overcharging a supercapacitor (applying poten-
tials outside of the material’s stable voltage window) can lead to a decrease 
in performance over time,1 thereby reducing the life cycle of the system. 
Overcharging of supercapacitor materials can also lead to enhanced self-
discharge rates.2 

4.2.3 � Current

Current (I) is the amount of charge [Q, in coulombs (C)] transferred per unit 
time [t, in seconds (s)]. The unit for current is amperes (A).
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4.2.4 � Resistance

The resistance [R, in ohm (Ω)] of a material to the movement of charge results 
in a loss of voltage, and therefore energy per unit charge, based on Ohm’s law 
(V = IR). Often, the voltage lost through a resistive component is termed the 
“ohmic” or “iR” drop, where “i” denotes a current density (A/cm2). Two types 
of resistance will be described in this chapter: charge transfer resistance and 
solution resistance. Charge transfer resistance (Rct) is the resistance to the 
transfer of charge across an electrode–electrolyte interface during a faradaic 
reaction. Solution resistance (Rs) is the resistance of the electrolyte to ion 
migration resulting in a loss of energy, often as heat.

4.2.5 � Capacity

Capacity is the total amount of charge stored in a fully charged system and 
therefore has the same unit as charge, that is, coulombs.

4.2.6 � Capacitance

Capacitance [C, in farads (F)] is the amount of charged stored on the capacitor 
at a particular voltage:

	
C = =Q

V
It
V

� (4.1)

Since supercapacitors have two capacitive electrodes in series, the overall 
capacitance of the supercapacitor is related to the capacitance of the two elec-
trodes by

	

1 1 1
1 2C C Ct

= +
electrode electrode† †

� (4.2)

The relationship in Equation 4.2 highlights one of the key parameters of 
supercapacitors, that is, the overall system capacitance is often governed by 
the smaller capacitance of the two electrodes, or if two electrodes of equal 
capacitance are used, the overall capacitance of the system is only half of the 
capacitance of each electrode.3 

4.2.7 � Coulombic Efficiency

Coulombic efficiency (CE), or round-trip CE, is defined differently by dif-
ferent authors. It is usually defined as the percentage ratio of the charge 
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removed from the electrode surface during discharge (Qdis) to that placed on 
the electrode surface during charge (Qch)

	
CE Q

Q
= ×† %dis

ch
100 � (4.3)

or as the percentage ratio of cathodic charge (Qc) to anodic charge (Qa). Other 
authors define CE as the ratio of anodic charge to cathodic charge.1 Thus, this 
parameter and the method used for its calculation must be defined by authors.

It should be noted that a CE of 100% does not indicate electrochemi-
cal reversibility (which relates specifically to the rapid rate of the reaction 
and not whether the reverse reaction can occur) and is not an indicator of 
capacitance.1 CEs of less than 100% are indicative of a faradaic reaction occur-
ring that is not reversible in the potential window of the supercapacitor; for 
instance, it may indicate a reaction such as electrolyte decomposition or 
reaction of an impurity. In many situations, a CE <100% suggests degrada-
tion of the system, resulting in a shorter life cycle, or a parasitic side reaction, 
leading to higher self-discharge.

4.2.8 � Time Constant

The time constant is given by RC, where R is the resistance to charge transfer 
in the supercapacitor system (i.e., limits how quickly the charge or ions can 
move in the supercapacitor) and C is the capacitance (the amount of charge 
that is stored at the voltage applied to the supercapacitor). Thus, the time con-
stant provides a measure of the amount of charge available in the system and 
the rate at which the charge can be delivered. Since power (as described in 
Section 4.2.13) is dependent on the rate of charge delivery, the time constant 
is a key characteristic for supercapacitor performance.

4.2.9 � State of Charge

Essentially, state of charge (SOC) is a descriptor of how charged the super-
capacitor is at any given point. Since the voltage of a supercapacitor drops 
during discharge (and increases during charging), the voltage can be used 
as a measure of SOC. This is contrary to what is seen in many types of bat-
teries, where the voltage is essentially constant until just before the battery 
is fully discharged.

4.2.10 � Electrochemical Reversibility

Electrochemical reversibility refers to faradaic reactions where the rate of 
the electron transfer across the interface does not limit the rate of the reac-
tion. Reactions that are pseudocapacitive are electrochemically reversible, 
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and since the rate of the reaction is not limited by activation (the rate of elec-
tron transfer), these reactions are at equilibrium and they are governed by 
a Nernst-type equation relating the degree of the reaction to the potential.4 
For pseudocapacitive reactions based on electrochemical reversibility, at 
high rates of charge or discharge (i.e., fast sweep rates in cyclic voltammetry, 
high currents in galvanostatic charge/discharge, or high powers in constant 
power discharge), the electrochemical experimentation may become too fast 
for the reaction, resulting in irreversibility and a loss of pseudocapacitive 
energy density.

4.2.11 � Energy

The energy stored [E, in joules (J) or watt-hours (Wh)] depends on the volt-
age at which the charge may be added to or removed from the system. In 
supercapacitors, the voltage drops with discharging, which results in a fun-
damental difference between batteries and supercapacitors, namely that the 
energy of a supercapacitor is half of that of a battery (where the voltage 
is essentially constant with discharge).4 The equations used for calculating 
energy are

	
E VdQ ItV CV= = =∫ 1

2
2 � (4.4)

As the voltage drops during discharging, it leads to a characteristic of 
supercapacitors that most of their energy is delivered near the superca-
pacitor’s maximum voltage. For a system with constant capacitance over 
the voltage window (e.g., a pure double-layer supercapacitor, or a super-
capacitor with pseudocapacitance that mimics a double-layer supercapaci-
tor), 75% of the energy is dropped in the first half of the voltage window. 
Thus, often supercapacitors are discharged to only half of their maximum 
voltage.

Any resistive components of the system (such as charge transfer resistance 
or solution resistance) will result in a lower energy than that predicted from 
the system’s maximum voltage (Vmax). With ohmic polarization1 due to solu-
tion resistance, Equation 4.4 is modified to:

	
E C V iRs= −† [ ]1

2
2

max � (4.5)

Variables that increase the resistance in the system, such as low electro-
lyte concentration and low temperatures, will increase the energy lost. This 
ohmic effect is less significant in electrolytes with high conductivity, such as 
aqueous electrolytes, particularly acidic or alkaline electrolytes. The higher 
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solution resistance of ionic liquid and organic electrolytes is often offset by 
their larger stable potential windows (larger Vmax).5 Thus, while their higher 
resistances do result in a more dissipative loss of energy, this is more than 
offset by their larger potential windows, and their energies are larger than 
those of aqueous systems.5 

Other polarization in the system, such as activation polarization for 
faradaic reactions or concentration polarization caused by depletion of an 
active species near the electrode surface, will lead to a similar dissipation of 
energy, where iRs in Equation 4.5 is replaced by the activation polarization 
η giving2

	
E Q V= −1

2
2[ ]h � (4.6)

Clearly, any loss of potential through the system can have a significant 
negative impact on the system’s energy because of the squared relation-
ship between potential and energy. Indeed, at high rates, it is often the 
dissipative losses due to cell resistance or reaction polarization that limit 
the energy (and power) characteristics of a supercapacitor.2 The cumula-
tive solution resistance down the pores in highly porous electrodes can 
be quite  significant. Upon application of a voltage, the current decreases 
down the pore while the cumulative resistance increases. Therefore, there 
is no single iR value (nor a single time constant) for a porous system, but 
rather a range of ohmic loss values varying down the pore. The energy lost 
through pore resistance is then dependent on the penetration depth of the 
voltage into the pore.2 Similar resistance considerations are possible for 
the resistance to ion migration through pseudocapacitive films; however, 
typically pseudocapacitive films are synthesized in such a way to mini-
mize the distance of ion migration and therefore minimize these resistive 
considerations.6–8 

4.2.12 � Energy Efficiency

Energy efficiency (EE) is, again, defined differently by different authors; 
typically, it is defined as the percentage ratio of energy provided during dis-
charge (Edis) to energy required during charging (Ech):

	
EE E

E
= ×† %†dis

ch
100 � (4.7)

With three-electrode experiments EE may also be defined as the percent-
age ratio of anodic energy to cathodic energy1 or vice versa.

In reality, EE will never be 100%, since there will always be some 
dissipative energy losses due to cell resistance, as described above.1 Highly 
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porous electrodes (with high resistance due to narrow, long pores or those 
containing bottlenecks), low electrolyte concentrations, and low tempera-
tures are all expected to reduce the energy and EE of a system.

Pseudocapacitive electrodes may also experience some voltage loss due to 
activation polarization.1 Also, as many pseudocapacitive reactions require 
participation of an electrolyte species (such as H+), at high rates or when the 
mass transfer of electrolyte species is limited by the film, these reactions 
may also experience concentration polarization.1 Both of these polarizations 
result in a lower potential during discharge and a higher potential dur-
ing charging, and therefore a lower Ech and higher Edis and consequently a 
lower EE.1

From Equations 4.4 and 4.7, it can be seen that any electrochemical irrevers-
ibility in the system, which results in charge being placed on a supercapaci-
tor at a high voltage (giving a high Ech) but removed at a low voltage (giving 
a low Edis), will dramatically decrease the EE of the cell.4 This highlights the 
importance of the mirror-image requirement in cyclic voltammogram (CV). 
CVs, which are mirror images about the zero-current line, have the charge 
being placed on the surface and removed from the surface at the same volt-
age, meaning Ech = Edis and, therefore, result in a high EE.

Even highly electrochemically reversible reactions with mirror-image CVs 
may become rate limited if the sweep rate applied is approximately the same 
as the rate constant for the reaction.4 In these situations, the peaks in a CV 
that appeared to be a mirror image at low rates begin to separate at higher 
rates and eventually give the characteristic electrochemically irreversible 
shape, where the current around the equilibrium potential is governed by 
the Butler–Volmer equation.

4.2.13 � Power

Power [P, in joules per second (J/s) or watt (W)] is the amount of energy deliv-
ered in a particular time and can be calculated in a number of ways:

	
P E

t
QV
t

IV I R V
Rs

= = = = =2
2

4
� (4.8)

Power is one of the most important characteristic calculated for a superca-
pacitor because the fast kinetics of the double-layer charge or pseudocapaci-
tive reactions allow for these systems to be used in high-power applications. 
In practical supercapacitors and supercapacitor materials, there are some 
rate considerations that impact the power. The rate limitations most often 
stem from resistive effects (see Section 4.2.2 on Resistance), such as resis-
tance to ion migration in pseudocapacitive films or resistance of the electro-
lyte in the pores of highly porous electrodes (see Section 4.3.2). In order to 
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maximize the power of a system, factors that increase the resistance (such as 
low electrolyte concentration, highly porous electrodes, and low tempera-
ture) must be minimized.

4.3 � Theoretical Treatment and Modeling of 
the Double Layer at Electrode-Electrolyte Interfaces

While this book is focused primarily on metal-oxide supercapacitors, where the 
charge storage is primarily through pseudocapacitive faradaic reactions, a brief 
description is provided here about the double layer formed at the electrode–elec-
trolyte boundary. The double layer forms at all electrode–electrolyte boundaries 
and is responsible for storing some charge on the capacitor electrode; however, 
for primarily pseudocapacitive systems, the amount of double-layer charge 
storage is small (5%–10%)4 relative to the pseudocapacitive charge storage.

As charge is placed on the surface of an electrode in contact with an elec-
trolyte, an excess of oppositely charged ions will accumulate in the elec-
trolyte near the interface to balance the surface charge. The layer of charge 
on the surface plus the balancing layer of ionic charge in the electrolyte is 
termed the “double layer.”

The structure of the double layer at an electrode–electrolyte boundary is 
quite complex and has been covered in a number of publications, including 
Chapter 6 of the book by Conway.4 As modeled by Grahame,9 the so-called 
“double layer” is in fact composed of three layers in solution plus a layer of 
charge on the electrode surface. Just outside of the electrode surface reside 

Rct

C

C dz

C dz
R dz

R dz

Z

Rs Rs

Pore mouth

a) b)

FIGURE 4.1
Some equivalent circuit models used in supercapacitor systems: a) modified Randles cir-
cuit and b) transmission line circuit. (Adapted from de Levie, R., Electrochim. Acta, 8, 751–780, 
1963.)
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anions that have lost their hydration shell and are directly, and specifically, 
adsorbed on the electrode surface. These ions are at the distance of closest 
approach, called the “inner Helmholtz layer.” These two layers of separated 
charge (one on the surface and one in solution) can be modeled with a paral-
lel plate capacitor model, and as expected from this model, there is a linear 
drop in potential (or charge) between the surface and inner Helmholtz layer. 
The cations and anions that have not lost their hydration shell may then sit 
one or two water layers away from the surface, at the “outer Helmholtz layer.” 
Again, the potential (or charge) drops linearly between the inner and outer 
Helmholtz layers. Additionally, there is the Gouy–Chapman layer, where 
there are some ions that are further away from the surface (due to thermal 
buffeting) but are still attracted electrostatically to the surface. The poten-
tial drop in the Gouy–Chapman layer is exponential as described by the 
Poisson–Boltzmann equation, and is similar to that for the Debye–Hückel 
model of charge density around an ion; the Gouy–Chapman model predated 
the Debye–Hückel model by approximately a decade.

Even the Grahame model described earlier is an oversimplification of the 
double-layer region. Modeling (and experimentation) has shown that the 
double layer is not one ionic layer thick, but rather has a number of ion layers 
required to balance the charge on the electrode surface.10 The first layer of 
ions overcompensates the surface charge (called overscreening). This extra 
electrolyte charge is then balanced (and slightly overcompensated) by ions of 
the opposite charge in the next layer of the electrolyte, and so on,10,11 making 
the double-layer model more complex.

Although the double-layer models described before are already very sim-
plified models of the complex region near a charged electrode–electrolyte 
interface, when considering the interface in supercapacitors, the double 
layer is often simplified even further to a pure Helmholtz model, where 
there is a plane of charge on the surface and a plane of ions balancing that 
charge in solution at some point from the surface. This simplification is jus-
tified by the high concentrations of ions used in supercapacitor systems, and 
relies on the Stern model, which suggests that at high-ion concentration the 
majority of charge-balancing ions sit on the Helmholtz plane, rather than in 
the Gouy–Chapman layer.4,10 The Helmholtz model, with its two planes of 
balancing charge, and linear potential drop between them, can be modeled 
electronically in the same way as a parallel-plate capacitor. The capacitance 
(C) of the electrode–electrolyte interface is then related to the dielectric con-
stant of the material between the layers (e) (in this case, one or two layers of 
the electrolyte), the vacuum permittivity (eo), the area of the electrode (A), 
and the distance (d) between the surface and the ionic-charge layer by:

	
C A

d

o

= εε
� (4.9)
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It should be noted that, despite the common use of the Helmholtz model for 
supercapacitors, often in these systems the capacitance is not constant with 
potential, as is assumed with the parallel-plate or Helmholtz model. This 
is particularly true of pseudocapacitive reactions where the capacitance can 
vary significantly with potential.

The energy stored and extracted from a double-layer supercapacitor is, as 
seen in Equation 4.4, related to the charge placed on the surface. The charge 
stored in a double layer is approximately 0.18 electrons per surface atom.4 
From this, it is obvious that for the same given surface area, the energy 
stored in the double layer is much less than that stored in a pseudocapacitive 
film that stores one or more electrons per surface atom. On the other hand, 
the extraction of stored energy (or charge) can be accomplished much faster 
in double-layer electrodes than pseudocapacitive films, as the formation and 
relaxation of the double layer occur in the order of 10−8 s, while the rate con-
stant for faradaic reactions is typically in the range 10−2 to 10−4 s.3 The higher 
rate of double-layer formation and relaxation means that the charge stored 
in the double layer can be added or removed more quickly than the charge 
stored in pseudocapacitive reactions, leading to higher power capabilities 
for double-layer supercapacitors (assuming that there are no significant pore 
effects, as described in Section 4.3.2).

4.3.1 � The Classical Equivalent Circuit

The classic equivalent circuit used to model supercapacitors is a modified 
Randles circuit, where the solution resistance of the electrolyte is shown as 
a resistor (Rs) and the interface is modeled as a resistor (Rct) in parallel to a 
capacitor (C), as in Figure 4.1a. The subscript “ct” in Rct denotes that this is 
a charge transfer resistance, that is, this resistor models any noncapacitive 
faradaic reactions that occur across the surface, such as the reaction of an 
impurity or electrolyte. The capacitance (either double layer or pseudocapaci-
tance) is modeled by the capacitor, as described above. This is the most basic 
model of a supercapacitor electrode, and truly only applies well for a planar 
double-layer capacitor. Systems with potential-dependent pseudocapacitance 
cannot be simply modeled using the Randles circuit because the capacitor in 
the Randles circuit implies a constant capacitance. For systems with pores, a 
more complex equivalent circuit (a transmission line) is used to accommodate 
the behavior of pores under applied AC voltage or current (see Section 4.3.2).

4.3.2 � Modeling of Porous Electrodes

Highly porous electrodes are a source of extra complication for modeling 
of the double layer and developing equivalent circuit models for charging/
discharging on a surface. This is because when a potential (or current) is 
applied to a porous electrode, it is not possible for the whole surface to 
respond instantly to this applied potential due to the distributed electrolyte 
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resistance in the pores.12,13 There have been many models proposed for 
porous electrodes. Typically, these models combine multiple RC circuits 
in various ways (in series and branched). The most common method used 
to model pores is using a transmission line, as proposed by de Levie.12 In 
a seminal paper, de Levie showed that during charging or discharging of 
highly porous electrodes, the potential at the pore tip (closest to the other 
supercapacitor plate) responds more quickly than that at the surface deeper 
in the pores. Each unit length of the pore has some resistance associated 
with it, and deeper in the pores, the cumulative resistance increases. When 
an alternating potential is applied, the surface at the tip of the pore responds 
essentially instantly and follows the applied potential in both magnitude and 
frequency. However, further down the pores, the magnitude of the potential 
perturbation is not mirrored,12 with lower magnitudes of AC potential at sur-
faces further down the pore; although, the frequency continues to mirror the 
applied frequency. Thus, during charging of a porous electrode, a distribu-
tion of potentials develops down the pores of the electrode.

de Levie modeled the equivalent circuit of a pore using a transmission line 
(Figure 4.1b), where each small pore section (dz, where z is the distance from 
the pore mouth) is modeled using a capacitor that models the capacitance 
of the surface and an in-series resistor to model the resistance of the solu-
tion in the pores.12 Although the electrode material of which the pore walls 
are composed has some resistance, the resistivity of the electrode material is 
often much lower than the electrolyte resistance in the pores, and is therefore 
usually ignored.

In terms of the electrolyte resistance in the pore, the relationship of resis-
tance is similar to that seen in a wire; both longer and narrower pores result 
in a higher incremental solution resistance, and therefore an increase in 
cumulative resistance. The presence of bottlenecks in the pores may also 
influence the resistance considerations/profile of a pore.14

Often, a porous material has micropores in the walls of the meso- and 
macropores, giving a fractal-type geometry of the surface. These more com-
plicated pore structures are modeled using nested transmission line circuits, 
where a pore is placed parallel to the capacitor for the wall, such as the exam-
ple discussed by Itagaki et al.15

4.4 � Pore and Film Resistance Effects on Key 
Descriptors and the Impact of Rate

The rate of charging and discharging of a supercapacitor plays an impor-
tant role in many of the descriptors described in Section 4.2. The rate effects 
are particularly evident in porous electrodes or pseudocapacitive films with 
resistance to ion migration. The effects of rate are briefly outlined here.
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4.4.1 � Resistance and Voltage

As is obvious from the above description of the pore effect, pores have higher 
resistances due to the cumulative solution resistance. While the pore resis-
tance itself is not influenced by high rates (i.e., higher currents), the voltage 
drop, or iR-drop, is more pronounced at higher rates. In terms of porosity, the 
pore resistance relationship is similar to that seen in the resistance of a wire; 
longer pores result in higher cumulative resistance, as do narrower pores. 
Thus, longer or narrower pores will result in more voltage drop down the 
pore length. The presence of bottlenecks in the pores may also dominate the 
resistance considerations/profile of a pore.14 

Similarly, with pseudocapacitive films, the ion migration limitations 
(resistance) can be significant for thick films. This film resistance leads to the 
surface of the film being reacted more readily during charging or discharg-
ing, resulting in a different oxidation state for the surface species (e.g., differ-
ent Ru or Mn oxidation states in RuO2.xH2O or MnO2.xH2O) films than in the 
bulk.16,17 Indeed, for films (like manganese oxide) where the film resistance 
is relatively high, only a very thin layer of the film is used during charging/
discharging.17 Often, thin films are used to limit this resistance.8

The resistance effects seen in porous electrodes and pseudocapacitive 
films limit the rate at which the ion may migrate into a pore or through the 
film, and thus may limit the rate of charge transfer in a supercapacitor. In 
turn, higher rates of charge or discharge results in the material being used 
less effectively than at lower rates.

4.4.2 � Charge and Capacity

For planar double-layer electrodes, there are no rate considerations.1 
Increasing the porosity of a material increases the surface area and therefore 
increases the double-layer charge that can be stored (capacity) on an elec-
trode in a given voltage window. Similarly, to a first approximation, increas-
ing the amount of film in pseudocapacitive materials increases the amount 
of charge that can be stored (i.e., increases capacity). For porous materials, 
increasing the surface area, without a concomitant increase in volume, is 
often accomplished by forming small pores in the material. However, for 
porous electrodes and those based on pseudocapacitance, the full capac-
ity may not be realized at high rates, as the full surface area (or volume) of 
the electrode may not be charged because of resistive effects down pores 
or through films.6,16,18 At higher rates of charge/discharge, less of the pore 
or pseudocapacitive film reaches the desired potential, and the “penetra-
tion depth” decreases. This leads to a lower surface area being charged, and 
therefore a lower charge or capacity at higher rates.1 At the highest limit, 
only the outer portion (or face) of the electrode will be charged and this low 
surface area results in a small charge or capacity. At lower rates, more of the 
electrode depth is charged, resulting in a higher capacity or charge.
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As the resistance in a pore is influenced by the electrolyte concentration, 
lower electrolyte concentrations may lead to decreased penetration depths, 
and therefore may lead to lower capacities at high rates, for similar reasons 
described above.1 Similarly, using a lower temperature results in a higher 
solution or film resistance, and therefore a lower “penetration depth” for the 
voltage, and a lower charge or capacity.

4.4.3 � Capacitance

The influence of the solution resistance in the pores of porous electrodes or 
the film resistance in pseudocapacitive electrodes can influence the capaci-
tance measured for an electrode at different rates. Low-resistance films, or 
wide pores, allow for the removal of higher amounts of charge at a particular 
rate. Generally, for high-resistance films, materials containing small pores, 
or at high rates, the penetration depth into the pores or the depth of reaction 
into the film drops, resulting in lower effective electrochemical surface areas, 
and therefore lower capacitances.

4.4.4 � Coulombic Efficiency

While both capacity and capacitance of a system depend on the rate and 
resistance of the cell, the CE typically does not have any rate effects; assum-
ing the system is charged and discharged at the same rate, the same charge 
will be placed on the surface and removed from the surface. Even though 
the penetration depth of a porous electrode or pseudocapacitive film may 
change with rate, if the same rate is used, then the penetration depth is the 
same for both charging and discharging.

4.4.5 � Time Constant

The charging/discharging rate, porosity, and film resistance all have a sig-
nificant impact on the time constant (RC) for a supercapacitor since different 
penetration depths into a pore or film result in different cumulative resis-
tance and capacitance. Indeed, for porous electrodes and pseudocapacitive 
films there is often no one time constant but rather a range of time con-
stants. Nevertheless, a characteristic time constant for the system is often 
determined (typically using EIS, see Section 4.10.3) to allow for comparisons 
between electrode materials or supercapacitor systems.

4.4.6 � Energy

The resistance in the system has a significant impact on the energy 
lost  through dissipation in the cell (see Section 4.2). A low value for resis-
tance (pore solution resistance or ion-migration resistance through a 
pseudocapacitive film) allows for easier ion transport into the material 
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(i.e.,  a  higher penetration depth) and therefore a larger degree of charge 
storage and higher energy. This is particularly true of porous electrodes, 
where the resistance down the pore is a cumulative resistance. Upon appli-
cation of a voltage, the current decreases down the pore while the cumula-
tive resistance increases. Therefore, there is no single iR value for a porous 
system,2 but rather a range of ohmic loss values varying down the pore. The 
energy lost through the pore resistance is then dependent on the penetration 
depth of the voltage into the pore.2

4.4.7 � Power

Highly porous electrodes cannot respond as rapidly to the application of 
current or voltage as planar electrodes, as explained earlier. Practically, this 
corresponds to a lower maximum current at which the full surface may be 
charged, and since power depends on current, it results in a lower power. 
For situations where high-power capabilities are desired, large (wide, low 
resistance) pores are used, often formed by templating methods or the incor-
poration of carbon nanotubes in the material.19–22 Small pores may be used 
for high power, so long as the pore is relatively short (minimizing cumula-
tive resistance). Complex architectures, combining large pores for maximum 
current flow with short, small pores to provide a high–surface area, are used 
to provide higher energy without sacrificing much in terms of power.

4.5 � Two-Electrode versus Three-Electrode Measurements

Supercapacitor measurements are conducted in two different ways: two-
electrode and three-electrode measurements. In two-electrode measurements, 
also termed “full-cell” measurements, each electrode in the  measurement 
corresponds to one of the electrodes used in a real supercapacitor. The elec-
trode potentials are allowed to move as they would in a real supercapaci-
tor; that is, during charging, the potential of the two electrodes move away 
from each other (the cell voltage increases); during discharge, they move 
toward each other (the cell voltage drops). Since the potential of both elec-
trodes changes throughout the charging/discharging process, the potential 
of each electrode is not known exactly, and only the cell voltage is known. 
Two-electrode measurements provide a more realistic picture of the charac-
teristics of the supercapacitor system; however, they do not allow for a con-
venient method to identify the redox reactions occurring on each electrode 
during a charge/discharge process.

In a three-electrode measurement, only one supercapacitor electrode is 
examined, namely, the working electrode. A counter electrode is present 
that allows for the free passage of current, but does not otherwise influence 
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the electrochemistry. The third electrode in a three-electrode system is the 
reference electrode. The potential of this electrode is fixed at a known value 
and does not deviate during the experiment. The potential of the working 
electrode is measured with respect to this reference electrode and as such 
the potential of the working electrode is known exactly. In this way, the 
capacitance of each supercapacitor electrode may be determined, as well as 
the identity and potential of any redox reactions occurring on the electrode 
surface.

4.6 � Asymmetric versus Symmetric Capacitors

In symmetric supercapacitors the two electrodes are made of the same mate-
rial, whereas in asymmetric supercapacitors the two electrodes are composed 
of different materials (e.g., one electrode may be a metal oxide or conducting 
polymer pseudocapacitive electrode, while the other electrode is a carbon 
double-layer capacitive electrode). The characterization techniques described 
in this chapter are often used to examine asymmetric systems because this 
gives a more realistic description of the characteristics of a true asymmet-
ric supercapacitor. Nevertheless, it should be noted that, just like the two-
electrode case described in the previous section, in asymmetric systems the 
supercapacitor response is influenced by both the positive and negative elec-
trodes at any particular voltage, and thus, the specific characteristics of each 
electrode are lost in the measurement of the asymmetric system. Changes in 
the response of the system are then difficult to assign to changes in one or 
the other of the electrodes. Nevertheless, the response of the system will be 
more representative of the characteristics of the cell as a whole; one can get a 
better idea of the potential that will result in the highest charge storage, the 
practical and stable voltage window, etc. The issue of not being able to assign 
changes in the response to a specific electrode can be alleviated by using a 
third electrode (as the reference electrode) in the system and tracking the 
response of each electrode separately. In this way, it is possible to examine 
the important characteristics of each electrode but in a realistic system, with 
all of the limitations and changes that would be seen in a real supercapacitor.

4.7 � Cyclic Voltammetry

In cyclic voltammetry the potential of an electrode (or voltage of a system) is 
changed linearly between two potential extremes and then returned to the 
initial potential to complete the cycle. The cycle is often repeated a number 
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of times. The current that passes during this potential cycle is recorded as a 
function of the potential. The rate at which the potential is changed is called 
the sweep rate (u). Cyclic Voltammograms (CVs) are the resulting current 
versus potential plots. There is some variation on how CVs are plotted, but 
the International Union of Pure and Applied Chemistry (IUPAC) convention 
states that the oxidation current is considered to be a positive current, with 
the reduction current being negative, and that increasing positive potentials 
be plotted toward the right of the graph.

Often charging and discharging of a battery or supercapacitor is given in 
terms of “C-rate.” The relationship between C-rate and sweep rate from CV 
is as follows:

	
C-rate = ×3600 u

V
� (4.10)

where V is the maximum voltage of the system. Even relatively slow sweep 
rates for cyclic voltammetry are equivalent to relatively high C-rates. For 
instance, for an aqueous supercapacitor with a 1-V voltage window, a sweep 
rate of 1 mV/s results in a C-rate of 3.6.

4.7.1 � Requirements for a Material to Be Considered 
Capacitive by Cyclic Voltammetry

Cyclic voltammetry is often used to evaluate whether an electrode material 
is capacitive. In order for a material to be considered a suitable superca-
pacitor material, it should have electrochemical properties similar to the 
electrical properties of a typical capacitor. The CV of a typical capacitor is a 
rectangle, as the capacitance is independent of potential; the CV is a mirror 
image about the zero current line and has vertical current switches at the 
two potential extremes (i.e., when the potential sweep direction is changed, 
the current changes sign but not magnitude). Additionally, when the capac-
itor is charged at different rates (different sweep rates), the CV current is 
directly related to the sweep rate. These three criteria (mirror image around 
zero-current line, vertical current switches at potential extremes, and linear 
relationship between current and sweep rate) are the main requirements to 
determine whether something may be called “capacitive.” In practice, the 
criteria of the mirror image and vertical current switches may be relaxed 
somewhat, though, as discussed in more detail in Sections 4.2.12 and 4.7.6, 
variations from these criteria result in materials with lower energy or 
power densities.

Double-layer capacitive electrodes, such as carbon materials, typically 
demonstrate all three capacitance criteria, as typified by SpectracarbTM 2225 
(Engineered Fibers Technology, Shelton, CT, USA) in 1 M NaOH (Figure 4.2).23 
Pseudocapacitive materials must also satisfy these three criteria, although 
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these materials may have CVs that do not appear rectangular if there is a 
capacitance dependence on potential. For example, hydrous ruthenium 
oxide is a well-known metal-oxide pseudocapacitive material that shows the 
three characteristics outlined earlier and has a fairly rectangular CV shape, 
although some structure is seen, as shown in Figure 4.3.24 Anthraquinone-
modified carbon also exhibits a pseudocapacitive CV, as seen in Figure 4.3; 
however, the CV is not rectangular as there is a strong capacitance depen-
dence on the potential (i.e., when the anthraquinone undergoes its oxidation 
and reduction reactions at −0.11 V, there is an increase in the capacitance). Both 
the RuO2 and anthraquinone-modified carbon CVs are mirror images about 
the zero-current line and have vertical current lines at the potential extremes, 
confirming these are pseudocapacitive materials. Similar pseudocapacitive 
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CVs have been observed with other metal oxides, such as manganese oxide, 
and conducting polymers, such as polyaniline and polypyrrole, as described 
in more detail elsewhere in this book.

4.7.2 � Stable Voltage Window

Cyclic voltammetry is the most common method used for determining the 
stable voltage window of a supercapacitor material. Typically, the CV of the 
material is examined over the possible range of potentials that the mate-
rial may encounter when used in a supercapacitor. Additionally, the stable 
potential window is examined over extended times for changes in CV shape 
and size. The analysis of these shape and size changes will depend on the 
system under study, although a few examples are provided here. A change 
in size may indicate that the electrode material may be dissolving, or los-
ing electrical contact with the surface, such as that seen in polymers upon 
repeated cycling, due to volume changes of the polymer during cycling.25 
A change in the CV shape, particularly the resistance evident in the CV (as 
described in Section 4.8.10), may indicate that the material is breaking down; 
for example, the breaking of the conductive graphene sheets in carbon due 
to oxidation.1 Alternately, an increased resistance may indicate gas forma-
tion during overcharging, which may block the pores of a porous mate-
rial. The voltage window may also be limited by dissolution of electrode 
material,7 decomposition of aqueous impurities in an organic electrolyte,26,27 
or electrolyte decomposition in acetonitrile.28

4.7.3 � Evaluating Capacitance by CV

Capacitance is defined as the amount of charge stored at a particular voltage. 
Often, authors will use CVs to report just one value for capacitance. Sometimes 
this value is an average capacitance, but more often it is the maximum capaci-
tance. However, CVs can be used to give a more useful representation of capac-
itance: the differential capacitance (Cdiff). The differential capacitance provides 
a measurement of the capacitance at each particular voltage and can be deter-
mined from CV by dividing the measured current (I) by the sweep rate (v):

	
C dI

dvdiff = � (4.11)

When differential capacitance is calculated from Equation 4.11, cathodic 
currents result in a negative differential capacitance. While a negative capac-
itance has no physical meaning, the negative sign of the differential capaci-
tance calculated in this manner denotes simply that it is the capacitance 
when a negative (or reduction) current is flowing into the working electrode 
of a three-electrode system.
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The differential capacitance is useful for supercapacitor materials because 
the capacitance is often not constant with voltage, as is expected with typical 
capacitors, but may vary greatly. This is particularly true of pseudocapacitive 
electrode materials such as metal oxides and conducting polymers.

For ideal supercapacitors, there is no influence of the CV sweep rate on 
the capacitance of the system and, in fact, is one of the requirements of a 
capacitive material. The capacitance independence of rate is particularly true 
of planar double-layer capacitors, where the double layer forms and relaxes 
very quickly (10−8 s),3 and therefore the electrode is able to respond almost 
instantaneously as the potential is changed during the potential sweep (note 
that the pores in high–surface area double-layer capacitors cause the capaci-
tance to depend on sweep rate, as described in the next paragraph). Faradaic 
reactions are slower than double-layer formation, often requiring 10−2 to 
10−4 s,3 and therefore at very high sweep rates capacitive faradaic reactions 
may become rate limited.4

In both double-layer and pseudocapacitive systems, care is put into choos-
ing conductive electrolytes, electrode materials, separators, and current 
collectors to minimize the resistance in the cell which would otherwise 
result in a drop in voltage (iR-drop) in the cell. This iR-drop results in less 
actual voltage across the electrodes in the cell for the same applied voltage to 
the system. A drop in actual voltage applied to the supercapacitor electrode 
results in less charge on the electrodes than if the whole applied voltage 
was applied to the electrodes. Since it is the applied voltage which is used 
in calculating the system capacitance, the capacitance may appear to be 
less in a system with a large iR-drop than for a system will little resistance. 
The iR-drop in pores must also be considered, and increases in solution 
resistance lead to smaller penetration depths, lower electroactive surface 
area, and therefore lower capacitance (see Section 4.4 for a discussion on 
pore effects). Higher sweep rates result in higher currents, and therefore 
greater iR-drops, leading to decreased capacitances.

For a CV recorded for a system which has both significant double-layer 
and pseudocapacitive components, the capacitance of each component can 
be determined from the CV only if there is a portion of the CV which does 
not have significant pseudocapacitive contribution (i.e., there is a portion of 
the CV with the appearance of the small, rectangular double-layer charg-
ing profile). The differential capacitance of each portion of the CV can be 
calculated. It must then be recognized that the capacitance calculated for the 
region exhibiting pseudocapacitance is actually composed of capacitance for 
both the pseudocapacitive reaction and the double layer, and therefore the 
double-layer capacitance can then be subtracted from the combined capaci-
tance to determine the capacitance due to pseudocapacitance alone. In the 
pseudocapacitive region, the assumption must be made that the double-
layer capacitance has the same value within this region, as it does in the 
double-layer-only portion of the CV. As the pseudocapacitive capacitance 
is typically much larger than the double-layer capacitance, this assumption 
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can often be safely made, as the small variations in the double-layer capaci-
tance do not greatly influence the values calculated for pseudocapacitance. 
Note that for systems where there is no portion of the CV that exhibits solely 
double-layer charging, the method just described cannot be used to separate 
the capacitance due to pseudocapacitance from that of double-layer charg-
ing. In these cases, the capacitance from double-layer charging may be esti-
mated (often using the value of 0.18 electron per surface atom), but the error 
associated with this estimation and the calculated pseudocapacitance value 
is large.

4.7.4 � Capacity/Charge

The charge (Q) can be calculated from a CV through integration under the 
curve followed by dividing by the sweep rate (ν). Alternately, if the CV has 
already been converted to a differential capacitance (Cdiff) profile (using 
Equation 4.11, wherein the current was divided by the sweep rate) then inte-
gration under the curve results directly in the charge (or capacity):

	
Q IdV C dV= =∫ ∫† * †1

ν diff � (4.12)

At higher sweep rates and higher resistances, the CV develops a tilt, which 
indicates that resistance is influencing the electrochemistry. The capacitance 
calculated from the CV also becomes smaller since the pores become less 
active at high rates; there is a lower penetration depth, resulting in a smaller 
electroactive area and consequently a lower capacitance.

For CVs that are recorded for materials which have significant contribu-
tions from both pseudocapacitive and double-layer charging, the charge of 
each process can be calculated from the CV only if there is a portion of the 
CV that exhibits solely double-layer charging. The current in the double-layer 
region is then assigned as the double-layer charging current throughout the 
CV, and the double-layer charge is calculated using this current and the 
whole potential window. This double-layer current is also used as the back-
ground current for the calculation of the pseudocapacitive charge, where the 
double-layer current is subtracted from the current in the region of pseudo-
capacitance prior to integration through this region. Once the background is 
subtracted, the remaining charge is assigned as the charge associated with 
pseudocapacitance.

For processes that lead to loss of capacitance, the CV often exhibits a 
decrease in current with cycling as portions of the electrode lose activity. 
This can be the case for systems, such as electroactive polymers, which 
because of their volume changes can become electrically disconnected over 
multiple cycles, and the CV current at any given potential drops as more of 
the film becomes disconnected.
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4.7.5 � Coulombic Efficiency

CE is calculated using the charges from the CV as described in Section 4.7.4 
and Equation 4.3. The CE of a material should not be influenced by the sweep 
rate or changes in the electrolyte resistance. The exception may be if there is 
an irreversible parasitic faradaic reaction occurring in parallel to the capaci-
tance. In this situation, the CE will be sweep rate dependent, with higher 
sweep rates resulting in CEs closer to 100% than those seen at lower sweep 
rates. At high sweep rates, the irreversible reaction may be unable to react 
sufficiently fast (i.e., essentially “outrunning” the irreversible faradaic reac-
tion), resulting in a lower contribution to the charge from this irreversible 
reaction. At lower sweep rates, there will be a larger contribution from the 
irreversible reaction and the CE will deviate from 100%.29 A link may be 
made between poor CEs and shorter system lifetimes, because as these irre-
versible reactions are sometimes linked to the eventual failure of the energy 
storage system2 (such as electrolyte decomposition or active material decom-
position/dissolution7). Smith and co-workers are examining methods to use 
precisely measured CEs to predict life cycle in Li-ion batteries.30 This may 
also be applied to other energy storage systems in the future.

4.7.6 � Energy and EE

Energy is related to the potential at which the charge is added or removed 
from the surface (Equation 4.4). To calculate the energy from the CV, one may 
plot the charge as a function of potential (charge is calculated by multiplying 
the current by time of charging) and integrate under the curve. EE is then the 
percentage ratio of the energy delivered on discharge to the energy required 
during charge.

Energy and EE are both strongly dependent on rate since ohmic, activa-
tion, and concentration polarization losses all contribute to dissipative 
energy losses in the system (as described in Section 4.2). Even electrochemi-
cally reversible reactions have a limit at which the sweep rate begins to be 
too similar to their rate constant and the peaks in the CV shift apart.4 The 
system becomes irreversible under these conditions and therefore the energy 
decreases.

4.7.7 � Resistance

An increased resistance in a system is most evident in the shape of the CV 
at the currents of the potential extremes. At higher resistances, the current 
response is sluggish and this results in some curvature in the CV at the 
potential limits. For porous and ion-migration limited systems, this curva-
ture of the CV indicates the charging time for the system.31 In extreme cases, 
the CV becomes more sloped and begins to resemble the straight sloped line 
CV of a resistor.
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Reduced electrolyte conductivity and lower temperatures are expected 
to result in more resistance in the cell and more curvature in the CV.1 
Higher porosity leads to a higher surface area, and therefore higher capac-
itance and capacity, but the distributed resistance in the pores leads to a 
more resistive CV, or a lower sweep rate, at which the resistance effects are 
seen. Factors that increase the resistance in the pores, such as narrower 
or longer pores, or the presence of bottlenecks, will result in similar CV 
distortions.

Some irreversible processes can lead to an increase in the resistance of 
the electrode material (e.g., the overoxidation of a carbon electrode), and 
this presents as an increasing tilt in the CV and a delay in current recovery 
at the potential extremes in the CV (i.e., more curvature at the potential 
extremes).

Although resistance can be seen in a CV, typically the CV is not used to cal-
culate a value for the resistance; instead, galvanostatic charging/discharging 
experiments (Section 4.8.7) or EIS (Section 4.10) are used to determine the 
system resistance.

4.7.8 � Power

Power is typically not calculated from a CV, but can be done by integrating 
under the curve. The more typical, and simple, method to determine the 
power of a supercapacitor system is to study the system using galvanostatic 
charging/discharging (Section 4.8.6).

4.8 � Galvanostatic Charge/Discharge

In galvanostatic (or constant current) charge/discharge experiments, 
a known, set current (I) is applied to an electrode and the potential is 
recorded over time. When the electrode reaches a desired potential, the 
current direction is changed (the same current but opposite in sign is now 
applied) and again the potential is recorded. Often, the potential will be 
cycled between these two potential limits. Typically, strict potential limits 
are placed on the experiment to avoid overcharging of the electrode or sys-
tem, which can result in electrolyte or electrode decomposition. The galva-
nostatic charge/discharge curves plot the recorded potential as a function 
of time (t) (Figure 4.4) or as a function of charge (Q), using Q = It (where I is 
constant).1 Similar experiments can be conducted where only the discharge 
curve is recorded. In this case, the supercapacitor has been previously 
charged to the desired voltage and the current is stopped (current = 0 A). 
Then the supercapacitor is discharged and the voltage is recorded dur-
ing the discharge. These curves can be analyzed in the same way as the 
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charge/discharge experiments, except for one small consideration when 
using these curves to determine the equivalent series resistance (described 
in Section 4.8.10).

4.8.1 � Requirements for a Material to Be Considered 
Capacitive by Galvanostatic Charge/Discharge

For a material to be considered capacitive using galvanostatic charge/
discharge curves, the curves should be symmetric between charging and 
discharging, preferably with linear slopes to indicate constant capacitance 
as a function of potential. The linear slope requirement may be relaxed, but 
in order to achieve high coulombic and energy efficiencies, the mirror-image 
charge and discharge curves must be maintained. Ideally, the potential drop 
at the current switching point is very small or absent, as a large instanta-
neous potential drop at these points indicates significant equivalent series 
resistance in the cell, as discussed in Section 4.8.10.

4.8.2 � Appearance of Curves When Capacitance 
Is Constant with Potential

For systems where the capacitance is constant over a range of potentials, 
the galvanostatic charge/discharge curves are triangular with linear sides 
(Figure 4.4). As described in Section 4.8.5, the slopes of these linear sides are 
equal to the inverse of the capacitance when the x-axis is plotted as charge. 
These linear triangular shapes are often seen with double-layer capacitors 
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(where the double-layer capacitance is constant, or almost constant, at vari-
ous potentials) and some pseudocapacitive metal oxides, such as RuO2.xH2O, 
which exhibits an almost constant capacitance with voltage.

4.8.3 � Appearance of Potential-Dependent Pseudocapacitance

In pseudocapacitive systems, where capacitance varies with potential, 
a change in slope corresponding to the capacitance change is evident in 
the galvanostatic charge/discharge curve. These nonlinear galvanostatic 
charge/discharge curves are common with pseudocapacitive materials, 
such as metal oxides and electroactive polymers, where the capacitance 
derived from an electrochemically reversible faradaic reaction can be 
strongly potential dependent. The tangent at each point on the curve can 
be used to determine the capacitance at each particular potential (see 
Section  4.8.5). Thus, curvature in galvanostatic charge/discharge curves 
is often indicative of a pseudocapacitive component if the capacitance 
change is mirrored on both the charge and discharge curves. Curvature 
in the profiles can also happen with parasitic redox reactions, which are 
not pseudocapacitive, and since these reactions are not electrochemically 
reversible, the capacitance changes are not the same during charge and dis-
charge and this is reflected in a lack of mirror image between the charge 
and discharge curves. Galvanostatic charge/discharge curves that are not 
mirror images between charge and discharge result in lower coulombic 
and energy efficiencies for the system.

4.8.4 � Appearance of Porous Effects

The distributed resistance of a porous electrode or pseudocapacitive film 
also may cause curvature to the voltage versus time profile of galvanostatic 
charge/discharge curves.2 A porous electrode was modeled using a trans-
mission line hardware circuit consisting of five RC elements by Pell et al.2 
During galvanostatic charging and discharging, the current is split among 
the five capacitors, and since the capacitors further down the circuit begin to 
charge later in time during the charging cycle, the potential of the top capaci-
tor (modeling the pore mouth, where the potential is measured in a real sys-
tem) increases, but not linearly.2 As the capacitance in the system increases 
(more capacitors start being charged), the profile exhibits a drop in slope, as 
is consistent with the expected inverse relationship between capacitance and 
slope. Essentially, the current is split between the capacitors, but the current 
moving into each capacitor (or portion of the pore) changes with time, and 
therefore, the voltage profile is not linear with time.2

Porous electrodes also, initially, result in nonmirror-image charge/
discharge profile.2 During the first few galvanostatic charge and discharge 
cycles, the inner portions of the pore are being charged, but are unable to 
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donate charge back to the surface during discharging. After several cycles, 
the profiles reach a steady state (each subsequent profile is the same as the 
previous profile) and become symmetric. The number of charge/discharge 
cycles required to reach this steady state is rate dependent with slower rates 
(lower applied constant currents) resulting in the steady state being reached 
more quickly.2 Pell also showed that the energy losses associated with porous 
electrodes decreased with cycling, and therefore, galavanostatic charging/
discharging should be conducted for a number of cycles in order to examine 
how the profile changes with cycling.

4.8.5 � Capacitance

To determine the capacitance from the voltage versus time curve (Figure 4.4), 
the inverse of the slope is multiplied by the applied current (recall 
Equation 4.1). If the curve is plotted with voltage as a function of charge, then 
the inverse of the slope gives the capacitance directly. The average capaci-
tance is typically taken from the linear portion of the curve, and the dif-
ferential capacitance can be determined using the tangent at each potential. 
Because the capacitance is inversely related to the slope of these curves, an 
increase in capacitance, such as would be seen through a pseudocapacitive 
reaction, leads to a drop in the slope of the plot, often seen as a flattening or 
curvature in the plot. Similarly, with porous electrodes, as the charge redis-
tribution results in charge moving further down the pore (increasing the 
electroactive surface area and therefore the capacitance) there is a flattening 
of the galvanostatic profile.2

4.8.6 � Capacity/Charge Density

The charge or capacity of the supercapacitor can be determined from the 
galvanostatic charge/discharge plot by multiplying the constant current 
applied by the time required to complete the charging or discharging to 
arrive at the charging charge and discharge charge, respectively.

As discussed previously, a drop in electrochemically active surface area 
caused by an increase in the resistance of the electrolyte in the pores or in 
the capacitive film results in lower amounts of charge storage, and lower 
charge densities or capacities. On galvanostatic charge/discharge curves, 
this appears as a decrease in charge or discharge time.

Irreversible processes lead to a loss of capacity present in galvanostatic 
charge/discharge curves and a drop in the time required to fully charge or dis-
charge the surface. As less charge can be accommodated on the electrode, less 
time is required at the applied current to fully charge/discharge the system. 
Losses in capacity such as this can be attributed to some irreversible process, 
which make portions of the material inactive, such as the electrical disconnec-
tion of polymers during charging/discharging due to volume changes.
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4.8.7 � Coulombic Efficiency

The charges calculated from the galvanostatic charge/discharge curves may 
be used to calculate the CE. Because the current applied is constant through-
out the experiment, the voltage–time curves can be easily used to see CEs; 
for a CE of 100%, the charge time is equal to the discharge time. If the charge 
during either charging or discharging is larger, it results in a non–mirror-
image curve and differences in the charge and discharge time, and thus poor 
CEs are easily seen with these curves.

Similar to what was seen with cyclic voltammetry, CE should be inde-
pendent of the rate (or current) of charge and discharge. CE will, however, 
display rate dependence in the presence of an irreversible faradaic reaction 
(as described in Section 4.7.5).

4.8.8 � Energy and EE

The energy of the system is one of the characteristics most commonly deter-
mined from galvanostatic charge/discharge curves, particularly for use in 
Ragone plots (described in Section 4.9). The energy can be calculated from 
the voltage–time curve by integrating under the charge or discharge portion 
of the curve and multiplying by the applied current. Alternately, if voltage 
is plotted versus charge, energy can be determined directly by integrating 
under the curve. As described in Section 4.2.11, 75% of the energy of a super-
capacitor system is delivered in the first half of the voltage window, and this 
can be easily seen from the galvanostatic voltage–time curves (Figure 4.4), 
where 75% of the area under the discharge curve is a result of the first half 
of discharge. For constant-current experiments, the practical considerations 
are that the time required to deliver 75% of the energy is equal to the time 
required to deliver the last 25% of the energy, highlighting why supercapaci-
tors are practically discharged to only half of their initial voltage.1

The energy loss experienced in porous electrodes is highly rate dependent. 
At low rates, more of the inner pore is charged, and therefore, the energy 
losses from the inner pore contribute more significantly to the total energy 
losses than at high rates.2 However, overall the energy is much larger (due to 
the higher surface area associated with the inner pore being charged), and 
therefore, even with the greater energy loss, the resulting energy is larger 
at the low rates. Similar reasoning can be applied to energy considerations 
for pseudocapacitive materials with ion-migration resistance in the film.

EE is calculated as described above in Section 4.2.12. Galvanostatic charge/
discharge curves, which are not mirror images, may indicate a low EE for 
similar reasoning as described in Section 4.2.12, where irreversibility in 
the  system results in charge being placed on the supercapacitor at a high 
voltage but removed at a low voltage leading to a higher charging energy 
than the discharging energy. A change in the slope (capacitance) of the 
charge curve must be mirrored at the same potential in the discharge curve 
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(i.e., charge must be removed from the capacitor at approximately the same 
potential as it was placed on the capacitor) in order for the EE to be 100%. 
Thus, a low EE is easily seen in the curves resulting from galvanostatic 
charge/discharge measurements.

4.8.9 � Power

Power is another characteristic typically determined from galvanostatic 
charge/discharge curves and can be determined as a function of SOC by 
multiplying the measured potential and applied current. The power calcu-
lated by this method is typically used in the construction of Ragone plots 
(described in Section 4.9). As with energy, the power losses experienced in 
porous electrodes and resistive pseudocapacitive films are highly rate depen-
dent. Since power loss is related to I2R (Equation 4.8), higher currents (rates) 
result in higher power losses.

4.8.10 � Resistance

The equivalent series resistance of a cell can be easily calculated from 
constant current charge/discharge curves. At the point where the current 
direction changes, there is an instantaneous drop in the potential (see ΔV 
in Figure 4.4), which is equal to 2IR. Since the current is known (applied by 
the researcher), the resistance can be calculated. Note, however, that if the 
experiment is composed of only the discharging portion (i.e., the capacitor 
was charged and then the current was set to zero, even briefly) then the 
potential drop is equal to IR.32 In the charge/discharge experiment, there is 
a voltage drop through the equivalent series resistance as the charge moves 
in one direction and an equal drop occurs when the charge direction is 
changed, which leads to the 2IR voltage drop. When only the discharge 
curve is recorded, the energy lost is only that for the movement of ions in 
one direction, and therefore the potential drop is equal to IR.

Processes such as gas evolution (blocking pores) and disruption of the 
electrical connectivity of the electrode material (e.g., overoxidation of gra-
phene sheets in carbon, delamination or dissolution of electrode material, 
disconnection of material due to repeated volume changes in electroactive 
polymers, etc.) can increase the resistance of the system. These increases in 
resistance are easily seen in galvanostatic charge/discharge results as an 
increase in the initial potential drop in the charge/discharge curves.

4.9 � Ragone Plots

There are three main types of Ragone plots, though all are plotted with 
the log of power on one axis and the log of energy on the other. Typically, 
Ragone plots are constructed from galvanostatic charge/discharge profiles 
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(see  Section 4.8), although they are sometimes constructed from Electro
chemical Impedance Spectroscopic data. The three types of Ragone plots 
typically seen in the literature are those that plot: (1) the ranges of energy  
and power densities available for different types of energy storage sys-
tems; (2) the energy and power densities for a given system at various states 
of charge; and (3) the maximum energy and power densities for a given 
system charged at various constant currents. The first type of Ragone plot, 
which compares systems, is beyond the scope of this chapter. Types 2 and 3 
are covered in subsequent sections.

4.9.1 � Ragone Plots as a Function of SOC of a System

As described earlier, one of the inherent characteristics of supercapacitors is 
that the potential (or voltage) changes with the SOC. Since both energy and 
power are related to potential, the energy and power densities plotted in 
Ragone plots are expected to change as a function potential, and therefore as 
a function of the SOC. Indeed, as seen in Figure 4.5, both power and energy 
increase almost linearly with increasing SOC.1

Commonly, these curves have a hooked end at the highest power since at 
high rates the charge will be removed from the outer portion of the electrode 
first (where there is the least solution resistance); however, the outer portion 
of the electrode stores proportionally much less energy than the inner por-
tion (the pores of the electrode or the bulk of the pseudocapacitive film), and 
therefore, only small amounts of energy are available at these high powers.

As expected from the discussion in Section 4.4, the maximum energy 
increases with decreased resistance, because of a larger penetration depth 
into the electrode material. As the resistance is increased, or at higher rates, 
the maximum energy falls since not all of the surface is being accessed by 
the penetration depth. At very high currents or high resistances, only very 
small energy is seen since only the outer portion of the film is used,1,13 and 
this is a much smaller surface area than is available when the whole film or 
porous electrode area is used. At very low resistances, when the whole sur-
face is accessed at a given rate, the maximum energy becomes independent 
of rate.

Power increases at increasing rates, as expected from Equation 4.8. The 
influence of current on the power is more evident at low resistances, where 
there is only a small associated drop in potential1. At higher resistances, 
where the IR drop becomes significant, the increase in power with increas-
ing current is less obvious.1

4.9.2 � Ragone Plots at Full Charge for Different Constant Currents

Often, Ragone plots are shown based on the power and energy of a system 
at a SOC of 100% (full charge). Ragone plots of this type for supercapacitors 
typically have a hooked shape, such as that seen in Figure 4.6. The hooked 
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shape is due to the resistive effects in these systems (such as the pore effect 
and resistance to ion migration through pseudocapacitive films). As the 
resistance in a system is reduced, by using higher electrolyte concentration 
or higher temperatures, both the energy and power increase.1 At high rates, 
which result in high powers, the penetration depth into the porous electrode 
or pseudocapacitive film drops, resulting in a lower charge (as described 
above), and therefore a lower energy. At low rates, the whole surface or film 
can be charged, resulting in a high energy, but the low current results in a 
lower power.33

While these Ragone plots show information for only a 100% SOC system, 
the trends between fully charged systems seen in these plots are preserved 
at lower SOCs;1 therefore, these plots can be usefully used to compare the 
power and energy characteristics between systems or electrodes.

4.10 � Electrochemical Impedance Spectroscopy

EIS is used to determine quantitative information on the different resistive and 
capacitive components of a system as well as their frequency dependence—
assuming, of course, that an appropriate and real-life relevant equivalent 
circuit is used for the calculation of these values (see Equations 4.13–4.15). 
EIS is often used to quantify the equivalent series resistance, determine the 
charge transfer resistance and system time constant, elucidate pseudocapaci-
tive behavior, and examine the role of porous electrodes.4 EIS experiments 
are typically not used to provide any information on the charge stored on 
a supercapacitor electrode, the CE, energy, or EE. For those characteristics, 
galvanostatic charge/discharge or CV is used.

In EIS experiments, a small sinusoidal potential perturbation of 5 to 10 mV 
is applied to the system and the resulting current is recorded. Alternately, 
a small alternating current may be applied and the resulting AC voltage is 
recorded.34 The frequency of the applied alternating signal is varied with 
frequencies between 10 mHz and 1 MHz being common (though, usually not 
the whole range of these frequencies is used). Sometimes a superimposed 
DC potential or current is also applied to the system. The small magnitude 
of potential or current perturbations is used to ensure that the current is 
linearly proportional to the potential. EIS experiments may be run in either 
a three-electrode configuration or two-electrode, full-cell supercapacitor.

The impedance of a system can be modeled using equivalent circuit ele-
ments, which have impedance characteristics, as shown by Orazem and 
Tribollet35

	 Z Rresistor = � (4.13)
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Z

j Ccapacitor = 1
w

� (4.14)

and

	 Z j Linductor = w 	 (4.15)

where R denotes the resistance, j denotes the imaginary number −1, 
w denotes the frequency, C denotes the capacitance, and L denotes the induc-
tance. In supercapacitors, the impedance due to an inductor is often ignored 
or is considered to contribute only a very small portion of the overall imped-
ance.34 As can be seen in Equations 4.13 and 4.14, only the impedance of the 
capacitor has a dependence on frequency (ignoring Zinductor, as per the previ-
ous sentence). As the frequency decreases, the Zcapacitor increases, giving one 
of the key characteristics of the EIS spectra of supercapacitor systems, as will 
be described in Section 4.10.2 with Nyquist plots.

The calculation of the total impedance of a system depends on the equiv-
alent circuit used to model the system. The impedance of components in 
series is given by

	 Z Z Z= +† 1 2 � (4.16)

whereas the impedance of components in parallel is calculated using

	

1 1 1
1 2Z Z Z

= + � (4.17)

The general forms of these equations are provided here, since the total 
impedance, and calculation thereof, depend on the equivalent circuit 
(see Section 4.10.1) proposed for the system, as does the calculation of the 
capacitance.

Since EIS provides information on the resistive and capacitive components 
of a system, it is often used to determine the characteristic RC for a superca-
pacitor system. This is most easily accomplished using a plot of the imagi-
nary part of capacitance (C″) as a function of frequency (described further in 
Section 4.10.3).

As seen from the above discussion, the physical parameters of a system 
can be approximated by using circuit elements (resistors and capacitors) and 
thus, EIS results are often compared with spectra modeled using an equiva-
lent circuit. The fit between the model and the data is used to determine if the 
circuit adequately describes the physical processes in the system. The fitting 
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of an equivalent circuit model must be used with care and consideration as 
each element of the equivalent circuit must be chosen to represent a physical 
process occurring in the real system. An equivalent circuit that fits the data 
very well but does not explain how each circuit element relates to a process 
occurring in the system is useless as it does not provide any real knowledge 
about the system under study. The most common equivalent circuit models 
for supercapacitors are described in Section 4.10.1.

4.10.1 � Equivalent Circuit Modeling

Many different models have been used for supercapacitors to model EIS 
data, ranging from the simple modified Randles circuit to nested transmis-
sion lines, and beyond. The most common equivalent circuits and EIS plot 
shapes seen in the literature for supercapacitors are described here, but a full 
discussion of all of the possible equivalent circuits seen in the literature is 
beyond the scope of this chapter.

One of the most common equivalent circuits for modeling a supercapacitor 
uses a series connection that includes29,34 a resistor, which is used to model 
the equivalent series resistance; and a complex pore impedance (Zp), which 
models the frequency dependence of the pore thus giving the 45°  phase 
angle as described by de Levie.12,13 The Zp is composed of a number of 
series-connected (or ladder of) RC circuits, where the resistance in the ladder 
models the electrolyte resistance in the pore per unit length and the capaci-
tance models the double-layer capacitance at the electrode–electrolyte inter-
face per unit length.12 Often, this Zp is modeled as a transmission line, which 
results in a 45° phase angle.12 In a real system, there is a variation in the phase 
angle due to the differences in the pore radius and length, often resulting in 
a non-45° phase angle.

Some authors also include an inductor in series with the resistor,29,34 
although Buller et al. note that the inductance is not of significant interest in 
supercapacitors but reduces the error in the resulting spectra.34 Buller et al. 
then uses the equivalent circuit developed through comparison with experi-
mental EIS data for a supercapacitor to model the expected output of gal-
vanostatic charge/discharge measurements and calculate EE, with excellent 
agreement between simulated and measured results, with only a small bias 
due to self-discharge reactions, which were neglected in the model.34

Other equivalent circuits use a constant-phase element (CPE) in place of 
the capacitor in the modified Randles circuit or other similar circuits. The 
CPE can be attributed to a number of possibilities, depending on the system 
under study. CPE effects have been attributed to surface roughness, relating 
to the work function of different crystal faces, distributed capacitance in the 
pores, different surface chemistry, differences in pore sizes and diffusion-
controlled self-discharge reactions.29,36–38 Essentially, many of these processes 
have some rate dependence where either the charging of the double layer or 
the faradaic reaction of a species cannot keep up with the measurement at 
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high frequencies, but at low rates (low frequencies) there are no such con-
siderations; the CPE influences the Nyquist plot more significantly in the 
low-frequency region where the vertical line of the capacitor can be seen.29

Depending on the system under study, other authors may also include 
a Warburg element in the circuit to model a diffusion-controlled faradaic 
reaction;39 for example, the cation diffusion to a surface in the study by Chun 
et al.40 Thus, the wide range of equivalent circuits that are used for fitting 
the EIS spectra of capacitive materials and system is highlighted. And again, 
care and consideration must be used when choosing the circuit, as each cir-
cuit element must correspond with a physical process occurring on the sur-
face. While increasing the number of circuit elements can result in a better 
match between experimental and theoretical EIS spectra, a physical process 
must be assigned to each circuit element in order to gain knowledge about 
the system.

4.10.2 � Nyquist Plots

EIS measurements are plotted in a number of ways. The most common is the 
Nyquist plot where the imaginary impedance (Z″) is plotted as a function of 
the real impedance (Z′). With Nyquist plots, the impedance values calculated 
from high frequencies appear on the left side of the plot, whereas lower fre-
quency data appear on the right. At very high frequencies, the Nyquist plot 
crosses the x-axis (Z″ = 0), and the resistance read from the plot at this point 
is the minimum resistance (or equivalent series resistance) for the system. 
At the high frequencies where the ESR is recorded, the capacitance (which 
is calculated from the Z″) is much lower than the equilibrium capacitance 
because in porous electrodes only the face of the electrode is electrochemi-
cally active.32 Note that often some negative Z″ results are seen at the highest 
frequencies, but this is from the induction of the connections and is not used 
for analysis of supercapacitor systems.

As the frequency drops, the AC signal penetrates deeper into the pores 
and the capacitance increases, which is responsible for the 45° slope seen at 
high frequencies.12,13 This 45° slope is often modeled with the Zp described 
above, or a transmission line. The phase angle for a transmission line is 45°;12 
therefore, porous electrodes are expected to have a phase angle of approxi-
mately this value. In reality, there is a variation in the phase angle due to 
differences in the pore radius and length, and often this results in a flattened 
semicircle with a non-45° phase angle.

The slope of the Nyquist plot then changes at the knee point and the Z″ 
begins to rapidly increase, giving the (ideally) vertical line indicative of a 
capacitor. At the lowest frequencies, a capacitor begins to appear as an open-
circuit element since there is maximum ion adsorption/full surface charging 
at all of these low frequencies.32 Often, the low-frequency line is not truly ver-
tical, and some authors incorporate a CPE to account for this tilt. The physi-
cal process modeled by the CPE depends on the system, with explanations 
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including surface roughness, relating to the work function of different crystal 
faces, distributed capacitance in the pores, different surface chemistry, differ-
ences in pores sizes, and diffusion-controlled self-discharge reactions.29,36–38 

The degree of tilt of the vertical line at low frequencies provides information 
on the closeness of the system to a true capacitor, where a vertical line indicates 
that the pores are not influencing the capacitive response of the system (i.e., the 
system is acting as a pure capacitor).29 When the tilt is modeled using a CPE, a 
CPE value close to 1 indicates a good, purely capacitive system.29

Often, a semicircle is seen in the Nyquist plot, starting at high frequencies. 
Typically, the semicircle is depressed (only the top arc of the circle is visible, 
rather than a true semicircle). Again, the explanation of the physical process, 
which results in this semicircle, depends on the system under study. Often, 
the diameter of the semicircle (as measured on the Z′ axis) is denoted as Rct; 
the resistance associated with the charge transfer during a faradaic reaction 
on the surface.41–43 For materials with very small (micro or meso) pores, the 
semicircle may also be ascribed to the adsorption of ions on the surface or 
diffusion/migration of ions inside pores.44,45 Depending on the size of the 
semicircle, the 45° slope described above may or may not be seen.

4.10.3 � Other EIS Plots

While Nyquist plots are by far the most common way of presenting EIS 
data, many researchers also present series capacitance plots, imaginary 
capacitance plots, complex power plots, series resistance plots and, to a lesser 
extent, Bode plots. Of these, the two most commonly used plots are those 
involving series and imaginary capacitance.

In a series capacitance plot, the capacitance is plotted versus frequency. This 
plot is used particularly often for systems with porous electrodes since the 
capacitance of these systems is related to the penetration depth into the pores. 
Typically in supercapacitors, a plateau appears at low frequencies, since at low 
frequencies the surface is fully charged and there are no ion migration limita-
tions. The value of this plateau is used to provide the maximum capacitance 
for the electrode/system.32 At higher frequencies, the capacitance falls as less 
of the surface/film is charged due to pore effects or ion-migration limitations 
into the electrode/film. The real part and imaginary part of the capacitance 
(C′ and C″, respectively) are often also plotted as a function of frequency. The 
plots of C″ are particularly useful as the maximum for this plot occurs at the 
characteristic frequency (f) related to the time constant (t = 1/2pf), and allows 
for an easy method to determine this time constant. C″ is calculated using

	

′′ = ′( )
( )

C Z
Z

w w

w w

( )
2 � (4.18)

where w is the frequency.46
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4.10.4 � Capacitance

Depending on the proposed equivalent circuit, the capacitance can be determined 
from the impedance using the generalized impedance equations in Section 4.10. 
Capacitance has frequency dependence, particularly in porous electrodes. Since 
at high frequencies, the capacitance is coming from only the face of the electrode, 
the value is low. At low frequencies, the whole surface may be charged, resulting 
in a high capacitance. Using EIS data, it is possible to determine the capacitance 
at each frequency. Capacitance–frequency profiles are typically plotted with low 
frequency to the left and high frequency to the right. The capacitance typically 
climbs as one moves left from high frequency to low, and once the whole surface 
can be charged by the AC potential (i.e., the penetration depth reaches the bot-
tom of the pore) the capacitance plateaus at its maximum value.

Once the capacitance and resistance have been determined from the EIS 
model, the energy and power characteristics of the supercapacitor can be 
determined in the usual way (see Equations 4.4 and 4.8, respectively). Ragone 
plots can then be constructed for the system.47

4.11 � Constant Power Discharging

Constant power discharge discharging is one of the less common methods 
for evaluating a supercapacitor’s performance, although constant power 
discharge can be important practically.4 With supercapacitors, the potential 
changes as a function of SOC and since power depends on both potential 
and current, during constant power discharge experiments both the poten-
tial and current change, making the analysis more difficult. Nevertheless, 
the technique is used, often in order to reduce discharge times (relative to 
those for galvanostatic discharge).32 From this technique, energy density, 
power density, charge, and EE can be calculated.

4.12 � Constant Resistance Discharging

Similar to constant power experiments, constant resistance discharging is 
only rarely used to evaluate supercapacitor performance. In this technique, 
the supercapacitor is discharged through a load having a constant resistance. 
Both the voltage and current may be recorded with time.32 Since the super-
capacitor’s voltage changes during discharge and the resistance are constant, 
both the current and power will also change during discharge. Again, this 
makes the data analysis more complex. Charge may be calculated through 
the integration of the recorded current over time.
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4.13 � Potentiostatic Charge/Discharge

In potentiostatic charge/discharge experiments, a potential step is applied to 
the electrode and the current required to maintain that potential is recorded 
over time. The technique is conducted in the same way as float current 
experiments (described in Section 4.15.2) for self-discharge measurements, 
although the analysis of the resultant current–time profile is slightly differ-
ent. The charge may be calculated through integration of the current–time 
profile.4 Additionally, if the current decays can be fitted with an exponential 
decay, it suggests that the charging/discharging process is governed by the 
RC time constant, rather than by ion transport in a pseudocapacitive film.8 
Since, at this point, this technique is not often used to evaluate supercapaci-
tor charging performance, but is more often used to determine float current, 
the remaining description of this evaluation procedure is described in the 
float current section (Section 4.15.2).

4.14 � Life Cycle Testing

Life cycle testing is often conducted using either cyclic voltammetry or 
galvanostatic cycling. Alternately, the supercapacitor may be held potentio-
statically at the maximum voltage, coupled with periodic cyclic voltammet-
ric or galvanostatic cycling.26,28 The capacitance is recorded for each charge/
discharge cycle and is plotted as a function of the number of cycles. There 
is some suggestion that the potentiostatic test is the more rigorous testing 
method since in this test the supercapacitor spends more time at its maxi-
mum rated voltage than during the cycling tests.48 It is suggested that cycling 
is a gentler life cycle test and produces results that are typically higher than 
those that would be seen with galvanostatic cycling or in a real supercapaci-
tor system. Degradation increases with increasing temperatures and poten-
tials. Kötz et al. showed an acceleration of the aging process by a factor of 
2 for each 10oC increase in temperature or 0.1 V increase in voltage.47

4.15 � Self-Discharge

Self-discharge is the loss of voltage experienced by a supercapacitor during 
storage in a charged state. Self-discharge is an important consideration for 
supercapacitors because often supercapacitors experience higher rates of self-
discharge than that of batteries. Self-discharge causes a drop in the energy 



109Measurement Techniques for Performance Evaluation

© 2008 Taylor & Francis Group, LLC

and power of a supercapacitor since energy and power both are related to 
voltage (Equations 4.4 and 4.8).

Self-discharge experiments are typically conducted in two ways: open-
circuit potential decay measurements and float (or leakage) current 
measurements. As described in Section 4.16.1, the potential decay measure-
ments provide a method to elucidate the mechanism or rate-determining step 
for the faradaic reaction causing self-discharge. Float current measurements 
can provide information on the charge redistribution in a porous electrode.

4.16 � Potential Decay

Potential decay measurements are conducted by first charging the elec-
trode or supercapacitor to some desired voltage. This desired voltage may 
or may not be held for some time; a holding step of this potential is used 
ensure the whole surface is at the same potential, and thereby reducing/
eliminating charge redistribution. Finally, the system is set on open circuit 
and the potential is recorded as a function of time, typically for tens of hours. 
Potential decay measurements may be conducted in either a two-electrode or 
three-electrode setup. A three-electrode configuration results in more useful 
information because it allows the researcher to begin to identify, using the 
models described in the next section, the rate-determining step of the self-
discharge reaction occurring on the working electrode. Each supercapacitor 
electrode can be examined independently. In a two-electrode configuration, 
the overall rate of self-discharge is observed, giving a realistic measure of the 
self-discharge behavior of the system; but it is not known which electrode is 
experiencing the greatest degree of self-discharge, or what the reaction for 
that electrode may be.

4.16.1 � Conway Models and the Rate-Determining 
Step of Self-Discharge Reactions

Self-discharge profiles may be used to elucidate the rate-determining step 
of the mechanism of the faradaic self-discharge reaction. Conway et al. pro-
posed three mathematical models that determine whether the self-discharge 
is under activation control, diffusion control, or caused by ohmic leakage.16 
In this way, one may focus on the search for the identity of the self-discharge 
reaction and discard other possible mechanisms. For instance, if the self-
discharge reaction is determined to be diffusion controlled, then it is unlikely 
that this reaction is electrolyte decomposition (although decomposition of 
electrolyte impurities is still possible) or the reaction of a surface species. 
However, if the self-discharge is activation controlled, then one may discard 
the possibility of self-discharge due to low-concentration impurities.
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4.16.1.1 � Activation-Controlled Mechanism

In activation-controlled reactions, the reacting species must be at high 
concentrations or attached to the electrode (i.e., the reaction does not depend 
on diffusion). Examples of this type of self-discharge are decomposition of 
the electrolyte solvent or the reaction of a surface functionality on a car-
bon electrode. Conway showed that an activation-controlled self-discharge 
reaction should follow the equation:16
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where Vt is the voltage at any time, t, during the self-discharge, Vi is the 
initial voltage to which the system or electrode was charged, R is the gas con-
stant, T is temperature, a is the transfer coefficient, F is faraday’s constant, 
io is the exchange current density, C is the interfacial capacitance, and t is 
the integration constant. An activation-controlled self-discharge would then 
result in a linear change in potential as a function of the natural logarithm of 
time, after some plateau (t) given by16
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where ii is the initial current upon polarization. The slope of the plot is the 
negative of the Tafel slope for the self-discharge reaction.

In the situation where the activation-controlled process includes an 
adsorbed species on the surface (such as the case of underpotential deposition 
of hydrogen during H2 evolution), there will be two slopes, corresponding to 
the reaction at low and high surface coverage (q) of the adsorbed species.16

As can be seen from Equation 4.19, the slope should be independent of the 
initial charging potential, and if a comparison is made of the system when 
charged to different potentials, all slopes should be the same at any particu-
lar potential. If this condition is satisfied, then the slope of the self-discharge 
profile can be used to determine the Tafel slope for the self-discharge reaction. 
However, if there is charge redistribution in the system due to incomplete 
charging of a pseudocapacitive film or porous electrode (described in more 
detail in Section 4.16.1.4), then the slope will depend on the initial potential. 
Thus, a dependence of slope on initial potential indicates the possibility of 
the presence of charge redistribution in the system, and therefore, the slope 
of the self-discharge plot cannot be used for Tafel slope calculations.

4.16.1.2 � Diffusion-Controlled Mechanism

Diffusion was also modeled as a rate-determining step for self-discharge 
reactions,16 as would be the case when self-discharge is caused by the faradaic 
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reaction of a low-concentration impurity in the supercapacitor (such as metal 
contaminants in aqueous supercapacitors). As discussed later in this section, 
this model also applies where there is a diffusion of oxidation states through 
an incompletely charged or discharged metal oxide film.

Diffusion-controlled self-discharge is described by:16

	 C V V zFAD c ti t o−( ) = −† / / /2 1 2 1 2 1 2p � (4.21)

where z is the charge on the diffusion species, A is the electrode area, D is the 
diffusion constant of the reacting species, and co is the initial concentration. 
A plot of Vt-Vi as a function of t½ results in a linear slope if the self-discharge 
reaction is diffusion controlled.

Of particular interest for metal oxide pseudocapacitive materials is a 
diffusion-controlled self-discharge or potential recovery exhibited such as 
that seen in ruthenium oxide films upon stopping the charging or discharg-
ing process.16 During charging or discharging, the species at the film surface 
changes the oxidation state first, while the species deeper in the film lags 
behind. If the film is not fully charged or discharged, then, when the charge 
or discharge is stopped, the oxidation states of the species in the film come to 
equilibrium and this process is controlled by the diffusion of the oxidation 
states in the film.

4.16.1.3 � Ohmic Leakage between Two Plates

Conway also modeled self-discharge due to an ohmic leakage between 
the two supercapacitor electrodes, (i.e., an electrical connection between the 
plates)16. The self-discharge is then governed by:

	

V
V

t
RCi

= −exp � (4.22)

and a plot of the log potential as a function of time results in a linearly 
decreasing profile.

4.16.1.4 � Charge Redistribution

During charging or discharging of highly porous electrodes, the potential 
at the tip of the pores changes faster than the potential of the surface deeper 
in the pores. This is due to the distributed resistance down the pore, as dis-
cussed in detail by de Levie.12,13 Thus, when a highly porous electrode is 
charged, there is a distribution of potential down the pores of the electrode. 
When charging or discharging is stopped, the charge moves through the 
pore in order to equalize this potential, called charge redistribution. Since 
the electrode potential is measured at the tip of the pore, the movement 



112 Nanostructured Ceramic Oxides for Supercapacitor Applications

© 2008 Taylor & Francis Group, LLC

of charge deeper into the pore after charging appears as a drop in voltage 
(self-discharge).

Self-discharge profiles based on pure charge distribution have been 
modeled using a transmission line hardware circuit.49 It was shown that the 
apparent self-discharge that resulted when a system undergoes charge redis-
tribution is similar to that seen with a faradaic self-discharge reaction; that is, 
the plot of self-discharge voltage as a function of log time exhibits an initial 
plateau in potential followed by a linear decay, in both situations. Therefore, 
for porous electrodes, the existence of this shape in the self-discharge plot is 
not characteristic of an activation-controlled faradaic reaction, and caution 
should be used when using this shape to state that an activation-controlled 
faradaic reaction is responsible for the self-discharge. For porous electrodes, 
this shape may indicate that the self-discharge seen in the system is due to 
charge redistribution, rather than a faradaic reaction.

One characteristic that can differentiate the two possible mechanisms is 
the dependence of the slope on the initial charging potential. Self-discharge 
caused purely by an activation-controlled faradaic reaction should have a 
slope at each potential which is independent of the initial charging voltage 
of the system, as described earlier. Self-discharge which is, at least partially, 
caused by charge redistribution will have a slope dependence on initial 
potential. Therefore, comparing the self-discharge profiles (plotted as a func-
tion of log time) recorded for the system charged to different initial poten-
tials can give a method to determine if charge redistribution is influencing 
the self-discharge in the supercapacitor.

Since charge redistribution is a result of a distributed potential down the 
pore caused by the pore solution resistance, the diameter, length, and shape 
of the pore all influence the solution resistance and therefore the charge 
distribution.14,49 As expected, longer or narrower pores set up a large poten-
tial distribution down their length, resulting in more charge redistribution. 
Pore shape results in much more complex charge redistribution (and self-
discharge) profiles. The existence of bottlenecks in the pores can drastically 
impact the charge redistribution and self-discharge profile shape, and there-
fore should be avoided when possible.

4.17 � Float Current Measurements

The self-discharge current is the current that flows through the faradaic reac-
tion causing the self-discharge. In a float current (also called leakage current 
and leak current) measurement, the voltage of the electrode or supercapacitor 
is stepped to the desired value and then the current (If) that is recorded, which 
is required to maintain the system at this voltage is recorded. The result-
ing current is monitored, ideally, for several hours. Float current measure-
ments can be conducted in two-electrode or three-electrode configurations, 
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although typically they are two-electrode (full cell) measurements as this 
gives a more realistic measure of the float current of a real supercapacitor. 
Nevertheless, three-electrode configurations can be useful for identifying 
the specific self-discharge reaction occurring on each individual superca-
pacitor electrode. The term “leakage current” is also used to mean current 
that leaks between electrodes through a short circuit in the cell.50 Thus, for 
clarity, the term float current is used in this chapter.

The float current is plotted as a function of time. In planar double-layer 
electrodes, the current follows the typical potentiostatic current decay in 
microseconds, followed by a steady-state current. More typically with real 
supercapacitor electrodes, the current decay may require tens to thousands 
of seconds1,8, and is followed by a steady-state current (Figure 4.7). The float 
current decay can be associated with the amount of charge redistribution in 
the film or porous electrode and the steady-state current is equal to the self-
discharge current.51

The decay in float current early in the measurement is associated with 
the current required to fully charge the surface to the desired potential 
and the shape of the decay can provide qualitative information about the 
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FIGURE 4.7
Float current measurements for Spectracarb 2225 in 5 M H2SO4 following polarization to vari-
ous initial potentials of 0.8 V, 0.9 V, 1.0 V, and 1.05 V, where the arrow shows an increasing 
polarization potential. (From Niu, J. et al., J. Power Sources, 135, 332–343, 2004. With permission.)
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ESR of the system (particularly the solution resistance in the pores or the 
resistivity of a pseudocapacitive film).51 When the system resistance is low 
(materials with wide pores or no film migration effects), then more of the 
surface is electrochemically active immediately, relative to high-resistance 
situations, leading to more initial charging of the surface and resulting in 
a high initial float current.1 Additionally, low resistivity means that ion 
migration into the pores or through the film is very fast, and the float 
current decay is relatively rapid. Thus, for a low-resistance system, the 
float current profile is tall with a rapid decay. When the resistance in the 
system is high, less of the surface/film is active initially, resulting in a low 
initial float current.1 And, since ion migration is slow in these systems, 
the float current decays slowly as it takes longer to charge the whole sur-
face/film. Thus, with high-resistance systems, the float current is low and 
broad (requiring longer times). Long times of current decay (and therefore 
higher float charges as calculated by integration under this decay) indi-
cate that a large portion of the surface is not fully charged and suggests 
that this electrode will undergo charge redistribution after charging in 
the typical way.

Since the steady-state current is equivalent to the current flowing through 
the faradaic self-discharge reaction, it is theoretically possible to directly 
compare the current density between systems to determine which has the 
greatest degree of self-discharge. Caution must be taken to ensure that the 
systems are normalized to an appropriate measure (i.e., electroactive area 
when possible) when doing these direct comparisons since the self-discharge 
reaction, and therefore float current, will be related to the electrode surface 
area, distributed potential profile in the pores, issues with assembly and 
packaging with full supercapacitors, etc. Therefore, self-discharge compari-
sons between systems must be done with caution and in replicates. It is eas-
ier to directly compare float current measurements when the same electrode 
is examined under different conditions (e.g., different electrolyte concentra-
tions or different polarization potentials).

Different initial polarization potentials are of particular interest since 
these float current measurements can indicate when the self-discharge reac-
tions begin or when there is a change in self-discharge mechanism.1 To 
identify the onset of self-discharge reactions or a change in mechanism, the 
float charge (Q f, calculated through the integration of the current vs. time 
curve) is plotted as a function of polarization potential. A change in slope 
in this profile indicates that there is a change is self-discharge mechanism 
(Figure 4.8).1 The float charge increases with potential because (1) charging 
the double layer to a higher potential requires more charge to be placed on 
the surface, since the potential is directly related to the charge separation 
across the electrode–electrolyte interface; and (2) at higher potentials, in the 
presence of a faradaic reaction, more current will flow for that reaction, and 
therefore more charge will pass into that reaction.
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4.18 � Conclusion

As described in this chapter, there are many techniques used to char-
acterize supercapacitor materials and system, but the most common 
are cyclic voltammetry, galvanostatic charge/discharge, and EIS. Cyclic 
voltammetry, and galvanostatic charge/discharge experiments can pro-
vide key supercapacitor characteristics such as stable voltage window, 
capacitance, capacity, energy, power, and coulombic and energy efficien-
cies. EIS is used to quantify the resistive and capacitive components of 
the system as well as provide a means to model the physical processes at 
the surface. The electrolyte resistance in pores and the resistance to ion 
migration in  pseudocapacitive films can significantly impact a superca-
pacitor’s performance, and their impact on supercapacitor characteristics 
was outlined here.
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5
Nanostructured Metal Oxides 
for Supercapacitor Applications

P. Ragupathy, R. Ranjusha, and Roshny Jagan

5.1  Introduction

Supercapacitors can be classified into two categories, namely, electrical 
double-layer capacitors (EDLCs) with carbon materials as electrodes and 
pseudocapacitors with transition metal oxides or conducting polymers as 
electrodes.1–3 However, one major limitation of carbon-based EDLCs is the 
lower specific energy density. Most of the commercial products available in 
the market have a specific energy density lower than 10 Whkg−1. This spe-
cific energy density value is still relatively lower than the lowest figures for 
batteries, that is, 35–40 Whkg−1 (lead acid battery). Metal oxides provide an 
alternative solution as an electrode material because of their high specific 
capacitance (SC; farad per gram) at low resistance, thereby making it easier 
to construct high energy and high power density supercapacitors. Several 
transition metal oxides with various oxidation states represent attractive 
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materials for supercapacitor electrodes owing to their excellent structural 
stability and high SC. For the transition metal oxides, the reversible redox 
reactions are primarily responsible for the energy storage in addition to 
the electric double-layer storage. This makes metal oxides with pseudoca-
pacitance a predominant part in charge storage process in supercapacitors. 
There have been plenty of researches on utilization of these metal oxides 
in different nanostructure forms to enhance the overall performance of the 
supercapacitors. The metal oxides that have been explored as supercapacitor 
electrodes, including RuO2, NiO, MnO2, Co2O3, IrO2, FeO, TiO2, SnO2, and 
V2O5, that exhibit high SC values.4,5

As we know, nanotechnology can manipulate particles on both atomic 
and molecular scales, the nanometer products such as metal oxides used in 
supercapacitors can be processed by two techniques: Top-down or Bottom-up 
approach (Figure 5.1). The top-down approach starts with a bulk material, 
which breaks down into smaller fragments. So this approach makes use 
of larger (initial) structures, which is controlled externally in the process-
ing of nanostructures, for example, ball milling or attrition and lithography 
(etching through a mask).

TOP-DOWN

BOTTOM-UP

Mechanical
Attrition

Lithography

Wet chemistry
techniques

Self assembly

Gas phase
aggregation and
agglomeration

FIGURE 5.1
Schematic representation of the “Top-down” and “Bottom-up” approaches of nanomaterials 
with the different techniques that are used.
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The bottom-up approach is a buildup of material from atomic scale to 
nanoregime (nanoscale): which includes processes like (1) self-assembly 
and (2) liquid–solid transformation. The liquid–solid transformation 
approach includes (1) coprecipitation methods, (2) sol-gel processing, 
(3) microemulsion technique, and (4) solvothermal methods. The coprecipi-
tation method involves dissolving a salt precursor (chloride, nitrate, etc.) 
in water (or other solvent) to precipitate the oxohydroxide form using a 
base. Sol-gel processing method prepares metal oxides via hydrolysis of 
precursors. Microemulsion technique is based on the formation of micelles 
(nanoreaction vessels) in a mixture containing water, surfactant, and oil. 
In solvothermal methods, the metal complexes are decomposed thermally 
in an inert atmosphere under pressure. Remarkable achievements are made in 
the field of supercapacitor performance by moving from bulk to nanostruc-
tured materials.6–8 

Hybrid energy storage devices have also received enormous interest as they 
possess very high energy and power densities. They combine a lithium ion 
(Li-ion) battery with a supercapacitor to achieve maximum storage capacity. 
In general, hybrid Li-ion supercapacitors are similar to conventional Li-ion 
battery except the charge storage is at the surface of the electrodes instead 
of within the electrodes. Such type of hybrid Li-ion supercapacitors are also 
been discussed in this chapter.

5.2 � Ruthenium Oxide

In 1971, the pseudocapacitive behavior of ruthenium oxide exhibit-
ing rectangular current–voltage characteristic for an ideal capacitor was 
recognized. The crystal structure of ruthenium oxide (RuO2) is shown in 
Figure 5.2. Each Ru atom is octahedrally surrounded by six oxygen atoms 
through edge-sharing RuO6 octahedrons running along the four fold [001] 
axis, and neighboring octahedrons in the tetragonal direction cause the 
length of the shared O-O edges (along [110]) to be 2.47 Å and two edges 
along [001] are elongated to 3.11 Å, while the distance of the remaining eight 
O-O edges is 2.78 Å.9 

RuO2 in both crystalline and amorphous forms has become appealing 
as electrode material for supercapacitors due to its unique characteristics 
such as metallic conductivity,10 high chemical and thermal stability,11 and 
electrochemical redox properties.12,13 Particularly, hydrated RuO2 has been 
extensively studied for electrochemical capacitors due to solid-state pseudo-
faradaic reaction exhibiting high theoretical SC of 1358 F g−1. A significant 
breakthrough was made by Zheng et al. who reported that amorphous RuO2 

obtained by sol-gel process exhibits a higher SC of 720 F g−1 than crystalline 
RuO2.13 The superior performance was attributed to hydrous surface layers, 



122 Nanostructured Ceramic Oxides for Supercapacitor Applications

© 2008 Taylor & Francis Group, LLC

which facilitate mixed protonic–electronic conductivity. However, the charge 
storage capability of amorphous RuO2 decreases at a high scan rate due to 
proton depletion during charge–discharge cycling.14 

Much attention has been paid to improve the rate performance by preparing 
small-sized particles with conductive carbons and porous structures. For exam-
ple, the ordered, 3D porous architecture is always beneficial due to easy penetra-
tion of the electrolyte into whole oxide matrix. Moreover, these 3D mesoporous 
architectures will minimize the equivalent series resistance by complete utiliza-
tion of oxide through facile electrolyte permeation, fast proton exchange, and the 
metallic conductivity. Recently, Hu et al. have made remarkable enhancement in 
terms of capacitance, energy, and power density by designing 3D mesoporous 
architecture of RuO2.xH2O nanotubular arrayed electrodes.15 The surface of the 
opening was rough due to adherent attack of oxide particulates from the bottom 
of pores, resulting in the formation of these nanotubes with the outer diameter 
of 200 ± 20 nm as shown in Figure 5.3. The SC of nanotubular arrayed electrodes 
was increased from 740 to 1300 F g−1 by annealing the nanotubes at 200°C for 
2 hours. This ultrahigh SC value was mainly due to full utilization of oxides 
through thin (40 nm) and uniform walls of RuO2.xH2O nanoarrays.

FIGURE 5.2
Bulk crystal structure of RuO2. Tetragonal z-axis is oriented along the vertical direction. (From 
Ozoliņš, V. et al., Accounts of Chemical Research, 46, 1084–1093, 2013. With permission.)
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Brumbach et al. showed the nanostructure RuO2 obtained through a high-
temperature molecular templating route for supercapacitor applications.16 
Figure 5.4 shows the cyclic voltammograms of untemplated RuO2 and tem-
plated RuO2, revealing that the templated RuO2 yielded four times higher 
current than the untemplated RuO2. The enhanced current from nanostruc-
tured RuO2 was attributed to high utilization and easy permeation of the 
electrolyte into RuO2.

Zhang et al.17 have described the nanotubular ruthenium oxides obtained 
using magnetite as a morphology sacrificial template. The advantage of this 
method is that manganese oxides dissolve away during the formation of 
tubular RuO2. Electrochemical capacitor study of nanotubes RuO2 was car-
ried out on two different electrolytes such as H2SO4 and Na2SO4. The SC 
values were found to be 861 F g−1 and 313 F g−1 for H2SO4 and Na2SO4, respec-
tively, from the charge–discharge profiles (Figure 5.5). The duration of charg-
ing and discharging process was almost equal for each electrode, implying 
the high columbic efficiency of charge–discharge cycling. The variation in 
the capacitance values was mainly due to sufficient proton transport path-
ways available in H2SO4.

CCU 15.0kV 8.3 mm × 200k SE(U) 200 nm

FIGURE 5.3
SEM surface images of RuO2.xH2O NTs arrayed electrode. (From Hu, C.-C. et al., Nano Letters, 
6, 2690–2695, 2006. With permission.)
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FIGURE 5.4
Cyclic voltammetry of ruthenium oxide thin films on titanium are shown for a) thermally 
prepared RuO2 and RuO2 formed with b) 1:1 and c) 1:2 molar additions of thiol relative to Ru in 
the precursor solution. The electrolyte solution was 1 M H2SO4 and potentials are referenced 
to Hg/HgSO4. Three voltammograms are shown for each scan rate. Scan rates were 5 (straight-
line), 10 (dotted line with strikeout), 20 (small dash lines), and 50 (large dash lines) mV/s. (From 
Brumbach, M.T. et al., ACS Applied Materials & Interfaces, 2, 778–787, 2010. With permission.)
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5.3 � Manganese Oxide

Despite the high capacitance and long cycle life of ruthenium-based elec-
trodes for supercapacitors, ruthenium is still hampered from its commer-
cialization due to its cost and toxic nature. Hence, alternative metal oxides, 
such as MnO2, NiO, and Co3O4, are being studied. Among the various metal 
oxides investigated so far, MnO2 has been appealing as an active material 
for electrochemical supercapacitors due to its low cost, availability in abun-
dance, and environmental-friendly nature. In 1999, Lee and Goodenough 
published a pioneering work on the supercapacitor of MnO2 in aqueous elec-
trolyte.18 Faradaic reactions occurring on the surface of MnO2 and in the bulk 
MnO2 are the two main mechanisms involved in the charge storage process. 
The surface faradaic processes are mainly due to surface absorption/desorp-
tion of electrolyte cations.

	
MnO C e MnOOC

surface surface2( ) + + ↔ ( )+ − 	 (5.1)
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FIGURE 5.5
Charge–discharge curves of nanotubular RuOx·nH2O electrode in H2SO4 a) and in Na2SO4 
b)  at  different current densities. (From Zhang, J. et al., Journal of Physical Chemistry C, 114, 
13608–13613, 2010. With permission.) 
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where C+ = H+, Li+, Na+, and K+, while the bulk faradaic process involves the 
intercalation/deintercalation of cations from the electrolyte.

	 MnO C e MnOOC2 + + ↔+ − 	 (5.2)

Generally, hydrated MnO2 exhibits capacitance of 100–200 F g−1, which 
is much lower than that of RuO2. MnO2 exists in different crystallographic 
structures, namely α, β, γ, δ, and λ. Each MnO2 crystal structure consists of 
basic MnO6 octahedron units, which are linked in different ways to produce 
different crystallographic forms.19 The 1D, 2D, and 3D tunnel structures are 
built by different ways of sharing the vertices and edges of MnO6 octahe-
dron units.20 The different crystallographic forms are delineated by the size 
of the tunnel formed with the number of octahedron subunits (n × m). The 
structures are schematically depicted in Figure 5.6, and the size and type of 
tunnels are presented in Table 5.1.

α-MnO2 (Figure 5.6-α) is composed of double chains of edge-sharing 
MnO6 octahedrons, which are linked at corners to form 1D (2 × 2) and (1 × 1) 

(α)

(γ) (δ)

(λ)

(β)

FIGURE 5.6
Crystal structures of α-, β-, γ-, δ-, and λ-MnO2. (From Devaraj, S. and N. Munichandraiah, 
Journal of the Electrochemical Society, 154, A80–A88, 2007. With permission.)
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tunnels that extend in a direction parallel to the c-axis of the tetragonal unit 
cell. A small amount of cations such as Li+, Na+, K+, NH4+, Ba2+, or H3O+ is 
required to stabilize the (2 × 2) tunnels in the formation of α-MnO2.21 

β-MnO2 (Figure 5.6-β) is composed of single strands of edge-sharing MnO6 
octahedrons to form a 1D (1 × 1) tunnel. β-MnO2 cannot accommodate cat-
ions due to the narrow (1 × 1) tunnel size (∼1.89 Å). γ-MnO2 (Figure 5.6-γ) has 
a random intergrowth of ramsdellite (1 × 2) and pyrolusite (1 × 1) domains.22 
δ-MnO2 (Figure 5.6-δ) has a 2D layered structure with an interlayer separa-
tion of ∼7 Å.23 It has a substantial amount of water and stabilizing cations 
such as Na+ or K+ between the layers. λ-MnO2 (Figure 5.6-λ) has a 3D spinel 
structure.24 Since manganese-based metal oxides have low conductivity, a 
significant amount of conductive materials such as carbon is very essential to 
achieve optimum performance of metal oxides.25 With an aim to understand 
the effect of carbon on supercapacitors’ performance, cyclic voltammograms 
and charge–discharge studies were performed at different quantities of car-
bon in 0.1 M Na2SO4 at 20 mV/s, and the data are shown in Figure 5.7. It was 
observed that as the carbon content increased from 5 to 20 wt%, voltam-
mograms changed from oval to rectangular capacitive shape. However, the 
shape of cyclic voltammograms remained the same even after 40 wt%.

Thus, 20 wt% of carbon is ideal to create an electric path between the oxide 
particles. Variation in SC with carbon content is shown in Figure 5.7h. There 
is a steady increase in SC with an increase in the carbon upto 20 wt%, and 
thereafter, SC remains nearly constant. It has been widely accepted that the 
hydrated MnO2 powder electrodes exhibit ideal capacitive behavior in aque-
ous electrolytes. Hence, amorphous hydrated MnO2 is prepared by various 
methods using inorganic and organic reducing agents. Typically, KMnO4 is 
being reduced by MnSO4, potassium borohydride, sodium hypophosphite, 
sodium dithionite, and hydrochloric acid.26–28 

In addition to these aqueous-based methods, amorphous MnO2 is also 
obtained by reducing KMnO4 with surfactant and H2O/CCl4 and ferrocene/
chloroform solution.29,30

The as-prepared hydrated MnO2, generally, is nanocrystalline or 
amorphous in nature. The amorphous characteristic of MnO2 was main-
tained up to 300°C. However, as the temperature increased to 400°C and 
above, the hydrated MnO2 transformed into highly crystalline Mn2O3. 
For instance, Jeong and Manthiram studied the electrochemical redox 

TABLE 5.1

Different Crystallographic Forms of MnO2

Crystallographic Form Tunnel Size/Å

α (1 × 1), (2 × 2) 1.89, 4.6

β (1 × 1) 1.89

γ (1 × 1), (1 × 2) 1.89, 2.3

δ Interlayer distance 7.0
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capacitance of nanocrystalline MnO2 prepared by the reduction of aque-
ous KMnO4 solution using various inorganic reducing agents.26 The as-
prepared sample in amorphous nature contains 30% of water and a trace 
amount of oxygen. The sharp weight loss of about 3% occurring at around 
525°C in Thermogravimetric analysis corresponded with the loss of oxygen 
from the lattice to give Mn2O3. The SC of nanocrystalline MnO2 coated on a 
stainless steel (SS) electrode was found to be 250 F g−1 in 0.1 M Na2SO4 elec-
trolyte between −0.2 and 1.0 V versus standard calomel electrode (SCE) at a 
current density of 0.5 mA cm−2.26 Belanger et al. have reported decomposi-
tion of α-MnO2 into well-crystalline Mn2O3 at 400°C.31 Structural evolution 
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from  α-MnO2 (as  prepared) to Mn2O3 (500–800°C) and then to Mn3O4 
(900°C) has been also demonstrated by Devaraj and Munichandraiah.32 In 
contrast to these results, a report is available revealing the formation of 
stable α-MnO2 even at 600°C. The powder x-ray diffraction pattern of the 
as-prepared and annealed MnO2 is depicted in Figure 5.8. The as-prepared 
oxide and samples annealed up to 300°C exhibited only one unsym-
metrical broad peak around 37.5° (2θ) indicating the amorphous nature 
of the sample. A gradual evolution from amorphous phase to crystalline 
phase is observed when the annealing temperature increases to 400°C. 
All  the  diffraction peaks are indexed (Figure 5.8) to tetragonal phase 
(space group I4/m) with the lattice constant of a = 9.8172 Å and c = 2.8582 Å 
as reported in the JCPDS No. 44–0141.

In addition to this structural evolution, morphology and composition are 
becoming significantly important to their capacitive performance. SEM images 
of the as-prepared MnO2 and MnO2 annealed at different temperatures are 
shown in Figure 5.9. Amorphous MnO2 possess clustered granules of particle 
size varying between 5 and 10 nm. Gradual growth of nanorods (NR) began 
when the annealing temperature reached 400–600°C, with well-defined NRs  
of length 500–750 nm and diameter 50–100 nm, as shown in Figure 5.9.
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FIGURE 5.8
X-ray diffraction patterns (CuKα = 1.5418 Å) of MnO2 samples as-prepared and dried at 50°C a) 
in air and annealed at b) 200, c) 300, d) 400, e) 500, and f) 600°C for 3 h in air. The Joint committee 
for powder diffraction standards (JCPDS) pattern of α-MnO2 is shown at the bottom. The hkl 
planes are indicated at the top. (From Ragupathy, P. et al., Journal of the Electrochemical Society, 
155, A34–A40, 2008. With permission.) 
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The capacitive behavior of hydrated MnO2 is more sensitive to its micro-
structure and water content.27–33 It is generally recognized that the surface 
area will enhance the SC of oxides. Brunauer-Emmett-Teller (BET) isotherm 
exhibited a hysteresis loop around P/P0 by 0.8–1.0 for the as-prepared MnO2, 
indicating the formation of secondary mesopores between the particles.34 The 
BET surface area of amorphous MnO2 is found to be 230 m2 g−1 and corre-
sponding pore size distribution with an average pore size of about 14.5 nm. 
It is presumed that the existence of secondary pores plays an important role, in 
part, in enhancing the electrochemical activity of the nanostructured MnO2. 
However, the lower surface area of annealed samples heated at various tem-
peratures is evident from the absence of the hysteresis loop.

X-ray photoelectron spectroscopy and thermal gravimetric analysis have 
been employed to establish that the as-prepared MnO2 contains a significant 
amount of water molecules and the manganese valence is 4+.

a)

c)

e)

b)

d)

f )

FIGURE 5.9
SEM images of MnO2 a) as prepared and dried at 50°C in air (inset shows energy-dispersive x-ray) 
and annealed at b) 200, c) 300, d) 400, e) 500, and f) 600°C for 3 h in air. (From Ragupathy, P. et al., 
Journal of the Electrochemical Society, 155, A34–A40, 2008. With permission.) 
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The SC of hydrated MnO2 was found to be about 250 F g−1 in 0.1 M Na2SO4 
at a current density of 0.5 mA cm−2. It is interesting to note the effect of 
annealing temperatures of MnO2 on SC values. Electrodes fabricated 
with MnO2 annealed at different temperatures were subjected to charge–
discharge studies. The as-prepared sample offered high SCs due to high sur-
face area and substantial water content, which is very essential for transport 
of active ionic species. As annealing temperature increased to above 400°C, 
the SC values decreased due to a decrease in the surface area. The sample 
annealed at 400, 500, and 600°C left no water content, which eventually led 
to a drastic decrease in SC (Figure 5.10a).

The SC values were recalculated in terms of capacitance density 
(µF cm−2) using SC and the surface area. The data were plotted as function 
of annealing temperature as shown in Figure 5.10b. Two different segments 
are shown in this graph. For MnO2 samples heated to 300°C, which were 
predominantly  in the amorphous state, capacitance density was about 
100 µF cm−2. For the crystalline samples annealed between 400 and 600°C, 
the capacitance density was about 300 µF cm−2. The increase in capacitance 
density suggested that Reaction 5.2, corresponding to bulk, governs the 
crystalline phase and Reaction 5.1 was mainly on the surface in the amor-
phous phase.

Very interestingly, the amorphous MnO2 obtained by the reduction of 
KMnO4 with ethylene glycol exhibited remarkable capacity retention upon 
cycling.28 Figure 5.11 shows the cyclic voltammetry (CV) of nano-MnO2 elec-
trode recorded at 1st, 1200th, and 2000th cycles having a rectangular shape due 
to the ideal capacitive behavior of its oxides. These three voltammograms 
almost merge with each other, indicating good stability of the nano-MnO2 
electrode even after it was cycled 2000 times. The capacitance retention upon 
charge–discharge cycling is strongly attributed to the nature of nano-MnO2 
possessing a high surface area, secondary pores between particles, and 
appropriate water content. By assumption that a high SC is closely related 
to the surface area, secondary pores, and water content, which support the 
proposed surface effect in operating mechanism as an electrode material 
for supercapacitor, these properties decrease by increasing temperature. It 
is worthy of note that present-day nano-MnO2 possesses remarkable stabil-
ity of SC of about 250 F g−1 up to 1200 cycles and a very slight decrease (8%) 
further up to 2000 cycles (Figure 5.11b).

Recently, hollow micro/nanostructures have been extensively investigated 
for applications such as batteries, supercapacitors and chemical sensors due 
to their unique structural features such as high surface area, low density, 
and permeability. Hollow spheres and urchins of α-MnO2 have been pre-
pared through simple hydrothermal method without employing any tem-
plate. The hollow sphere or urchin-structured α-MnO2 exhibited a highly 
loose mesoporous structure consisting of thin plates or nanowires. The SCs 
of hollow α-MnO2 were 167, 147, and 124 F g−1 at 2.5, 5, and 10 mA, indicat-
ing the significant rate capability of the materials. Electrode materials for 



132 Nanostructured Ceramic Oxides for Supercapacitor Applications

© 2008 Taylor & Francis Group, LLC

an  excellent supercapacitor should possess not only high capacitance but 
also low electronic resistance. Electrochemical impedance spectroscopy 
(EIS) is an experimental method to characterize the electrochemical systems. 
The similar values of intercept at high frequency for all the samples obtained 
by hydrothermal process indicate the same combination resistance of ionic 
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resistance of electrolyte, intrinsic resistance of active materials, and contact 
resistance at the active material–current collector interface. The semicircle in 
the high frequency range associated with the faradaic charge–transfer resis-
tance (Rct). The charge–transfer resistance of the α-MnO2 was in the order 
of 6 h < 12 h < 3 h < 24 h prepared materials. Moreover, it is inferred from 
EIS spectra that hollow spheres/urchins possess minimum Rct and diffusive 
resistance indicating the excellent porous structure of the material.
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Munaiah et al. have synthesized nearly x-ray amorphous MnO2 by a 
carboxylic acid-mediated system.35 Various extrinsic and intrinsic properties 
are responsible for the structural morphologies. It is generally believed that 
morphology and crystal growth is dependent on the degree of supersatura-
tion, the species around the surface of the crystal, and the interfacial energies. 
The evolution of the hollow spheres is based on the molecular chemistry of 
metal oxides in which the emulsion plays a vital role in preferential growth. 
The reduction of KMnO4 with Na2S2O4 in the microemulsion medium pro-
duced MnO2 nuclei, which promote the formation of the large amounts of 
lamellar nanoplatelets. The formed nanoparticles can aggregate and self-
assemble on the surface of the microemulsion. Hollow-sphere manganese 
oxides were obtained after washing the carboxylic acid with deionized 
water and were subjected to supercapacitor studies in both univalent cation- 
and bivalent cation-containing electrolytes. Very interestingly, the varia-
tion in voltammetric current density of the electrodes containing bivalent 
and univalent cations in the electrolyte suggested that the storage capacity 
depended not only on the microstructure of the materials but also on the 
nature of the electrolyte. The higher voltammetric current density in cyclic 
voltammograms and longer discharge time in charge–discharge curves 
clearly indicated that the storage capacity was higher for the electrodes 
containing the bivalent cation than for the electrodes containing univalent 
cation. Thus, the high SC in the bivalent cation-containing electrolyte was 
attributed mainly to the fact that each bivalent cation reduces two Mn4+ to 
Mn3+ by doubling the number of electrons, while univalent cation reduces 
one Mn4+ to Mn3+.36–38 

On the top of morphology, microstructure, and compositions, the SC 
depends on the crystallographic form of MnO2. The capacitance properties are 
due to intercalation/deintercalation of protons or cations in different crystallo-
graphic MnO2 structures, which possess sufficient gaps to accommodate ions. 
Devaraj and Munichandraiah intricately studied the effect of crystallographic 
structures of MnO2 on its capacitance behavior.37 With an aim to understand 
the role of crystallography on capacitor performance, various phases of MnO2 
in nanodimensions were prepared. The existence of various crystallographic 
structures obtained using different synthetic procedures was confirmed by 
powder x-ray diffraction patterns. SEM images of α-, β-, γ-, δ-, and λ-MnO2 are 
shown in Figure 5.12 (a–e). α-MnO2 is composed of spherical particles with-
out interparticle boundaries, whereas β-MnO2 possesses 1D NRs in which 
the diameter and length were 50 nm and several micrometers as shown in 
Figure 5.12b. The morphology of γ-MnO2 is spherical brushes with straight 
and radially grown NRs differing from α and β microstructures. δ-MnO2 
consisted of aggregated spherical particles made of interlocked short fibers of 
10–20 nm in diameter. λ-MnO2 exhibited polygon-shaped particles with a size 
ranging between few nanometers and micrometers.

Electrodes fabricated with different crystallographic forms of MnO2 were 
subjected to electrochemical studies in aqueous 0.1 M Na2SO4 electrolyte. 
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The cyclic voltammograms of various crystallographic MnO2 recorded 
between 0 and 1 V versus SCE at a sweep rate of 20 mV s−1 are shown in 
Figure 5.13a. The rectangular shape of all the voltammogram showed the 
ideal capacitive behavior of different crystallographic forms. However, 
α-MnO2 offered high voltammetric current density compared with other 
samples due to higher porosity and a greater surface area. An increase in 
current near 0 and 1 V showed that overpotential for hydrogen evolution 
reaction as well as the oxygen evolution reaction were lower for γ-MnO2. 
Quantitative measurement of SC was made from charge–discharge stud-
ies. The variation in charge–discharge cycles for different crystallographic 
forms suggested that the SC values were different as observed in CVs. The 
SC values of α-MnO2 and δ-MnO2 were found to be 240 and 236 F g−1, respec-
tively, at a current density of 0.5 mA cm−2. Alternatively, only the SC val-
ues of 9 and 21 F g−1 were obtained for β-MnO2 and λ-MnO2, respectively. 
It is understood that SC values largely depend on crystal structure rather 
than surface area while making comparison among various structures. 
However, within the same structure, surface area and pore size have some 

a) b)

c) d)

e)

FIGURE 5.12
SEM micrographs of α a), β b), γ c), δ d) and e) λ-MnO2. (From Xu, C. et al., Journal of Power 
Sources, 196, 7854–7859, 2011. With permission.)



136 Nanostructured Ceramic Oxides for Supercapacitor Applications

© 2008 Taylor & Francis Group, LLC

influence on  the variation in the SC value as described elsewhere in the 
chapter. For instance, the SC values of α-MnO2 (m) obtained by microemul-
sion route and α-MnO2 from aqueous-based method were estimated to be 
297 and 240 F g−1, respectively. This enhancement in capacitance is mainly 
attributed to the greater surface area and higher porosity of α-MnO2 (m) 
compared with α-MnO2. From CVs and charge–discharge studies, it is very 
clear that SC values of MnO2 decrease in the following order α ∼ δ > γ > λ > β 
as shown in Figure 5.13b.
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Ye et al. accomplished in preparing the rod-shaped MnO2 for electrochem-
ical capacitor at different aqueous electrolyte.40 A maximum SC of 398 F g−1 
was found in 2 M (NH4)2SO4 at 10 mA with excellent cyclability. Nanowires 
of α-MnO2 were obtained by acidification of KMnO4 with HCl by Chen 
et al.41 MnO2 nanowires exhibited capacitive behavior in aqueous Na2SO4 
as electrolyte in the range of 0–0.85 V versus SCE. Wang et al. employed 
sol-gel template synthesis to prepare highly ordered MnO2 nanowire arrays 
as an electrode material for supercapacitor applications.42 The CV of MnO2 
nanowires with SC 165 F g−1 has shown that α-MnO2 is a promising electrode 
material for supercapacitors. Subramanian et al. hydrothermally prepared 
nanostructured MnO2 for supercapacitor electrodes.43 The SC for this oxide 
in aqueous 1 M Na2SO4 was found to be 168 F g−1. However, further develop-
ment in MnO2-based supercapacitors for commercialization is encumbered 
due to limited specific capacitance, poor rate capability, and cyclability.

5.4 � Nickel Oxide

Nickel oxide (NiO) is of particular interest as pseudocapacitor electrode mate-
rials due to its large surface area, high theoretical SC of about 2573 F g−1, high 
chemical and thermal stability, low cost, and environmental benignity com-
pared with the state-of-art supercapacitor materials like RuO2.44–48 Charge stor-
age mechanism of NiO is very different from that of the double-layer capacitors 
as observed in the high surface area carbon materials. The quasireversible redox 
process of NiO is responsible for its charge storage property as shown below:

	 NiO OH NiOOH e+ ↔ +− − 	 (5.3)

In the past few decades, considerable effort has been taken to develop effective 
methods to synthesize NiO nanostructures with different shapes and sizes, 
especially, various novel hierarchical superstructures. Ding et al. reported 
the synthesis and characterization of NiO nanosheet hollow spheres (NSHS) 
as electrodes for supercapacitor.49 The average specific capacities of NSHS 
were found to be 866, 720, 573, 402, and 259 F g−1 at a scan rate of 1, 2, 3, 5, and 
10 mV s−1 in 2 M KOH electrolyte.

Moreover, the capacity retention at the end of 1000 cycles was found to 
be 91%, indicating the excellent cyclability. Various NiO hierarchical nano-
structures such as nanowires/nanotubes/NRs have been prepared by facile 
hydrothermal methods followed by thermal treatment.50 

Pseudocapacitance measurement of NiO nanostructure clearly demon-
strated that the nanotubes of NiO exhibited an SC of about 405 F g−1 at a cur-
rent density of 0.5 A/g with good cyclability. The enhanced performance of 
nanotube NiO is mainly ascribed to their small diffusion path lengths for elec-
trolyte and ensured enough electrolyte contact layer surface of electroactive 
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nanotube arrays. Wang et al. prepared a NiO nanobelt using NiSO4.6H2O, 
glycerol, and urea.51 SEM images show that 1D belt-like morphology can be 
retained after thermal treatment if no apparent collapse is observed. These 
nanobelts were utilized as active material for supercapacitor applications. NiO 
nanobelt offered a high SC of about 600 F g−1 at a very high current density 
of 5 A g−1. It exhibits remarkable capacity retention of about 95% after 2000 
cycles. Very high surface area and porous structure of the sample granting 
complete accessibility by the electrolyte to the active material are evident for its 
enhancement pseudocapacitive performance. Recently, 1D hierarchical hollow 
nanostructures have been synthesized using NiO nanosheets on carbon nano-
fiber.52 Due to the advantages of high electroactive surface area, interconnected 
2D sheet-like sub-units deliver a high SC of about 702 F g−1 at a current den-
sity 3 A g−1. Moreover, the hierarchical structure with a hollow interior could 
increase the amount of electrolyte being accessed throughout the sample.

5.5 � Cobalt Oxides

Favorable pseudocapacitance value, good redox, and easily tunable surface 
of Co3O4 have been appealing for supercapacitor applications. The surface 
faradaic redox process of Co3O4 can be described as follows:53–55 

	 CoO OH H O CoOOH e4 2+ + ↔ +− − 	 (5.4)

	 CoOOH OH O CoO H O e+ ↔ +− −
2 2 	 (5.5)

In general, by minimizing the dimension of electroactive Co3O4 to nanoscale, 
efficient energy storage can be achieved in supercapacitor applications. For 
instance, Meher et al. demonstrated the synthesis of tunable dimensionality 
of Co3O4 nanowires by reflux and microwave method.56 The SC of Co3O4 pre-
pared by reflux method was estimated to be 336, 328, 300, 268, and 227 F/g at 
current densities of 1, 2, 4, 8, and 16 A/g, respectively, while Co3O4 obtained 
by microwave condition offers 232, 227, 200, 168, and 125 F/g at similar cur-
rent densities. This remarkable enhancement in the SC was attributed to 
low-dimensional nanowires, which facilitate the effective utilization of elec-
trode active surfaces, low mass transfer resistance, better electrolyte penetra-
tion, and faster ion diffusion. Supercapacitor performance of mesoporous 
Co3O4 obtained by water-controlled precipitate methods revealed high SC. 
This was attributed to the higher surface area, low faradaic charge transfer 
resistance and enhanced utilization of active material. This helped to sustain 
enough OH− supply to ensure the maximum charge storage property.57 

Yuan et al. developed a facile, cost-effective, and scalable route to prepare well-
designed ultrathin Co3O4 nanosheet arrays on Ni foam.58,59 Three-dimensional 
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hierarchical Co3O4 nanosheets were grown uniformly on the skeletons of the 
aslant or perpendicular to the substrate and interconnected with each other to 
form an ordered nanoarray with highly open porous structures.

Pseudofaradaic reactions were clearly observed in the CV, and charge–
discharge data in the potential range of 0–0.5 V versus SCE as shown in 
Figure 5.14a. The SC of the as-prepared ultrathin porous Co3O4 nanosheet was 
found to be 2735 F g−1 at a current density of 2 A g−1. In order to understand the 
rate capability of Co3O4 nanosheets, electrodes made with Co3O4 nanosheets 
were subjected to charge–discharge studies at different current densities 
(Figure  5.14b and c). It was shown that a very high SC can be still main-
tained even at a high current density of 10 F/g, indicating the extraordinary 
rate performance of the nanosheets of Co3O4. The remarkable electrochemi-
cal performance of Co3O4 nanostructures in terms of very high SC good rate 
capability, and cyclability can be ascribed to its unique 3D hierarchical struc-
ture on Ni foam as seen in Figure 5.14d. Particularly, Ni foam with microscale 

3000

2400

1800

1200

600
2 4 6 8 10

c) I (A/g)

Sp
ec

i�
c c

ap
ac

ita
nc

e (
F/

g)

d)

E (V vs. SCE)

80

40

0

–40

–80

l (
m

A
)

a)
0.10.0 0.2 0.3 0.4 0.5

5 mV/s
10 mV/s
20 mV/s

t (s)

0.5

0.4

0.3

0.2

0.1

0.0

b)

E 
(V

 v
s. 

SC
E)

2 A/g
3 A/g
4 A/g
5 A/g
6 A/g
8 A/g

10 A/g

0 300 600 900 1200

1600

1200

800

400

0
0 500 1000 1500 2000

Cycle number

Sp
ec

i�
c c

ap
ac

ita
nc

e (
F/

g)

8 A/g 8 A/g
10 A/g

2500 3000

FIGURE 5.14
CV curves a), charge–discharge curves b), SC versus current densities c) and cycling 
performance d) of the Co3O4 nanosheet arrays/Ni foam electrode at varying current densities. 
The inset in d) shows a top view FESEM image of the Co3O4 nanosheet arrays/Ni foam electrode 
after cycling. (Adapted from Yuan, C. et al., Energy & Environmental Science 5, 7883–7887, 2012.)



140 Nanostructured Ceramic Oxides for Supercapacitor Applications

© 2008 Taylor & Francis Group, LLC

voids  and  zigzag flow channels ensures the effective mass transport and 
large surface area per unit area. Moreover, 3D interconnected mesoporous 
nature of oxide nanosheets increases electrode–electrolyte contact area and 
ion diffusion for fast electrochemical kinetics.

5.6 � Molybdenum Oxides

Molybdenum oxides are appealing as supercapacitor materials due to 
their low cost and good electronic conductivity arising from strong metallic 
Mo–Mo bonds. MoO2 is suitable for electrochemical energy storage systems 
without adding any conductive carbon such as carbon blocks, carbon nano-
tubes, and carbon fibers.60 The pseudocapacitance behavior of MoO2 is based 
on the redox transitions Mo4+→ Mo6+.61 However, the reports available on 
nanostructured MoOx for supercapacitors are scarce.

1D NRs of MoO2 obtained by thermal decomposition of tetrabutylammo-
nium hexamolybdate in N2 atmosphere offered an SC of 140 F g−1 at a cur-
rent density of 1 mA cm−2.62 Zhen et al. have succeeded in aligning MoO3 

and MoO2 NRs on Cu substrate for supercapacitors. The SC values of MoO3 

and MoO2 were found to be 127 and 205 F g−1, respectively, at constant cur-
rent 1 mA. These values are obviously higher than the previously reported 
values.62 Recently, highly ordered mesoporous MoO2 has been prepared 
by silica KIT-16 as hard template. Charge storage mechanism of MoO2 was 
investigated using an electrochemical quartz crystal microbalance. The SC 
value obtained for mesoporous MoO2 was found to be 200 F g−1 at a cur-
rent density of 1 A g−1. Moreover, this mesoporous nature offers excellent 
cyclability with no capacity loss even after 1000 cycles.

5.7 � Vanadium Pentoxide

Vanadium oxides have also been considered as potential candidate for super-
capacitors due to their variable oxidation states, wide potential window, and 
chemical stability. The first report on vanadium pentoxide (V2O5) as capaci-
tor electrode was documented by Lee and Goodenough.63 The SC value was 
found to be 350 F/g in aqueous KCl solution. Nanostructured V2O5 is always 
considered an attractive material for supercapacitors due to its high surface-
to-volume ratio and maximum electrolyte wet ability. For instance, Wee et al. 
have reported nanofibers of V2O5 by electrospinning technique.64 Electrospun 
V2O5 yields a reasonably high SC and energy density about 190 F g−1 and 
5 Wh kg−1, respectively, in 2 M KCl electrolyte. These values can be further 
enhanced to 250 F g−1 and 78 Wh kg−1 in Li-ion-containing organic electrolyte.
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Hollow sphere V2O5 were obtained by a solvothermal method using 
ammonium metavanadate and ethylene glycol.65 V2O5 hollow spheres exhibit 
a high SC of 479 F g−1 at 5 mV s−1 in 5 M LiNO3. This value can be increased 
to 559 F g−1 at a current density of 3 A g−1 by modifying the surface of hol-
low spheres of V2O5. This enhanced performance is mainly attributed to the 
effect of polypyrrole coating, which significantly reduces the phase trans-
formation. Saravankumar et al. have developed supercapacitors utilizing 
interconnected nanoporous V2O5.66–70 This nanoporous network creates easy 
ion diffusion into the active materials, resulting in superior performance in 
terms of capacitance (316 F g−1) and energy density (43.8 Wh kg−1).

5.8 � Tin Oxide

Tin oxide (SnO2), although not widely used, is considered an alternative to the 
other known supercapacitor materials. In literature, reports of electrochemi-
cally and sol-gel prepared SnO2 in supercapacitors can be found.71–75 Tin oxides 
have been electrodeposited on SS electrodes. They showed a rough, highly 
porous, and nanostructured morphology with many small nanowires, with 
an SC of 285 F g−1 at a scan rate of 10 mVs−1 in 0.1 M Na2SO4. At a higher scan 
rate of 200 mV s−1, the same system showed an SC of 101 F g−1, indicating high-
power characteristics of the material. The capacitance was found to increase 
with an increase in the specific mass of SnO2. The high value of supercapaci-
tance is considered to be due to the comparatively high conductivity of SnO2 
and the nanostructured and microporous morphology. A decrease of 2.3% of 
capacitance value was observed between 200 and 1000 cycles.

An SC value of 16 F g−1 was obtained for Sb-doped SnO2 nanocrystal-
line thin film synthesized by sol-gel process.74 A composite supercapacitor 
containing sol-gel SnO2 and electroplated RuO2 was reported by Kuo and 
Wu.75 The composite electrode yielded an SC of 930 F g−1. It exhibited an 
operating voltage of 1.0 V and good cycling stability. Wu et al.75 cathodi-
cally deposited tin oxide (SnOx) onto graphite electrode. The deposit showed 
rough, porous, nanostructured morphology with many tiny nanowires. For 
the SnOx coating deposited at 0.2 C cm2, maximum SC of 298 and 125 F g−1 
were achieved from CVs at a scan rate of 10, and 200 mV s−1 in 0.5 M KCl, 
respectively. The long cycle life and stability of the SnOx coatings on graph-
ite were demonstrated. Alkali metal cations play an important role in the 
charge–discharge electrochemistry of SnOx coating. A mechanism based on 
the surface adsorption of electrolyte cations (C+) such as K+ on SnOx could be 
suggested as follows:

	 ( ) ( )SnO C e SnO Csurface surfacex x+ + →+ − + 	 (5.6)
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and simultaneously, the interaction of H+ or alkali metal cations (C+) in the 
bulk of the coating upon reduction is followed by deintercalation upon 
oxidation.

	 SnO H e SnO Hx x+ + →+ − 	 (5.7)

	 SnO C e SnO Cx x+ + →+ − 	 (5.8)

Reasonably high conductivity of SnOx and the formation of nanostructured 
and microporous material could be attributed to more electrolyte cations 
adsorbed on the large surface and the preferred high values of capacitance 
found in the present study.75 Similarly Mane et al. electrochemically synthe-
sized hydrophilic and nanocrystalline tin oxide film electrodes on indium 
doped tin oxide (ITO) substrates at room temperature.72 An SC of 43.07 F g−1 
in 0.1 M NaOH electrolyte was reported.

5.9 � Indium Oxide

Indium oxide (In2O3) is a transparent conducting oxide, and it finds 
applications in many fields ranging from transparent electrodes in elec-
troluminescence devices, solar cells,76–78 antireflection coatings, and opto-
electronic devices to gas sensors.79 However, reports on the synthesis 
and application of In2O3 thin films are not widely found in the literature. 
Indium oxide has been reported to have uses in solar cell applications as 
well. The supercapacitors based on In2O3 showed performance, varying 
according to the morphology of the oxide, which in turn was influenced 
by the synthesis conditions.80,81 Literature reported the chemical deposi-
tion of In2O3 on  indium tin oxide substrates, which resulted in electrode 
materials of different morphologies, that is, nanospheres (NSs) and NRs.76 
An increase in the redox reaction active sites in the In2O3 electrode of NR 
morphology, having nanosized pores and voids, resulted in an increase in 
the inner and outer charges compared with that of the electrodes with NS 
morphology. The dependence of the performance of the electrodes on the 
morphology was apparent from the calculation of active sites, indicating an 
increase in the number of redox reaction sites from 0.02 to 0.03 when the 
surface morphology changed from that of NSs to NRs. The reported SC val-
ues calculated for In2O3 electrodes composed of NRs and NSs were 104.9 
and 7.6 F g−1, in 1 M Na2SO4, respectively, at a constant discharge current 
density of 8 A g−1. Another study by Prasad et al. reported electrode position 
of NRs of In2O3 of average length 250 nm and an average diameter 50 nm.77 
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The In2O3 electrodes in 1 M Na2SO3 electrolyte showed an SC of 190 F g−1 at a 
scan rate of 10 mV s−1. The attraction lay in the fact that the electrodes showed 
a minimal decrease in the SC value even after 1000 cycles, pointing toward 
high stability.

5.10 � Bismuth Oxide

Bismuth oxide (Bi2O3) is a well-known transition metal oxide, which has been 
intensively studied due to its unique thermal and electrical transport proper-
ties.82,83 Moreover, Bi2O3 nanoparticles show good electrochemical stability. 
It has unique properties such as nontoxic nature, excellent chemical inert-
ness, and biocompatibility. Polycrystalline monoclinic Bi2O3 thin films were 
grown on copper substrates at room temperature by electrode position.82 
Though Bi2O3 films were crystalline with a monoclinic crystal structure, they 
were capable of giving an SC of 98 F g−1. Typical cyclic voltammograms83 
of Bi2O3 electrode deposited on copper substrate in 1 M NaOH electrolyte 
at a scan rate of 100 mV s−1 showed that the specific and interfacial capaci-
tances decreased from 98 F g−1 and 0.022 F cm−2 to 60 F g−1 and 0.012 F cm−2, 
respectively, as the scan rate was increased from 20 to 200 mV s−1. The decrease 
in capacitance was attributed to the presence of inner active sites that could 
not sustain the redox transitions completely at higher scan rates.

5.11 � Iron Oxide

Iron oxide (Fe3O4) is another material used for supercapacitor applications. 
Aqueous Fe3O4 (magnetite) supercapacitors based on powder form and 
mixed with carbon black have been reported.84–86 These materials in alkali 
sulfite and sulfate solutions gave a moderately high value for capacitances. 
The capacitance of the Fe3O4 was found to be sensitive to the anion species but 
not to either alkaline cations or electrolytes with a pH value of less than 11. 
The studies indicated a capacitance mechanism, which was different from 
that of either RuO2 or MnO2. Synthesis methods based on electroplating 
have been reported by Wang et al.86 The resulted oxide film had a granular 
morphology and exhibited high porosity. The average crystallite size was 
12 nm. The Fe3O4 electrode exhibited SC values of 170, 25, and 3 F g−1 in aque-
ous 1.0 M Na2SO3, Na2SO4, and KOH, respectively. The studies indicated the 
strong specific adsorption of the anion species. In Na2SO3, the capacitance 
had contributions from both EDLC and pseudocapacitance mechanisms, 



144 Nanostructured Ceramic Oxides for Supercapacitor Applications

© 2008 Taylor & Francis Group, LLC

which involved successive reduction of the specifically adsorbed sulfite 
anions, from SO2

−3 through, for example, S−2, and vice versa. In Na2SO4, the 
current is entirely due to EDLC mechanism. However, KOH showed com-
paratively low capacitance values, and this was explained to be due to the 
formation of an insulating layer on the magnetite surface.

5.12 � Lesser Used Oxides

Besides the aforementioned materials, use of other nanomaterials of dif-
ferent structures has been reported in the literature. Perovskite bismuth 
iron oxide nanocrystallite has been reported to have shown an SC value 
of 81  F  g−1 by electrode position at room temperature with NaOH as the 
electrolyte.87 This value is comparable to ruthenium-based perovskite mate-
rials.88 Another group of materials widely used are the ferrites. Ferrites of 
the general form MFe2O4, where M = Mn, Fe, Co or Ni, have been synthe-
sized mainly by wet chemical methods but the only composite that showed 
supercapacitive properties was MnFe2O4. The SC value reported was about 
100 Fg−1 89,90 and a power density of 10 KWh−1.91,92 Nickel ferrites have also 
been reported to show an SC of 354 F g−1 at a scan rate of 5 mV s−1 in Na2SO3 
electrolyte.93

Ti-V-W-O/Ti oxide-based supercapacitors and Ti/ (RhOx+Co3O4)-based 
supercapacitors are also reported in the literature prepared by dip coating 
and thermal decomposition methods, respectively. While the former showed 
an SC of about 125 F−1 g only, the latter showed high values of 300–400 Fg−1 
due to a combination of the double-layer capacitance with the pseudoca-
pacitance provided by Rh redox-type reactions.89,92 Table 5.2 summarizes the 
electrochemical performance of different metal oxides.

The greater energy density can be achieved by fabricating the electrodes 
with nanostructured materials and also designing a new electrode configu-
ration widely referred to as hybrid supercapacitors (HSCs) or Li-ion super-
capacitors. This configuration has one capacitor-type electrode as in the 
electrochemical double-layer capacitance to realize high power density and 
battery-type electrodes to ensure high energy density. Thus, newly designed 
Li-ion supercapacitor is an ideal energy storage device to achieve both high 
power and energy. The key innovation of using HSC lies by coupling nano-
structured materials with the proposed new configuration.67 

Among the various battery-type electrode materials investigated over the 
years, lithium metal silicates have been identified as very attractive due to 
their high capacity, rate capability, and cyclability. For instance, Karthikeyan 
et al. have demonstrated hybrid Li-ion supercapacitor by constructing 
lithium metal silicates, Li2MSiO4 (M: Mn and Fe), as the negative electrode 
and activated carbon as the positive electrode in a standard nonaqueous 
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electrolyte such as 1.0 M LiPF6 in EC/DMC electrolyte.68,69 Very interestingly, 
energy and power densities are found to be in the range of 40–50 Wh Kg−1 
and 150–200 W Kg−1, respectively.

Composite cathodes containing polyaniline with Li(Mn1/3Ni1/3Fe1/3)O2 
and activated carbon have been used as negative and positive electrodes 
to fabricate Li-ion hybrid capacitor.70 The maximum observed capacitance 
of 140 F g−1 was reported at a current density of 0.72 A g−1 with excellent 
cyclability. The higher surface area of Polyaniline (PANI) matrix, which 
allows more electrolyte solution to reach the interior portion of the active 
materials, is responsible for the enhanced performance.

5.13 � Conclusion

The aim of this chapter on nanostructured metal oxides for electrochemical 
capacitors was to highlight the most recent advancements in supercapaci-
tor technology and a fundamental understanding of the structure–property 
relationship on energy storage mechanism in supercapacitor applications. 
The significance of nanostructured metal oxides has been evidenced from the 

TABLE 5.2

Summary of the Electrochemical Performance of Different Metal Oxides

S. No. Metal Oxide Electrolyte Capacitance

Operating 
Voltage 

Window (V) References

1. Ruthenium oxide H2SO4 (aq)
KCl (aq) 

500–1200
600–800

–1 to +1
0 to +1

94–109

2. Manganese oxide (a) NaCl (aq)
(b) KCl (aq)
(c) Na2SO4 (aq) 

100–250
100–300
300–500

0 to +1
0 to +1

0 to +0.9

110, 111

3. Nickel oxide (a) KOH (aq)
(b) LiCl (aq) 

200–278
80–100

0 to +0.5
0 to +0.6

112

4. Cobalt oxide KOH (aq) 100–200 0 to +0.8 113, 114
5. Tin oxide (a) Na2SO4 (aq)

(b) KCl (aq)
(c) NaOH (aq) 

100–300
100–200
40–70

0 to +1
0 to +1
0 to +1

115–116

6. Indium oxide Na2SO4 (aq) 70–100 0 to +1 117
7. Vanadium oxide (a) KCl (aq)

(b) �LiClO4 in PC 
(org) 

200–300
800–900

0 to +1
–

118, 119

8. Iron oxide (a) Na2SO3 (aq)
(b) Na2SO4 (aq)
(c) KOH (aq) 

100–200
10–30
2–4

0 to +1
0 to +1
0 to +1

120
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improved performance of supercapacitor devices. Many factors that influence 
the charge storage process in supercapacitors include high surface area, short 
ionic diffusion path, morphology, large surface active sites, crystal structure, 
water content, and the amount of conductive carbon. It is worth pointing out 
that there has been no standard uniform structure and morphology for metal 
oxides to achieve the maximum capacitance. However, it is generally accepted 
that the charge storage occurs on the surface in amorphous materials, whereas 
the energy storage happens due to bulk intercalation/deintercalation of ions 
in the crystalline materials. The ultimate goal of the nanostructured materi-
als in supercapacitors is the constitution of 2D and 3D nanoarchitectured 
cells coupled with the newly designed hybrid supercapacitors. Though the 
full potential of nanostructured materials has been recognized, innovative 
manufacturing processes are needed further to the development next-gener-
ation breakthrough supercapacitor devices. Selection of counter electrodes, 
current collectors, substrates, electrolytes, and membrane separators need to 
be investigated extensively. The challenges remain to material scientists and 
engineers to understand the transport phenomena of electrons and ions dur-
ing the electrochemical interface process within active materials.
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6.1  Nanotechnology and Its Applications

The primary global research scheme of the 21st century is nanotechnology. 
Looking forward to the future, nanotechnologies’ generalized diffusion will 
seem to turn them into supplies, generating more space for privileged and 
superior values of applications such as information technology, nanoenergy, 
nanobiotechnologies, and nanomaterials.1–5 In general, nanotechnology is the 
understanding and controlling of the matters of dimensions of approximately 
1–100 nm, in which a unique phenomenon facilitates novel applications.2 

The application domains covered by nanotechnology are discussed in detail 
in this chapter.

6.1.1  Information and Communication Technology 

The information and communication technology (ICT) division has under-
gone quick development, as nowadays social activities are transformed 
by novel and varied technologies. Hence, fabrication of smaller transistors 
using advanced fabrication processes has led to the manufacture of faster 
computers.3 Currently, the challenges to continue this miniaturization path 
exist because as the materials are reduced to nanosize, the change in the 
characteristics of materials has to be determined and subjected by quantum 
effects. Miniaturized hardware (sensors, readers, displays, and radio trans-
mitters) and personal secured access to equipment (biometric id) and informa-
tion (digital id) are some of the applications of nanotechnology in ICT.6–11

6.1.2  Biosciences and Life Sciences

The combination of nano- and biotechnologies is an encouraging spot 
with high expectations where the most important steps can be built for 
the improvement in medical sciences, health treatment, and body repair. 
Nanomedicine, targeted drug delivery, and programmed tissue engineering 
are some advances in this field.4,12,13

6.1.3  Materials and Manufacturing

Nanotechnology facilitates high-strength, durable and active materials. 
Lightweight protective clothes, flexible antiballistic textiles, microsensors 
for body and brain sensing, wearable and/or flexible displays for visual 
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response, exoskeletons, and robotics are some recent developments of nano-
structures and nanocomposites.5,14,15

6.1.4  Energy or Power

With an increase in the demands of wearable functionalities and electron-
ics, the need for lightweight wearable electric power is extremely critical. 
Currently, the developments in the area of lightweight powers include flex-
ible solar cells to recharge batteries, fuel cells, and supercapacitors. Hence, 
unquestionably, energy storage has remained a main challenge in this 
century. In response to the requirements of modern society and emerging 
environmental and ecological concerns, it is now essential that new, inex-
pensive, and eco-friendly systems of energy conversion and storage are 
established, leading to a quick development of research in the area of energy 
storage.6 It is also noteworthy to determine the opportunities and barriers 
for developing next-generation electrical energy storage products, such as 
batteries and supercapacitors, based on nanotechnology.

6.2  Current Commercial Activity

Some of the international companies from different parts of the world cur-
rently manufacture electrochemical double-layer capacitors (EDLCs) in a 
commercial capacity. For instance, NEC and Panasonic in Japan have been 
producing EDLC materials for more than 30 years. American companies like 
Epcos, ELNA, AVX, and Cooper manufacture components, whereas compa-
nies like Evans and Maxwell produce integrated modules that incorporate 
voltage balancing circuitry. Kold Ban International designed and marketed 
a supercapacitor module, which is suited specifically for kick-starting the 
internal combustion engines in cold weather. Cap-XX in Australia and 
Korean Ness Capacitor Company offer a range of components for super-
capacitors, whereas the Canadian manufacturer, Tavrima, produces a dif-
ferent range of supercapacitor modules. However, the Russian company, 
ESMA, started selling a wide range of EDLC modules for applications of 
electric vehicles power quality, and for kick-starting combustion engines.16 
Nowadays, assembling of electrochemical supercapacitors in markets is 
highly based on the electrode components, such as porous carbon materi-
als with high surface area and noble metal oxide systems.17 For instance, 
Matsushita Electric Industrial (Panasonic, Japan) produced gold-based capac-
itors,17 and Pinnacle Research (USA) produced supercapacitors especially 
for high-performance military hardware applications.17,18 The supercapaci-
tors currently available from the above-mentioned companies, as given on 
their Web sites, are summarized in Table 6.1. The overall market size of all 
three areas of batteries, fuel cells, and supercapacitors was estimated to be 
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US$350 million by the year 2008 and forecasted to reach US$7700 million in 
2012.19 Markets for nanotechnology-enabled energy production and energy 
storage were expected to take off from 2012. Robust sales growth opportu-
nities are expected, in particular, for rechargeable batteries (lithium-ion) 
and supercapacitors based on an early adoption of nanomaterials in the 
processes and productions of these devices. Estimation of the growth for 
the supercapacitor market was to be over $600 million by the year 2012, 
whereas the entire market for battery and supercapacitor storage devices is 
predicted to increase from US$1.5 billion in 2012 to US$8.3 billion in 2016, 
which is quite a large growth.20

The supercapacitors are commercially utilized as power sources for 
activators, widely used in long-time constant circuits, or as standby power 
for  random access memory devices and telecommunication devices and 
so  on.17,21,22 A  quantitative comparison of the characteristics and perfor-
mances among battery, capacitor, and supercapacitor is given in Table 6.2.

TABLE 6.1

Summary of Current EDLCs Available Commercially

Company 
Name Country Device Name

Capacitance 
Range (F)

Voltage 
Range (V) Web site

AVX USA BestCap 0.022–0.56 3.5–12 www.avxcorp.com
Cap-XX Australia Supercapacitor 0.09–2.8 2.25–4.5 www.cap-xx.com
Cooper USA PowerStor 0.47–50 2.3–5 www.powerstore.

com
ELNA USA DynaCap 0.033–100 2.5–6.3 www.wlna-

america.com
ESMA Russia Capacitor 

modules
100–5000 12–52 www.esma-cap.

com
Epcos USA Ultracapacitor 5–5000 2.3–2.5 www.epcose.com
Evans USA Capattery 0.01–1.5 5.5–11 www.evanscap.

com
Kold Ban USA KAPower 1000 12 www.koldban.

com
Maxwell USA Bootcap 1.8–2000 2.5 www.maxwell.

com
NEC Japan Supercapacitor 0.01–6.5 3.5–12 www.nec-tokin.

net
Ness Korea EDLC 10–3500 3 www.nescap.com
Panasonic Japan Gold capacitor 0.1–2000 2.3–5.6 www.

macopanasonic.
co.jp

Tavrima Canada Supercapacitor 0.13–160 14–300 www.tavrima.com

Source:	 Namisnyk A.M., A survey of electrochemical supercapacitor technology. Faculty of 
Engineering, University of Technology, Sydney, 2003.

Abbreviations:  EDLCs, electrochemical double-layer capacitors; F, farad.
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Batteries, in general, are low-power devices in contrast to capacitors, which 
have power densities as large as 104–106 W/kg, but lower energy densities. 
From this perspective, supercapacitors can merge both properties of high 
power density and higher energy density at the same time. In addition to 
the high electrical performance, supercapacitors have long life cycles due to 
the absence of any kind of chemical reactions. Conway carried out a very 
inclusive and complete review on the historical background, properties, and 
principles of capacitors.17 The improvement in the performance of a superca-
pacitor is presented in Figure 6.1 and the graph is known as “Ragone plot.” 
This kind of graph gives some information about the power densities of a 
variety of energy storage devices versus their energy densities, measured 
along the vertical axis and the horizontal axis, respectively. As shown in 
Figure 6.1, it is believed that supercapacitors occupy an area between con-
ventional capacitors and batteries.23 Despite having larger capacitances than 
those of conventional capacitors, supercapacitors are yet to compete with 
the high–energy–density batteries and fuel cells. Thus, much of the earlier 
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Ragone plot of different energy storage devices. (From Schneuwly, A., Designing powerful 
electronic solutions with ultracapacitors. Maxwell Technologies: Rossens, Switzerland, 2006.)

TABLE 6.2

A Quantitative Comparison of a Capacitor, Supercapacitor, and Battery

Parameters Capacitor Supercapacitor Battery

Charge time (sec) 10–6–10–3 1–30 0.3–3 hrs
Discharge time (sec) 10–6–10–3 1–30 1–5 hrs
Energy density (Wh/kg) <0.1 1–10 20–100
Power density (W/kg) >10,000 1000–2000 50–200
Cycle life >500,000 >100,000 500–2000
Charge/discharge efficiency ~1.0 0.90–0.95 0.7–0.85

Source:	 From Nuintek. Comparison of capacitor, supercapacitor and battery. 2006. Available 
from: http://www.nuin.co.kr.
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literature investigated for the outline that focuses on developing superca-
pacitors with the energy level as good as the energy level of batteries.

6.3  Current Research Efforts

A vital aspect in nanotechnology for the supercapacitor applications is to 
achieve a compromise between two major properties of specific surface area 
(to guarantee high capacitance) and pore-size distribution (to let electro-
lyte easily access the electrode surface).6 Some institutions have been doing 
researches in order to simultaneously improve both the energy and power 
densities of EDLC technology. Among high–pore size materials, activated 
carbons were the most frequently used electrode material in commercial 
supercapacitors. A great deal of current research is concerned with the issues 
that contribute to the specific capacitance and series resistance in such elec-
trode materials. Celzard et al. from the Université Henri Poincaré-Nancy in 
France carried out a research to correlate between the porous structure and 
series resistance of electrode materials.25 Another team from the French labo-
ratory at the Conservatoire National de Arts et Métiers performed a research 
to confirm the impact of pore size distribution on specific capacitance.26 Xie 
et al. and Feng and Cummings also believed that electrode materials are the 
important factors to supercapacitors and an ideal one should have a large 
surface area and appropriate pore size distribution.27,28 Xie et al. also stated 
that from different sorts of good candidate for electrode materials, carbona-
ceous materials have constantly attracted numerous interests of researchers 
during the discovery of supercapacitor electrode materials.29 The early inves-
tigations were mainly on activated carbon, mesoporous carbon and carbon 
nanotubes (CNTs). Recently, more initiatives are taken on understanding the 
applications of graphene. Yamada et al. compared different carbons of com-
parable specific surface areas and with different pore size distributions and 
showed that those that were mostly mesoporous had higher capacitance.30

A decade ago, CNTs were discovered and attracted the interests of some aca-
demic institutions; for instance, the Poznan University of Technology, Poland, 
and Sungkyunkwan University in Korea fabricated electrodes from CNTs 
that exhibit a higher specific capacitance than that attainable by activated 
carbons.31,32 Korean researchers at Hanbat National University, Department 
of Applied Chemistry and Biotechnology, took this a step further and dem-
onstrated that activated CNTs have an even higher specific capacitance than 
ordinary CNTs.33 Due to their unique architecture, CNTs are now intensively 
explored as new electrode material for supercapacitor components, although 
this brings a high cost issue as for batteries.6 Some significant interests have 
also been attracted to conducting polymer materials and researchers recom-
mend that high specific capacitances should be achievable.34
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Transition metal oxides, after carbonaceous materials, have always been a 
promising electrode material because of their low resistance and high spe-
cific capacitance, but their exorbitant cost has generally hindered their com-
mercial viability options.18 Conventionally, a strong sulfuric acid was used 
as an electrolyte with metal oxide electrodes for increasing the ion mobility, 
which led to an increase in the charge and discharge rates. Nevertheless, this 
matter brings restrictions for the choice of electrode materials because most 
of the metal oxide–based electrodes become unstable and corrode in a highly 
acidic electrolyte. Researchers from the University of Texas, USA, have then 
paid attention on the possibility of applying a milder, potassium chloride 
(KCl) aqueous electrolyte in the case of using metal–oxide–based electrodes. 
Their achievements suggested that the replacement of electrolyte is definitely 
possible and should extend the accessibility of possible electrode materials 
further.35 Manganese oxide (MnO2), as a more accessible and cheaper substi-
tute to ruthenium oxide, has been proven as a promising electrode candidate 
by the researchers at the Imperial College, London.36

While ceramics with high oxide ion conductivity [especially zirconia (ZrO2) 
based] have been recognized for approximately a century, Stotz and Wagner 
in the 1960s demonstrated that protons do exist as minority charge carriers 
in oxides.37 Takahashi and Iwahara later carried out systematic researches 
on ceramics and showed that acceptor-doped perovskite-type oxides [e.g., 
doped lanthanum aluminate (LaAlO3), lanthanum yttrium oxide (LaYO3), 
strontium zirconate (SrZrO3)], which were previously recognized for their 
moderate oxide ion conductivity,38,39 could turn into a great proton conductor 
within the water-containing atmospheres. The experimental conductivities 
for this ceramic-based electrode were unfortunately still too low in com-
parison with the large conductivity of yttria (Y2O3)-stabilized ZrO2, within 
the same standard electrolyte material. However, the related compounds [in 
particular, acceptor-doped strontium cerate (SrCeO3)40 and barium cerate 
(BaCeO3)41] with larger proton conductivities were soon found and tested in 
different sorts of electrochemical cells.

The most attractive results seem to be achieved by hybrid configuration 
design, which consists of carbon materials and conducting polymers or tran-
sition metal oxides. Research on supercapacitor materials at the University of 
Bologna in Italy demonstrated that using activated carbon as a positive elec-
trode and a polymer-based negative electrode can outperform the configura-
tions of only using activated carbon.42 Studies at the National Cheng Kung 
University in Taiwan indicated that high specific capacitance could be attained 
by depositing conducting polymers onto activated carbon.43 Frackowiak and 
coworkers at the Poznan University of Technology also confirmed that coat-
ing the CNTs with conducting polymers can increase the electrochemical 
performances and, hence, the specific capacitance of supercapacitors.44 The 
study of solid-state supercapacitors, being conducted at the University of 
Twente in Netherlands, is also of interest, in which Y2O3-stabilized ZrO2 was 
used as a replacement for a liquid electrolyte.45
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Lee’s group successfully fabricated a polypyrrole (PPy)–CNT composite elec-
trode on a ceramic fabric by chemical vapor deposition and chemical polym-
erization technique and it showed promising capacitive behavior and high 
stability.46 In addition, the combination of CNTs and porous structure of the 
ceramic fabrics has granted the promising electrode with a high surface area.

6.4  Future Research

Today electrochemical supercapacitors the great choice for the power sources 
of hybrid vehicles and all sorts of portable electronics, for instance, cellu-
lar phones, notebooks, and current generation of tablets. However, despite 
having excellent commercial success, these kinds of supercapacitors are still 
open to development and enhancement. Dynamic research is being done 
on all aspects of supercapacitors, that is, electrode materials (anodes, cath-
odes), electrolytes, and cell fabrication. The main parameters restricting their 
broader application are the cost and safety issues. However, developments 
continue to take place to address all these limitations.

High–surface area activated carbon is the most frequent anode material 
utilized extensively in commercially fabricated supercapacitors. In theory, 
the higher the surface area of the activated carbon, the larger the value of 
the specific capacitance, although it has low electrochemical cycling stability. 
To overcome this problem, multiwalled CNTs (MWCNTs) having a superior 
cycling stability but a relatively low specific capacitance, not greater than 
80 F/g, has been used. Thus, if an enhancement in energy content is required, 
a novel, high-capacity electrode material needs to be developed.

However, activated carbons recently rule the market as an inexpensive 
electrode material, but evolution in the development of MWCNTs, conduct-
ing polymers, and metal oxides is ongoing steadily. The utilization of pseu-
docapacitive (conducting polymers and transition metal oxides) properties 
to improve the double-layer capacitance (carbon materials) behavior seems to 
be a common goal among current researchers; this also enhances the chance 
of developing the forthcoming generation of supercapacitors with high 
power and high energy densities.

Several research teams have focused on the development of an alternative 
electrode material for electrochemical supercapacitors. A variety of transi-
tion metal oxides have been introduced to MWCNTs and have been shown 
to be suitable as electrode materials for electrochemical capacitors. Among 
the metal–oxide–based materials for application in electrochemical super-
capacitors, ruthenium oxide (RuO2) and iridium oxide (IrO2) have attained 
much attention.

RuO2 has a high double-layer and pseudocapacitance properties (can reach 
up to ~493.9  F/g)47 and is quite stable in both aqueous acid and alkaline 
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electrolytes. However, the specific capacitance of this supercapacitor sensi-
tively depends on the technique used for preparation. Unfortunately, dis-
advantages of RuO2, such as high cost of the raw material and toxicity, have 
reduced its great application in supercapacitor electrode materials. Therefore, 
in this century, great efforts have been undertaken to discover novel and 
cheaper materials. Several metal oxides and hydroxides, such as those of 
nickel (Ni), cobalt (Co), vanadium (V), and manganese,48,49 are being studied 
extensively. Among these inexpensive metal oxides, MnO2

33 and nickel oxide 
(NiO)27 are believed to be the most promising pseudocapacitor electrode 
materials due to both their specific capacitance and cost-effectiveness issues.

Recently, ceramic oxides (mixed metal oxides) have also attracted attention 
as electrode materials in supercapacitors. Gibson and Karthikeyan stated 
in their patents that improved supercapacitors can be developed to store 
charge by a combination of faradaic and non-faradaic mechanisms. They 
have invented ceramic materials having nominal (idealized) compositions 
that correspond to one of the following groups: ABO3 (e.g., perovskites), 
A2BO4 (including the alternative form AB2O4), and fluorites AO2, where A 
and B are metals (A and B = La, Sr, Ca, Mn, Fe, Ni, Co, Ga, Ce, Gd, or any 
other metal).

Generally, a supercapacitor that uses a transition metal oxide and a con-
ductive polymer as electroactive materials is termed as a pseudocapacitor. 
A combination of pseudocapacitor and carbon-based electrode material is 
known as hybrid supercapacitor. In the next section, application of superca-
pacitor electrode materials and their advantages and disadvantages against 
the hybrid supercapacitor are investigated in detail.

6.5 � Scope of Using Transition Metal Oxides against 
Carbon- and Polymer-Based Supercapacitor Materials

The basic configuration of a supercapacitor consists of current collectors and 
electrodes impregnated in an organic or aqueous electrolyte. A membrane 
is inserted between the two electrodes as a separator to insulate them from 
each other. The assembly of the supercapacitor unit cell is similarly per-
formed as for the traditional capacitors.23,50,51 The principle of supercapacitors 
operation relies on their energy storage mechanism; determining how the 
distribution of the ions takes place when they come from the electrolyte in 
the vicinity of the electrode surface. Indeed, the electrode materials and their 
properties such as high surface area and electrical conductivity are the key 
components to enhance the efficiency of the supercapacitors.52,53 This sec-
tion generally covers some reviews about the classification, charge-storing 
mechanism, as well as comparative studies to evaluate the performance of 
different electrode materials in supercapacitors. In the end, the advantages 
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and the current challenges on how to enhance the performance of the super-
capacitors is discussed in detail.

6.5.1  Taxonomy of Supercapacitors

According to current R&D trends, the taxonomy of supercapacitors can be 
divided into three main categories: EDLCs, pseudocapacitors, and hybrid 
capacitors. Their charge-storing mechanisms are non-faradaic, faradaic, and 
a combination of these two processes, respectively. Faradaic processes involve 
the oxidation–reduction reactions in which the charge is transferred between 
an electrode and electrolyte. In contrast, non-faradaic processes do not contain 
any chemical mechanism. Hence, the charge distribution takes place on the 
electrode surfaces by physical processes in which neither formation nor break-
ing of chemical bonds is involved. This section will outline the contribution 
of electrode materials in the performances for each one of these three classes 
of supercapacitors as well as their subclasses. The different classes and sub-
classes of supercapacitors (the taxonomy) are graphically shown in Figure 6.2.

Several works have shown major developments in supercapacitor 
researches.50,54–57 At the same time, the disadvantages of supercapacitors 
including low energy density and high production cost have been identi-
fied  as major challenges for the furtherance of supercapacitor technolo-
gies. To overcome the drawbacks of low energy density, one of the most 
intensive  approaches is the development of new materials for super
capacitor electrodes. To date, carbon materials are the most popular, 
which have high surface areas for charge storage. In spite of having large spe-
cific surface areas, carbon materials are unfortunately limited in charge 
storage. Supercapacitors based on carbon materials are called electrostatic 
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or electric double-layer supercapacitors (EDLS) which have a limited specific 
capacitance and a low energy density.57 Hybridizing the electrode materi-
als by adding electrochemically active (pseudocapacitive) materials or 
completely replacing the carbon materials with electrochemically active 
materials are the new approaches to enhance the supercapacitors’ energy 
density. Supercapacitors with pseudocapacitive materials as electrodes are 
called faradaic supercapacitors. Hence, it has been demonstrated that hybrid 
double-layer supercapacitors can yield much higher specific capacitance and 
energy density than EDLS.57

It is also noteworthy to mention that hybrid supercapacitor with an asym-
metrical electrode configuration (e.g., one electrode consists of carbon 
material while the other consists of pseudocapacitive material) has been 
extensively investigated recently to enhance overall cell voltage, energy, and 
power densities.50,58,59 In this type of hybrid supercapacitor, both EDLC and 
faradaic capacitance mechanisms take place simultaneously, but one of them 
plays a greater role.57

6.5.2  Electrode Materials

In general, the electrode materials of a supercapacitor can be categorized 
into three types: (1) carbon materials with large specific surface area,60 

(2) conducting polymers,61 and (3) metal oxides. In regard to the chemi-
cal composition, many kinds of supercapacitor electrode materials have 
been thoroughly studied, which include electrically conducting metal oxides 
(e.g., RuO2,62,63 IrO2,64,65 Fe2O3,66,67 Fe3O4,68 MnO2,69–71 NiO,72–74), conducting 
polymers (e.g.,  polythiophene,61,75 PPy,46,76 PANi,77,78) and their derivatives, 
and various kinds of carbonaceous materials (e.g., carbon aerogel,79,80 acti-
vated carbon,81,82 and CNT).83–86 

6.5.2.1  Carbon-Based Supercapacitors

Carbon is the most common and economical material for supercapacitor 
electrodes. Different carbon material–based electrodes have also been inten-
sively investigated.82,87 Carbon materials, for example, activated carbon, car-
bon cloth, carbon aerogels, carbon nanofibers, graphite, nanocarbons, and 
CNTs, generally have larger surface area, in the range of 1000–2000 m2/g. 
The capacity of the basal plane and edge plane of graphite carbon is about 
10–40 μF/cm2 and 50–70 μF/cm2, respectively.88,89 High surface area and 
porosities can be achieved by carbonization, physical or chemical activa-
tion,90,91 phase separation,92 gelation,92 emulsification,60,93 aerogel–xerogel for
mation,94 replication,95 or burning carbon composites with controllable sizes 
and volume fractions of open pores, which include adding raw polymer 
particles, such as poly(methyl methacrylate) spheres,13 silica sol, and silica 
gel as templates.96–98 Generally, carbon-based materials are in powder form 
and some fabrication techniques are essential to transform these materials 
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into solid packed electrodes. These methods include applying permanent 
pressure; adding binders such as polytetrafluoroethylene, poly (vinylidene 
fluoride-hexafluoropropylene), and methylcellulose; and aqueous dispersions 
of polystyrene, styrene/butadiene copolymer, and ethylene/acrylic acid copo-
lymer, etc.82,99–104 In theory, the SC value of carbon materials enhances with 
surface area. However, Qu and Shi87 and Shi82 examined many activated car-
bon materials with various surface areas, pore size, pore size distribution, and 
pore volume, and correlated these factors with electrochemical capacitance 
and discovered that the hypothesis is not essentially correct in practical cases.

Frackowiak and Béguin80 stated that the porous surface of the carbon veri-
fies the ionic conductivity that is related to the ion mobility within the pores. 
They found that the rate of electrochemical accessibility is mainly indicated 
by the ion mobility within the pores, which is different from that in bulk 
electrolytes. Consequently, a resistor network was recommended to be used 
in the equivalent circuit model instead of a single resistor due to the uneven 
resistance all through the entire electrode materials. Carbon aerogels are 
kind of carbon nanoparticles with a massive three-dimensional mesoporous 
network. These are obtained from the pyrolysis of organic aerogels based on 
resorcinol-formaldehyde or phenol-furthural precursors using a sol-gel tech-
nique. But carbon xerogels105,106 are produced from a precursor made by con-
ventional drying method, and not using a supercritical method in CO2. Both 
carbon aerogel and xerogel are considered as promising electrode materials 
for supercapacitors due to their large surface area, low density, excellent elec-
trical conductivity, and also for not requiring any additional binding materi-
als. In order to enhance the specific capacitance of carbonaceous materials, 
functional groups are introduced into the carbon materials because the func-
tional groups are attributed to the pseudocapacitance, which is an extremely 
efficient method of improving the capacitance behavior. Chu and Kinoshita107 
investigated the effects of pretreatment and surface modification on the elec-
trical double-layer capacitance of a variety of carbonaceous electrodes, and 
the surface modification of carbon electrodes compromise electrochemical 
and chemical techniques such as oxidation and reduction and preadsorption 
of different functional groups at the surface.

6.5.2.2  Conducting Polymer-Based Supercapacitors

Conducting polymers are the third class of candidate materials for super-
capacitors because of their excellent electrical conductivity, large pseudo-
capacitance behavior, and relatively low cost.108 Polymeric materials, such 
as p- and n-dopable poly(3-arylthiopene), p-doped PPy, polyacetylene, 
poly[bis(phenylamino)disulfide], poly(3-methylthiophene), and poly(1,5-
diaminoanthraquinone) have been recommended by number of research-
ers109–114 as electrodes for electrochemical capacitors.

The most frequently used conducting polymers include PANi,115 PPy,116 
and poly[3,4-ethylenedioxythiophene] (PEDOT).117 Cyclic voltammetry (CV) 
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and charge discharge (CD) techniques have been employed to investigate 
the electrochemical capacitance and charge storage properties of conducting 
polymers. The typical capacitive behavior of a polymer electrode, however, 
in general, is not similar to that of an MWCNT electrode, as is expected for 
a typical capacitor, but exhibits a higher redox potential and pseudocapaci-
tive behavior than an MWCNT electrode. In order to use the same electrode 
materials on both capacitor electrodes, polymers with a cathodic and an 
anodic redox process were utilized recently.118 

Conducting polymers, such as PANi, PPy, polythiophenes, polyacetylene, 
and poly[bis(phenylamino)disulfide],119 comprise a large degree of π-orbital 
conjugations that lead to electronic conductivity and can be oxidized or 
reduced electrochemically by withdrawal or injection of electrons, respec-
tively. Prasad and Munichandraiah120 coated the PANi on the stainless steel 
by a potentiodynamic method from an acidic electrolyte and obtained a very 
high SC value, up to 450 F/g.

Conducting polymers have a very large SC value that is close to RuO2, e.g., 
775 F/g for PANi,121 480 F/g for PPy,111 and 210 F/g for PEDOT.122 However, con-
ducting polymers commonly have poor mechanical stability due to repeated 
intercalation and depletion of ions during charging and discharging.

6.5.2.3  Transition Metal Oxide-Based Supercapacitors

Besides the carbon material electrodes, transition metal oxide electrodes 
are very important in electrical storage devices. In general, transition metal 
oxides can provide higher energy density for supercapacitors than conven-
tional carbon materials and better electrochemical stability than polymer 
materials.57 They not only store energy like electrostatic carbon materials but 
also exhibit electrochemical faradaic reactions between electrode materials 
and ions within appropriate potential windows.123

Conducting metal oxides such as RuO2 or IrO2 were the favored electrode 
materials in early electrochemical capacitors used for space or military applica-
tions.124 The high SC value in combination with low resistance resulted in very 
high specific powers. These capacitors, however, turned out to be too expensive. 
A rough calculation of the capacitor cost showed that 90% of the cost resided in 
the electrode material. In addition, these capacitor materials are only suitable 
for aqueous electrolytes, thus limiting the nominal cell voltage to 1 V.125,126

Thus, several attempts were undertaken to obtain the advantages 
of metal oxides at a reduced cost for a supercapacitor such as Fe2O3,67,127 
Fe3O4,68 SnO2,128 CuO,129,130 MnO2,69–71,131,132 and NiO.72,133,134 The dilutions of 
the costly noble metals, such as Ru, Sr, Ca and La, by forming perovskites 
(SrRuO3, CaRuO3, and Sr0.8La0.2RuO3) were reported by Guther et al.135 
Other forms of metal compounds, such as nitrides, were also investigated 
by Liu et al.136

Among all, researchers recently have focused on searching for cheaper 
materials such as MnO2,137,138 NiO,139,140 Co3O4,141,142 and CuO143 to replace 
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RuO2, but the selection has traditionally been limited by the use of concen-
trated sulfuric acid as an electrolyte.18,144,145 It was believed that high capaci-
tance and fast charging are largely the result of H sorption, so a strong acid 
was therefore necessary to provide good proton conductivity. However, this 
resulted in a narrow range of possible electrode materials, as most metal 
oxides break down quickly in acidic solutions.

Therefore, milder aqueous solutions such as KCl36 and KOH33 have been 
considered for use with metal oxides such as MnO2.

6.5.2.4  Hybrid Nanocomposite-Based Supercapacitors

As discussed, different electrode materials have different strong points and 
drawbacks. Compared with the conventional capacitors, a higher energy 
density and a corresponding cycle life can be achieved by hybrid electro-
chemical supercapacitors that use two different electrode materials.146,147

In order to take full advantage of different electrode materials, hybrid nano-
composite supercapacitor materials have been proposed by several researchers. 
As shown in Figure 6.2, hybrid nanocomposites can be made from different 
double-layer capacitor and pseudocapacitor materials such as conducting poly-
mer/CNT,108,148–152 activated carbon/conducting polymer,43,109,153–155 activated 
carbon/CNT,156–160 metal oxide/activated carbon,161–164 metal oxide/CNT,103,165–167 
mixed metal oxide/CNTs,168-170 and metal oxide/CNT/conducting polymer.171–176

While the electrochemical characteristics of the composite materials are 
compared with the single element electrode material, one can understand 
the advantages of such hybrid electrode materials. For instance, Lota and 
coworkers have shown that the composite of active carbon and NiO exhib-
its a much more rectangular shape of CV curves compared with that of 
bare NiO.177 The shape of a CV curve is a good means of characterizing of 
a double-layer capacitive behavior. It was also declared that the capacity 
of the pristine NiO is low and noticeably reduces with increasing current 
regimes. The bare NiO has only pseudocapacitive properties. In the work 
by Lota et al., the composite with only 7 wt% of NiO showed the highest 
value of capacity. They believed that this quantity of NiO was optimal to 
take advantage of both double-layer capacitive and pseudocapacitive prop-
erties of the composite. The active carbon played a critical role as an excel-
lent conducting support for NiO, which also showed quite a high resistivity.

6.6  Advantages of Current Supercapacitors

6.6.1  High Power Density

Supercapacitors display a much higher power delivery (1–10 kW/kg) when 
compared with lithium ion batteries (150 W/kg). Since a supercapacitor stores 
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electrical charges both at the electrode surface and in the bulk near the sur-
face of the solid electrode, rather than within the entire electrode, the charge–
discharge reaction will not necessarily be limited by ionic conduction into the 
electrode bulk. So, the charging and discharging rates are much faster than 
the electrochemical redox reactions inside batteries. These rapid rates lead to 
high power density in supercapacitors.57 For example, a supercapacitor can be 
fully charged or discharged in a time that varies from few seconds to several 
minutes, and the energy can be taken from it very rapidly, say within 0.1 s.178,179 

However, the charging time for batteries is normally on the scale of hours.
Pasquier and coworkers achieved a high specific power of 800 W/kg from 

a nanostructured Li4Ti5O12 anode and an activated carbon cathode used in a 
nonaqueous asymmetric hybrid electrochemical supercapacitor.180 However, 
prior to this work they used activated carbon181 and nanostructured lithium 
titanate oxide182 as the anode with a poly(fluoro)phenylthiophene as the 
cathode to investigate the benefit of conducting polymer on the power den-
sity. But their polymer-based system had two major drawbacks: a smaller 
cycle-life and a higher cost than activated carbon. In 2004, they coupled a 
nanostructured Li4Ti5O12 anode with a poly(methyl)thiophene (PMeT) cath-
ode. The PMeT cathode electrochemically synthesized by the cheap mono-
mer produced a lower cost, higher purity polymer and enhanced the power 
density to 1000 W/kg.182

6.6.2  Long Life Expectancy

In contrast to batteries, supercapacitors have no or negligibly small chemi-
cal charge transfer reactions and phase changes in charging and dis-
charging processes so that a supercapacitor can have almost unlimited 
sustainable cyclability. Moreover, supercapacitors can operate at high rates 
for 500,000–1,000,000 cycles, with only small changes in their characteris-
tics, but such longevity is impossible in batteries.57 The life expectancy of 
a supercapacitor is estimated to be up to 30 years, which is much longer 
than that of lithium ion batteries, which is only between 5 and 10 years).57 
Although the redox reactions for Faradaic supercapacitors during their 
charge–recharge process are very quick, their life expectancy is also much 
longer than that of batteries.50,56,183

In a research on the life expectancy for MnO2-based electrode, by 
Chang  et  al.,184 the stability and cycle life of MnO2 was investigated 600 
times (at a rate of 5 mV/s) and there was no significant capacitance fad-
ing detected, which showed the excellent cyclic stability of MnO2. Their 
experimental results have also introduced ionic liquid 1-ethyl-3-methy-
limidazolium–dicyanamide as a potential electrolyte for long-life MnO2 
supercapacitors.184

It is noteworthy to know that the specific capacitance of a supercapaci-
tor with an electrode material will fade in the long-term cycle performance. 
Pristine MnO2 and CNTs/MnO2 hybrid electrodes had undergone life 
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testing for about 500 cycles by Chen and coworkers.185 A noticeable decrease 
in the specific capacitances of both MnO2 and CNTs/MnO2 hybrid electrodes 
occurred as the cycle number increased, but fading was less observed with 
CNTs/MnO2 electrode. Hybrid electrodes exhibited better cyclic efficiency 
than electrodes with only MnO2 and it was attributed to the porous structure 
of CNTs/MnO2 electrodes.185 Hence, hybridizing pseudocapacitive materials 
with porous carbon structured materials may tend to provide more space for 
dissolution and precipitation of pseudocapacitive material particles in the 
processes of repetitive CV reactions.

6.6.3  Long Shelf Life

Another advantage of supercapacitors is their long shelf life. Most recharge-
able batteries will degrade and become noticeably useless if left unused for 
months, which is due to their gradual self-discharge and corrosion.57 On the 
contrary, supercapacitors retain their capacitance and thus are capable of 
being recharged to their original condition; even though self-discharge over 
a period of time can lead to a lower voltage. It is reported that supercapaci-
tor can stay unused for several years, but still remain close to their original 
condition.50

6.6.4  Wide Range of Operating Temperatures

The ability to perform efficiently over a broad range of temperatures is also 
an advantage of using supercapacitors. For some remote stations that use 
battery energy storage system and are located in cold climates, an auxil-
iary heating system must be provided to maintain the temperature at close 
to room temperature. Thus, additional cost and energy consumption are 
required.18 Supercapacitors can operate effectively at enormously high and 
low temperatures. The typical operating temperature for supercapacitors var-
ies from −40 to 70°C. Militaries can benefit from this behavior, where reliable 
energy storage is required to run electronic devices under all temperature 
conditions during war.57 Using ionic liquid electrolytes such as ethyl-methyl 
imidazolium-bis(trifluoro-methane-sulfonyl)imide in supercapacitors is a 
significant advantage due to its high temperature stability, even at 60°C.185,186

Balducci and coworkers187 investigated the effect of different temperatures 
on an activated carbon/poly(3-methylthiophene) hybrid supercapacitor 
using ionic liquid 1-buthyl-3-methyl-imidazolium and organic liquid pro-
pylene carbonate-tetraethyl ammonium tetrafluoroborate electrolytes. The 
ionic liquid electrolytes at room temperature exhibited conductivity values 
significantly lower than that of organic liquid. However, when the tempera-
tures increased to even higher than 60°C, particularly for the electric vehicle 
applications involving fuel cells, the conductivity values were approximately 
the same for both ionic and organic electrolytes. This is also attributed to the 
high electrochemical stability of ionic electrolytes at high temperatures.186
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6.6.5  Environmental Friendliness

Supercapacitors as an alternative to batteries are more environmentally 
friendly, are lead free, and have no disposal issues at the end of their life. They 
do not contain hazardous or toxic materials, and their waste materials are eas-
ily disposable.57 Use of porous carbon materials,153,171,172,188,189 conducting poly-
mers,153,172,175,190 and transition-metal oxides171,172,188,191–193 as single or hybrid 
electrodes and ionic based liquids153,193 as electrolytes suggests supercapacitor 
as the most environmental-friendly and promising energy storage system.

6.7  Challenges for Supercapacitors

Although supercapacitors have many advantages over batteries and fuel 
cells, they also face some challenges at the current stage of technology.

6.7.1  Low Energy Density

The main challenge for supercapacitor applications in the short and medium 
terms is their low energy density. Supercapacitors suffer from limited energy 
density (about 5 W h/kg) when compared with batteries (>50 W h/kg).57 

Commercially available supercapacitors can provide energy densities of only 
3 to 4 W h/kg. If a large energy capacity is necessary for an application, a 
larger supercapacitor must be assembled, which increases the cost.

6.7.2  High Cost

The other important challenges for supercapacitor commercialization are 
the costs of raw materials and manufacturing. The major cost of superca-
pacitors arises from their electrode materials. Recently, highly porous car-
bon materials23,80,194 and RuO2

195,196 are the most common electrode materials 
used practically in fabricating commercial supercapacitors. However, car-
bon materials, in particular those with a high surface area, are currently 
expensive (US$50–100 per kg),50 SWCNTs ~$100,000/kg, MWCNTs ~$5 000/
kg, activated carbon ~$15/kg,197 not to mention the cost of a rare metal oxide 
like RuO2. Also, the separator and electrolyte can boost the expense. For 
instance, if supercapacitors use organic electrolytes, their cost is very high 
and far from negligible.57

6.7.3  Low Operating Voltages

Supercapacitors also have lower operating voltages (typically between 1 and 
3.5 V per cell) compared to other types of capacitors and batteries in which 
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the voltage is limited by the breakdown potential of the electrolyte.57 The 
solution to meet the expected voltage is that supercapacitors must be series 
connected like batteries.198 Commercial supercapacitor cells exhibit the 
potential window from 0 V to approximately 1 V for aqueous electrolytes 
and from 0 V to 2.5–2.7 V for organic electrolytes. Maximum voltages for 
hybrid supercapacitor cells depend upon the electrode materials and the 
electrolytes.53 Matsumoto and coworkers199 showed that the Pt-deposited 
CNT electrode gave 10% higher voltages than Pt-deposited carbon black. 
However, the amount of platinum deposited on CNT and carbon black 
was 12% and 29%, respectively. The performance of the Pt/CNT electrodes 
was higher than that of the Pt/CB electrodes due to the presence of well-
dispersed Pt particles on the CNT surfaces and higher electric conductivity 
of CNTs.199 

In summary, to develop new materials with optimal performance, there 
are two major research directions in the exploration of supercapacitor elec-
trode materials: composite materials and nanomaterials. On the one hand, 
apart from the type of electrode material used for the supercapacitors, com-
bining the advantages of different materials to make composites should 
be an important approach to optimize each component for increasing the 
supercapacitor performance.200 It is worthy to point out that each compo-
nent in the composites can have a synergistic effect on the performance 
of a supercapacitor through minimizing particle size, enhancing specific 
surface area, inducing porosity, preventing particles from agglomerating, 
facilitating electron and proton conduction, expanding active sites, extend-
ing the potential window, and protecting active materials from mechanical 
degradation, improving cycling stability, and providing extra pseudocapac-
itance.57 A high specific capacitance of 1809 F/g has been reported on using 
mesoporous CoxNi1−x-layered double hydroxide composites.201 The key 
point to the excellent electrochemical capacitance performance of this com-
posite was attributed to the synthesis of a novel mesoporous microstructure 
that can accommodate electrolyte and increase the density of active sites for 
enhancing fluid–solid reactions.201 

On the other hand, development of nanostructured materials, such as 
nanoaerogels, nanotubes/rods, nanoplates, and nanospheres, can also have 
significant enhancement in electrochemical performance by possessing 
large specific surface area. They can provide short transport–diffusion path 
lengths for ions and electrons, leading to quicker kinetics, further efficient 
contact between solid surface and electrolyte ions, and more electroactive 
sites for faradaic energy storage. This results in high charge–discharge 
capacities even at high current densities.57 An extremely large specific capac-
itance of 3200 F/g was reported by Zhang et al.202 by porous hybrid materials 
containing nanoflake-like nickel hydroxide and mesoporous carbon. They 
attributed the overall enhanced electrochemical behavior to the distinctive 
structure design of the hybrid material in regard to its nanostructure, large 
specific surface area, and superior electrical conductivity.202
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As a result, material morphology is intimately related to the specific 
surface area and the electrolyte ion diffusion in the electrode. Hence, one-
dimensional nanostructure materials are suggested to be highly promis-
ing for supercapacitor application due to their reduced diffusion paths and 
larger specific surface areas.57

6.8  Current Applications of Supercapacitors

Supercapacitors are operating the path into more and more applications, 
which requires electrical energy to be stored. These robust devices can be 
charged and discharged thousands of times and generally outlive a battery. 
Many supercapacitor manufacturers claim a life span of 10 years or more. It 
is also noteworthy that the supercapacitors and batteries are not in competi-
tion; rather, they are different products having their unique applications.

Supercapacitors in terms of their power densities are divided into two seg-
ments: (1) large cans from 100 F to 5000 F used for heavy-duty purposes, for 
instance, automotive industry and utilities;203 (2) small devices in the range 
of 0.1 F–10 F used in general electronics.204 A practical way to evaluate and 
compare supercapacitor performance is to employ a Ragone plot, which plots 
power density versus energy density (as shown in Figure 6.1).

6.8.1  Memory Backup

Semiconductor memory backup is the most common application of a super-
capacitor for any electronic equipment that contains CMOS, RAM, or a 
microprocessor.203 For several years, lithium batteries have served as backup 
power for volatile memory and real-time clock, but they are not always an 
ideal solution due to their relatively short cycle life and limited operating 
temperature range. However, their end-of-life disposal issues have to be 
taken into account.

Supercapacitors, rather than operating as energy storage devices, also 
perform quite well as low-maintenance memory backup in order to bridge 
short power interruptions. In 1978, the NEC Company marketed the super-
capacitor as computer memory backup for the first time.203 They obtained the 
licence for commercializing the invention from the Japanese Standard Oil 
Company of Ohio, which accidently rediscovered the effect of the EDLC in 
developing fuel cell designs.205 

Pierre Mars reported the use of supercapacitor as backup power supply 
for the cache memory used in solid-state drives (SSDs).206 The SSD type of 
hard disks are electrically, mechanically software compatible with a conven-
tional hard disk drive. When cache is used in normal hard disks, a notice-
able data transfer speed in terms of reading and writing can be achieved. 
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Pierre’s power supply topology using CAP-XX supercapacitors also con-
firmed the simulation results. This supercapacitor showed to be highly sup-
portive to the SSD when it flushes the cache and elegantly shuts down with 
no loss of data when the power fails.206 

A simplified backup system having a two-cell series supercapacitor charger 
(LTC3226) with a PowerPath controller was designed by Linear Technology.207 
This backup system consists of a charge pump supercapacitor charger with 
programmable output voltage and automatic cell voltage balancing, a low 
dropout regulator and a power-fail comparator in order to switch between 
normal and backup modes. Three different voltage points simplify and con-
trol the backup set up in this system: (1) a high trigger point (3.6V) when 
the comparator encounters power failure,203 (2) a standby mode point (3.15V), 
and (iii) a backup mode point (3.10V) when the system initializes to hold up 
the power in the absence of battery power. The holdup power for the LTC3226 
was reported to be for a time period of about 45 seconds.207 

6.8.2  Electric Vehicles Power Quality

The use of hybrid power system in vehicles eliminates the need of battery 
electrification, as these systems are able to recover and restore the energy 
from several times of braking. The most important advantage is their use 
in reducing global CO2-emissions, has become a very critical topic nowa-
days.208 However, upgrading the vehicles with hybrid power systems could 
be quite costly (approximately $9500 per kWh)209, but their greater lifetime 
(10–20 years), cycle life (0.5–1 million charge/discharge cycles), and com-
plete discharge without any life degradation are highly considerable in the 
economic evaluation.210 Supercapacitors serve as power quality systems for 
direct current (DC) motor drives, uninterruptible power supply (UPS) sys-
tems, and hybrid and electric vehicles. The automotive industries are also 
interested in this technology and are currently involved in the use of super-
capacitors for the hybrid electric vehicles. Supercapacitors are used in many 
large-scale applications, particularly transportation industry, for instance, 
hybrid cars, autonomous rail-guided vehicles, support of substation voltage 
for trolleybuses, tramways, subways (a prototype being tested), buses, and 
trains.208,209,211–213 These ultracapacitors due to their high power density can 
operate as a supplementary power source to batteries in order to provide 
a burst of acceleration for the vehicles or can be used to take up and store 
energy during regenerative breaking system. Many of the hybrid electric 
vehicles coming to the market employ supercapacitors. For instance, Honda 
developed their market by employing the supercapacitor technology in 
many of their vehicles.214

Smith and Sen210 also stated that large-scale battery systems can benefit 
from setting up the supercapacitors in parallel with them in order to com-
pensate for the quick- and short-term interruptions. Employing this tech-
nology may decrease the undue stress being put on the batteries by these 
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temporary interruptions. Lohner and Evers208 employed a double-layer 
capacitor- (supercapacitor-) based hybrid power train for light rail vehicles 
and carried out their first practical test on a diesel-electric city bus.

Most of the driving cycles of vehicles such as trams, light-rail vehicles, and 
city buses are basically made of two stages: acceleration and deceleration. 
To date, the greater part of the kinetic energy generated by deceleration on 
diesel engines has not been used, as they are not able to recuperate energy. 
On the contrary, trams and light-rail vehicles require an additional accelerat-
ing vehicle as an energy consumer in their net part. Researchers have come 
out with a primary energy saving up to 30% if the power train could store 
the kinetic energy from the vehicle decelerating stage for the subsequent 
accelerating stage.215,216

The energy saving unit75 includes a buck-boost inverter and a double-
layer capacitor battery, which support the prime mover unit (PMU) during 
vehicle acceleration and deceleration stages. The supercapacitor can store 
the recovered kinetic energy from regenerative braking in order to use it 
for the next acceleration phase.208 The voltage required for the bus traction 
is in the range of the battery from 350 V to 720 V, which can be provided 
by 288 supercapacitor cells with 2.5 V, connected in series. The total stor-
able energy of the battery is able to accelerate the vehicle up to 50 km/h 
(maximum speed of urban driving cycles) without the help of PMU. The 
supercapacitors installed on the urban buses benefit from several numbers 
of stops so that the entire braking energy can be recovered in the battery for 
several times.208 

6.8.3  Electromechanical Actuators

Electromechanical actuators directly convert electrical energy into mechani-
cal energy, and a high electric power is required for this conversion. 
Supercapacitors, having higher capacitances in comparison with that of 
ordinary conventional capacitors are a better option to be used as electro-
mechanical actuators. Artificial muscles in robots, biomimetic flyings, opti-
cal fiber switches, microsensors, optical displays, prosthetic devices, sonar 
projectors, and microscopic pumps are some of the great potential applica-
tions of electromechanical actuators.217–220 However, these applications are 
restricted to some extent by the maximum allowable operation temperature 
and the required voltages.

The electromechanical actuators and supercapacitors both consist of two 
separate electrodes (anode and cathode), which are separated by an ionic 
conducting insulating material in the electrochemical cell. Both faradaic 
and non-faradaic materials have served as actuator electrode materials. For 
instance, over two decades ago, Baughman and coworkers became pioneers 
by proposing the conducting polymer actuators based on electrochemical 
dopant intercalation.221 Since then, many researchers from different labora-
tories benefited from the idea of using conducting polymers with faradaic 
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properties such as polyaniline,222 poly(2-acrylamido-2-methylpropanesul-
fonic acid) (PAMPS),223 and PPy.224 

Transition metal oxides are other types of faradaic materials, which 
have also been used in actuators. A patent by Park’s group from Harvard 
University reported their invention: nanoscale electromechanical actuator 
based on individual transition metal oxide nanowires.225 They used differ-
ent metal oxides of titanium and zirconium in actuator electrodes. Both 
titanium and zirconium oxides showed high converse-piezoelectric proper-
ties, which make them a promising material to fabricate electromechanical 
actuators in order to position and move nanometer-sized objects. Recently, 
Mrunal’s research group have shown that the piezoelectric and semiconduct-
ing properties of ZnO nanoparticles can effectively improve the recorded 
motional current and lead to high integrated electrical actuation. However, 
faradaic materials show battery-like properties storing high energy, but they 
limit the power density, cycle life, and energy conversion efficiencies of the 
actuators due to their solid-state dopant diffusion and structural changes. 
Hence, new actuators have been designed and fabricated having carbon elec-
trode materials with high conductivity and non-faradaic properties226,227 as 
they do not have any dopant intercalation.220 

Generally, the capacitance of an electromechanical actuator similar to 
supercapacitors directly depends on the separation between the charges on 
the electrode and the counter charges in the electrolyte and this separation 
is in the scale of a nanometer. Therefore, carbon nanomaterials, particularly 
CNTs218–220 and graphene,228,229 are the promising candidates for electrode 
materials to store large capacitances as they possess high surface area acces-
sible to the electrolyte. CNT-based electromechanical actuators were also 
reported by Terrones and coworkers. This actuator can function at low volt-
ages and temperatures up to 350°C, which indicates the high thermal stabil-
ity of CNTs and industrial application of carbon electrodes.230 

As earlier discussed, both faradaic and non-faradaic materials have some 
advantages and drawbacks. In order to benefit from both of them, syntheses 
of their composites at nanoscale have been proposed by some researchers. 
Peng et al. made a nanocomposite by incorporating CNTs and polydiacety-
lene (PDA), a polymer with interesting electrical and optical properties.231 
This nanocomposite could reversibly change color in response to electrical 
current and mechanical stress, which made it promising for applications 
in many fields such as sensors and actuators. Recently, Liang and cowork-
ers have stated that CNTs have poor processability and difficulty of form-
ing stand-alone bulk film materials with pure PDA that hinder its practical 
use in the field of actuation.228 Hence, they proposed a two-dimensional 
(2D) single layer of graphene (relatively smooth surface) as an alternative 
to CNTs, where the PDA could have well-ordered stripes on its surface. 
Combining the excellent intrinsic features of graphene with the properties 
of unique environmental perturbation-actuated deformational isomeriza-
tion of PDA caused the high conductivity for graphene–PDA nanocomposite 
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and thermal-induced expansion of PDA. The actuation test showed that the 
actuator movement while applying AC (alternate current) of high frequency 
AC was quite faster than that at low frequency.228

The most important parameter for actuators is the ratio of actuator strain 
to unit volume of charge in electrode materials. It is also noteworthy that 
every ion stored in the electrodes creates strain, and the larger the strain is, 
the better the actuator is as an electromechanical energy conversion device. 
Liu and coworkers have shown that a relatively large strain can be attained 
from RuO2 when it is mixed with carbon material. The high surface area 
of the metal oxide combined with the high conductivity of carbon mate-
rial assists in achieving rapid charging and fast motion of the transducer.232 
The ion size is also a parameter that proportionally influences the electro-
mechanical actuator efficiency. Larger the ion size, lesser the mobility and 
greater the ratio of volume strain/ion in the electrode materials, which will 
directly lead to higher actuator efficiency.233 Ionic liquids, as the electrolytes 
depend on their vapor pressure and thermal stability, have the potential to 
considerably influence the function of actuators. For instance, the near-zero 
vapor pressure and high thermal stability over a wide range of temperatures 
can noticeably enhance the actuator lifetime and also the operational tem-
perature range.234 

6.8.4  Adjustable-Speed Drive Ride-Through

Several electric devices, from home appliances to industrial plants, face a 
critical power disturbance problem caused by voltage sags and momentary 
interruptions. Voltage sags in general do not cause any damage in equip-
ments, but can easily interrupt the operation of sensitive loads such as elec-
tronic adjustable speed drives (ASDs).235 Voltage sags are the major cause for 
a temporary decrease voltage triggering an undervoltage trip leading to nui-
sance tripping of ASDs used in continuous-process industries, which con-
tributes to a loss in overall income.236 For instance, statistical data collected 
during the year 1977 showed that power quality disruptions costed U.S. com-
panies more than $25 billion annually.237,238 The nuisance of ASDs can be 
very disruptive to an industrial process while the voltage slumps 15%–20% 
under its nominal value.239,240 Thus, a practical ride-through scheme for an 
ASD based on supercapacitor during voltage sag is necessarily required to 
maintain the ASD DC bus voltage under voltage sag condition.

A number of solutions have been raised to overcome this power tripping 
problem241 including lead-acid batteries, flywheels, and ultracapacitors. 
Among these, batteries and flywheels seem to have profound maintenance, 
safety, and cost issues.242,243 The supercapacitors, however, are the best 
candidates, as they require high power density and relatively low energy 
density. They provide a cost-effective solution at moderate power levels in 
regard to both initial and ownership costs.241,244 One important thing that 
should be taken into account is that voltage decreases during supercapacitor 
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discharge. To  address this issue, Corley and coworkers designed and fab-
ricated a 100-kW prototype ride-through system with a reliable, efficient, 
and cost-effective DC-DC convertor for Maxwell Technologies.243 A DC-DC 
conversion system can adjust the bus voltage to allow for ASD ride-through 
while the supercapacitor voltage decreases during discharge. Their experi-
mental results from using metal- or carbon-based supercapacitor proved the 
capability of the system to support ASDs and similar loads during the voltage 
sags and brief outages.

The patent from Enjeti and Duran-Gomez245 introduced a new method for 
a ride-through system for ASD. They claimed that their invention, method, 
and system for ride-through of an ASD for voltage sags and short-term 
power interruptions substantially eliminates or reduces the disadvantages 
of any previous methods. They also stated that using an additional energy 
source diode like a supercapacitor, battery, fuel cell, photovoltaic cell, and 
flywheel can maintain the dc-link voltage value in the event of voltage sag, or 
even a complete loss of input power, energy source. The difference between 
their system with and the existing systems was the addition of three diodes, 
an inductor, and a control unit connected to dynamic braking circuit, which 
keeps the ride-through circuit activated when necessary.

In 2002, Duran-Gomez and coworkers simulated, designed, and fabricated 
a ride-through with flyback converter modules powered by supercapaci-
tors.246 Their simulation and experimental results from loaded and non-
loaded ride-through systems demonstrated the feasibility of their proposed 
approach. The voltage of both systems was reduced from 450 V to 230 V by a 
programmable AC power source that facilitated the generation of a wide vari-
ety of transient and steady-state power quality disturbances. The nonloaded 
system showed the decay of 5 s for the DC-link voltage under short-term 
power interruptions, but the ride-through system effectively maintained the 
voltage at its nominal value.

6.9  Conclusion

In summary, the progress up to date on the supercapacitor electrode 
materials, including CNT-based, transition metal oxides and conductive 
polymers, has been investigated. CNTs, because of their extraordinary 
mechanical properties, high conductivity and surface area, good corro-
sion resistance, high temperature stability, and percolated pore structure, 
are the most promising carbonaceous material for supercapacitor appli-
cation. Compared with conventional capacitors, a higher energy density 
and a corresponding cycle life can be achieved by hybrid electrochemical 
supercapacitors that benefit from both double-layer and pseudocapacitive 
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properties. It has been shown that developing an energy storage device 
by combining the transition metal oxides or conductive polymers with 
CNTs, high electrical energy and power are achieved. Hence, fabrication 
of CNT-based nanocomposite materials and the use of such materials in 
supercapacitor electrodes provide a significant higher SC value than that 
from pure CNTs. RuO2, having the best rectangular shape of CV curve 
and exhibiting the best capacitor behavior compared to other transition 
metal oxides, is the most promising pseudocapacitive electrode material 
and it gives a superior SC value. However, the toxicity and high cost of the 
precious metal (Ru) are major disadvantages for commercial production 
of RuO2-based electrodes. MnO2 and NiO are great alternatives for RuO2 
as they are the best electroactive materials among transition metal oxides 
with respect to both specific capacitance and cost effectiveness. Ceramics 
oxide (mixed metal oxide) from a combination of different transition met-
als using novel mixing methodologies will lead to superior pseudocapaci-
tive behavior and high power-energy density. Ceramics are sometimes 
preferred to single-metal oxides, as adding one or more oxides helps in 
augmenting the capacitances because they are complementary in their 
properties. The advantages of using ceramics are in their high oxide ion 
conductivity and rapid charge transfer resulting in an increase of the SC 
value of supercapacitor. Conducting polymers due to their good electrical 
conductivity, large pseudocapacitance, and relatively low cost are the great 
candidate materials to be used with CNTs and ceramics in supercapacitor 
electrodes. Among the polymers, PEDOT seems to have a better cyclability 
than all other types of conducting polymers, and it is recommended to be 
used in hybrid supercapacitor materials. Hybrid supercapacitors are ben-
eficial as they have high power density, long life expectancy, long shelf life, 
and a wide range of operating temperatures, and they are environmental 
friendly. On the other hand, a lot of research is under way to meet chal-
lenges like low energy density, high cost, and low operating voltage of the 
supercapacitor materials. Current applications of supercapacitors are in 
memory backup, electric vehicle power quality, battery improvement, elec-
tromechanical actuators, ADS ride-through, etc. Depending on the power 
density, supercapacitors are divided into two segments: (1) large cans from 
100 F to 5000 F used for heavy-duty applications such as automotive indus-
try and utilities and (2) small devices in the range of 0.1 F–10 F used in gen-
eral electronics. Recently, quite large numbers of patents have reported the 
development and use of hybrid electrode materials in supercapacitors elec-
trode materials and many companies fabricated hybrid supercapacitors in 
electronic devices. Active researches are still continuing on all aspects of 
hybrid supercapacitors, i.e., electrode materials (anodes, cathodes), electro-
lytes, and cell construction. The major factors limiting their wider appli-
cation remain as their cost and safety and the recent developments from 
researchers have been taken place to address all of these limitations.
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