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Abstract

This doctoral thesis gives background to the field of electrochemical energy
storage in supercapacitors. It attempts to place the supercapacitor device in
context of available and future technologies for alternative energy systems for
transportation. Limitations of cells and electrodes and key challenges in the
supercapacitor development are introduced.

One objective of the thesis is to investigate and describe ionic transport
in active carbon and possible restrictions in nanostructured porous systems
with focus on small (micro and meso) pores. Another is to develop a model
suitable for investigations of concentration and potential profiles from a single
particle perspective. The results from the studies are presented in this thesis
together with the scientific papers this thesis is based on.

Studying electrochemical gradients (concentration and potential) of large
electrodes and single particles may give important information of the limi-
tations of the material. In larger three-electrode experimental set-ups, these
gradients can be studied for electrodes but single particles are not available
for experimental studies to the same extent since the matrix of an electrode
consist of many particles, all adding to the total gradient of the electrode. The
experimental part of this thesis is based on different experimental techniques:
Three-electrode experiments for larger electrodes, microelectrode experiments
for single particles, numerical simulations using Multiphysics (software) of
large electrodes consisting of single particles.

Four Papers are appended to the thesis. They present results and dis-
cussions regarding ionic transport, surface functionalities and modeling of a
particle based supercapacitor electrode. Estimated effective diffusivities for
an active carbon containing micro, meso and macropores are presented. Sur-
face functionalities in the form of oxygen-containing groups were present in
a carbon studied using two experimental set-ups. Faradaic peaks, previously
not reported in activated carbon were seen. The occurrence of Faradaic phe-
nomena in one experimental set-up but not the other is further analyzed and
the origin of these peaks discussed. The particle-based mathematical model,
where galvanostatic and cyclic voltammetry is simulated, is presented. Con-
centration profiles both in the particles and electrodes are discussed and some
of the numerical results are compared with experimental data.

Keywords: Supercapacitor, double layer, microelectrode, ionic transport,
diffusion, effective diffusivity, surface groups, oxygen, Faradaic phenomena,
mathematical model, concentration profile
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Sammanfattning

Denna doktorsavhandling ger bakgrund till området elektrokemisk ener-
gilagring i superkondensatorer. I avhandlingen beskrivs den roll som super-
kondensatorer för närvarande har och i framtiden kan komma att få inom
transportsektorn. Begränsningar i celler och elektroder och en introduktion
till de viktigaste utvecklingsområdena ges.

Ett mål med avhandlingen är att undersöka och beskriva jontransport i
aktivt kol och möjliga motstånd till denna i nanostrukturerade porösa system
med fokus på små (mikro och meso) porer. Ett annat mål är att utveckla en
lämplig modell för att studera koncentrations- och potentialprofiler från ett
partikelperspektiv. Resultaten från dessa studier presenteras i denna avhand-
ling tillsammans med de vetenskapliga publikationer som ligger till grund för
denna avhandling.

Genom att studera koncentrations- och potentialgradienter i stora elektro-
der och enskilda partiklar viktig information erhållas angående begränsning-
ar i materialet. I större tre-elektrodsexperiment kan dessa elektroder studeras
men elektrokemi i enskilda partiklar kan i dessa fall inte studeras. En elektrod
består av många små partiklar där alla tillför en del till elektrodens totala
gradient. Den experimentella delen till denna avhandling består av tre huvud-
delar: Tre-elektrodexperiment för stora elektroder, mikroelektrod experiment
för enskilda partiklar samt numeriska simuleringar av stora elektroder bestå-
ende av partiklar med hjälp av mjukvaran Multiphysics (Comsol).

Fyra vetenskapliga artiklar biläggs denna avhandling. I dessa presente-
ras resultat angående jontransport, ytaktiva grupper och modellering av en
partikelbaserad superkondensator. Effektiv diffusivitet av joner i ett aktivt
kol bestående av mikro-, meso- och makroporer presenteras. Ytgrupper be-
stående av syre i ett aktivt kol studeras för två olika försöksuppställningar.
Faradaiska toppar i voltammogram som tidigare inte karakteriserats redovi-
sas. Förekomsten av Faradaiska fenomen i en försöksuppställning men inte i
den andra analyseras och diskuteras. En partikelbaserad matematisk modell
där galvanostatiska och voltammetriska försök simulerades presenteras. Kon-
centrationsprofiler i både stora elektroder såväl som partiklar diskuteras och
några simuleringar jämförs med experimentella data.

Keywords: superkondensator, dubbeskikt, mikroelectrode, jontransport,
diffusion, effektiv diffusivitet, Faradaiska fenomen, matematisk modell, kon-
centrationsprofil.
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Chapter 1

Introduction

In today’s society we stand before a change in energy paradigm. As our civilization
grows and more countries in the developing world seek to have the standard of
living that has been exclusive to a few nations, the development of technology that
is compatible with the resources provided by Nature is essential in order to have
sustainable development.

1.1 Energy consumption

The reference scenario in The World Energy Outlook 2004 projects that the world
energy demand will increase by 60 % by the year 2030. The developing countries
will see a larger increase in energy need than the developed nations and in 2030
they will consume half of the total energy produced [1].

Table 1.1 is a summary of the energy we consumed globally in 2004 divided
into four major sectors. The global energy consumption was around 8 Mtoe. One
Mtoe=Million Tonne of Oil Equivalent, defined by the IEA as 4.2 × 10−2 TJ [2].

Table 1.1: Global energy consumption for the major sectors in 2004 [3]

Sector 2004 (Mtoe)
Industry 2058
Transport 1975
Other sectors 2932
Non-energy 679
Total final energy consumption 7644

As can be seen, the transportation sector is responsible for around a quarter of
the total energy consumption. This energy is mainly in the form of non-renewable
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6 CHAPTER 1. INTRODUCTION

fossil fuel in gas-fueled cars. As of today, the main consumer of oil is transporta-
tion, with a share of the total oil consumption in 2004 reaching around 58% [3].
Since fossil fuels produce exhaust in the form of CO2, a large contributor to the
increasing amount of greenhouse gases in the atmosphere is the vehicle fleet used
for transportation of people and goods. With more developing countries working
to reach the infrastructure of the developed countries, it is clear that a necessary
step in sustainable development is finding alternative fuels, alternative technology
and improving existing technology.

1.2 The technology to make a change

Growing global concern for the state of the world’s energy supply and consumption
has over the last decades sparked interest in further developing the use of electric
devices as sources of power and energy, especially in the field of transportation.
When accessing the websites of some of today’s largest car manufacturers it is
clear that there is interest in developing technology to reduce the dependency on
oil [4–10]. Modern cars are also using increasing amounts of power in their electrical
systems which has brought the current capability of the on-board batteries close to
the limit [11]. The combination of these two possible restrictions, the projected lack
of oil in the future and the need for higher power in on-board electrical systems,
creates a demand for viable solutions in vehicles. But these solutions are still not
fully commercialized in affordable cars.

There are Hybrid Vehicles or Hybrid Electric Vehicles (HV or HEV) and Fuel
Cell Vehicles (FCV) available for consumers at many manufacturers, albeit at a sig-
nificant cost compared to their corresponding Internal Combustion Engine (ICE)
cousins. Many of these HEVs and HVs use combinations of emerging technologies
to suit the varied energy demands that are put on them. There is need for acceler-
ation and deceleration, high mobility, i.e. being able to cover large distances. The
lifetime of the devices should naturally correspond with the lifetime of the vehicle.
Each of these devices has its respective strengths and weaknesses and for most of
these vehicles a combination of technology is required in order to fill the needs of
various driving cycles.

HVs and HEVs are hybrids, exactly as the names suggest. They do not rely on
a single device for the total energy supply. The hybridization is mostly performed
using combinations of small ICE’s, electric motors, batteries, fuel cells and super-
capacitors. Together, all or a few of these devices are designed and controlled to
ensure the maximum output of energy for minimum cost of fuel. FCVs are manu-
factured with the fuel cell (FC) as the main supply of energy for propulsion with
additional energy/power sources such as batteries or supercapactiors, supplying or
storing energy/power in certain situations.
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The electrochemical charge storage devices currently investigated and predicted
as future sources of energy in the automotive industry are mainly fuel cells, bat-
teries and supercapacitors. These devices share some characteristics in design and
electrochemical processes but they are also quite different from each other.

Energy density and power density
A common way to compare these different energy storage devices is by their capa-
bility of supplying energy or power. Specific energy and specific power are basically
the energy or the power the device can supply, divided by mass. Common units are
Whkg−1 (Whl−1) or Wkg−1 (Wl−1). Energy density and power density are often
related to each other in Ragone charts (seen in Figure 1.1).

For example, the maximum specific energy (or energy density if divided by
volume) in a symmetric supercapacitor cell can be described by equation 1.1:

Esp = CV 2

2m (1.1)

In equation 1.1, V is the voltage, C is the capacitance (charge storage capability)
and m is the mass or volume. This equation is based on the supercapacitor being
discharged to 0 V, however this is not always the case. The voltage used when de-
termining specific energy in this type of device is therefore taken as the difference
between the operational voltage limits, V 2

max − V 2
min [12]. In contrast to superca-

pacitors, devices such as the FC can offer high energy density, meaning that it can
be used to move the vehicle over a great distance.

A high specific power (energy density) is also highly desired in vehicle applica-
tions during for example acceleration when power is needed. The power density is
thus a way to determine how much energy can be withdrawn over a short period of
time. This is usually limited to very short time spans, 10’s of seconds. The power
density can be determined by the following equation 1.2:

Psp = V 2

4Rm (1.2)

In equation 1.2, R is the equivalent series resistance (ESR) from the cell, m
is the mass or volume and V is the operational voltage [13, 14]. This equation is
the simplest version of a power density calculation and is sometimes referred to as
the matched impedance power density. For other ways to determine power density
(depending on for example energy efficiency and the varying voltage of a super-
capacitor), see Burke [14]. When studying and comparing devices it is important
that the power density is calculated using the same equation.

Figure 1.1 shows a Ragone chart which illustrates some of the weaknesses and
strengths of the devices used for vehicle hybridization. Fuel cells for example, are
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Figure 1.1: The relative relation between energy and power density given in a
Ragone chart. Adapted from Winter and Brodd [15].

capable of storing large amounts of energy but are more restricted in terms of power
density needed in some parts of a driving cycle. The opposite is true of supercapac-
itors. They are able to supply considerable amounts of power over a short time and
this is very useful in some parts of the driving cycle, for example during acceleration.

If a device is capable of supplying high power, it can also be used to store high
power, given a high degree of energy efficiency. When braking in traditional cars,
energy is often lost in form of heat on the brake pads. In some of the HVs, HEVs and
FCVs the drivetrain is designed so that during braking this energy, otherwise lost, is
captured in an electrochemical cell via a reversible process. This type of capturing
of energy is called regenerative braking and can reduce the fuel consumption in a
vehicle. Scania reports that using supercapacitors for this application will reduce
the fuel consumption in their hybrid bus by up to 25 % [16]

Batteries, Fuel cells, Supercapacitors
Fuel cells (FC) are the most deviant out of these three electrochemical devices em-
ployed in the automotive industry since they rely on the supply of a fuel (hydrogen,
methanol etc.) and an oxidant (oxygen or air) in order to operate. The surface of
the fuel cell electrode contains an electrocatalytic material, facilitating the charge
transfer mechanism that in turn creates electricity. Depending on the fuel used
there will be emissions from these types of energy stacks because the process is
continuous as long as the device is operational. A fuel cell is thus a type of galvanic
cell with a continuous supply of fuel and shows a high energy density. Well known
fuel cells are Polymer Electrolyte Fuel Cells (PEM-FC), Alkaline Fuel Cell (AFC)
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and and Direct Methanol Fuel Cells (DMFC).

Batteries (primary and secondary) rely on Faradaic reactions (redox reactions)
taking place in the electrode material itself for the charge storage mechanism [15,17].
For primary batteries, the active material in the electrodes supply charges when
a current is drawn and once this material is consumed, the battery is no longer
operational. Example of primary battery cell is the Leclanché cell (Zn/MnO2).
Secondary batteries are made from materials that can be recharged, i.e. undergo
the reverse Faradaic reaction once the active material has been discharged. Once
charged, they will again undergo the original discharge process. A common ex-
ample of this type of battery is the lead acid battery (Pb-PbO2). However, this
rechargeability in secondary batteries is limited, ranging from 1000 to ∼ 10 000
cycles for the new Li-ion presented by Altair Nanotechnology [18]. But what makes
batteries most attractive in these applications is that they are capable of storing
a high amount of charges in the electrode material giving them an advantage in
energy density.

Double layer supercapacitors store charges through an electrostatic charging
of the electrochemical double layer and pseudocapacitance supercapacitors rely on
pseudocapacitance for the charge storage (see further section 2.3). Neither of these
types of supercapacitors require fuel in order to operate since, like batteries, they
are sealed devices. Another distinguishing feature of the supercapacitor compared
to batteries is that a supercapacitor is able to deliver a relatively large amount of
charges in a short time (i.e. seconds) giving these devices a high power density.
One of the reasons for this is the extended surface area supplied by materials such
as Active Carbon (AC) that these electrodes are often fabricated from. A severe
limitation of the supercapacitor is the relatively low voltage at which they can op-
erate [14].

Designing systems suitable for certain commercial applications with electro-
chemical devices is a challenging task, spanning over different scientific disciplines.
There are functional requirements (i.e. packaging, cooling, cell-balancing and sys-
tem integration) as well as out-put performance requirements (i.e. energy and
power). Over the years there have been books, reviews and papers published that
address some of these challenges for each device and projecting the future of hy-
bridization of vehicles [11,14,15,19–25].

Furthermore, the degree of hybridization is important, the range given recently
by Karden et al., spans micro hybridization (e.g. light regenerative braking/electric
accessories) to full hybridization (e.g. full power assist/electric drive) [25]. This
will naturally affect the choice of devices employed. Challenges put forth early in
the research remain key factors for the improvement of supercapacitor and have
been identified by Anderman as [11]:
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• Reduction of cost

• Improving operating life

There are many approaches to the development of supercapacitors when con-
sidering the most pressing challenges. The cost is of utmost importance for com-
mercialization of vehicles if supercapacitors are to be of use in this field. High cost
materials such as ruthenium oxide (pseudocapacitance) can therefore be at a disad-
vantage even though the electrochemical properties are desired. Low cost materials
such as activated carbon may suffer from low specific capacitances and specific en-
ergies but are readily available at a reasonable cost. As with most optimization
there is a trade-off between performance and cost.

Attempting to combine the high capacitance of for example the pseudocapac-
itance seen in ruthenium oxide with the low cost of active carbon, surface func-
tionalities in the form of oxygen are introduced during the activation process of
the carbon matrix in order to increase the specific capacitance. The long term
effects of such materials and the stability in different media (electrolytes) at dif-
ferent potentials is as varied as the groups introduced. Further characterization of
these functionalized materials may therefore give important clues to the long term
stability and behavior of these materials.

1.3 Scope of the thesis

In this work the main focus is not on the applicability, development or design
of whole systems, but rather investigating the issues related to the electrodes of
a supercapacitor from a particle perspective in order to further understand the
processes. Understanding the innermost parts of the electrodes, i.e. the porous
structure and the processes taking place in this region of the system, will aid in the
design of single electrode, thus optimizing the devices for the intended applications.

The research on these fundamental processes that aim to improve the total
system are on a scale that can simply be defined by the prefix "nano", meaning
10−9. It has been summarized on the website at KTH as [26]:

"Nano" means a one-thousand-millionth; thus a nanometre (nm) is far
too small to be observed in a simple light microscope. Nanoscience and
nanotechnology both deal with the art of studying and tailoring material
structures from 1 to 100 nm in size.

Experiments conducted on this level may yield information on transport of ions
(nanosized) in pores (nanosized) in particles (microsized). It is possible to study
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the behavior of surface groups consisting of heteroatoms. The currents they pro-
duce during the redox processes they undergo are very small (nanoamperes).

The work for this thesis has been performed at KTH-Royal Institute of Tech-
nology, Department of Chemical Engineering and Technology, Division of Chemical
Reaction Engineering. Part of the project has involved studies and characteriza-
tion of active carbon used for fabrication of electrodes suitable for a supercapacitor
application. Another part of the project has been to investigate the experimentally
unmeasurable quantities of transport parameters through modeling.

The general objective of this thesis is to contribute to the collective knowledge
in the field of supercapacitors. As a an electrochemical device, the supercapacitor
is fairly well characterized but when it comes to vehicle applications there are still
issues that need to be adressed. The charge storage at high currents during, for
example, regenerative braking and the practical implications of these conditions in
a supercapacitor present interesting issues in the form of, e.g. ohmic losses. These
issues need to be investigated and improvements made if supercapacitors are to be
considered a feasible alternative to batteries for these applications.

Supercapacitor electrodes are made from particulate, porous matter with a great
variability in properties such as particle size, pore size and purity depending on the
precursor material. The porous nature of a particle naturally makes it more com-
plex. Another complicating factor is the scale on which these investigations have
to be made. The particles range in sizes from hundred micrometers to fractions
of micrometers. The porous matrix is on nano level, on the order of Ångströms.
The composite nature of the electrodes allows for combination effects (for example
resistance) to occur and it is important to distinguish which part is responsible for
which loss if improvements are to be made.

As mentioned, the key challenges for the supercapacitor development remain
the same. Improvements regarding cost and life are important in order for full
commercialization to take place. The optimization of the performance of superca-
pacitor electrodes may focus on characteristic electrode parameters, e.g. pore size
distribution, particle size, binder and thickness where these parameters are studied
and compared. Thus developing the important design sets that need to be consid-
ered. Another approach to this type of optimization is to study the electrochemical
process behind these practical parameters. Such an approach would require further
investigations into for example:

• ionic transport in the electrodes and the particles they consist of

• evaluating the significance of the structure of the porous system and how it
impacts mass transport within the matrix

• characterizing the surface groups and their Faradaic activity
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• the voltage limits where these Faradaic phenomena may impact the perfor-
mance of the electrode

Through tools such as computer software, microelectrode electrochemical cells
and small-scale supercapacitor electrochemical cells, the properties of carbon mate-
rials intended for supercapacitors were studied on a nano-scale level (in the porous
system of a single carbon particle) and on a microscopic level.
The materials investigated were of two types, one low cost commercially available
active carbon used to study the role of the porous matrix, the other a high surface
area, high capacitance active carbon that had enhanced surface functionality. These
materials were further characterized using techniques such as Nitrogen adsorption,
SEM, TPD, XPS as well as electrochemical methods.

Traditional transient techniques (potential step) especially suitable for study-
ing transport phenomena was used in microelectrodes in order to characterize the
behavior of ions in a mesoporous structure. Experiments investigating transport
properties such as effective diffusivity and how this property of a system is affected
by the porous structure were studied using microelectrode cells [27].

Cyclic voltammetry is an important method for electrochemical characterization
as it gives rapid information about unknown systems, a kind of electrochemical fin-
gerprint of the system under study. It is also especially suitable to give information
regarding Faradaic activity in materials that are believed to solely display double
layer charging behavior. The significance of surface groups in active carbon elec-
trodes was therefore investigated in small scale cells (ca 1 cm2 diameter discs) as
well as microelectrodes [27,28].

Work was also performed on developing a model for mathematical treatment of
an electrode consisting of single particles with simulations studying potential and
concentration gradients during high and low current loads [29,30].

Other interesting techniques that would be suitable for these types of studies
include, but are not limited to: EIS - Electrochemical Impedance Spectroscopy,
Raman spectroscopy and IR spectroscopy. However, such methods have not been
applied during the work for this thesis.

Outline of the thesis
Chapter 2 - Gives background to the field of supercapacitors especially focused on
charge storage in the electrochemical double layer, some structural parameters that
affect this process and the role of the surface groups.

Chapter 3 - This chapter contains the experimental part of the thesis where the mi-
croelectrode/micromanipulator set-up is presented and explained. The experimen-
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tal procedure and the electrochemical methods for characterization (cyclic voltam-
metry and potential step) used for acquisition of data are presented. Also included
in this chapter is an introduction to the material used in the experimental parts.

Chapter 4 - This chapter is a summation of the work relating to Paper I where the
ionic transport in pores was discussed and a hypothesis regarding the the role of
mesopores in the porous system was presented. The importance of fully character-
izing the porous structure with regards to transport is discussed.

Chapter 5 - Papers II and III are discussed in this chapter with focus on surface
groups and electrochemical characterization. Faradaic processes that involve sur-
face functionalities containing oxygen were studied in basic media. The effect on
transport properties from these groups is discussed.

Chapter 6 - The model of an alkaline supercapacitor electrode is presented based
on Paper IV. Both galvanostatic and cyclic voltammetric solutions to the model
are presented. Concentration profiles of ions in individual particles throughout the
electrode were also studied.





Chapter 2

Theoretical background

2.1 Storing charges - basic terminology

The basic design concept in any electrochemical device (fuel cell, battery or capaci-
tor) is built around two electrodes immersed in an electrolyte, separated by vacuum
or a dielectric, schematically represented in Figure 2.1.

Figure 2.1: Schematic representation of an electrochemical cell and enlargement of
a pore. V represents the voltage difference between the plates, the load.

The electrodes consist of a material that in some way can store or supply charges
either by electrostatic forces or by a chemical reaction. When the circuit is closed,
a potential gradient is established and ions attempt to move in the electrolyte (di-
electric) to eliminate this gradient and "neutralize" the surface of the electrode.
The potential gradient will give rise to a charge separation between the electrodes
and this in turn gives a measurable capacitance, C, on the electrodes determined
by equation 2.1

15
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C = ε
A

d
(2.1)

As can be seen in the equation, this capacitance for two parallel surfaces is depen-
dent on the properties of the dielectric, ε, the distance between the two surfaces, d,
and the surface area, A. In cells that employ an electrolyte solution this dielectric
constant varies and depends on the concentration of the electrolyte solution and
the species involved. The surface area for a plate capacitor is the geometric area
of the plate and as the formula indicates, a high value of A will naturally increase
the capacitance.

But as the enlargement (right) of the electrode in Figure 2.1 shows, the surface
area taking part in electrochemical processes in porous materials extend beyond the
actual geometric surface area. This is of significant importance for supercapacitors
and any other electrochemical device that employ porous electrodes.

The nature of electrochemical processes in charge storage devices are of two
fundamentally different types, Faradaic and non-Faradaic. In theory these charge
storage processes can show ideal behavior, meaning it is 100 % Faradaic or electro-
static. In practice however, the electrodes deviate from this ideal behavior and it is
sometimes difficult to definitely classify electrodes. But as a general rule, Faradaic
processes govern battery type electrodes and non-Faradaic processes are dominat-
ing in double layer capacitors.

In the Faradaic case, a charge transfer occurs across a phase boundary (the
electrode/electrolyte interface) and the oxidation state of the electro-active species
that participate in this charge transfer is altered. One can easily think of this as a
classical chemical reaction. For the non-Faradaic processes, there is no charge trans-
fer occurring across a boundary and there are no electrochemical reactions taking
place. This process is thus electrostatic in nature, relying on gradients of potential
in the device to be driven forward. In this thesis, pseudocapacitive electrodes that
fall somewhere in between these other two constitute an important exception.

Another fundamental concept when describing Faradaic and non-Faradaic pro-
cesses on electrode surfaces is the idea of polarization. The basic meaning of the
term polarizable in this context has been described by Bard and Faulkner [17].

"The departure of the electrode potential (or cell potential) from the equi-
librium value upon passage of Faradaic current is termed polarization"

So when an electrode is subjected to a current and the potential does not change, the
electrode is then classified as a non-polarizable electrode or ideally non-polarizable
electrode. The reverse is thus true for the polarizable or ideally polarizable elec-
trode. When a current is applied to the electrode, the potential is shifted. Capacitor
electrodes are often defined as polarizable electrodes. When subjecting a capacitor
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electrode to a negative or positive current (with respect to the reference electrode
used), this is called negative or positive polarization.

It is important to note, that even though there are no reactions taking place
in non-Faradaic electrodes (ideally), this non-Faradaic type of electrostatic charge
accumulation is something that takes place over all surfaces (electrodes) when a
potential gradient is present, in batteries as well as supercapacitors [19].

2.2 Energy storage in supercapacitors

Supercapacitors are currently employed as power boost in many different applica-
tions. For example, as a back-up source in power electronics and as a power source
through regenerative braking in automotive applications. The hybrid vehicle Honda
FCX is an example of technology combined to draw on the energy storage capability
of a fuel cell and the power capabilities of a supercapacitor [10]. The construction
of cells for energy storage in supercapacitors, sometimes called ultracapacitors or
electrochemical capacitors, is very similar to construction of battery cells. The de-
vices consist of electrodes, electrolyte, current collectors, separator etc. The main
difference is in the charge storage mechanism as described in the previous section.
Double layer supercapacitors ideally store charges electrostatically.

Fabrication of supercapacitor cells and electrodes
Supercapacitor electrodes come in a multitude of materials, traditional electrode
materials such as nickel and active carbon, as well as polymer composites. Most
supercapacitor electrodes are structured from particulate matter, but there are also
electrodes made from cloth or solid carbon matrices. When the two electrodes are
fabricated from particulate material they are blended with a binder, tape-cast or
pressed, sometimes followed by a sintering process in order to make a porous, solid
structure that can be mounted on a current collector. The binder is often of a
polymeric type and should not be dissolved by, or in any way react with the elec-
trolyte employed. The binders most commonly used in supercapacitors are PTFE
(polytetrafluoroethylene) and PVDF (polyvinylidene difluoride). The main focus
of particulate, cloth or solid carbon matrixes is the same, a high surface area will
increase the theoretical capacitance of the electrode.

There are mainly two types of electrolyte used for supercapacitors; aqueous
media and aprotic media. There are also supercapacitors using solid electrolyte
(in fashion similar to the polymer electrolyte fuel cell). The voltage at which an
electrochemical cell can operate is decided by the electrolyte employed, i.e. decided
from the decomposition voltage of the electrolyte. For aqueous electrolyte this de-
composition voltage is around 1.2 V. This is sometimes regarded as a drawback of
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supercapacitors since the electrolyte decomposition voltage largely determines the
energy density of a cell. However, this shortcoming has over the years been circum-
vented by designing electrochemical cells that do not require aqueous electrolyte,
but organic. This has created an opportunity for further developing supercapaci-
tors based on electrode performance rather than limitations in the electrolyte. The
choice of electrolyte is under debate as particularly organic electrolyte (acetonitrile
based) is considered toxic in some markets [25].

Cell design of supercapacitors
The types of supercapacitors can be divided into three major categories. Double
layer supercapacitors, pseudocapacitance supercapacitors and hybrid supercapaci-
tors.

Symmetric double layer supercapacitors use the electrochemical double layer
for charge storage in both electrodes. The abbreviations EDLC (electrochemical
double layer capacitor) or DLC (double layer capacitor) are very common and they
are sometimes referred to as symmetrical capacitors. The capacitance attainable
in these devices are in the range of up to 300 to 400 Fg−1 for aqueous electrolyte
and around half this capacitance in organic electrolytes. This is very high for an
inexpensive material such as active carbon. Some limitations involving these types
of capacitors are in the electrolyte. Aqueous electrolyte (either basic or acid, most
commonly acid) means lower operational voltage compared to aprotic media (or-
ganic electrolyte), in turn yielding a lower specific energy. As mentioned, some
organic electrolytes are considered undesirable in some markets.

If the double layer supercapacitors can achieve 300 to 400 Fg−1, in pseudoca-
pacitance supercapacitors the specific capacitance can reach impressive 900 Fg−1.
This high capacitance may be reached by the redox process of metal oxides such as
RuO2 and especially RuO2×H2O shows these high capacitances [19, 31–33]. Pse-
duocapacitance is described further in section 2.3. The high values of capacitance
do however come at a high cost of the materials.

Symmetric supercapacitors relying on the positive electrode being made from
active carbon, may at positive potentials experience problems with corrosion on
the positive side, resulting in shorter lifetime. This issue, as well as the issue of
low specific energy due to lower operational voltage, has been addressed by the re-
search into hybrid supercapacitors. These types of supercapacitors are asymmetric
in their construction, meaning the two electrodes are of different types or sizes,
and asymmetric capacitor is also a common term for this type. The substituted
electrode is often replaced by a battery type electrode, e.g. nickel hydroxide and
made significantly higher in capacity so that the cycling of the electrode does not
go deep, meaning it can withstand many repeated charges and discharges [34,35].
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2.3 Electrochemistry

The electrochemical double layer
The distinguishing feature of the supercapacitor device is the electrostatic charg-
ing of the electrochemical double layer, EDL or DL. In all capacitors the charge is
stored without (ideally) reactions taking place, unless the supercapacitor is of the
pseudocapacitive type. The double layer is formed by the separation of charges in
the electrolyte and requires the presence of two electrodes accumulating opposite
charges (one positive and one negative) to each other.

Obtaining information on the properties (such as capacitance) of the double
layer and its dependence on potential is of utmost importance in supercapacitors
but also important for other electrochemical cells. In Figure (Figure 2.1), the elec-
trochemical double layer extends into the porous structure of a particulate material.
The theoretical treatment of this phenomenon has the drawback of it not being di-
rectly measurable, thus models have been developed over the years. The first the-
oretical models for the electrochemical double layer were developed by Helmholtz
in the 19th century.

Figure 2.2: Schematic representation of a model for the electrochemical double
layer

In Figure 2.2 a model for the electrochemical double layer is represented. The
model describing the electrochemical double layer in use today has been a joint
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effort of many researchers over the years. For more detailed descriptions of the
properties of the DL see most general texts regarding electrochemistry, for exam-
ple, Conway and the Southampton Electrochemistry Group [19,27].

The model describes two layers of charges at an electrode interface. The first
layer in the solid material is of one sign (positive or negative) and the other layer of
the opposite sign is in the electrolyte outside this solid electrode. The charge layer
(or inner Helmholtz plane) in the electrolyte was first considered static and the po-
tential profile in the electrochemical double layer decreased linearly with distance
from electrode surface.

Gouy introduced a thermal factor to this model in 1910, further developing the
concept of the electrochemical double layer. While this consideration introduced
the idea of a diffuse double layer consisting of point charges, it also overestimated
the the capacitance and gave an incorrect potential profile. Further work by Chap-
man in the 1910’s on this model developed the idea of distribution of ions in the
electrolyte. The main weakness with the Gouy-Chapman model was the overesti-
mation of the capacitance value of the electrodes.

In 1924, Stern overcame this problem by using the analogy of adsorption of ions
according to Langmuir at the surface of a solid. Also including the hydration shells
of ions in the electrolyte solution improved the predictions of his model. By adding
the hydration shells to the model, a more accurate geometry (necessary to predict
behavior at the interface) was introduced, thus resembling the model seen in Figure
2.2. Stern also introduced the idea of the capacitance of the double layer consisting
of two parts. One component in the layer closest to the electrode (CH) and another
in the diffuse layer (Cdiff ) .

1
Cdl

= 1
CH

+ 1
Cdiff

(2.2)

When studying equation 2.2 it is clear that the inversely proportional relation
in this equation shows that the smaller component determines the total capacitance.

Later work by Grahame introduced a difference in the Helmholtz layers, dividing
them into the outer and inner Helmholtz layer and always considering a diffuse
layer beyond these two layers close to the electrode/electrolyte interface. Another
aspect of Grahame’s work is the clarification he made in the concept of the ideally
polarizable electrode. When charges are supplied to an ideally polarizable electrode
from an outer source, only the double layer should be charged. Thus, no Faradaic
reactions should take place since no charges are passing across the double layer.
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Transport of mass
The charging of the electrochemical double layer requires the transport of ions
(mass) to and from the electrode/electrolyte interface where the double layer is
formed. This material transport can be of three different types, convection, migra-
tion and diffusion.

Usually convection is separated into two categories, natural and forced convec-
tion. In certain electrochemical experiments, the randomness of natural convection
is undesirable so forced convection is introduced, e.g. rotating disc electrode exper-
iments.

Mass transport due to migration arises from a gradient in an electric field. When
a potential is applied to a system the difference in potential also gives rise to a gra-
dient in the electric field. The electrodes are naturally of different potentials and
thus they either repel or attract the ions in the solution with a migratory compo-
nent to the transport of mass in the solution.

Diffusion is transport of mass due to differences in concentration in a solution.
The entropy of a system is lowered when this difference is minimized so the natural
process for any system is to lower this gradient, simultaneously causing movement
of mass.

Diffusion in electrolytes is a property that is of significant importance in elec-
trochemical cells. It determines how fast the double layer can be charged and it can
limit the rate of reaction on a Faradaic electrode. When studying electrochemical
behavior and more precisely diffusion, Fick’s second law can be used to determine
the mass transport to and from a surface.

∂C

dt
= D

∂2C

∂x2 (2.3)

In equation 2.3 the rate of change of the concentration of ions over time is de-
termined. D denotes the diffusion coefficient and is higher (by orders of magnitude)
in bulk electrolyte than in pores in the porous electrode.

Pseudocapacitance
The capacitance of an electrode can be expressed as: C = Cdl + Cφ where Cdl is
the double layer capacitance and Cφ denotes the amount of charge stored due to
pseudocapacitance. This pseudocapacitance part of the total capacitance comes
from a redox process for the general reaction Ox+ e− → Red. The species are ad-
sorbed on the surface and thus the coverage of the surface is an important factor in
determining the capability of charge storage in a pseudocapacitor cell. The amount
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of charge stored on the surface of an electrode due to this reaction depends on the
potential.

This coverage can mathematically be treated in terms similar to Langmuir ad-
sorption on a surface and Conway writes the expression for such coverage, using
the example of H in an underpotential deposition reaction, as [19]:

θ

1− θ = KcH+e
V F
RT (2.4)

where θ is the coverage, K is a constant, cH+ is the concentration of protons, V
is the voltage and R,T and F are constants. Taking equation 2.4 and differentiating
it with respect to the potential V, the resulting expression is:

dθ

dV
= F

RT
K

e
V F
RT

(
1 +Ke

V F
RT

)2 (2.5)

The coverage of the surface is proportional to the charge that has been passed
over the interface and thus the derivative, dθ/dV is comparable to a capacitance,
hence the name pseudocapacitance. Even though pseudocapacitance has the ap-
pearance of a capacitance it is not electrostatic as a double layer capacitance, it
requires a charge transfer over a phase boundary.

Ideally, carbon electrodes show high capacitance and little Faradaic behavior.
However, if there are surface groups on the carbon, mainly oxygen-containing groups
on the edge planes of an active carbon, pseudocapacitance effects from these groups
can arise and increase the total capacitance of the electrode. This type of pseudo-
capacitance is generally believed to represent no more than ∼5 % of the total capaci-
tance as reported by Conway [19,28]. Recent studies show that oxygen functionality
pseudocapacitance may in fact account for up to 30 % of the total capacitance in
active carbon enhanced by such groups [36]. It is therefore important to study
effects on these groups, both in acidic and basic media.

2.4 Considering the pores

The electrochemical double layer exists on all electrodes immersed in electrolyte on
the surface available to the electrolyte. Transport of mass will occur if gradients
exist and surface groups may react through Faradaic reactions, sometimes giving
rise to a pseudocapacitance. The situation described previously in this chapter,
also exists inside the pores of a porous material. However, when considering the
size of a pore (some cases on the order of Ångströms), bulk conditions do not apply.
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In Figure 2.1 a pore is represented. The confined structure of the pore will give
rise to differences in transport properties when compared to those in bulk elec-
trolyte. The shape and size of the pore will naturally affect ions that penetrate this
volume. Recent work by Björnbom [37] has shown that the mathematical treatment
of the transport of mass in pores under conditions where the gradients are small,
may be equally valid regardless of the formal classification (migration or diffusion)
of the process. However, the local equilibria postulated by classical irreversible
thermodynamics need to be fulfilled.

As was shown in Figure 2.2 the commonly used model for the electrochemical
double layer takes into consideration the hydration shells of ions in solution. In
porous structures this becomes increasingly important, as in some cases, the pores
will be narrow compared to the ion with its accompanying hydration shell. Such
restrictions can affect the performance of a supercapacitor electrode. As a result
of this constriction, part of the available surface area in the porous structure may
become unavailable to the electrolyte, thus forming no electrochemical double layer.
The result of no electrochemical double layer is poor utilization of the material.

Equally important for porous structures, is the nature of the electrochemical
double layer. The contribution to the total capacitance by the diffuse layer and
and the Helmholtz layer is dependent on the ions in the electrolyte solution. In
pores, restrictions apply to the movements of ions and therefore the electrochemi-
cal double layer inside pores will not be the same as in bulk solution.





Chapter 3

Material and experimental
background

Active carbon comes in a range of sizes, purities and porosities due to the way
of the fabrication. An excellent introduction to the topic of active carbon and its
electrochemical properties is given in a monograph by Kinoshita [28]. For further
definitions regarding the morphology, structure and types of carbon see IUPAC
definitions [38,39].

3.1 Active carbon as a supercapacitor material

An average active carbon has a specific surface area of 1000 m2g−1 and high sur-
face area active carbons easily reach twice that surface area. The high surface area
is of utmost importance when active carbons are used for electrochemical devices
because the solid/electrolyte interface is where the electrochemical processes take
place. Previously the main reason for activation was to create a high surface that
could be used in applications such as water purification. But as electrochemical
systems were introduced, an increasing research is made into for example the func-
tionalities that may be introduced, depending on activation method. Active carbon
is fabricated from many sources of raw material and the most common precursors
are wood-type material (sawdust, nut-shells or wood by-products), lignite, bitumi-
nous coal and petroleum coke. These raw materials can be chemically or thermally
activated to produce active carbon, porous and with a large surface area.

In chemical activation the raw material is mixed with a dehydrating agent and
heated to temperatures ranging from 200 to 650 ℃ [28]. After this heat treatment
the dehydrating agent has to be leached out and the product cleaned. Common
dehydrating agents are acids such as phosphoric or sulphuric acid.

25
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Thermal activation is another common way to produce active carbon. The pre-
cursor is pyrolyzed, i.e. heated without the presence of oxygen, creating a charred
precursor. After this pyrolysis, heating the material in the presence of steam to
about 900 ℃ [28] performs the activation. Another form of activation is heating the
precursor material with KOH. This method of activation has been shown to result
in active carbons with high specific capacitance, especially in acidic media [40,41].
This method of activation was employed for the carbon studied in Papers II and III
and yielded a product with a high capacitance in acidic media (around 400 Fg−1)
and oxygen functionalities on the surface of the active carbon [41,42]. These surface
functionalities give rise to a reversible pseudocapacitance in acidic media [36,43–45].

Naturally the surface properties, the electrical conductivity, the porous system
and the surface area are of significant importance to the electrochemical behavior of
an active carbon electrode. Generally speaking the pores are the main source of the
surface area provided by an active carbon powder, but not all pores are accessible
in electrochemical systems due to restrictions in pore sizes.

Porous system
The porous system in active carbon is very intricate and complicated. According
to the IUPAC classification of the pores recommended in 1985, those with d < 20
Å are micropores, d = 20-500 Å are mesopores and d > 500 Å are macropores [46].
A generalization would be that the micropores are responsible for the largest part
of the total surface area with the meso- and macropores contributing less.

For electrochemical systems these properties of a carbon become significant for
the simple reason that electrolyte solutions are used and ions that carry charges
have a finite size, depending on which electrolyte solution is used. In aqueous elec-
trolyte solutions the hydration shell of an ion has to be considered as well. For
example, a potassium ion, with its accompanying hydration shell has a radius of
approximately 5-6 Å and it is thus clear that not all pores are available for pene-
tration by this ion.

In the activation process, functionalities are introduced in the form of surface
groups. For aqueous supercapacitors the most important surface groups are those
containing oxygen. These groups are responsible for increasing the wettability of
the carbon material and may contribute to the capacitance via the process of pseu-
docapacitance.

The solid matrix of an electrode acts as a carrier of electrons during the charg-
ing and discharging of a cell. Therefore it is highly desirable that there are as few
limitations as possible in this matrix. The resistivity, ρ, corresponds to the con-
ductivity, κ, as ρ = κ−1. In active carbons this property can vary greatly. Since
graphene layers constitute the bulk of active carbons (hexagonal sheets of carbon)
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the conductivity of the carbon is dependent on the orientation of these sheets. The
conductivity can therefore vary by several orders of magnitude [28]. Furthermore,
it may be affected by: activation treatments such as chemical oxidation, extent of
porosity, composition and heat treatment.

Two different types of active carbons were used in this work. Their structure
differed in porosity and they also differed in surface groups. The first carbon, in-
vestigated in Paper I, had a porous structure in the mesoporous range and showed
no Faradaic activity in the form of surface groups. This mesoporous carbon was a
commercially available carbon from Jacobi Carbons and was the model carbon used
for the study in Paper I where the ionic transport was investigated. In addition,
this material showed a fairly low specific surface area, approximately 650 m2g−1.
The second carbon was predominantly microporous and showed a much higher sur-
face area. As has been described above, it was chemically activated using KOH
in a way that a surface area with many oxygen groups was created. This carbon
showed a much higher surface area than the first carbon, around 2000 m2g−1.

3.2 Experimental method

Cyclic Voltammetry
Performing cyclic voltammetry in electrochemical systems will provide plenty of in-
formation about the system in question. For example, electrochemical activity of a
system via Faradaic reactions, resistance of a cell and capacitance are all of utmost
importance when materials and cells are investigated. CV can in these cases give
valuable information very quickly.

In CV a starting and cut-off potential are determined. These two limits deter-
mine the potential window where a potential sweep is performed. The potential
sweep rate is often measured in mVs−1 and is denoted by ν. In most cases the sweep
rate is kept constant throughout the entire potential window. When the lower limit
is reached, the potential sweep changes direction and moves back to the upper po-
tential limit. Often the potential window is determined by the decomposition limits
of the electrolyte employed for the system. In aqueous systems this decomposition
limit is around 1.2 V.

A typical voltammogram for a supercapacitor will look like a rectangle, exem-
plified in Figure 3.1, adapted from Frackowiak and Beguin [47].

The current response of a supercapacitor is ideally very fast since the charge
storage is electrostatic. Changing the direction of the potential sweep will thus pro-
duce a sharp drop or rise in the detected current. As can be seen in Figure 3.1 the
current remains constant throughout the potential window in the ideal case. This
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Figure 3.1: Schematic representation of a cyclic voltammogram of a capacitor.
Ideal, resistive and Faradaic behavior indicated in the Figure.

is called the double layer charging current, Idl, and it is important to note that this
current exists in all electrochemical systems. However, in Faradaic systems, the
response from Faradaic processes is most often much larger than the double layer
charging, thus hiding this part of the total current and masking this behavior in
such electrodes. When determining the capacitance of a material, Idl is often taken
from voltammograms (especially in capacitors that display this ideal behavior) and
the capacitance of the electrode is calculated according to:

C = Idl
dt

dV
(3.1)

where dt

dV
= 1
ν
, the inverse of the sweep rate. Also shown in Figure 3.1 is the effect

of resistance in an electrode. The voltammogram adopts a more slanting shape
depending on the resistance and the current over the potential window is no longer
constant.

Potential Step
Potential step techniques are often used when the transient of an electrochemical
shift in potential is studied. If the electrode is allowed to stay at a given potential
until equilibrium and is then instantly subjected to another potential (either in the
positive or negative direction from the original potential) it has been subjected to
a potential step, ∆V . The response detected from ∆V is a current and it is a
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function of time.

Figure 3.2: The transient current after a 50 mV potential step in the negative
direction for a single active carbon particle.

The response of a potential step is shown in Figure 3.2. By observing the
behavior and decay of a transient current for materials one can determine important
parameters such as time constants (τ) and diffusivity (D). The treatment of the
transient data and how to extract information from the data of such an experiment
are explained in greater detail in Chapter 4.

Microelectrode cell
In the introduction a traditional electrochemical cell was described (2.1). In this
figure, two planar electrodes are seen and this is a very common set-up for electro-
chemical characterization.

Part of the work for this thesis has been performed using a slightly different set-
up, the microelectrode set-up. Microelectrodes have a wide range of applications
from studying neurochemistry to determination of transport properties in materi-
als. An introduction to microelectrodes can be found in a paper by Wightman [48]
and further detailed information on the theory of microelectrodes (and ultramicro-
electrodes) can be found in the book edited by Fleischmann et al. [49].

The method used here, the single particle microelectrode technique, was prin-
cipally developed by Bursell and Björnbom [50]. The method was then used for
studying carbon agglomerates in gas diffusion electrodes. Subsequent work using
this technique and other microelectrodes has demonstrated its usefulness, especially
when characterizing transport properties in different materials such as metal ox-
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ide particles and carbon particles [51–63]. In short, microelectrodes provide extra
information about the system. The choice for working with microelectrodes were
based on particular reasons. The influence of macrodiffusion was reduced and the
resistance polarization was minimized. In addition to this, the samples studied
contain only the active material so the characterization is directly related to the
active material.

Figure 3.3 shows the experimental setup for the microelectrode/micromanipulator
technique where the micromanipulator can be moved in all directions along the x,
y and z-axes.

Figure 3.3: Set-up of microelectrode experiments. WE=working electrode,
CE=counter electrode, Ref=reference electrode. Dashed line indicates the nitrogen
atmosphere in which the cell is kept. The micromanipulator is movable in the x,y
and z-axes.

The microelectrode set-up works just like a three electrode set-up. Reference
and counter electrodes are needed and are not to touch each other. For the counter-
electrode, a nickel cloth was conveniently used and the electrolyte solution was 6
M KOH. A Hg|HgO electrode was used as a reference.

Figure 3.3 shows the set-up when a digital microscope was used. The wetted
carbon particles were kept separate in the electrolyte in the middle of the cell, sur-
rounded by the counter electrode. In the analog set-up, the fully wetted carbon
particles were suspended on a porous polymeric separator in the middle, surrounded
by electrolyte and the counter electrode. The particle size used for the experiments
ranges between 20 and 150 µm. The lower limit of particle size for measurement is
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around 10 µm. Surrounding the electrochemical cell is a small box, indicated by the
dashed line in the figure, constantly flooded with nitrogen to avoid reactions with
oxygen in the air. The nitrogen had been saturated with aqueous KOH solution
prior to entering the cell to avoid evaporation of electrolyte from the cell.

When the particles are placed in the middle of the cell or on the separator the
circuit is achieved using a micromanipulator with a carbon fiber attached to the
tip. This fiber has negligible electrochemical activity compared to the particle. The
manipulator is then used to contact the fiber tip with the particle. When contacted,
this system creates a microelectrode consisting of the carbon particle and fiber that
can be used for measuring. The manipulator allows for contacting the particle with
sufficient pressure to ensure a good contact with negligible resistance.

The system for data collection during the experiments was a Autolab potentio-
stat supplied by EcoChemie with computer control system and data retrieval.





Chapter 4

Ionic transport in porous active
carbon

The aim of Paper I was to study active carbon with a pore size distribution that
extended over the full range of pores, from micropores to macropores and compare
the results with a study where only micropores in the nanometer range were avail-
able. By determining the effective diffusivity using potential step experiments in
this material, a micropore zone model was presented. This model is based on the
concept that mesopores play a part in the transport of ions to these microporous
zones in the particles.

4.1 Investigating the effect and significance of pore size on
transport properties

As was described in section 2.3, high capacitance of a material allows many charges
to be stored. But it is of equal importance that these charges be utilized efficiently.
Especially for EDLC applications where rapid charging and discharging is very im-
portant. If a material has a high surface area, the possibility of storing charges is
also high. But if the porous system does not allow for rapid charge and discharge
the high surface materials may not be as efficiently used. It is therefore important
to evaluate EDLC materials not only from a capacitance perspective but also to
investigate how ions (which are the source of the current) are transported in the
porous system.

Previous reports by Verbrugge et al. state that in high power applications,
such as supercapacitors in vehicle applications, electrodes may suffer from non-
uniform charge distribution with a lowered utilization of the active materials as a
consequence [64]. It is therefore of importance to investigate the porous nature of
active carbons. This has been addressed by Shi, Qu and Shi, Zuleta et al., Ver-
brugge et al., Devan et al. and Barbieri et al. [60, 62, 64–68]. For example, Qu
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and Shi [66] stated that mesoporous carbons were capable of delivering charges at
a high discharge rate. Conclusions regarding the preferred pore size distribution of
high power electrodes were reached by Shi 1996 [65]. Zuleta et al. experimentally
determined the effective diffusivity of an active carbon using single carbon particles.

So in order to study the effective diffusivity in mesoporous materials, the model
used by Zuleta et al. for transport in single particles was used in this study. The aim
of the study was to investigate the effect of pore size on the transport properties.
To do this, an active carbon with meso and macropores in addition to micropores
was obtained and the results were compared to a previously studied microporous
active carbon with a narrower pore size distribution.

4.2 Determining the effective diffusivity

Diffusion is the process of ions moving due to a concentration gradient. Zuleta
et al. [60] has studied the transport of ions in nanoporous carbon and developed
a method of characterizing a particle through the single particle microelectrode
method. In order to analyze data from potential step measurements there is a need
for an illustrative model of how the ions actually behave in porous systems.

Given a nanosized pore, Zuleta et al. describe the transport of ions in the pores
as a form of ion-pairing where the positive hydrated ion is in the solution and a
corresponding negative charge is located in the solid phase. If the solid material
is kept at a constant potential, positive ions will move in order to neutralize this
deviation from the equilibrium potential. This movement of ions will result in a
change in concentration over time. By using Fick’s law 4.1, in this case written for
potassium ions (K+), the expression becomes:

∂CK+

∂t
= D

∂2CK+

∂x2 (4.1)

and solving the differential equation using appropriate boundary conditions,

for time t =0, all x C = C0,K+

for times t > 0
{
C = C0,K+ + ∆CK+ if x=0,
∂CK+
∂r = 0 if x=∞.

the resulting solution will describe the transport expressed in terms of current, see
below.

I(0, t) = −ACs∆V
(
Deff

πt

)1/2
(4.2)

This solution is generally called the Cottrell equation. If the current is plotted
as a function of the inverse square root of time for equation 4.2 a linear relation-
ship passing through the origin should be obtained. Thus the slope of this linear
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relationship will yield a value of the effective diffusivity.

The Cottrell relation in equation 4.2 is based on the idea that on the surface
of the particle, ions penetrate a thin layer that may be considered planar. This
planar layer is usually only valid at shorter times. However, the transport of ions
in porous materials is not only important for short times. There are experimental
restrictions to measuring the transients from potential steps (not all potentiostats
are able to collect data at very short times) so data collected for longer times can
in many cases also be interesting. This requires a slightly different treatment of the
data. The relationship seen in equation 4.3 is is written on spherical co-ordinates
in order to describe the penetration of ions into a spherical particle.

∂CK+

∂t
−Deff

(
∂2CK+

∂r2
+ 2
r

∂CK+

∂r

)
= 0 (4.3)

If 4.3 is solved using

for time t =0, all r C = C0,K+

for times t > 0




C = C0,K+ + ∆CK+ if r=a,
∂CK+

∂r
= 0 if r=0.

as boundary conditions, similar to the boundary conditions applied in the Cottrell
relation, an expression of current for longer times can be derived:

I = 2ADeffCs∆V
a

exp

(−π2Deff

a2 t

)
= 2ADeffCs∆V

a
exp

(−t
τ

)
(4.4)

This relation can also be used to determine the effective diffusivity by plotting cur-
rent versus time, but is valid for longer times. This type of diffusion is called the
filling diffusion.

This mathematical treatment of transient data has previously been described
by Zuleta et al. [60] and it is further developed in Paper I .

4.3 Calculated diffusivities

Filling diffusivity
In Paper I the details of the treatment of data from transients for all particles
examined is described. By plotting potential step data as the logarithmic current
(ln(I)) versus the time (t) the transient can be analyzed and the filling diffusion of
a particle studied.
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Figure 4.1: The filling diffusion of a particle for long times.

In Figure 4.1, the region where filling diffusion occurs is seen as a linear slope.
This slope is used to estimate the effective diffusivity according to equation 4.4.
The average filling diffusivity for a particle was estimated to be:

3.1× 10−12 ± 1.6× 10−12m2s−1 (4.5)

Cottrell diffusivity

The Cottrell diffusivities were estimated using equation 4.2. By plotting the cur-
rent (I) versus the inverse of the square root of time t−1/2, the slope will lead to
an estimation of the effective diffusivity. In order to determine the time region
for which the treatment of data is valid, a plot of t1/2 × I versus t1/2 has to be
used. When using such a plot, the Cottrell region is to be found when t1/2 × I is
independent of time, i.e. constant. In Figure 4.2 such a region is shown and here,
the Cottrell region is around 1-2 s1/2 region leading to validity for very short times,
between 1 and 5 seconds. In Paper I, Figure 7 is said to describe this region where
the Cottrell equation is valid. However, Figure 4.2 shows a correct representation
of such a region.

Following the relation given by equation 4.2, finally plotting the current (I) ver-
sus the inverse square root of time (t−1/2) will result in a linear slope from which
the diffusivity may be estimated, seen in Figure 4.3.

The average value of the Cottrell diffusivities in these carbon particles was
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Figure 4.2: Estimation of the time region for which the experimental data can be
treated using the Cottrell equation.

Figure 4.3: The Cottrell diffusion of a particle for long times.

determined to be:

9.4× 10−14 ± 3.8× 10−14m2s−1 (4.6)

In order to estimate the effective diffusivity for a particle when using the Cottrell
relation, the capacitance for the particle is also needed. This was determined using
cyclic voltammetry in a region where the potential step was performed, between
0 and -0.2 V. The specific capacitance was determined according to equation 3.1
given in section 3.2.
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4.4 The Agglomerate hypothesis

The effective diffusivity calculated by the Cottrell equation is valid for short times
when the diffusing ions in the electrolyte solution has penetrated a very thin layer
on the outer parts of the agglomerates. The solution of the filling diffusion equation
on the other hand is valid for longer times.

In Figure 4.4 a particle consisting of smaller particles, an agglomerate, can be
seen. This can be an actual agglomerate made from many small, physically sep-
arated particles, but also microporous zones in one single porous particle. The
zones are referred to as microparticles and are connected through wider pores. In
practice they are not always uniform and spherical, but in this hypothesis they are
considered as such. Ionic transport in the wider pores should not be as restricted
as in nanopores due to the much higher effective diffusivities. Furthermore, at long
times, the ions should have equilibrated in the interparticle transport system of the
agglomerates.

Figure 4.4: Representation of an agglomerate-structured particle with microporous
spheres.

When estimating the two types of diffusivity data for an average particle in the
study, the variation both in the values for a single particle and the deviation to
literature values [60] for the filling diffusivity was rather striking.

It is important to note that the estimated filling diffusivities and Cottrell dif-
fusivities deviated from each other in such a way that not only the estimated pa-
rameters could supply the explanation. If one adopts the agglomerate hypothesis,
there are two different radii that can be considered, Ra and Rb, see Figure 4.4.

If the agglomerate radius is used, the Cottrell diffusion would be taking place at
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the surface of the agglomerate and thus Ra would be used for the estimation. This
would mean that Cottrellian behavior of the particles is displayed only in a very
thin layer at the outermost surface of the agglomerate. This estimated Cottrell
diffusivity should match the values calculated for the filling diffusivity, described
previously by Zuleta et al. [60]. When calculating the filling diffusion, at long times
the particle is assumed to have equilibrated throughout the considered volume, in
this case the agglomerate. However, if one considers the microporous zones as show-
ing the filling behavior (under the assumption that the transport to these zones is
not restricted due to the large openings in the interparticle system) the radius to
be used for the estimations should be Rb. This would explain the difference in
estimated filling diffusivities compared to literature [60].

In determining the diffusivities there are invariably errors due to the assump-
tions that have to be made using this method of characterization. The particles are
studied through a microscope so the size and thus the volume and the outer surface
area are estimations with a certain degree of error. The specific capacitance, also
needed for the estimation of the effective diffusivity, is experimentally determined,
thus subjected to some error. However, both of these parameters would be under-
estimated rather than estimated as too large. The surface of a particle has some
roughness, effectively serving as an increase of the area, and the specific capacitance
of the particle is equally underestimated. Electrochemical determination of capac-
itance is ideally performed at very low currents but in the case of microelectrodes,
the effect of background current may make this difficult. The signal-to-noise ratio
needs to be sufficiently high, i.e. the detected current needs to be high enough so
that the background current does not make too much noise on the data. For the mi-
croelectrode experiments this means that a higher current may also give resistance
effects in the material, reducing the measured capacitance.

4.5 Conclusions

• The calculated Cottrell diffusivities in this active carbon were roughly one
order of magnitude smaller than the filling diffusivities when the agglomerate
radius was used in the calculations.

• Roughly estimating the time constants from experimental data, they appear
to be one order of magnitude smaller than previously reported values for
particles of similar sizes but with a narrower pore size distribution.

• A hypothesis describing the dissimilarities of this study to those previously
reported in literature, the agglomerate hypothesis, provides an explanation for
the deviating behavior shown by the carbon investigated here.

• If the agglomerate hypothesis holds, it was shown that mesopores are of sig-
nificant importance during ionic transport in small pores, mainly as a route
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of supplying ions to the microporous regions in the particles themselves. This
will have an effect, especially in high current applications, when times are
short.



Chapter 5

Surface groups and their
contribution to charge storage

Chemical activation by KOH of a mesophase pitch (AR24) yielded a microporous
active carbon that had surface functionalities in the form of oxygen-containing
groups incorporated in the structure. In some cases, the oxygen-containing surface
groups in active carbon are believed to give rise to pseudocapacitance (but more
often just cited as capacitance enhancement) and may thus increase the total ca-
pacitance of a material [19, 69].

The functionalities introduced in the active carbon by this chemical treatment
can be well represented by the schematic given in Figure 5.1. As can be seen in this
figure, the different functionalities can be categorized according to the products
after decomposition [70]. This is usually determined by temperature programmed
decomposition where the sample is heated and the temperatures at which the gases
(CO, CO2) are released is determined [71]. The CO-evolving groups are usually
released at higher temperatures than the CO2-evolving groups.

Oxygen-containing compounds and their role in electrochemistry have been
fairly extensively studied [28, 36, 69, 70, 72]. In acidic electrolyte solutions, these
oxygen groups have been reported as a means to increase capacitance by as much
as 30 % [36]. However, introducing oxygen into the system can also have negative
effects. One is corrosion of carbonaceous material, generally considered unwanted
in supercapacitor applications as it results in the evolution of gases. It also af-
fects transport of ions and may cause a general degradation of the porous electrode
structure. This corrosion starts when positive potentials are applied, even without
oxygen present in the structure of the material and is a drawback when designing
symmetric supercapacitors using carbon electrodes.

Also, studies where active carbon is used as hydrogen storage may be affected
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Figure 5.1: Shematic representation of oxygen functionalities common in active
carbon.

by the presence of surface groups and therefore it is is important to investigate how
these groups behave under different potentials [73–76].

The study of oxygen surface functionalities in basic media is not as extensive as
in acidic media and in some cases considered controversial [77]. The main reason
for it being somewhat difficult to study these oxygen species in basic electrolyte is
that they generally react through proton chemistry which may not be as readily
available in basic media. Thus, pseudocapacitance that may arise in such redox
reactions is more easily characterized in acidic conditions. The Faradaic behavior
of the oxygen groups shown in Figure 5.1 is not conclusively investigated and as-
signed, for either acidic or basic media.

Studies by Zuleta et al. [61] revealed a Faradaic behavior uncharacteristic of the
investigated carbon. When the material was subjected to negative polarization and
then characterized in the positive potential range, a small Faradaic peak appeared.
This anodic peak had no detectable corresponding cathodic peak. The material
investigated had few surface functionalities so it is reasonable to assume that the
concentration of species is very low and the participating species came from the
electrolyte solution.

Following the results of Zuleta et al., the aim of Papers II and III was to investi-
gate the redox behavior of well-characterized, highly porous active carbon contain-
ing oxygen surface functionalities. As Zuleta pointed out, the transport properties
may very well change and cause irreversible effects on the electrochemical behavior
of the material, once these surface groups are reacting. Thus, there is a trade-off
between available capacitance and capacitance utilized depending on the behavior
of the surface groups introduced. On a long time scale, applying such materials in
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supercapacitors may give rise to a degradation of the performance of the cell and
thus the total stack, lessening the benefit of employing supercapacitor devices in
hybrid or electric drive-trains in terms of life span.

In these papers (II and III) a microporous active carbon with surface function-
alities was studied using both disc and microelectrodes. The material properties
of the carbon (surface area, porosity, etc.) were studied prior to the electrochem-
ical characterization and have been presented in a paper by Alonso et al. [41].
Most noticeable when comparing the disc electrodes to microelectrodes was clear
voltammetric peaks in microelectrodes and corresponding Faradaic phenomena in
disc electrodes were hardly distinguishable.

5.1 Quinoid type chemistry on the surface of the pores

Faradaic reactions and other deviations from the ideal rectangular behavior in su-
percapacitor materials are easily studied when using cyclic voltammetry since the
deviations from ideal double layer charging are clearly visible as peaks (see ideal
behavior in Figure 3.1).

Negative polarization
When a carbon electrode is working as a negative electrode and a cathodic current
flows, there is a limit at which the electrode still can display any capacitive behavior.
The extreme limit in negative polarization is the electrolyte decomposition limit,
for aqueous electrolyte solutions the cell voltage at which this occurs is theoretically
1.2 V and the limit for the negative electrode is -0.9 V. Electrode potentials are
given versus Hg|HgO. At this potential the current from the electrochemical double
layer is surpassed by the contribution of the Faradaic current from the process
of hydrogen evolution. At these potentials in a basic electrolyte this process of
hydrogen evolution at an electrode working as a cathode can be described as:

2 H2O + 2 e−←→ H2(g) + 2 OH−

When subjecting an active carbon to negative polarization within the thermo-
dynamic stability window of the electrolyte solution, cyclic voltammograms will
ideally show no peaks and a fairly constant current. At potentials between 0 and
-0.2 V the double layer is charged with little or no visible contribution of Faradaic
processes from the electrolyte or from surface groups.

As the potential reaches -0.4 V vs. Hg|HgO, Faradaic phenomena will occur.
At -0.9 V the effects of solution electrode interaction in the form of H-adsorption is
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clearly visible. This may be followed by H2 evolution at more negative potentials
(over -1.4 V).

Figure 5.2: Carbon disc electrode (8 mm diameter, active mass=20 mg) subjected
to increasingly negative polarization. Sweep rate=1 mVs−1

In Figure 5.2 a disc electrode fabricated from particulate active carbon and
PVDF binder is presented. As can be seen for the first sweeps, that are conducted
to -0.2 and -0.4 V, there is only a slight asymmetry of the voltammogram. The
cathodic branch of the voltammogram (below the x-axis with a negative sign of
current) is not the mirror image of the anodic branch as is expected from an ideal
capacitor. This may be due to resistance in the material, see again the schematic of
an ideal capacitor displaying resistance (Figure 3.1). As the cut-off potential of the
sweeps is increased in the negative direction, this asymmetry increases and at 0.9 V
hydrogen adsorption starts (visible as a rise in current at the end of the 0.9 V sweep).

However, no Faradaic peaks are seen as the voltammograms are generally smooth.
This figure is for a disc electrode (∼ 20 mg active material, 10 % polymer binder,
sweep rate 2 mV/s) in a three-electrode configuration. It was not unexpected to find
little redox behavior from the active carbon. Other studies focused on hydrogen
storage (i.e. using the electrodes in the same potential region) in carbon electrodes
show little Faradaic effect despite using disc electrodes fabricated from carbon with
oxygen content [73,78].
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When studying the same active material in a micro electrode configuration a
very different behavior emerges. In Figure 5.3 one can clearly see peaks when the
potential reaches potentials below -0.4 V. These peaks are a result of increasing
Faradaic currents.

Figure 5.3: Visible Faradaic peaks when subjecting a single active carbon particle
to increasing negative potentials. Sweep rate=1 mVs−1

Seen in Figure 5.3 is the diagram of a similar experiment, conducted in the same
way as the disc electrodes in Figure 5.2, the difference being the scale of the exper-
imental set-ups. The disc electrode was 8 mm in diameter and the total amount
of active material roughly 20 mg whereas the particle electrode is roughly 50 µm
in diameter. When the two figures are compared, there is a striking difference. In
Figure 5.3, Faradaic currents are displayed as peaks.

The shapes of the voltammograms are somewhat similar, but not entirely. The
microelectrode voltammogram has a steeper cathodic slope compared to the disc
electrode set up. If we study the ideal capacitor illustrated in section 3.2 we can
see that an ideal capacitor with resistive behavior superimposed on it will yield a
somewhat asymmetric shape of the voltammogram. This should be combined with
the fact that in microelectrode systems, the effect of background current (since the
actual currents are in the µ to nano range) is more noticeable in Paper I.

Previous studies on this material in acidic media [44] concluded that these sur-
face groups give rise to a pseudocapacitance effect, which increases the total ca-
pacitance of the material. The peaks found were the result of electrolyte/surface
group interaction. The surface groups have been characterized using methods such
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as TPD (Temperature Programmed Desorption) and are considered to be mostly
CO-evolving groups: phenols, ethers and carbonyl compounds [41]. In acidic media
though, there is the benefit of working with available protons that may easily take
part in protonation reactions. These reactions are not as straightforward in basic
media such as KOH. Tarasevich et al. suggest a reaction involving an anion-radical
together with parallel reactions [72].

It is clear that there is a presence of oxygen in this activated carbon and it has
previously been examined in acidic media. However, the quinoid type chemistry
seen there went undetected in large electrodes in basic media, but was clearly seen
in microelectrodes. The main difference between these systems is size and the
significant difference is therefore attributed to the size of the systems. The ratio of
Faradaic/double layer current is larger for smaller areas (microelectrodes) and thus
Faradaic currents may be more easily detected [48]. Furthermore, the characteristic
diffusion length for the ions participating in these reactions is 1/6 shorter compared
to a disc electrodes based on analogous ideas of Levenspiel [79]. Thus the currents
are made more available for observation of these phenomena in smaller systems.

Positive polarization
In addition to the peaks found in the negative polarization interval, when the mi-
croelectrode voltammogram is examined in more detail, another difference from
the disc electrode voltammograms emerges. As the cut-off potential in the negative
range is reached and the anodic sweep commences(going towards the upper cut-off
potential, 0 V) a rise in current is visible, especially so for the sweeps that have
had negative cut-off potentials below 0.4 V. This is uncharacteristic behavior for
an ideal capacitor, the close to ideal behavior displayed by many carbons being
rectangular. This lead to further investigations at positive potentials for both the
disc and microelectrodes.

Polarization of carbon electrodes into high positive potentials will ultimately
yield oxygen evolution due to decomposition of the aqueous electrolyte. This
Faradaic reaction typically commences at potentials above 0.3 V and is very clearly
displayed in a voltammogram as a current slowly rising with increasing potential.
In basic media the oxygen evolution from decomposition of the electrolytic solution
follows the reaction mechanism that will yield oxygen according to:

4 OH−←→O2(g) + 2 H2O + 4 e−

As in all reactions, the reactants will have to approach the reaction site and then
form the gaseous oxygen through a series of kinetic steps. The process of evolving
oxygen from solutions takes place at different potentials depending on the material
of the reaction sites.
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The study of the behavior of the active carbon at positive potentials is thus
limited by the thermodynamic stability of the KOH used as electrolyte. Figure 5
in Paper III shows voltammograms for both configurations. These voltammograms
are recorded in a potential interval where there main contribution to the current
is the double layer charging current. As can be seen from that voltammogram,
there are significant deviations from ideal double layer capacitor behavior and the
resistance to transport is clearly seen. This behavior was further studied in Paper
IV where resistance to transport was investigated by simulations of a 2D model.

In addition to the resistance upon oxidation of the material, high intensity
Faradaic peaks were detected, described in the next section.

5.2 Faradaic peaks

The rising current close to 0 V, uncharacteristic of a double layer charging capac-
itor, was further investigated. Additional experiments where cycling in a limited
potential range were performed using a microelectrode. Figure 5.4 shows a voltam-
mogram where a single particle has been cycled in a region close to 0 V.

Figure 5.4: Visible Faradaic peaks after subjecting a single active carbon particle
to potentials below -0.4 V. Sweep rate=1 mVs−1

Peaks that were previously seen only as a rise in anodic current when approach-
ing the positive cut-off potential do in fact result in a high current response by
orders of magnitude compared to the double layer current. After a number of cy-
cles, in this case eight, the intensity of the current response is drastically lowered
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and the peaks are no longer visible. If a Faradaic reaction occurs in this region
it would therefore be considered highly irreversible since the reacting species are
either consumed or diffuse out of the particles into the bulk.

These peaks were only visible after a negative polarization below -0.4 V.

Suggested reactions in pores
Following both negative and positive polarization of the disc and microelectrodes
it was clear that some Faradaic phenomena could be observed. However, in the
disc electrodes this was not evident as mentioned previously. The resolution of
the microelectrode enabled the observation of four peaks. Figure 5.3 shows peaks
obtained during negative polarization. Figure 5.4 shows peaks in the 0 V region.
When sweeps were conducted over the whole interval all four peaks were observed.

Yang et al. [45] used IR-spectroscopy to study surface oxides forming on glassy
carbon electrodes. The quinoid couple is attributed to the peaks in the negative
interval. Yang suggested that the peaks seen were a combination of two redox pro-
cesses. One reaction was the quinone/hydroquinone couple and one reaction (not
seen in voltammetric experiments by Yang et al.) would correspond to a reaction
involving lactone and/or acid anhydride [45].

As negative polarization takes place, hydrogen species are adsorbed on the car-
bon surface. This will result in a reduction of the quinone group into a hydro-
quinone group. As the current is switched the oxidation of this couple follows.
Further positive polarization into positive potentials would then yield the lactone
or anhydride-type couple where the hydrogen incorporated into the structure of the
carbon matrix is part of the subsequent reactions with the lactone/anhydride-type
species.

Surface groups involved in some reaction suggested for the peaks close to 0 V:

C=O + 2C(Hads)+OH−←→C-OH + H2O + e− + 2C

C + 2C(Hads)+OH−←→C-H + H2O + e− + 2C

These reactions were presented in Paper II.

Below is a comparison of the hydrogen and oxygen electrode reactions written
for basic media. The reactions are written in a form that is balanced with regards
to oxygen evolution.
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Comparison with the hydrogen and oxygen electrodes:

4C=O + 8C(Hads) + 4OH−←→4C-OH + 4 H2O + 4e− + 8C

2H2 + 4OH−←→4 H2O + 4e−

2H2O + 4OH−←→O2 + 4 H2O + 4e−

It can be seen that the chemical bonds that are broken and formed in the
reactions of the quinoid type redox processes require the chemisorption of eight
hydrogen atoms into the carbon matrix. It also requires the breaking of four C-O
bonds and the formation of four O-H bonds. It is not unreasonable to assume that
this can take place since the potentials at which these reactions occur they are
well within the limits of the oxygen and hydrogen reactions. Furthermore, detailed
studies on the binding energies for these bonds will have to be performed if exact
conclusions regarding the compounds involved in the reactions are to be made.

The occurrence of four peaks corresponding to four different surface oxide species
going through two redox-process corresponds with the findings of Yang et al. It
is also in agreement with the findings of Zuleta et al. [62]. However, neither the
hydroquinone/quinone couple, nor the cathodic peak close to 0 V were detected
by Zuleta et al. Other interesting work by Andreas and Conway [36] has recently
concluded that other surface active groups may yield a pseudocapacitance in ba-
sic media around these potentials. However, no identification of the active groups
involved in any of these processes has been made and will require further investi-
gation.

5.3 Transport properties

The electrochemical processes taking place at positive polarization in carbon ma-
terials have been studied in literature [60–62]. During moderate oxidation, the car-
bon material is believed to remain relatively unchanged. However, some functional
groups containing oxygen may be created or be active at the surface of the material.
Zuleta proposed that a mild oxidation (to +0.3 V) [62] yielded a compound in the
CO-evolving group (see Figure 5.1). Another possible addition to the system when
using mild oxidation is hydroxyl groups. Horita [80] predicted that incorporating
hydroxyl groups may lead to an improvement in wettability [80]. However, a strong
oxidation may result in a change in morphology of the carbon material.

Using a more aggressive oxidation will result in the addition or activation of
CO2-evolving groups. Zuleta et al. saw the formation of what was believed to
be these types of species at +0.4 V. In the study presented here using AR24 as a
starting material and incorporating these functionalities in the matrix during the
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activation, the potential at which such behavior was observed was lower, starting
earlier at lower potentials, +0.3 V.

As shown in Figure 5.1, the oxygen functionalities are associated with the evo-
lution of CO and CO2. Not only does trapping gases affect the material itself (the
C in CO2 comes from the carbon matrix) it also creates a species that is well known
to react with the electrolyte, causing carbonate ions to form and further react in
the porous matrix. Potassium carbonate is not soluble under these conditions and
introducing a species with a relatively large radius in micropores may effectively
cancel the ionic transport into these double layer regions. When subjecting the
samples in this study the transport properties were changed and subsequent exper-
iments yielded voltammograms indicating resistance to transport of the ions taking
part in double layer charging.

5.4 Conclusions

• Microscopic active carbon particles showed Faradaic behavior at around -0.4
V (anodic peak) and -0.5 V (cathodic peak) vs. Hg|HgO. The same Faradaic
behavior was not seen in disc electrodes, suggesting the microelectrode has a
better resolution for Faradaic reactions involving surface functionalities.

• Performing cyclic voltammetry into a more negative potential than -0.5 V
resulted in a pair of peaks close to 0 V. The cathodic peak of this pair detected
in these experiments had never been reported before.

• The peaks observed at this potential tentatively confirm that another redox
pair is involved in the quinoid type chemistry as was theoretically suggested,
but not seen in voltammograms, by Yang et al. (1994). However, further
studies regarding the details of this discovery need to be performed.

• The microelectrode technique enabled the observation of these peaks previ-
ously not reported for basic media. Further studies using microelectrodes in
acidic media may more easily confirm these findings since the reactions may
proceed with higher concentrations in acids.

• When subjecting the material to positive potentials (above +0.3 V for micro-
electrodes and +0.4 V for discelectrodes) the electrochemistry of the material
was altered, causing increased resistance for ionic transport.



Chapter 6

Modeling an alkaline
supercapacitor electrode

Paper IV presents a model describing a single supercapacitor electrode. This model
was created in order to study some of the processes that may occur in single particles
during for example galvanostatic charging of an electrode. Previous work describ-
ing electrochemical behavior in porous electrodes is naturally the foundation of this
paper. For general modeling of porous electrodes see further the monographs by
Rous̆ar et al. and Newman. [29,30,81].

Of importance is the high current operation of a supercapacitor when working
as a vehicle device. During high currents ohmic losses occur in the electrode ma-
terial; these need to be minimized in order to optimize the supercapacitor device.
The ohmic losses are not only connected to systems parts such as current collectors,
they are also occurring in the material. Developing a model from a single particle
perspective provides an additional tool for studying these losses and the behavior
of single particles. Furthermore, "real" cases can be simulated in such a model and
thus the "real" losses can be further analyzed, described and understood. In litera-
ture there are examples of models predicting these "real" supercapacitor cases where
cells are studied, including parameters such as porosity, potential, ratio of active
material/support material and particle size distribution [82–85]. More specific sys-
tems have also been studied in literature, for example intercalation electrodes [86],
ruthenium oxide systems [83–85] and nickel electrodes [87].

6.1 Mathematical expressions

Assumptions

The first and most basic assumption in the development of this model is the idea
that a supercapacitor electrode consists of particles. During for example cyclic
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voltammetry, these individual, uniformly sized particles will display similar electro-
chemical behavior. The model will therefore consist of two separate domains, the
electrode and the particles. In a similar fashion the domains may also be considered
macro and micropores, analogous to the domains described in Paper I.

These domains can be described using general mathematical expressions for
transport of mass. In the electrode domain, the transport to and from the surface
of the particles is modeled by transport equations for concentrated electrolyte; these
are described by an effective diffusivity and effective conductivity. The thickness
of this electrode domain is L. The bulk electrolyte is in contact with the electrode
at x=L and the current collector is located at x=0. It is assumed that no Faradaic
reactions are taking place in the electrode, only charging of the electrochemical
double layer.

In the particle domain, the transport of ions within the porous system is modeled
by diffusion equations and the domain is described by the radius of the the particle,
Rp. This treatment of ionic transport has been presented in previous work by Zuleta
et al. and in Paper I. However, the transport of ions in pores is not definitively
and/or exclusively diffusion or migration, as recent work has shown [37]. If ideas
adopted from irreversible thermodynamics regarding local equilibria are considered,
mathematical treatment of transport in electrode pores need not be singularly de-
fined in terms of either diffusion or migration.

Differential equations and boundary conditions
Electrode domain

The pores between the individual particles are referred to as the macropores. In
this region it is assumed that a decrease in current density will give rise to a
corresponding increase in the positive charge density, σ. The electrochemical double
layer surrounding the individual particles and the double layer developed inside the
particles, both accept the changes in ion concentration during these discharge and
charge processes. The first general equation for this region can be written as:

∂j1
∂x

= −∂j2
∂x

= S
∂σ

∂t
= Sjs (6.1)

Current density in the solid and electrolyte phases, respectively:

j1 = −κ1
∂φ

∂x
(6.2)

j2 = −κ2
∂ER
∂x
− κ2
F

(
t1

0 + ce
2c0

)
∂µe
∂x

(6.3)
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Transport numbers are assumed to be constant and the convective transport of elec-
trolyte is neglected. Only potassium ions, no hydroxide ions, penetrate the double
layer during a charging process (decreasing the potential). The last assumption is
based on work by Kastening and Heins [88]. This leads to an expression of how the
ionic concentration changes in the macropores over time, depending on the current
density:

ε
∂ce
∂t

= 1
2RT

∂

∂x

(
cect
c0

D
∂µe
∂x

)
+ 1− t01

F

∂j2
∂x

(6.4)

If the activity factors are considered constant (concentrated electrolyte) the elec-
trochemical potential is described by:

∂µe
∂x

= 2RT
ce

∂ce
∂x

(6.5)

Combining equations 6.1 to 6.5 yields a system of equations that may be used
to describe the charging and discharging of a supercapacitor electrode. These equa-
tions, their derivation and the boundary conditions applied are given in Appendix
A.

The model was designed so that two electrochemical methods could be studied,
cyclic voltammetry and galvanostatic charging and discharging. This is done by
applying boundary conditions suitable for each method at the current collector in
the electrode domain. In cyclic voltammetry mode, the potential at the current
collector is described as a function of time, φ0 (t). For the galvanostatic case the
current at the current collector was also assumed to vary with time, j0 (t), in that
it will switch direction at a defined solution time, thereafter adopting a constant
value. By assigning the current at the current collector as a boundary condition it
allows for easy study of the processes at different current densities.

Particle domain

For the particle domain, the main assumption is that the particles are spherical and
uniform in size. During a charge (decreasing potential) the positive potassium ions
are assumed to diffuse into the microporous particles according to Fick’s second
law, as if they were neutral ion-pairs [37, 60–62]. The following equation describes
how the concentration in these particles thus changes over time.

∂cp
∂t

+ 1
r2

∂

∂r

(
−r2Deff

∂cp
∂r

)
= 0 (6.6)

Boundary conditions for the particle geometry are given in Appendix A.
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The boundary condition describes the center of a particle where there are no
concentration gradients and also that the concentration of ions at the surface is
a function of time. Furthermore, the potential in the electrode, φ-ER, determine
the concentration of potassium ions at the external surface. If equilibrium is es-
tablished between species at the external surface of the particle and the adjacent
electrolyte, a specific capacitance (assumed constant) may be determined and used
in the equation describing the concentration profile on the surface of the particle.

cps = cps0 + CSP
F

(ER − φ) (6.7)

Connecting the domains
The domains described above are separate so in order to solve the system of equa-
tions that describe the electrode they have to be connected. This is done by writing
an expression for the current transfer over a thought interface that connects the
geometries. The contributions to this current stem from two parts.

First, the external double layer on the surface of each particle is charged accord-
ing to ∂σs/∂t, this charging takes place instantaneously. The second part of this
transfer current comes from the charging of the double layer inside the particles,
∂σp/∂t. The rate of charging in the particles is calculated from the concentration
on the surface of the particle.

∂σ

∂t
= ∂σs

∂t
+ ∂σp

∂t
= jse + jsp = CSPe

∂ (ER − φ)
∂t

+DeffF

(
∂cp
∂r

)

r=Rp
(6.8)

6.2 Solving the model

Equations 6.1 to 6.8 may be written on dimensionless form, see Appendix A. This
treatment of the system by grouping into dimensionless expressions will make it
numerically more stable and avoid possible problems, for example singularities.
Furthermore, by writing the equations in a dimensionless from, it is easy to insert
them into the software used for these simulations, Multiphysics (Comsol, 2006).

The model developed here is based on ideas analogous to those presented by
Doyle et al. for nickel electrodes and Kim and Popov for ruthenium oxide sys-
tems [85, 86]. However, these authors solved the expression for the transport of
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ions in the particle geometry (equation 6.6) analytically. In this work a numerical
solution is presented for this concentration gradient. It was possible to provide a
numerical solution because the software allows easy coupling between geometries.

However, in early simulations it proved difficult to find a converging solution
of equation 6.8 at the same time as the rest of the system. This problem was
circumvented by assuming a fictitious rate of the charging of the double layer in the
particles. This fictitious rate was an expression of how the surface of the particles
were charged, ∂σs/∂t.

∂σs
∂t

= kσ,s (CSPe(ER − φ)− σs + σs,0) (6.9)

Equation 6.9 shows this expression for the charging of the external double layer.
When these equations are changed to their respective dimensionless form, the rate
constant, k, is grouped with time. When this dimensionless group was assumed
sufficiently high, the solution of this equation converged together with the whole
system.

6.3 Numerical results

Voltammetric simulations
The voltammetry condition, i.e. potential varying linearly with time, was applied
on the boundary of the current collector. In the simulation the number of cycles
was restricted to three. A simulated voltammogram is seen in Figure 6.1. In this
case, the sweep rate was simulated at 0.5 mVs−1. This low sweep rate generates a
low current.

Under these conditions it is reasonable to assume the gradients in the thickness
of the electrode are negligible. Confirmation of this assumption was easily made
by checking how potentials and electrolyte concentration varied along the z-axis.
They all showed constant behavior in this direction, thus confirming that there
were negligible gradients along the thickness of the electrode.

The effect of varying a single parameter, the effective diffusivity (Deff ), was
studied for a low sweep rate. It is clear that when low values of Deff were assigned,
it caused significant deviations from the rectangular behavior of an ideal capacitor.
As the cut-off potentials (in both positive and negative direction) are passed and
the discharging or charging commences, there are restrictions in the porous system.
The low value of Deff has previously been discussed in chapter 4 and is not unrea-
sonably low. Diffusivities of this magnitude have been estimated in both meso and
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Figure 6.1: Simulated cyclic voltammetry for varying diffusivities

microporous materials in Paper I and by Zuleta et al. [60].

The simulations when Deff was varied did in fact show similar behavior as dis-
cussed previously in chapter 5. In Paper I, an electro-oxidation of the surface inside
the microporous particles showed similar behavior as this simulated restriction of
pores. In that paper this deviation was explained by surface groups reacting with
the electrolyte. It is important to note that these simulations are not attempting
to simulate this effect, it is a way to demonstrate the significance of considering the
porous structure inside each particle.

Since the current changes more and more slowly, it is fair to say that the re-
sponse from electrodes with high particle diffusivities may in fact determine the
charging and discharging behavior of the whole electrode. Since the model showed
no gradients along the thickness of the electrode the behavior of the electrode may
be governed by the behavior of each particle.

One of the benefits of employing models to aid in the understanding of processes
inside porous electrodes is in this case the possibility of studying each individual
particle during a cyclic voltammetry sweep. Experimentally, this would be rather
difficult. In Figure 6.2 the diffusivity is set at a high level, Deff=10−12 and the
concentration of ions is studied throughout the particle, i.e. the x-axis shows the
dimensionless particle radius. Considering that the transport is not hindered and
the current is low, one would expect that the location of the particle is insignifi-
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Figure 6.2: Simulated cyclic voltammetry for varying diffusivities

cant, following the reasoning regarding gradients throughout the thickness of the
electrode.

However, the difference between the two particles shown here, the two extreme
locations in the thickness of the electrode shows that there are in fact gradients
(very small at these close-to-ideal conditions). This will naturally be more pro-
nounced at higher current densities which is in fact the primary conditions under
which most supercapacitors would operate in vehicle applications.

Equally important is to note that the particles are fairly well utilized in the
radial direction, meaning that a large portion of the total volume of the electrode
may be utilized in charging and discharging cycles. For higher diffusivities, this
will change since a hindered transport will limit the total volume taking part in the
electrostatic processes.

Galvanostatic simulations
The model developed for study of cyclic voltammetry processes in particles and
electrodes was also designed so that galvanostatic processes could be simulated.
The boundary condition at the current collector describes a constant current that
changes direction (not the potential as in cyclic voltammetry). This can be done
for different current densities, making it possible to easily study high current loads
in a supercapacitor electrode. Thereby studying the conditions that particles are
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subjected to during such operation.

The rapid charge and discharge at high current of a galvanostatic simulation
is given in Figure 6.3. At high currents, in this case 1000 A/m2, experimentally

Figure 6.3: Simulation of galvanostatic charge and discharge at high current density
for an electrode.

collected galvanostatic charge and discharge cycle data should show high potential
drops associated with ohmic losses when the current switches direction. In the
simulation shown in Figure 6.3, it is clear that this behavior is exhibited.

Since these ohmic losses also mean losses in the devices in terms of capacitance
not utilized fully, it is important to further investigate how these losses are dis-
tributed in the electrode structure. These losses are generally associated with losses
at the current collector and the electrolyte. In the simulations, no consideration has
been given to losses at the current collector, so the potential drop shown for this
galvanostatic simulation is therefore associated with resistance in the electrolyte.
The assumption that the potential drop stems mostly from the electrolyte is easily
checked by studying the potential profiles in the solid phase across the thickness of
the electrode. If there were losses in the solid phase, they would appear as potential
drops in this phase over the electrode thickness depending on where the loss occur.

Figure 6.4 shows the behavior of the potentials in the two phases in the elec-
trode. The most pronounced gradients exist as expected in the liquid phase of the
electrode. The gradients in the solid phase are visible but they are small in compar-
ison. Please note that these simulations are still for a relatively high current, 1000
A/m2. Also important to consider is that the simulations are run using a relatively
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Figure 6.4: The potential profiles of the electrolyte and solid phases during a charg-
ing of a supercapacitor electrode. The potential profile in the electrolyte is also
shown for the discharging.

high value of the effective diffusivity, Deff . It is clear that these losses will show in
the energy utilization of a supercapacitor device. It may be even more pronounced
if there were a lower transport of ions in the particles.

The model developed here allows the study of concentration profiles of particles
simultaneously with these charging and discharging cycles.

In Equation 6.7 the concentration on the surface of a particle was described
mathematically. It is clear from this equation that the concentration depends on
the difference between the electrolyte potential and the potential in the solid. In
dimensionless form, this difference would be u2-u1. It is important to note that
in this model, the concentration of ions in the microporous particles (cp) is solved
independently of the concentration of ions in the electrolyte (ce). The concentra-
tion of ions in the macropores (electrolyte, ce) is virtually unchanged during these
galvanostatic experiments.

In Figure 6.5 a concentration profile taken from the surface of particles in dif-
ferent locations is shown. There are clearly gradients and these are related to the
potential difference discussed (u2-u1). Following the results from the simulations
where the cyclic voltammetry model was used, the concentration profile of a single
particle will show different behavior depending on the location in the electrode.

It is rather laborious to experimentally investigate ion concentration and deter-



60
CHAPTER 6. MODELING AN ALKALINE SUPERCAPACITOR

ELECTRODE

Figure 6.5: Concentration profile for different solution times over the thickness of
an electrode. Ion concentration taken from the surface of each particle.

mine the potential on a particle surface in single particles. However, it is possible to
simulate how the concentration changes on the surface of a particle (independently
of the concentration in the macropores) and some of these results are shown in
Paper IV (figure 4 and 8). The ion concentration is directly related to the potential
and thus gives information regarding the potential conditions this particle is under.
The simulations were carried out for small particles. In such cases the particle
domain is of a size close to the microporous zones in larger agglomerates discussed
in Paper I.

Practically, in double layer supercapacitors, the particles are not uniform in size
and will most likely be larger than these particles since carbon has a tendency to
agglomerate into larger structures. It is therefore expected that these gradients
may be even more pronounced in real cases.

Furthermore it is important to note that the transport parameter, Deff , in the
high current simulations was set at a medium level, meaning one order of magni-
tude higher than diffusivities estimated in nanoporous carbons. These nanoporous
carbons are of interest in supercapacitor applications and if the particles are not
made sufficiently small, there will be significant losses and very poor utilization of
active material.
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6.4 Conclusions

• The presented model shows behavior similar to supercapacitor electrode ma-
terials studied experimentally in microparticles.

• When studying concentration profiles in a single particle obtained during a
simulation, it is clear that there are gradients. Either when the currents are
high or if the effective diffusivity is low.

• Electrode performance at high currents may be restricted by potential gradi-
ents.

• Restrictions in the porous system (i.e. hindered transport) may be simulated
by varying the parameter Deff .

• Real case simulations require careful consideration of the constants assumed
and used, especially those constants describing the transport of ions.





Chapter 7

Conclusions

The route to the goal of improved supercapacitor electrode materials and thus in-
troduction of the device to a wide market may be twofold. Design parameter studies
whereby improving the performance of the devices and equipment surrounding the
devices may be undertaken. Additionally, conducting fundamental investigations
of processes occurring in the porous matrix is valuable to further understand the
limitations of the materials. Combining these two approaches will be useful for
reaching the goal of developing low cost and high performance materials. In this
thesis, the work was limited to solely investigate fundamental processes, e.g., ionic
transport in the nanoporous matrix of carbon materials.

When estimating the effective diffusivities, the porous structure of the carbon
particles will be of importance, hence the term effective diffusivity. It was shown in
Paper I that a carbon particle with mesopores, will have differing filling and Cot-
trell diffusivities. The suggested explanation of this behavior lies in the structure
of each individual particle. If the particles were in fact structured as agglomerates,
as suggested in the hypothesis presented, the estimated diffusivities will be on the
same order of magnitude. The main conclusion of this is that mesopores show a
different behavior in terms of ionic transport than that of nanopores. This will
have an effect in supercapacitor devices, especially during high current loads.

Faradaic phenomena occurring in carbon materials with surface functionalities
are still under investigation. In acidic media, the reaction pathways are more
thoroughly investigated compared to reactions in basic media. The quinone and
hydroquinone redox couple was investigated in basic media and shown for many
different single carbon particles, but not for larger disc-type electrodes. This is an
example of the increased sensitivity of the single particle technique for characteri-
zation of electrode materials.

Studies of functionalized carbons in acidic media and the study of Faradaic
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phenomena in these materials using the single particle technique will give more
information about the differences seen between disc and single particle electrodes
in basic media.

Previously undetected Faradaic peaks were obtained during cyclic voltammetry
experiments and are assumed to be connected both to the hydroquinone/quinone
redox couple and in some way activated by a hydrogen species after negative po-
larization (below -0.5V) of the material. In order to determine the correct reaction
pathway, more experiments need to be carried out, preferably in connection with
other analytical methods, such as IR or Raman spectroscopy.

Positive polarization showed that the transport of ions became hindered due
to what is believed to be carbonate formation in the porous structure. Associated
with this is also a loss of surface and thus also decreased usable specific capacitance.

By simple mathematical models the electrochemical behavior of a single super-
capacitor electrode may be simulated. This will allow an in-depth study of the
basic electrochemical processes that govern the charge/discharge behavior at the
high currents that are the desired applications of these devices. The models need
to build on real cases, i.e. using appropriate values for constants.

It is important to fully understand the long-term effects of introduced function-
alities in electrode materials for supercapacitors, and to characterize them. For the
finished devices there are aspects such as lifetime, shelf-life and cyclability to con-
sider. Undetected Faradaic phenomena may lead to degradation of the electrode
material in the long-term perspective.



Nomenclature

CH F Helmholtz capacitance
Cdiff F capacitance of the diffuse layer
Cdl F double layer capacitance
j1 A/m2 current density in solid phase (per geometric area)
j2 A/m2 current density in liquid phase (per geometric area)
js A/m2 transfer current to the particles (positive when

positive charge enters the particle)
jse A/m2 part of the transfer current to the particles charging

the external double layer
jsp A/m2 part of the transfer current to the particles charging

the internal double layer in the micropores
S m2/m3 specific external surface area of the microporous

particles
CSPe F/m2 specific capacitance of the external double layer of the

particles
CSP F/m3 specific capacitance of the double layer in the micro-

pores of the particles (calculated per unit volume)
ER V electric potential of the electrolyte solution measured

using a Hg/HgO reference electrode
L m electrode thickness
Rp m particle radius
t0 s characteristic experimental time
E0 V characteristic experimental potential
cp mol/m3 concentration of potassium ions within the particles

(based on total particle volume)
ce mol/m3 concentration of electrolyte in the liquid phase
ceL mol/m3 concentration of electrolyte in the liquid phase outside

the electrode
ct mol/m3 total concentration of the electrolyte solution
c0 mol/m3 concentration of water
t01 transference number of potassium ions
T K temperature
D m2/s effective diffusivity of electrolyte
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Deff m2/s effective diffusivity of potassium ions within the
micropores

General constants
F C/mol Faraday’s constant
R J/mol,K Gas constant

Greek letters
φ1 V potential of the solid phase
σs C/m2 charge density of the external double layer of the

particles
σp C/m2 charge density of the double layer within the micro-

pores of the particles calculated per unit external
particle surface area

κ S/m conductivity
κ1 Ω−1m−1 effective conductivity of the solid phase
κ2 Ω−1m−1 effective conductivity of the liquid phase
ε macroporosity (corresponding to space between the

particles)
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Appendix A

Equations for the mathematical
model

A.1 Derivation of equations

∂j1
∂x

= −∂j2
∂x

= S
∂σ

∂t
= Sjs (A.1)

js = ∂σ

∂t
= ∂σs

∂t
+ ∂σp

∂t
= jse + jsp (A.2)

js = kσs (CSPe (ER − φ)− σs + σs0) +DeffF

(
∂cp
∂r

)

r=Rp
(A.3)

Introducing dimensionless variables:

z = x

L
u1 = φ

E0
ce = ce

ceL
θ = t

t0

y = r

Rp
u2 = ER

E0
qe = σs − σs,0

CSPeE0
cp = (cp − cp0)F

CSPE0

Equations for the solid:

∂

∂x

(
−κ1

∂φ

∂x

)
= S

(
kσ,s (CSPe (ER − φ)− σs + σs,0) +DeffF

(
∂cp
∂r

)

r=Rp

)
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∂

∂z

1
L

(
−κ1E0

∂u1
∂z

1
L

)

= S

(
kσ,s (CSPeE0 (u2 − u1)− CSPeE0qe) +DeffF

CSPE0
F

(
∂cp
∂y

)

y=1

1
Rp

)

∂

∂z

(
− κ1t0
CSPL2

∂u1
∂z

)
= SCSPe

CSP
kσ,st0 ((u2 − u1)− qe) + SDeff t0

Rp

(
∂cp
∂y

)

y=1

∂

∂z

(
−a1

∂u1
∂z

)
= SCSPe

CSP
Da ((u2 − u1)− qe) + a2

(
∂cp
∂y

)

y=1
(A.4)

Dimensionless numbers introduced in A.4:

a1 = κ1t0
CSPL2

a2 = SDeff t0
Rp

Da = kσ,st0

Equations for electrolyte:

∂

∂x

(
−κ2

∂ER
∂x
− 2RTκ2

F

(
t01
ce

+ 1
2c0

)
∂ce
∂x

)

= − S
(
kσ,s (CSPe (ER − φ)− σs + σs,0) +DeffF

(
∂cp
∂r

)

r=Rp

)

∂

∂z

(
−κ2E0

L2
∂u2
∂z
− 2RTκ2ceL

FL2

(
t01
ce

+ 1
2c0

)
∂ce
∂z

)

= −S
(
kσ,s (CSPeE0 (u2 − u1)− CSPeE0qe) +DeffF

CSPE0
F

(
∂cp
∂y

)

y=1

1
Rp

)
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∂

∂z

(
− κ2t0
CSPL2

∂u2
∂z
− 2RT
E0F

κ2t0
CSPL2

(
t01
ce

+ CeL
2c0

)
∂ce
∂z

)

= −SCSPe
CSP

kσ,st0 ((u2 − u1)− qe)− SDeff t0
Rp

(
∂cp
∂y

)

y=1

∂

∂z

(
−b1 ∂u2

∂z
− b2b1

(
t01
ce

+ ceL
2c0

)
∂ce
∂z

)

= −SCSPe
CSP

Da ((u2 − u1)− qe)− a2

(
∂cp
∂y

)

y=1

(A.5)

Dimensionless numbers introduced in A.5:

b1 = κ2t0
CSPL2

b2 = 2RT
E0F

Equations for electrolyte in the porous system:

ε
∂ce
∂t

+ ∂

∂x

(
− ct
c0
D
∂ce
∂x

)

= −1− t01
F

S

(
kσs (CSPe (ER − φ)− σs + σs0) +DeffF

(
∂cp
∂r

)

r=Rp

)

ε
ceL
t0

∂ce
∂θ

+ ∂

∂z

(
− ct
c0

DceL
L2

∂ce
∂z

)

= −1− t01
F

S

(
kσs (CSPeE0 (u2 − u1)− CSPeE0qe) +DeffF

CSPE0
F

(
∂cp
∂y

)

y=1

1
Rp

)
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ε
∂ce
∂θ

+ ∂

∂z

(
− ct
c0

Dt0
L2

∂ce
∂z

)

= −
(
1− t01

)
CSPE0

FceL

(
SCSPe
CSP

kσst0 ((u2 − u1)− qe) + SDeff t0
Rp

(
∂cp
∂y

)

y=1

)

ε
∂ce
∂θ

+ ∂

∂z

(
− ct
c0
c1
∂ce
∂z

)
=

= −c2
(
SCSPe
CSP

Da ((u2 − u1)− qe) + a2

(
∂cp
∂y

)

y=1

)

(A.6)

Dimensionless numbers introduced in A.6:

c1 = Dt0
L2

c2 =
(
1− t01

)
CSPE0

FCeL

Transfer equation

∂σs
∂t

= kσs (CSPe (ER − φ)− σs + σs0)

CSPeE0
t0

∂qe
∂θ

= kσ,s (CSPeE0 (u2 − u1)− CSPeE0qe)

∂qe
∂θ

= kσst0 ((u2 − u1)− qe) = Da ((u2 − u1)− qe) (A.7)

Equations for particles:

∂cp
∂t

+ 1
r2

∂

∂r

(
−r2Deff

∂cp
∂r

)
= 0

∂cp
∂θ

+ 1
y2

∂

∂y

(
−y2e1

∂cp
∂y

)
= 0 (A.8)
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Dimensionless number introduced in A.8:

e1 = Deff t0
L2

A.2 Summary of equations

Geometry 1, electrode
Solid:

∂

∂z

(
−a1

∂u1
∂z

)
= SCSPe

CSP
Da ((u2 − u1)− qe) + a2

(
∂cp
∂y

)

y=1

Electrolyte:

∂

∂z

(
−b1 ∂u2

∂z
− b2b1

(
t01
ce

+ ceL
2c0

)
∂ce
∂z

)

= −SCSPe
CSP

Da ((u2 − u1)− qe)− a2

(
∂cp
∂y

)

y=1

Electrolyte in pores:

ε
∂ce
∂θ

+ ∂

∂z

(
− ct
c0
c1
∂ce
∂z

)
=

= −c2
(
SCSPe
CSP

Da ((u2 − u1)− qe) + a2

(
∂cp
∂y

)

y=1

)

Transfer current:
∂qe
∂θ

= Da ((u2 − u1)− qe)

Boundary conditions on Geometry 1
For the cyclic voltammetry case:





x = 0 : φ = φ0(t)
∂ER
∂x

= 0 ∂ce
∂x

= 0

x = L : ∂φ
∂x

= 0 ER = ERL Ce = CeL
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Dimensionless 



z = 0 : u1 = u10
∂u2
∂z

= 0 ∂ce
∂z

= 0

z = 1 : ∂u1
∂z

= 0 u2 = u21 ce = ce1

For the galvanostatic case:




x = 0 : −κ1
∂φ

∂x
= j0(t)

∂ER
∂x

= 0 ∂ce
∂x

= 0

x = L : ∂φ
∂x

= 0 ER = ERL Ce = CeL

Dimensionless




z = 0 : −a1
∂u1
∂z

= i10
∂u2
∂z = 0 ∂ce

∂z
= 0

z = 1 : ∂u1
∂z

= 0 u2 = u21 ce = ce1

Geometry 2, particle

∂cp
∂θ

+ 1
y2

∂

∂y

(
−y2e1

∂cp
∂y

)
= 0 (A.9)

Boundary conditions on Geometry 2




r = 0 : ∂cp
∂r

= 0
r = Rp : cp = cp,s(t)

Dimensionless




y = 0 : ∂cp
∂y

= 0

y = 1 : cp = cp,1(θ)


