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Abstract
In the last years, electrochemical double layer capacitors (EDLCs) have attracted
a lot of interest because of their promising performances in terms of energy
storage and power supply. Their ability of providing much higher power output in
comparison to other devices (e.g. batteries) makes this technology suitable for
many applications.
Within the framework of this dissertation, the influence of the active material, the
electrode preparation and the electrode mass ratio on the performances of an
EDLC has been investigated in depth.
A completely solvent-free electrode preparation route has been developed. The
manufacturing parameters have been proved to be essential for obtaining
electrodes with low equivalent series resistance (ESR) and diffusion resistance.
The optimized hot-pressing condition has been found as 200 °C and 10 bar.
Study on electrode recipe has shown that adding carbon black as conductive
additive is unnecessary if the new solvent-free preparation method is employed.
Furthermore, the PTFE binder content can be decreased as low as 5%.
Moreover, the optimized mass ratio between the positive and negative electrodes
has been found to be m+/m- =1.086.
In the second part, six carbonaceous materials have been tested as electrode
active materials in order to obtain better understanding of the correlation between
physical properties of the carbons and their electrochemical performances. The
carbon types SV and S0 have the highest gravimetric and volumetric
capacitance, respectively. They are considered as suitable candidates for high
energy applications. On the other hand, the carbon type CB possesses the
lowest total resistance and is considered as a good choice for high power
applications.
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1. General introduction
Referring to the World Energy Outlook 2013 written by the International Energy
Agency, the global total primary energy demand from 2011 to 2035 will increase
double the quantity as the growth from 1987 to 2011. In simple words, our energy
consumption increases with accelerating speed [1].
In recent years, the great success that the Americans and Canadians achieved in
the exploitation of shale gas has brought us illusion that it looks like always
possible for human being to find new fossil energy sources. However, no matter
how promising a fossil energy source may appear to be, the reserves of them are
limited. There must come one day that all resources in our beautiful planet are
depleted. What we need is renewable, affordable and reliable energy sources
which have unlimited reservoir.
Renewable energy sources, as the name itself explains, can be continually
replenished on a human time scale. Typical examples are wind, sunlight,
geothermal heat and biomass etc. [2]. However, the wind isn’t blowing without
seconds of interruption; the sun doesn’t shine in the night. There comes the
problem that energy supply which is based 100% on renewable sources is not
stable. Sometimes excessive electricity is generated and sometimes only very
limited amount of energy can be supplied. This is exactly the reason why electric
energy storage is now under the spotlight.
Electric energy storage technologies can be classified into two categories,
stationary and mobile. For stationary applications lead-acid battery, fuel cell,
redox-flow battery, lithium-ion-battery etc. are currently widely used, whereas in
the case of mobile electric energy storage, or more precisely, for pure electric
vehicles, fuel cells, batteries and electrochemical double-layer capacitors
(EDLCs) are the three main candidates.
A fuel cell is an electrochemical energy conversion device that has a continuous
1

supply of fuel such as hydrogen or methanol (for anodic consumption) and an
oxidant such as oxygen or simply air (for cathodic consumption) [3].
A battery is one or more electrically connected electrochemical cells having
contacts to supply electrical energy. A secondary battery, in contrast to a primary
battery, can be recovered to its charged state by means of flowing of electric
current in the opposite direction as the current flow during discharge. In the field
of E-mobility, normally such rechargeable batteries are employed as the energy
source [3].
An EDLC is a device that stores electrical energy in the electrical double layer
that forms at the interface between an electrolytic solution (electrolyte) and an
electronic conductor (electrode) [3].
EDLCs are very often compared with other electric energy storage devices.
Shown below in Figure 1 is a comparison of power densities and energy
densities among many popular devices [4]. It can be clearly observed from the
graph that EDLC possesses lower energy density in comparison with batteries
and lower power density when compared with traditional capacitors. Written
below is a detailed analysis of the problems that EDLC is currently facing.
1. The power density
The term “Power density” describes the fast charging-discharging capability of an
electric energy storage device. The higher the power density of the device is, the
faster it can be charged and discharged. This characteristic is essential for
practical applications.
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Figure 1. Specific power against specific energy, also called a Ragone plot, for
various electrical energy storage devices [4].
When we speak about a typical EDLC application, the role of EDLC as a
temporary storage device to catch the braking energy and further transfer it to the
main battery of a car is very often mentioned. A normal battery in comparison
would be not able to do this job. However, it is very often the case that even
EDLCs don’t function satisfactorily if the design of the capacitor cells is not
optimized. Therefore it is obviously necessary to look close to the scientific
background and find out proper solution to improve the power density of EDLCs.
The maximum power density of an EDLC can be calculated by applying the
formula: 𝑃𝑚𝑎𝑥 = 𝑉 2 /4𝑅, in which V stands for the operating voltage of the
capacitor cell and R is the Equivalent Series Resistance (ESR) [5]. In order to
achieve a maximum power density, it is obvious that the voltage of the capacitor
has to be as high as possible and its resistance has to be kept to the minimum
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value. However in reality, due to various reasons (e.g. improper mass balance of
the cathode and the anode, use of electrolytes with narrow Electrochemical
Stability Window (ESW), insufficient contact between the current collector and
the electrode active material etc.), the power density of an EDLC is very often not
achieving the optimum.
2. The energy density
“Energy density” is another very important parameter describing energy storage
devices and it’s a measure of how much electrical energy can be stored in them.
In practice, this property of an electrical energy storage device has significant
meaning because it determines directly how many hours you can play with your
cellphone and how many kilometers you can drive with your electric car.
It is generally believed that EDLCs feature only 5-10% the energy density
comparing to LIBs [6]. Therefore in order to compete with batteries, the energy
density of EDLCs must be significantly increased. Referring to the formula
𝐸 = 1/2 𝐶𝑉 2, the energy density of an EDLC is determined by the specific
capacitance of the active material and the cell operating voltage [5]. With the goal
of achieving a maximum energy density, both the specific capacitance and
operating voltage have to be maximized. However, very often in the real life,
derived from various origins (e.g. improper mass balance of the cathode and the
anode, use of electrolytes with narrow Electrochemical Stability Window (ESW),
use of active materials with low specific capacitance etc.), the energy density of
EDLCs is not very much satisfactory.
3. Electrode preparation technique
Furthermore, what should be also mentioned in this chapter is the electrode
preparation technique. Traditionally the EDLC electrodes are prepared by the wet
slurry method including mixing process of raw materials in N-Methyl-2pyrrolidone (NMP). NMP is an organic solvent which is toxic and environmental
unfriendly. Furthermore, electrodes produced by the slurry method are known to
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have generally low compaction degree and density, the surface of electrodes
shows sometimes cracks. Therefore this preparation method still presents some
problematic which has to be solved.
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2. Goal of the dissertation
2.1 RESISTANCE SOURCES CONTROL DURING THE ELECTRODE PREPARATION
In order to maximize the power density of an EDLC, its operating voltage has to
be as high as possible and its electric resistance has to be as low as possible.
Nowadays the operating voltages of commercial EDLCs lie in the range of 2.3 –
2.7 V, they are mainly determined by the electrolytes that are employed [7][8]. As
long as the same electrolyte is employed, the operating voltage of the cell
remains unchanged.
One goal of this dissertation is to obtain deep understanding of the origin of the
resistance sources in capacitor electrodes and control the resistance. This can
be done by employing active material with low electrical resistivity and controlling
the resistance sources during the electrode preparation. It is planned to develop
a new environmental friendly electrode preparation route which is able to
manufacture supercapacitor electrodes with excellent power performances and
overcome the drawbacks of the traditional method which employs toxic solvent
like N-Methyl-2-pyrrolidone.
Furthermore, a fast diffusion of the electrolyte inside the carbon pores is of great
importance for the power density of the capacitor. This is also greatly influenced
by the electrode preparation and formulation. Physical and electrochemical
characterization techniques allow correlating and understanding the ion
adsorption mechanism in the porous structure of the active materials.
Moreover, good electrode balancing insures high energy density of the cell and
improved cycling stability. Thus the effect of mass ratio between the cathode and
anode has been also studied.
2.2 INVESTIGATION OF VARIOUS CARBONACEOUS MATERIALS FOR EDLC
APPLICATIONS

There are great numbers of various materials that can be used in EDLCs, e.g.
activated carbon, transition metal oxides, electric conducting polymers, carbon
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nanotubes, graphene etc. [4]. However, activated carbon is presently still the
most widely used active material for EDLCs thanks to their high surface area,
controllable pore size and relatively low cost [9]. In this dissertation, several
activated carbons featuring different physical properties (surface area, pore size
distribution etc.) are supposed to be physically and electrochemically
characterized. From these results and also the help of an optimized electrode
preparation technique it is possible to find out the ones suitable for high power,
high energy and universal applications, respectively. Furthermore, one could also
understand the correlations between the electrochemical performances (i.e.
resistance and capacitance) with the physical properties of the specific
carbonaceous material.
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3. Introduction to supercapacitor technology
3.1 CLASSIFICATION OF SUPERCAPACITORS
Supercapacitor (SC) is usually considered as the general term for a family of
electrochemical capacitors [8][13]. There are three main categories of SCs:
Electrochemical double layer capacitors, Pseudocapacitors and hybrid capacitors
(see Figure 2) [10]. This classification is made based on different charge storage
mechanisms of the capacitors. EDLCs store electric charge pure electrostatically;
pseudocapacitors store electric charge electrochemically whereas the charge is
stored both electrostatically and electrochemically in hybrid capacitors. The
detailed working principles of every individual class are explained in following
sections.
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Figure 2. Schematic of classification of supercapacitors [13].
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3.2 PSEUDOCAPACITOR
3.2.1 Construction and Working principle
Pseudocapacitor stores electrical energy in a dynamic way. Fast reversible
faradaic reactions at the electrode-electrolyte interface facilitate the charge
transfer and normally the specifically adsorbed ions on the electrode surface are
responsible for these reactions. However, a pseudocapacitance occurs always
together with double-layer capacitance and they contribute to the total
capacitance at the same time. The pseudocapacitance may achieve a
capacitance value 10 or 100 times bigger than the static double-layer
capacitance, this is fully depending on the reaction mechanisms that happen on
the electrode surface and within the electrode structure [5].
A pseudocapacitor is normally built on the basis of an EDLC by replacing carbon
electrodes with electrodes which enable the pseudocapacitance, typical materials
used in such electrodes are metal oxides and conducting polymers [10].
Examples of possible active materials are given in the following section.
3.2.2 Materials
Researchers have investigated plenty of active materials which can be used for
EDLC and pseudocapacitor applications. The specific capacitances of them are
compared in Figure 3.
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Figure 3. Proposed pseudocapacitor materials in literature [11].
Metal oxides have been proposed long ago as the possible electrode materials
for pseudocapacitors. The main advantages of such materials are their high
specific capacitance and excellent electric conductivity [10].
Researchers all over the world have been studying candidates like MnO 2, NiO,
SnO2, Fe3O4, RuO2 etc. [11]. Among all of them, ruthenium oxide is attracting the
most attention due to its extremely high specific capacitance. The capacitance of
ruthenium oxide is achieved through the intercalation-deintercalation process of
protons into its structure [12]. For instance, the group of Naoi has reported a
composite made from highly dispersed nano-sized (0.5 to 2 nm) hydrous
RuO2/Ketjen black, the composite shows a high specific capacitance of 821 F g-1
[13].
Although the electrochemical properties of ruthenium oxide are really attractive,
the high cost of this material still hinders its wide success. A lot of researches are
going on trying to reduce the material and processing cost of it [10].
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For pseudocapacitors with metal oxide as active material, water basedelectrolyte like NaOH or H2SO4 is the state-of-the-art.
Conducting polymers, another category of important pseudocapacitor materials,
have attracted a lot of attention as well. This group of materials has also
relatively high capacitance and conductivity which make them suitable
candidates for pseudocapacitor applications. Popular materials are polyaniline,
polypyrrole and polythiophene etc. [11]. The pseudocapacitance of conducting
polymers arises from fast and reversible redox processes of the π-conjugated
polymer chains [14]. The n/p-type polymer configuration with one n-doped and
one p-doped polymer electrode has considerable energy and power densities;
however, an efficient n-doped conducting polymer material has not been found
yet [10]. Moreover, cycling stability of this group of materials remains uncertain
due to the mechanical stress induced by the charging-discharging process, this is
hindering the development of conducting polymer pseudocapacitors [13][41].
The electrolytes which can be used in conducting polymer pseudocapacitors are
similar to those employed in EDLCs, such as H2SO4, NaOH, TEABF4 in PC etc.
[14][10].
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3.3 HYBRID CAPACITOR
3.3.1 Concept and classification
The hybridization of various electrochemical energy storage devices has been
always one of the most interesting topics for researchers worldwide. In order to
realize a hybrid configuration, one has to bring at least two different energy
storage mechanisms together into one single device. In practice, EDLC
technology is very often combined with pseudocapacitor or battery. According to
the classification method proposed by Cericola et al., hybrid systems are devided
into two categories and subsequently four subcategories (see Figure 4) [15].
External hybridization can be realized by hardwire-connecting two energy
storage devices with different storage mechanisms together (e.g. an EDLC with a
lithium ion battery), either series connected (ESH) or parallel connected (EPH).
These kinds of devices are rather irrelevant for chemists and will not be
discussed further in this dissertation.
On the other hand, internal hybrid devices are developed by hybridization on the
electrode level. For instance, a device with one EDLC electrode and one battery
electrode is considered as internal series hybrid (ISH); a device with the property
that each electrode consists of at least two active materials is defined as internal
parallel hybrid (IPH) [15].The goal of building such hybrid capacitors is to greatly
increase the energy density of the wholedevice while keeping the high power
density advantage of the EDLC material.
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Figure 4. Classification of hybrid configurations of supercapacitors and batteries ,
separators are now drawn for simplicity. This graph is adapted from
[15]. License received from Elsevier under the license Number
3747000025199.
3.3.2 Internal series hybrid
An internal series hybrid system consists of one electrode enabling faradaic
reaction and another electrode where the charge is stored in the EDL. For the
EDL storage mechanism is normally carbonaceous materials (mainly activated
carbon) responsible. But for the faradaic reactions researchers have been
investigating countless materials. Typical examples are metal oxides, conducting
polymers and lithium insertion materials.
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Manganese oxides are studied widely as active materials for hybrid capacitors. In
such configuration, activated carbon is used as negative electrode material;
MnO2 is used in the positive electrode; aqueous solutions like Na 2SO4, K2SO4
and KOH are employed as electrolytes [15].
Moreover, conductive polymers are also used in supercapacitors due to their
excellent specific capacitance and rate capability. In a conducting polymer-based
hybrid capacitor, the negative electrode is usually activated carbon and the
positive electrode is composed of a polymer like Polyaniline, Polyfluorene or
various Polythiophene-based materials. Furthermore, the electrolytes can be
selected from a broad spectrum ranging from aqueous solutions, organic
electrolytes to ionic liquids [15].
In order to include the high energy characteristic of a lithium ion battery and the
high power property of an EDLC, various configurations of hybrid Li-ion
capacitors have been proposed. Unlike metal oxides- and conducting polymerbased hybrid capacitors, Li-insertion materials can be used in either the negative
electrode or the positive electrode.
Li4Ti5O 12 (LTO) is the most frequently used negative electrode material which
features high rate capability and moderate energy density. Nano crystalline LTO
is able to maintain about half the original specific capacity at 100C cycling rate
[16] [17] [18] [19].
Unlike the case of negative electrode materials, there are plenty of choices when
lithium insertion materials are used for the positive electrode of a hybrid
capacitor.

Typical

examples

among them

are

LiMnO 4,

LiNi0.5Mn1.5O4,

Li(Ni1/3Mn1/3Co1/3)O2, LiCrTiO4 etc. [15] [20] [21] [22].
3.3.3 Internal parallel hybrid
An internal parallel hybrid capacitor must have at least one bi-material electrode,
faradaic reaction and double-layer effect function within a single electrode at the
15

same time. Researches on this topic started just several years ago, pioneer
works have been done by Cericola et al., they have compared IPH and ISH
configurations based on LTO, LMO and AC materials. The IPH capacitors
showed better electrochemical performances than the ISH ones. The highest
energy density and power density achieved were 71 Wh kg -1 and 27 kW kg-1,
respectively [23]. In general, the IPH devices still have great potential to be
exploited and they are now very hot research topics in the field of supercapacitor
technology [24] [25] [26].
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3.4 ELECTROCHEMICAL DOUBLE LAYER CAPACITOR
3.4.1 Construction and working principle
The construction of a conventional electric capacitor is fairly uncomplicated
(Figure 5). It consists of two metal plates as the electrodes and there is a piece of
insulating material called “dielectric” in between separating them. If external
voltage is applied on the capacitor, positive and negative charges will be
accumulated on the surface of corresponding electrodes. Thereby the electric
charges are stored in the capacitor [10].

Figure 5. Construction of a conventional electric capacitor.
Capacitance 𝐶 is defined as the ratio of stored charge 𝑄 to the applied voltage
𝑉 as

𝐶=

𝐶 = 𝜀 0 𝜀𝑟

𝑄
𝑉

. For a capacitor, it is determined by the formula:

𝐴

(1)

𝑑

where 𝐶 is the capacitance, 𝜀0 is the dielectric constant of vacuum, 𝜀𝑟 stands
for the dielectric constant of the insulating material between two electrodes, 𝐴
stands for the surface area of each electrode and 𝑑 is the distance between two
electrodes. This formula is valid for conventional electrostatic capacitors as well
as electrochemical double layer capacitors [10].
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A typical EDLC consists of two electrodes made from high surface activated
carbon, a separator in between avoiding short-circuit and electrolyte solution
enabling the ion transport. Furthermore, current collectors are attached firmly to
the electrodes for a good contact and thereby low electric resistance (see Figure
6) [10]. The capacitance of the whole cell derives from both electrodes, as
contribution of two series connected capacitors. It is determined by the following
formula [27]:
1
𝐶𝑐𝑒𝑙𝑙

=

1
𝐶1

+

1

(2)

𝐶2

The electric charges are stored at the interface between the electrode and the
electrolyte. A so-called Helmholtz double layer forms at this interface and serves
as the dielectric which separates opposite charges and thus enables the electric
energy storage of EDLCs [28].

Figure 6. Principle construction of an EDLC: 1. External power source, 2. Current
collector, 3. Electrode, 4. Helmholtz double layer, 5. electrolyte, 6. Separator [29].
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3.4.1.1

The Helmholtz double layer capacitance

The Helmholtz double layer is formed when the surface of an electrode is in
contact with electrolytes. Thanks to the various contributions from Helmholtz,
Gouy, Chapman and Stern, the modern model of Helmholtz double layer is
sophisticated and can precisely describe the capacitive behavior of it. It is
generally believed that the Helmholtz layer contains several parts (see Figure 7).
Most closely to the electrode surface locates a layer of solvent dipoles and
specifically adsorbed ions, the so-called inner Helmholtz plane (IHP) goes
through them. Some nanometers further the solvated ions accumulate together
and the outer Helmholtz plane (OHP) is formed at the average radius of the ions.
Up to this point, the potential profile 𝜑 𝑣𝑠. 𝑑 is linear. By going further in the bulk
of the electrolyte, an incompact diffusive layer of solvated ions could be
observed; the potential decreases exponentially until the level of the liquid
electrolyte [28].
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Figure 7. Simple sketch of the Helmholtz double layer [28].
3.4.2 Electrode active materials
A big number of carbonaceous materials are proposed for EDLC applications.
Activated carbon, carbon black, carbon aerogel, carbon fiber, carbon nanotube,
graphene, carbide derived carbon etc. are all possible candidates for this
technology and every individual of them possesses unique properties [7]. A list of
the characteristics of various carbonaceous materials which can be used in
supercapacitors is shown below:
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Table 1. Properties and characteristics of various carbonaceous materials as
supercapacitors electrode materials [30].
Aqueous electrolyte
(e.g. K2SO4
solution)
Carbon
Materials
Activated
Carbons (ACs)

Specific

Densit

surface

y

Organic
electrolyte
(e.g. TEABF4 in
Acetonitrile)

F g-1

F cm-3

F g-1

F cm-3

<200

<80

<100

<50

<150

80-200

<120

<80

<80

<40

<60

<60

<30

area/m2 g-1 /g cm-3
1000-3500 0.4-0.7

Activated
Carbon fibers

1000-3000 0.3-0.8 120-370

(ACFs)
Carbon Aerogels
Carbon
Nanotubes (CNTs)
Graphene
Templated
Porous Carbon

400-1000

0.5-0.7 100-125

120-500

0.6

50-100

2630

>1

100-205 >100-205 80-110

500-3000

0.5-1

120-350

<200

60-140

>80110
<100

Properties of several important materials are discussed in detail in the following
paragraphs.
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3.4.2.1

Activated carbon

Activated carbon was the material selected by SOHIO as the main electrode
component in the world-first-commercialized EDLC in 1966 [31]. It is nowadays
still the most

Figure 8. Schematic of the porous structure of activated c arbon [32].
popular material for EDLCs due to their moderate cost, large surface area,
availability and mature technology [33][34]. Activated carbons possess highly
porous structure which comprises macropoes (>50 nm), mesopores (2-50 nm)
and micropores (<2 nm). The electrolyte ions can adsorb on the porous surface
(Figure 8).
ACs are generally prepared by means of physical and/or chemical activation of
various types of carbon materials (e.g. wood, coal, coconuts shell etc.). Physical
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activation is generally considered as a process of treating carbon precursors
under elevated temperature (700-1200 °C) in the presence of oxidizing gases
(e.g. steam, air). The chemical activation in contrast is performed at relatively
lower temperature (400-700 °C); the commonly used activation agents include
KOH, NaOH, and H3PO4 etc. The produced ACs can have very high specific
surface area (SSA) up to 3000 m2g-1. If one recalls the formula C = 𝜀0 𝜀𝑟

𝐴
𝑑

, large

value of surface area contributes significantly to the capacitance. However, the
specific capacitance of an AC is not only influenced by its SSA; the pore size
distribution, pore shapes and type of functional groups play also very important
role on its electrochemical properties [34].
It is generally believed that EDLCs with AC electrodes show higher capacitance
(100 F g-1 to 300 F g-1) when aqueous electrolytes are used. In contrast, organic
electrolytes offer lower values normally less than 150 F g -1. One essential factor
leading to this phenomenon is considered as the effective solvent ion size.
Normally the ion size of an organic solvent is bigger than that of water molecule,
thus the solvated cations and anions in organic electrolytes are not able to enter
the small pores in the carbon material which leads to a relatively lower
capacitance value. However, organic electrolytes are presently preferred in
commercial EDLCs because they enable much higher operating voltage of the
capacitors which contributes greatly to their energy density [34].
In order to achieve a maximum of capacitance, the pore size distribution of an
AC has to fit the individual electrolyte that is employed. Study from Salitra et al.
shows that 0.4 nm is the lower limit for size of pores which are active for
electrochemical double layer (EDL) capacitance in aqueous electrolytes [35]. In
the case of organic electrolytes, Béguin’s group concluded that 0.8 nm is the
optimal pore size [36]. Furthermore, Largeot et al. prepared carbide derived
carbons (CDCs) with precise pore size distribution and demonstrated that the
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maximum capacitance is achieved when the pore size of the carbon
approximates the ion size [37].
3.4.2.2

Carbon nanotube

Carbon nanotubes (CNTs) have attracted plenty of attention since they were
discovered more than 20 years ago. Their excellent electrical, mechanical and
thermal properties

Figure 9. Schematic of the structure of SWCNT and MWCNT [38].
give them the potential to fit numerous practical applications. Unsurprisingly, they
are also good candidates as EDLC electrode material [34]. Single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) are the
two main classes of CNTs, both of them have been extensively studied as
electrode material for energy storage applications (Figure 9). Thanks to their
excellent electrical conductivity and readily accessible surface area, CNTs are
usually considered suitable for high-power devices. However, their energy
density is usually lower than that of ACs due to their smaller SSA (see Table 1).
In order to improve their SSA, chemical activation is a possible solution.
Frackowiak et al. have reported an increase of the BET SSA of MWNTs from an
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initial value of 430 to 1035 m 2 g−1 by activation with KOH [39]. Furthermore,
Bordjiba and co-workers managed to synthesize a CNT-aerogel composite
material which exhibits high SSA of 1059 m 2 g−1 and extremely high specific
capacitance of 524 F g−1 in 5 M KOH electrolyte [40]. However, the preparation
route of this complex material is very tedious and a mass production is not
expected in the near future. In fact, carbon nanotubes are generally much more
expensive than activated carbons and thus less competitive.
3.4.2.3

Templated porous carbon

Porous carbons produced with help of proper templates possess well-controlled
pore size distribution, ordered pore structures, large SSAs and interconnected
pore network. Such carbons are good candidates for various applications
including active materials for EDLCs. Generally templated carbons are prepared
in the following way: at first, a carbon precursor is intruded into the porous
structure of the template; secondly, the carbon precursor is carbonized and; in
the end, the template is removed and the porous carbon with desired structure is
obtained (Figure 10) [34].

Figure 10. Schematic of preparation procedure of ordered mesoporous carbon
(OMC) [41].
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In order to guarantee the defined physical and chemical properties of the
carbons, the preparation procedure has to be carefully controlled, including:
selection of the template material and the carbon precursor, controlling of the
carbonization process etc.
It has been reported in literature that the mesopores in porous carbons facilitate
the ion transport in the electrodes and thus play essential role for high power
characteristic of the capacitor cell. On the other hand, micropores with proper
pore size contribute greatly to the specific capacitance of the carbon and
therefore also the energy density of the cell [42][43][44]. By following this
conclusion, Wang et al. designed a 3D hierarchical porous graphitic carbon
material which features macroporous cores, mesoporous walls and micropores
for high rate EDLC applications [44]. The macropores work as ion-buffering
reservoirs; the mesoporous structure accelerates the kinetic process in porous
electrodes; the micropores are mainly responsible for charge storage.
3.4.2.4

Graphene

Graphene is single carbon layer which is only one atom thick. Its simple structure
is shown in Figure 11.
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Figure 11. Schematic of the structure of graphene layer [45].
Although the theoretical studies of graphene started long ago, this material
began to attract worldwide attention only after free-standing graphene had been
prepared [46]. Graphene possesses numbers of unusual physical properties
such as high electrical conductivity, high surface area and high mechanical
strength etc. It is thus considered as a very promising material for supercapacitor
applications.
Graphene sheets can be synthesized by lots of different methods, including
mechanical cleavage of graphite, chemical exfoliation of graphite, epitaxial
growth and chemical vapor deposition etc. [30]. El-Kady and co-workers reported
recently a novel preparation route for producing graphene sheets [47]. Firstly, a
layer of graphene oxide (GO) supported by flexible substrate is placed on a DVD
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disk; secondly, the disk is transported into a computerized DVD disk drive and
laser scribed therein; then the stacked GO sheets are immediately reduced into
well-exfoliated graphene layers

which are suitable for direct

use in

supercapacitor electrodes.
The specific capacitance of the graphene electrode can ac hieve quite high value.
Kannappan et al. have reported fabrication of graphene based supercapacitors
with high specific capacitance of 150.9 F g -1 at high cycling current density of 5 A
g-1 in EBIMF 1 M ionic liquid electrolyte [48]. The laser-scribed graphene layer
prepared by El-Kady et al. even achieved an extremely high capacitance of 276
F g-1 when the capacitor cell is operated with ionic liquid as electrolyte [47]. There
is a clear trend that the energy density of graphene based supercapacitors is fast
approaching that of conventional lithium ion batteries. However, a cost-effective
and environmental friendly route for mass production of high quality free-standing
graphene is up to now still not realized. Deeper and more thorough
understanding of the physics and chemistry of graphene under various
processing conditions is required.
3.4.3 Electrolyte
The electrolyte influences greatly the performance of a supercapacitor because
both its energy density and power density are proportional to the square of cell
operating voltage which is determined by the electrochemical stability window
(ESW) of the electrolyte. Moreover, the properties of the selected electrolyte play
also essential roles in the following aspects:
1. The electrical conductivity of the electrolyte determines the power output
of the capacitor.
2. The behavior of electrolytic ionic adsorption in the porous structure of the
active material influences greatly the double layer capacitance and as well
the resistance of the cell.
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3. The dielectric constant of the electrolyte is also a very important factor
determining the double layer capacitance [49].
Therefore the selection of electrolyte is clearly of great importance.
The electrolytes employed in supercapacitor applications are generally divided
into three different classes: aqueous electrolytes, organic electrolytes and ionic
liquids.
The first aqueous electrolytes for supercapacitors were selected as H 2SO4 and
KOH because of their extensive use in the accumulator field. They have very
good conductivity which enables high power output of the capacitor. However,
due to the thermodynamic decomposition of water, the ESW of such acidic and
alkaline solutions is normally under 1 V. This big disadvantage limits critically the
energy density of the capacitor cell. Furthermore, H2SO4 and KOH are very
corrosive in nature and can be quite dangerous for the cell components,
especially the metallic current collectors. In a scientific laboratory, it is no
problem to test the cells with noble metal current collectors like gold. But it is
obviously economically impossible to use the same material in mass production
of industrial scale. Therefore many researchers are working on neutral pH
aqueous electrolytes. The group of Wu [50] has investigated three sulfides
solution (Li2SO4, Na2SO4 and K2SO4) as electrolytes for supercapacitors. The
rate capabilities follow the sequence of Li 2SO4<Na2SO4< K2SO4 because the
migration speeds of the hydrated ions in the bulk electrolyte and within the inner
pores of AC electrode increase in the order of Li +<Na+<K+. Therefore the K 2SO4
solution is considered as a suitable candidate for high power capacitors.
However, according to the results from Fic et al., Li 2SO4 solution exhibits the
widest ESW and thus supplies the cell the highest operating voltage of 2.2 V.
The reason for this unusual high voltage is the strong hydration of Li + [51]. Thus
the Li2SO4 solution is considered as a good choice for high energy capacitors.
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Organic electrolytes are the most often used candidate in commercial
supercapacitors. The most popular ones among them are tetraalkylammonium
(R4N+) salts in acetonitrile (AN) or propylene carbonate (PC) [49]. With help of
those electrolytes, 2.7 V of cell voltage can be realized. Jänes et al. have
reported testing of mixture from four different BF 4- salts in γ-butyrolactone (γ-BL)
as supercapacitor electrolyte which is electrochemically stable up to 3 V [52].
Although higher operating voltage of the cell gives comparative advantage of
organic electrolytes over aqueous electrolytes, they still have drawbacks like
relatively high ESR, toxicity, high cost, vulnerability to moisture and so forth [49].
Ionic liquids (ILs) are presently attracting very much attention because of their
special physical and chemical properties such as high ESW, high thermal
stability, non-toxicity, variety of combination of choices of ions etc. ILs are room
temperature molten salts which can be directly employed as supercapacit or
electrolytes without the involvement of solvents [34]. Typical examples include
EMITFSI

(1-ethyl-3-methylimidazolium

bis(trifluromethanesulfonyl)imide),

PYR14TFSI(N-butyl-N-methylpyrrolidinium bis(trifluromethanesulfonyl)imide) etc.
By using such ILs as electrolytes, 3.5 – 3.7 V of cell voltage can be achieved and
the capacitor cell is thus featuring high energy density [49]. However, ILs are
typically very viscous liquids under room temperature and therefore have
relatively low conductivity which leads to high ESR values. This property affects
negatively the power density of the cell. But in the field of hybrid electric vehicle
(HEV), capacitor modules work under elevated temperature so the problem of
high ESR is not so much pronounced [49].
3.4.4 Separator
A separator is a layer of porous membrane sitting between the negative and the
positive electrode, facilitating a good ion transport and at the same time
electronic insulating. There have been numbers of various materials employed in
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supercapacitors as separators, such as rubber, plastic, aquagel, glass fiber,
resorcinol formaldehyde polymers, polyolefin films, etc. [53]. Recently, Yu and
co-workers have tested the possibility of using eggshell membrane – a biological
product – as separator in supercapacitor cells. The cell possesses low ESR and
excellent cycling stability [53].
3.4.5 Current collector
The most current collectors presently employed in commercial supercapacitors
are thin metal foils (Al or Cu).The foils can be used in many different ways: plain
foils, etched foils, pre-coated foils etc. The goal of all of these treatment methods
is to improve the interface contact between the metal foil and the active material.
Portet and co-workers pre-coated the Al current collector with conductive
carbonaceous material by sol-gel method [54]. The assembled cell with such
current collector shows much smaller interface resistance in comparison to the
cells with untreated foils.
Moreover, currently lots of researchers are working on nanomaterials which have
the potential to be implemented as current collectors in supercapacitors. Zhou et
al. have developed supercapacitors using super-aligned carbon nanotube sheets
as current collectors. The prepared sheets are lightweight, highly conductive and
flexible [55]. The group of Lee has prepared coaxial nanowires of polyaniline
(PANI) and Indium tin oxide (ITO) by combination of chemical vapor deposition to
grow the ITO nanowires and electropolymerization process to deposit the PANI.
The rigid ITO nanowire supports make facile and uniform surface coating of PANI
possible. In comparison to electropolymerized PANI film on planar substrates,
PANI on ITO nanowire shows more excellent performances in aspects of specific
capacitance, rate capability and cycling stability [56].
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3.5 APPLICATION FIELDS OF SUPERCAPACITORS
Supercapacitors are nowadays widely used in both consumer and industry
applications thanks to their characteristics like high power, excellent stability and
long cycling life.
In industrial applications, Supercapacitors are playing essential roles in various
fields. They are able to start vehicles in very cold weather when the most
batteries would be frozen and capture large power from the regenerative braking
systems. There are currently 61 Capabuses (Supercapacitor buses) operating on
the streets of Shanghai (see Figure 12). The Capabuses are able to drive more
than 10 km per single charge which takes only 90 s [57]. Furthermore,
supercapacitors are also employed as the power source of the emergency gates
in aircrafts due to their outstanding reliability. In wind parks, supercapacitors are
used to regulate the output voltage of the wind mills in order to fit the requirement
of the electric grid. In construction fields, supercapacitors help forklifts and
cranes to lift heavy loads by supplying burst power. In data server centers, they
are working in the function of Uninterruptible Power Supplies (UPS) which keep
the power supply of the servers for short time and initiate the backup power
systems like diesel generators or fuel cells [58].
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Figure 12. Capabus (Supercapacitor bus) in Shanghai completely powered by
supercapacitors [59].
In the field of consumer electronics, there are also several commercial products
available. Blueshift has released a Bluetooth speaker which is powered by four
Maxwell BCAP0350 supercapacitors [60]. Coleman has developed a cordless
screwdriver powered by supercapacitors, it is able to handle 22 screws per one
single charge of 90 s [61]. Furthermore, 5.11 Tactical has announced a flashlight
“Light For Life UC3.400” which needs also only 90 s to charge and can provide
light for 90 min [62]. However, a massive use of supercapacitors as the main
power sources for consumer electronics has not been observed yet. Lithium ion
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batteries are still holding the most market share due to their much higher energy
density in comparison to supercapacitors.
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4. Experimental
4.1 RAW MATERIALS
All the raw materials used in this work are listed in Table 2, the raw
materials and activation methods for all six carbon materials are shown in

Table 3.
Table 2. Raw materials used in this dissertation.
Material

Abbreviation

YP-17D

YP

FC-SK1 P75

FC

CPL Carbon Link

Cabot Black SC2

CB

Cabot Corporation

HC-20BST

HC

Haycarb PLC

Activated carbon

S0

confidential

Activated carbon

SV

confidential

Activated carbon

PTFE

3M

Binder

Polytetrafluoroethylene

Supplier
Kuraray Chemical
Co.

Category
Activated carbon
Activated carbon
High capacitance
Carbon black

DENKI KAGAKU
Denka Black

DB

KOGYO

Conducting

KABUSHIKI

Carbon black

KAISHA
Electrodag EB-012

EB-012

Henkel
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Adhesive agent

Table 3. Precursor materials and activation methods of six carbons.
YP
Precursor Coconut
Activation
method

Steam

FC

SV

S0

CB

HC

Coal

Coke*

Coke*

proprietary

Coconut
shell

Steam

KOH*

KOH*

No

Steam
*: Estimated

4.2 ELECTRODE PREPARATION
The electrodes used in this study were prepared by employing a novel dry
preparation route which doesn’t involve the use of any solvent (see Figure 13). In
comparison to the traditional wet method, the new route avoids the contamination
of solvent residue and provides high degree of compaction to the carbon
electrodes. Furthermore, this method is expected to make a very good contact
between carbon electrodes and the current collector. The details of the
preparation are explained below.
Firstly, the active material (providing capacitance, YP, HC, S0, SV or FC) was
dry-mixed with conductive agent (DB) and the binder (mechanically bind all
components together, PTFE) by ball-milling. In the case of CB, the use of DB is
not necessary so CB was mixed only with PTFE. The weight percentage of each
component has been varied as described in the following chapters. After the ballmilling, the powder mixture was transferred into an agate mortar and compacted
by a pestle. A piece of plastic film was then obtained from the mortar and further
compacted in a calender until a free-standing film with a final thickness of about
100 µm is obtained.
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Two kinds of etched aluminum foils (from JCC and MCT, respectively) were used
as current collector and pre-treated with a commercial adhesive agent (EB-012)
before use.
The calendered free-standing film was cut into pieces of 5×5 cm2 and then hotpressed on the current collector for three minutes using various pressures and
temperatures.
In the end the final electrodes were obtained as three-layer structure consisting
of carbon electrode composite, adhesive agent and Al foil.
Alternatively, several freestanding films have been attached to Aluminium foils by
means of lamination. The lamination process has been performed by using
different rolling forces while keeping the moving speed and processing
temperature constant.
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Figure 13. Schematic demonstration of the solvent-free electrode preparation
procedure.
4.3 CELL ASSEMBLY
Laboratory scale electrodes (ø=12 mm) were punched out from the finished 5×5
cm2 films and dried overnight in vacuum oven (from Büchi) at 130 °C. The
electrodes have been then hermetically transferred into an Ar-filled glovebox
(H2O and O2<0.1 ppm, from MBraun). Swagelok® type cells (see Figure 14)
have been employed for assembling the test capacitors which consist of two
identical electrodes separated by three glass fiber separators (from GFA). For
cell balancing experiments, carbon electrodes (85% YP-17D carbon, 5% Denka
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black and 10% PTFE binder, prepared by the same procedure as the other
electrodes)

were

used

as

quasi-reference

electrode

[63].

1M

tetraethylammonium tetrafluoroborate (TEABF4) in acetonitrile (AN, from
Honeywell) was used as electrolyte.

Figure 14. Sketch of a Swagelok cell (adapted from [64] with permission of the
author).

4.4 CHARACTERIZATION

METHODOLOGIES

4.4.1 Gas sorption measurements and pore property analysis
The N2 and CO2 sorption measurements were conducted by an Autosorb Station
(from Quantachrome Instruments). Isotherms of all the carbon powders and
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electrodes have been obtained directly from the instrument. According to IUPAC
definition (Figure 15), isotherms of porous materials are classified into six types.
Type I and type IV are the two most important ones for study of carbon materials
for EDLC application because they show classical micro- and mesoporous
behavior, respectively.

Figure 15. Six typical isotherms of porous materials [65].
Furthermore, IUPAC has also defined four different types of hysteresis loops for
the type IV and type V isotherms (Figure 16). The shapes of hysteresis loops
provide important information of fine structure of the pores.
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Figure 16. Four typical hysteresis patterns of isotherms of porous materials [65].
After the isotherms have been obtained from the experimental instrument, they
were directly imported into a computer program AsiQWin (from Quantachrome
Instruments). This software is able to perform various analyses on the raw data
(isotherms) and many meaningful parameters of the characterized porous
material can be extracted.
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4.4.1.1.

The multipoint BET method

The Brunauer-Emmett-Teller (BET) [66] method is the most widely used tool for
the determination of the surface area of porous materials. It involves the use of
the BET equation:
𝟏
𝐏
𝐖(( 𝟎 )−𝟏)
𝐏

=

𝟏
𝐖𝐦 𝐂

+

𝐂−𝟏

𝐏

( )

(3)

𝐖𝐦 𝐂 𝐏𝟎

where, W is the weight of gas adsorbed at a relative pressure, P/P 0, and W m is
the weight of adsorbate constituting a monolayer. The term C is the BET C
constant and is related to the energy of adsorption in the first adsorbed layer and
consequently

its

value

is

an

indication

of

the

magnitude

of

the

adsorbent/adsorbate interactions.
In order to solve the BET equation, one needs a linear plot of 1/[W(P0/P)-1]
versus P/P 0. For most porous materials using N2 as adsorbate, the proper region
of making the plot locates in the P/P 0 range of 0.05 to 0.35. At least three points
in this region have to be selected to ensure a good linear fitting. After the fitting
the weight of a monolayer of adsorbate W m can be calculated from the slope and
intercept of the BET plot.
Secondly, the total surface area of the porous material can be calculated from
the equation:
𝐒𝐭 =

𝐖𝐦 𝐍𝐀𝐜𝐬

(4)

𝐌

where N is Avogadro’s number (6.0221415 × 1023 molecules/mol) and M is the
molecular weight of the adsorbate. Acs stands for the molecular cross-sectional
area of the adsorbate molecule. For the hexagonal close-packed nitrogen
monolayer at 77 K, the value of A cs is 16.2 Å 2.
In the last step, the specific surface area of the material is obtained by dividing
the total surface area S t by the sample weight [67].
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4.4.1.2.

The Non-Local Density Functional Theory (NLDFT)

The classic BET theory is not able to give a realistic description of the filling of
micropores, this leads to an underestimation of pore sizes. Therefore, another
treatment called Non-Local Density Functional Theory (NLDFT) has been used to
compute the DFT specific surface area (DFT SSA) and the pore size distribution
(PSD) of all the samples [68][69].
The NLDFT method is able to correctly describe the local fluid structure near
curved solid walls; adsorption isotherms in model pores are determined based on
the intermolecular potentials of the fluid-fluid and solid-fluid interactions. The
relation between isotherms determined by these microscopic approaches and the
experimental isotherm on a porous solid can be interpreted in terms of a
Generalized Adsorption Isotherm (GAI) equation:
𝐏

𝐖

𝐏

𝐍 ( ) = ∫𝐖 𝐌𝐀𝐗 𝐍 ( , 𝐖)𝐟(𝐖)𝐝𝐖
𝐏𝟎

𝐌𝐈𝐍

(5)

𝐏𝟎

where N(P/P0) represents the experimental adsorption isotherm data, W is the
pore width, N(P/P0,W) stands for the isotherm on a single pore of width W and
f(W) is the pore size distribution function.
The GAI equation reflects the assumption that the total isotherm consists of a
number of individual “single pore” isotherms multiplied by their relative
distribution, f(W), over a range of pore sizes. The set of N(P/P 0,W) isotherms for
a given system (adsorbate/adsorbent) can be obtained by the density functional
theory. The pore size distribution is then derived by solving the GAI equation
numerically via a fast non-negative least square algorithm [67].
4.4.1.3.

The t-method

The t-method of de Boer has been employed in this study for the determination of
micropore volume and surface area in the presence of mesopores. This
technique involves the measurement of nitrogen adsorbed by the sample at
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various low-pressure values (between p/p0 = 0.2 and p/p0 = 0.5). The procedure
is the same as that employed in the BET surface area measurement, but it
extends the pressure range to higher pressures to permit calculation of the
external (mainly mesoporous) surface area of the material. A t-plot is a plot of the
𝑆𝑇𝑃
volume of gas adsorbed (𝑉𝑎𝑑𝑠
) versus t, the statistical thickness of an adsorbed

film.
The t values are calculated as a function of the relative pressure using the de
Boer equation:
𝐭(Å) = [

𝟏𝟑.𝟗𝟗
𝐏

𝟏/𝟐

]

(6)

𝐥𝐨𝐠( 𝟎 )+𝟎.𝟎𝟑𝟒
𝐏

A typical t-plot of a porous material which has both meso- and micropores is
shown in Figure 17. The plot comprises of two parts representing the micro- (B)
and mesopores (A) in the material.
The mesoporous surface area S meso can be easily calculated from the equation:
𝐒𝐦𝐞𝐬𝐨 =

𝐒𝐓𝐏×𝟏𝟓.𝟒𝟕
𝐕𝐚𝐝𝐬

(7)

𝐭(Å)

where the constant 15.47 represents the conversion of a gas volume to liquid
volume and

VSTP
ads
t(Å)

is simply the slope of the part A. Furthermore, the microporous

surface area can be simply obtained by 𝑆𝑚𝑖𝑐𝑟𝑜 = 𝑆𝐵𝐸𝑇 − 𝑆𝑚𝑒𝑠𝑜 [67].
Moreover, the micropore volume can be calculated from the equation:
𝐕𝐦𝐢𝐜𝐫𝐨 (𝐜𝐦𝟑 ) = 𝐈 × 𝟎. 𝟎𝟎𝟏𝟓𝟒𝟕

(8)

where I is the intercept of the extrapolation from the curve B and 0.001547
enables the conversion between gas and liquid volume. Furthermore, the total
volume of both meso- and micropores can be got from the last point (P/P0=0.99)
of the adsorption isotherm in high pressure regime. In the end, the mesoporous
volume can be calculated as 𝑉𝑚𝑒𝑠𝑜 = 𝑉𝑡 − 𝑉𝑚𝑖𝑐𝑟𝑜 [67], [70].
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Figure 17. Typical t-plot of a porous material with presence of both meso- (A) and
micropores (B) [67].
4.4.2 Scanning electron microscopy (SEM) and image analysis
Scanning Electron Microscopy (SEM) images of all samples were taken by a
LEO 1530-VP-Gemini microscope (Carl-Zeiss).
In order to evaluate the macroporosity and particle packing of the electrodes the
images were analyzed using ImageJ, a public domain, Java-based image
processing software [71][72]. It has been widely used to display, edit, process
and analyze 8-bit, 16-bit, 32-bit images. In this work, ImageJ was used to
analyze the pore size of the composite activated carbon electrodes prepared at
different conditions. The purpose was to observe the effect of temperature and
pressure on the particle packing and morphology and thus to have a direct
correlation with the electrochemical results.
45

The image processing steps are described in Figure 18. The SEM pictures have
been firstly converted to binary images by selecting an appropriate threshold
value. Then the area of the pores has been calculated using the “Analyze
Particle” function in the ImageJ program menu by fitting the pores with ellipses.
The total number of the analyzed pores taken from two individual SEM images
for each sample is sufficient for exhibiting the differences in the pore structure
(2500-5000 counts for samples) [73].

Figure 18. Image processing steps for characterization of the pores [73].
4.4.3 Electronic conductivity measurements
Electronic conductivity is an intrinsic material property which measures how
much a material allows a flow of electric current through its volume. Its unit is
often given as S cm -1. Practically, it is usually obtained by taking the reciprocal
value of the resistivity (Ω cm).
In this work, a self-constructed device powered with a Keithley 2400
Sourcemeter was employed for measuring resistance of the electrodes. The
detailed experimental setup is shown in Figure 19. A test current has been
generated and flowed through the electrodes. The corresponding voltage
response generated between the upper and lower surface of the electrode was
recorded. The external ring electrode was only used as guard to avoid parasitic
current leakages. Conductivity values can be then calculated by the equation:
𝟏
𝛔

= 𝛒 =𝐑

𝐀

(9)

𝛕
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where σ is the conductivity, ρ stands for resistivity, R is the resistance, A is the
area of the test electrodes and equals 3.14 cm 2, τ is the thickness of the
electrodes.
Before each measurement, electrodes with radius of 18 mm were punched out
from large pieces and properly dried. The same pressure (50 N cm 2) and
electrification time (60 seconds) were applied to all samples. In order to avoid
thermal drifts, during all experiments the offset-compensation function was
enabled at the Keithley 2400 Sourcemeter. One can directly read the resistance
values of the electrodes from the display of the sourcemeter.

Figure 19. Experimental setup for measuring the volume electronic conductivity
of electrodes. (a) Schematic of the device and (b) detailed view of the 4-wire
sensing setup [64].
4.4.4 Electrochemical characterization
All Electrochemical measurements were performed by a VMP3 multichannel
potentiostat (Bio-logic Science Instrument) equipped with an EC-Lab® software
for instrument operation and data evaluation.
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4.4.4.1

Galvanostatic cycling with potential limitation (GCPL)

Galvanostatic

cycling

(charging/discharging)

is

the

most

common

electrochemical technique used for the characterization of electric energy storage
devices. In such experiments, a constant current is applied between the working
and the counter electrode (see Figure 20); the voltage of the full cell can be
therefore either increased or decreased to a certain value. By inverting the
flowing direction of the current, the cell voltage can be brought backwards to the
initial status (see Figure 21).

Figure 20. Schematic of current excitation in a GCPL measurement [64].
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Figure 21. Typical charging-discharging curve of an EDLC cell.
Two important parameters (specific capacitance and IR-drop) of the cell can be
extracted from the GCPL curve.
The cell capacitance, using a galvanostatic method, is normally deduced from
the slope of the discharging curve (Figure 21) by using the equation below:
C

I
dV / dt

(10)

where C is the cell capacitance in Farad (F), I the discharge current in Ampere
(A) and dV/dt is the slope of the discharging curve in Volt per second (V s -1).
The following equation applies for a two-electrode system, assuming that the
electrodes have the same weight:
Ccathode = Canode = C

(11)

In this case, the measured cell capacitance is:

49

1
Ccell = C
2

(12)

The specific capacitance (Cspec) in Farad per gram of active material (F g-1) is
related to the capacitance of the cell (Ccell) by:
Cspec =

2  C cell
m AM

(13)
where mAM represents the active material weight of each electrode.
IR-drop is a measure of the total resistance of the cell (depicted in Figure 21).
One can easily compare the resistances of different capacitor cells by referring to
their IR-drop values.
In this study, GCPL experiments have been performed with different current
density (ranging from 125 mA g-1 to 8 A g-1) and potential limitation (2.5 V, 3 V
and 3.25V).
4.4.4.2

Cyclic voltammetry (CV)

Cyclic voltammetry is a potentiodynamic technique for studies of electrochemical
systems and very useful in obtaining information about electrode redox reactions.
As displayed in Figure 22, in a CV experiment the voltage applied is linearly
varied versus time till a set potential is reached. Meanwhile the current response
is recorded. Peaks of current are present where redox reactions take place.
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Figure 22. Schematic of voltage excitation in a CV measurement [64].
In Figure 23, a typical cyclic voltammogram of an EDLC is shown. Its quasirectangular shape indicates a main contribution from static charge storage.
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Figure 23. Typical cyclic voltammogram of an EDLC.
Furthermore, the specific capacitance of the tested active material can be
calculated from 𝐶𝑠𝑝𝑒𝑐 =

𝐼
𝑑𝑉/𝑑𝑡∙𝑚𝐴𝑀

at the midpoint of the whole CV profile (1.25

V). However, the voltammogram shows rarely a perfectly rectangular pattern and
thus a precise reading of the specific capacitance is not possible. Therefore in
this dissertation it is always referred to the specific capacitance value derived
from GCPL experiments.
In this study, CVs were performed at 10 mV s-1 scan rate in the potential range of
0 to 2.5 V if not differently specified.
4.4.4.3

Electrochemical impedance spectroscopy (EIS)

Electrochemical

Impedance spectroscopy

is

a

powerful

technique for

investigating interfaces (electrode-electrolyte, electrode-current collector etc.)
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and of the processes occurring at them. Differently from galvanostatic and
voltammetric methods, where the electrode is usually driven rather far from its
equilibrium condition, in EIS an alternating signal (voltage or current) of very
small amplitude is applied to the system.
First of all, a Frequency Response Analyzer (FRA) provides a sinusoidal signal to
the potentiostat that can be expressed as:
𝐸(𝑡) = 𝐸0 sin(𝜔𝑡)

(14)

where 𝜔 is the angular frequency and 𝐸0 is the signal amplitude. This is added
to the working electrode potential and fed to the cell. Depending on the nature of
the investigated system, the current response might result shifted in phase (∅)
and with different amplitude (𝐼0):
𝐼(𝑡) = 𝐼0 𝑠𝑖𝑛(𝜔𝑡 + ∅)

(15)

Furthermore, according to the Ohm's law, the impedance Z is then obtained as
follows:
𝑍=

𝐸(𝑡)
𝐼(𝑡)

=

𝐸0𝑠𝑖𝑛(𝜔𝑡)
𝐼 0𝑠𝑖𝑛(𝜔𝑡+∅)

= 𝑍0

𝑠𝑖𝑛 (𝜔𝑡)

(16)

𝑠𝑖𝑛 (𝜔𝑡+∅)

Using the complex numbers notation, Z can be described in a vector diagram as
a function of its real (𝑍𝑟𝑒𝑎𝑙) and imaginary (𝑍𝑖𝑚) parts:
𝑍 = 𝑍0 (𝑐𝑜𝑠∅ − 𝑗𝑠𝑖𝑛∅) = 𝑍𝑟𝑒𝑎𝑙 − 𝑗𝑍𝑖𝑚

(17)

where j indicates the imaginary unit (𝑗 = √ −1). The plot of imaginary versus real
components of the impedance for different values of frequency is the so-called
Nyquist plot.
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Figure 24. Sinusoidal excitation and response in an EIS experiment [64].
A typical Nyquist plot for an EDLC based on porous carbon shows from high to
medium frequencies a typical diffusion region which reflects the resistance of the
electrolyte through the electrode pores. The diffusion part is followed by a vertical

-Z imag

line indicating a purely capacitive behavior (Figure 25).

Z real

Figure 25. Typical Nyquist plot for a carbon/carbon EDLC.
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However, experimentally, the Nyquist plot of a carbon electrode shows very often
a semicircle at high frequencies which shifts the total resistance towards higher
values as depicted in Figure 26. This semicircle is reported by several other
groups as well [54][74][75].

Figure 26. Experimental Nyquist plot and corresponding simulation. The inset
shows the equivalent circuit used for the simulation.
There are various hypotheses that might explain the nature of this semicircle. In
the case of activated carbons with functional groups operating in an aqueous
electrolyte it can be correlated to the charge transfer corresponding to faradaic
processes [75]. Moreover, it can be associated to the poor electronic conductivity
among the particles

(activated carbon/activated carbon

and

activated

carbon/carbon black contacts). Furthermore, another possible explanation can be
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the poor contact between the current collector and the composite electrode [54].
In general, the poor contact at the interface between electrode and current
collector is a critical and persistent problem not only on the supercapacitor
development but also on the Li-ion battery manufacturing. Recently, M.
Gaberscek et al. investigated the influence of different current collectors on the
kinetics of Li-ion battery electrodes [76]. Gabersceket al. found a direct
correlation between the semicircle at high frequencies detected in the Nyquist
plot and the interface between the current collector and the composite electrode.
With this work we confirm that also in the case of carbon/carbon supercapacitors
this semicircle can be associated to the poor contact between the current
collector and the composite electrode (detailed discussion follows in further
sections).
The equivalent circuit used for simulating the impedance spectra is shown in the
inset of Figure 26. The circuit may be rewritten, using the Boukamp’s notation
[77], as Rel(RiQi)TQdl where Rel is the electrolyte resistance, (RiQi) represents the
resistance and the constant phase element associated to the semicircle, T is the
finite-diffusion element and Qdl is the constant phase element associated to the
double layer capacitance. The commonly used equation for simulating the
diffusion impedance of electrochemical double layer supercapacitors [78][74] is:
𝒁𝒘 (𝝎) = 𝒁𝟎 (𝑱𝝎) −𝟏/𝟐 𝒄𝒐𝒕𝒉[𝑩(𝑱𝝎) −𝟏/𝟐 ]

(18)

Where Z0 and B are the Warburg factors [74]. The results of the non-linear
regression analysis showed that the Nyquist plots can be well simulated by using
the equivalent circuit mentioned above (see simulated and measured curves in
Figure 26). The “chi-squared” parameter (χ 2, i.e. the sum of the square of the
differences between measured and simulated points) which is an indication of the
quality of the fit has a value of smaller than 10-4. In general, a value of 10-4 or
less for indicates a reasonable to a good fit.
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The simulation allowed us to extract the parameters of interest, which in this
dissertation are essentially the resistance related to the semicircle and the
resistance related to the diffusion.
Since the thickness of the electrode (which in this study ranges from 90 to 120
µm) is directly proportional to the diffusion resistance, the “diffusion resistivity”
has been calculated as:
𝝆𝒅 = (𝑹𝒅 × 𝑨)/𝑳

(19)

Where ρd is the diffusion resistivity, Rd is the diffusion resistance as calculated
from the impedance simulation; A represents the geometric area of the electrode
and L the thickness of the electrode.
Furthermore, an apparent diffusion coefficient of the electrodes can be calculated
by following the equation [77]:
𝑫=

𝑳𝟐

(20)

𝑩𝟐

The Electrochemical Impedance Spectroscopy (EIS) tests were carried out by
applying a sinusoidal voltage of 5 mV at a bias of 0 V (fully discharged state) and
the measuring frequency ranged from 100 kHz to 10 mHz. The resulting EIS
spectra have been analyzed using the fitting program EQUIVCRT developed by
Boukamp [77].
4.4.4.4

A standard test protocol

A standard test protocol has been composed by combining GCPL, CV and EIS
techniques. It is used in plenty of measurements in this work. The detailed
procedure is drawn below in Figure 27. As mentioned in previous sections, CV
experiments are responsible to check the possible redox reactions; GCPL
measurements serve for calculation of specific capacitance and IR-drop; EIS
enables detailed investigation on the impedance from various sources of the cell.
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Figure 27. The standard test protocol used in this study.

58

5. Results and discussion part I: Effects of electrode
preparation, recipe and mass ratio
5.1 EFFECTS

OF ELECTRODE PREPARATION TECHNIQUES

As already described in the experimental part, the carbon electrodes used in this
work have been prepared under different processing conditions. A very
interesting point would be investigating the influences of the electrode
preparation conditions to the physical and electrochemical properties of the
carbon electrodes. For the physical properties, it is quite straightforward to
anticipate that the porous structure of carbon electrodes might be altered. But
how could the electrode preparation change the electrochemical properties of
carbon electrodes?
Within the framework of this dissertation, the focus is to investigate the poss ible
influences to the resistance of carbon electrodes. The resistance of a
supercapacitor is the sum of various contributions such as the electrolyte
resistance, the particle-particle resistance, the contact resistance between the
active material and the current collector and the diffusion resistance of the
electrolyte within the porous structure of the active material [79]. Schematically,
the resistance sources of a supercapacitor can be depicted as in Figure 28. The
intrinsic resistance of the electrolyte (Relectrol yte) and the diffusion resistance of the
electrolyte into the porous structure of the activated carbon (Rdiff) depend
essentially on the speciﬁc features of the material used (electrolyte and activated
carbon). On the other hand the boundary resistances at the interfaces carboncarbon and carbon-current collector can be controlled during the electrode
preparation. Every of these interfaces is associated to a boundary resistance and
to the related constant phase element which are in parallel (R boundar y and Qboundar y
in Figure 28). The electrode preparation processes have been studied in detail
and described in following sections.
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Figure 28. Resistance sources in an EDLC electrode [73].
5.1.1 General effects of the Hot-pressing method
The Hot-pressing preparation method includes several steps of compacting the
electrodes (mortar compacting, calendering and hot-pressing). Therefore the
prepared electrodes were tested by N2 and CO2 adsorption in order to unveil the
possible change of the porous structure of the carbons.
The N2 isotherms of both powders and electrodes made from six different
carbons are drawn in Figure 29.
By comparing these isotherms, it is observed that the characteristic shapes of the
two sets of curves are rather similar (The characteristics of all isotherms will be
discussed later in chapter 6 in depth.). However, one noticeable difference
should not be ignored. Almost all six carbons showed smaller adsorption volume
at standard temperature and pressure (STP) after they have been processed and
made as electrodes. This is a first sign showing that the electrode preparation
may decrease the porosity of carbon materials.
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Figure 29. N2 adsorption and desorption isotherms of powders (a) and electrodes
(b) of six carbonaceous materials.
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Furthermore, the specific surface area of all six carbons has been computed by
both BET and NLDFT models (see Table 4). It can be clearly observed that no
matter which model has been used, the surface areas of all six carbons
decreased after they had been made into electrodes. The electrode preparation
has surely closed plenty of pores which lead to considerable decrease of surface
area. The possible influencing factors may include the processing pressure and
the additives (conducting agent, binder) used in the electrode preparation.
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Table 4. Comparison of the specific surface area data from both pure carbon
powders and ready electrodes by employing the BET and NLDFT models .
Sbet
2

-1

Sbet EL
2

-1

Snldft
2 -1

Snldft EL

(m g )

(m g )

(m g )

(m2 g-1)

FC

864

574

517

349

YP

1596

1086

938

615

CB

1550

1339

989

831

S0

1433

1058

955

621

SV

1889

1041

1248

638

HC

1705

1555

861

856

Moreover, pore size distribution patterns of powders and electrodes made from
all the carbons have been obtained from N2 and CO2 isotherms (see Figure 30).
It is interestingly observed that the most peaks of all carbons have got much
closer to each other in comparison with the ones obtained from pure carbon
powders, especially for the case of carbon “HC” which was showing a unique
high peak.
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Figure 30. Pore size distribution patterns of powders (a) and electrodes (b) from
six carbonaceous materials obtained by both N2 and CO2 adsorption
measurements. The model used for computation was based on NLDFT.
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Table 5. Microporous surface area and microporous volume fraction of six
carbonaceous materials (powder form and electrode form).

Smicro

Smicro EL

Vmicro

Vmicro EL

(m2 g-1)

(m2 g-1)

(cm3 g-1)

(cm3 g-1)

FC

505

277

0.215

0.116

YP

1454

939

0.578

0.37

CB

913

675

0.383

0.2838

S0

1269

898

0.522

0.3541

SV

1753

920

0.7

0.3566

HC

1572

1360

0.646

0.5575

In Table 5, the microporous surface area and microporous volume fraction of six
carbonaceous materials (both powder form and electrode form) are summarized.
A clear trend can be observed. The microporous fraction of all six carbons have
been decreased after the electrode preparation process, both surface and
volume fractions. This is probably attributed to the high pressure condition
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applied during the electrode preparation. Moreover, the conductive carbon and
polymer binder may have blocked some pores.
Table 6. Mesoporous surface area and mesoporous volume fraction of six
carbonaceous materials (powder form and electrode form).

Smeso

Smeso EL

Vmeso

Vmeso EL

(m2 g-1)

(m2 g-1)

(cm3 g-1)

(cm3 g-1)

FC

359

297

0.597

0.5812

YP

142

147

0.313

0.6112

CB

637

664

1.269

1.1872

S0

164

160

0.633

0.317

SV

136

121

0.462

0.4122

HC

133

195

0.281

0.4485

Furthermore, the corresponding surface and volume mesopores fraction of all six
carbon materials (both powder and electrode form) are shown in Table 6 and
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very interesting phenomena can be observed. The mesopores fraction of various
carbons was very much differently influenced by the electrode preparation; it can
decrease and also increase. The first case is rather easy to understand because
this should come from the same reason as the case for micropores. However, it
requires some deeper consideration to explain why the mesoporous portion can
be increased by the electrode preparation process. We have proposed one
hypothesis for this rather “abnormal” observation: Plenty of micropores can be
strongly compressed by the electrode preparation leading to fracture of pore
walls so that many previous micropores joined together and formed new
mesopores (possible mechanism see Figure 31).

Figure 31. Schematic of a process in which micropores join together to form
mesopores, only the transition process inside the red circle is
depicted for simplicity.
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Moreover, the relation between diffusion resistivity (obtained from EIS analysis)
and external surface proportion (mainly mesoporous) from six carbon materials in
form of electrode has been drawn in Figure 32. Higher external surface
proportion leads to lower diffusion resistivity. More detailed discussion can be
found in chapter 6.
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Figure 32. Relationship between diffusion resistivity and external surface
proportion of electrodes made from six carbon materials.
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Additionally, the relation between diffusion resistivity and mesoporous volume
proportion from six carbon materials in form of electrode has been drawn in
Figure 33. The same trend has observed as shown in Figure 32.
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Figure 33. Relationship between diffusion resistivity and mesoporous volume
proportion of electrodes made from six carbon materials.
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5.1.2 Hot-pressing effect – varying pressure
After the general effect of the hot-pressing electrode preparation method has
been investigated, detailed analysis has been also performed to study the
pressure and temperature effects during the processing procedure. For all the
studies in following sections, Kuraray YP-17D has been used as the sole active
material for all electrodes.
We started firstly with pressure effect. For this purpose, electrodes have been
laminated onto the aluminum current collector by using the same temperature
(160°C) and applying 10, 30 and 50 bar, respectively. As shown in Figure 34 the
voltammogram shape is retained for all the investigated electrodes. This
suggests that changing pressure during the electrode compaction has little
influence on the micro structure of the activated carbon.
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Figure 34. Specific capacitance versus cell voltage of carbon electrodes
prepared at various pressures. The data are obtained from CV at 10 mV s -1 by
dividing the specific current by the scan rate. Electrolyte: TEABF4 in Acetonitrile.
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The capacitance values are confirmed by the galvanostatic cycles performed at 1
A g-1 (Figure 35 a). The electrodes deliver very similar capacitance values: 104,
105 and 103 F g-1 for electrodes pressed at 10, 30 and 50 bar, respectively. The
magnification of the galvanostatic cycle at more positive potentials allows
estimating the IR-drop of the cell. As depicted in Figure 35 b the ohmic drop is
strongly dependent on the pressure used for preparing the electrodes: the lower
the pressure the higher is the ohmic drop. However, the calculation of the IRdrop gives only an indication of the total resistance of the cell, but does not allow
an understanding of the specific contributions of the various electrode
components to the overall cell resistance. A deeper understanding can be
obtained by analyzing the EIS data. Figure 36 shows the Nyquist plots of the
electrodes treated at various pressures. When the electrode is pressed at 10 bar
a significant semicircle at high frequencies is present. By raising the pressure,
the diameter of this semicircle decreases. At 50 bar the semicircle almost
disappears and the related Nyquist plot is close to the ideal behavior of a porous
electrode. As it was already discussed in the characterization methodologies
section, the linear decrease of the semicircle with the pressure can be correlated
either to an improvement of the contact at the interface aluminum/carbon
electrode or to a better internal particle-particle contact. The latter can be
achieved, if the electrode material is properly compacted. However, if two
electrodes are compacted using the same conditions (50 bar and 160°C) but
attached onto different current collectors – i.e., Al grid or Al foil – the resulting
Nyquist plots show significant differences in the semicircle diameter (Figure 37).
This means that the semicircle at high frequencies can be correlated to the
interface electrode/current collector rather than to the particle-particle contact.
The different lengths of the 45° slopes in Figure 37 are simply due to the
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differences in the electrode thickness and it is not correlated to the current
collector type.
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Figure 35. (a) Galvanostatic cycle at 1 A g-1 of carbon electrodes pressed on a
treated Al foil at 160 °C and at 10, 30, and 50 bar. (b) Magnification of the curves
at more positive potentials. Electrolyte: TEABF 4 in Acetonitrile.
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Figure 36. Nyquist plots of cells assembled with electrodes pressed on a treated
Al foil at 160°C and at 10, 30, and 50 bar. Electrolyte: TEABF 4in Acetonitrile. The
inset shows the Nyquist plots magnification.
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Figure 37. Impedance spectra of electrodes pressed using the same conditions
(160 °C and 50 bar) but onto different current collectors.
From the results of Figure 36 it is clear that the best conditions for attaching the
electrode to the current collector (in this case etched aluminum foil) are 50 bar
and 160 °C. However, it is also important to consider the effect of the pressure
on the electrode porosity and particle packing. As a first approach the electrode
bulk densities have been calculated. The density is slightly increasing with the
applied pressure. In fact, the calculated values are 0.697, 0.715 and 0.719 g cm -3
for the electrode pressed at 10, 30 and 50 bar, respectively. In order to
investigate the electrode morphology and porosity the SEM images have been
analyzed by using the ImageJ software. Figure 38 shows the original and the
corresponding converted images (after applying a threshold) of the three
electrodes under investigation.
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Figure 38. Original and with ImageJ-converted micrographs of the electrodes
pressed at 160 °C and different pressures.
The resulting histogram (Figure 39) shows that the macro-pore area significantly
reduces with the pressure. The average pore area is 0.018 µm 2 and 0.01 µm2 for
the electrode pressed at 10 and 50 bar, respectively.

74

Figure 39. Pores area calculated by using ImageJ analysis of the electrodes of
Figure 38.
More information about the electrode morphology can be obtained from the
images at higher magnification (Figure 40). As it is evident, excessive pressure
causes change in the binder morphology. While at 10 bar the PTFE binder
retains its original spherical shape, at 50 bar the binder particles are much more
compacted as shown in the dashed areas.
Therefore, even if 50 bar are very effective on reducing the contact resistance
between the electrode and the current collector (see the disappearing of the
semicircle at high frequencies in the Nyquist plot of Figure 36), applying such a
high pressure can also have a negative effect on the binder packing density and
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on the electrode porosity. One solution is to treat the electrode at higher
temperatures while maintaining the pressure as low as possible.
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Figure 40. SEM images at higher magnification of carbon electrodes pressed at
160 °C and at various pressures. The areas marked with dashed line indicate the
binder.

77

5.1.3 Hot-pressing effect – varying temperature
The temperature plays also an important role on the electrode preparation. As it
is shown in the Nyquist plot of Figure 41, at 200 °C a pressure of 10 bar is
already enough to reach a good electrode adhesion (disappearing of the
semicircle). This means, when using higher temperatures it is not anymore
necessary to subject the electrode to such high pressures. In this way the
electrode macroporosity can be easily retained.

Figure 41. Nyquist plots of cells assembled with electrodes pressed on a treated
Al foil at 10 bar and at different temperatures. Electrolyte: TEABF4 in Acetonitrile.
The inset shows the Nyquist plots magnification.
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In fact, no relevant morphological differences can be observed among electrodes
treated at different temperatures (Figure 42). The electrode porosity as
calculated from the image analysis is very similar for the three electrodes. The
average pore area is 0.018, 0.015 and 0.015 µm 2 for the electrodes pressed at
10 bar and 160, 200 and 250 °C, respectively.

Figure 42.Original and with ImageJ-converted micrographs after threshold of
electrodes pressed at 10 bar and different temperatures.
The data obtained from the image analysis have been compared with the
diffusion parameters obtained from the EIS analysis. As already explained in
Section 4.4.4.3, the diffusion resistivity instead of the diffusion resistance has
been calculated in order to avoid the influence of the electrode thicknesses.
Figure 43 reports these results for all the electrodes investigated in this work. A
very good correlation can be observed between the pore dimension, as
calculated from ImageJ analysis (Figure 43 a) and the diffusion resistivity of the
electrolyte through the electrode pores as calculated from the fit of the EIS data
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(Figure 43 b). The two graphs are in a good agreement: the electrode pressed at
50 bar shows smaller macro-pores and higher diffusion resistivity. Therefore, the
diffusion impedance (Zd) is not only dependent on the micro-structure of the
porous carbon used but is also influenced by the electrode macro-porosity and
can be controlled during the electrode preparation. The macro-pores serve as
electrolyte pathway and can influence the electrode kinetics.

Figure 43. (a) Pore area average calculated by SEM images using ImageJ
software and (b) Diffusion resistivity as calculated from the EIS simulation.
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5.1.4 Laminating effect – varying rolling force
Electrodes prepared by the optimized hot-pressing process showed outstanding
electrochemical performances. However, this discontinuous process does not
allow an up-scaling for industrial production. Therefore another machine laminator- has been employed as a substitute for the hot-press in order to
prepare much larger electrodes through a continuous manufacturing process.
The most important operating parameter of the laminator is the rolling force.
Different as the case of hot-press, the electrodes are passing through two rolls of
the laminator and thus are subjected to dynamic linear force instead of static
area force. This makes a direct conversion of the already optimized pressure
value for the hot-press into a force for the laminator almost impossible. The unit
of force used in the laminator is kilogram force (kgf), by definition 1 kgf = 9.8
newton. In following paragraphs the effects of varying rolling force on the
electrochemical properties of electrodes are discussed.
The contribution of Equivalent Series Resistance (ESR) could derive from the
electrolyte resistance, the intrinsic resistance of the active material, and the
contact resistance at the interface of active material/current collector [73][54][80].
As it has been already done with the hot-press, the main goal of this part of work
is also to decrease as much as possible the interface resistance between active
material and current collector. In the following section, the EIS patterns of both
fresh and aged carbon electrodes which have been prepared under different
conditions (laminated and also hot-pressed) are compared. The hot-pressing
condition was 50 bar and 160 °C.
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Figure 44. Nyquist plots (fresh electrodes) of supercapacitor cells laminated with
different forces in comparison with the one processed by hot-press.
In Figure 44, one can clearly observe that with increasing lamination forces, the
size of the semicircle (which can be correlated with the Al/electrode contact) of
the fresh assembled capacitor cell sinks. However, the electrodes prepared by
using the hot-press show the lowest contact resistance among all samples. One
must take into consideration that the laminator is not able to provide enough
force to attach the active material and the current collector very well together as
the hot-press does.
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Figure 45. Nyquist plots (after 200 cycles) of supercapacitor cells laminated with
different forces in comparison with the one processed by hot-press.
However, by comparing the Nyquist plots (Figure 45) of aged electrodes (after
200 cycles, cycling condition: 50 cycles at 0.125 A g-1, 50 cycles at 0.25 A g-1, 50
cycles at 0.5 A g-1 and 50 cycles at 1 A g-1) one can conclude that the optimized
force of the lamination process should be around 300 kgf; too little pressure does
not properly help to improve the interface contact and too high force induces
internal stress between the active material layer and Al foil so that they lose
contact with each other during cycling. Once again, the hot-pressed electrodes
show the best performance. However, the total resistance value of the electrodes
laminated at 300 kgf is not much higher than that of the hot-pressed sample. This
indicates that the lamination technique is promising in preparing supercapacitor
electrodes on a large scale and also maintains a proper contact between the
active material layer and the current collector foil.
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Furthermore, the carbon electrodes have been also tested by cyclic voltammetry
to

find the influence

of

electrode processing conditions.

The cyclic

voltammograms of all four samples (laminated and hot-pressed) are shown in
Figure 46. The shapes of all voltammograms are very similar to each other,
exhibiting quasi-rectangular pattern.
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Figure 46. Gravimetric capacitance of supercapacitor cells laminated with
different forces in comparison with the one processed by hot-press (Scan rate 10
mV s -1).
The gravimetric specific capacitance of all electrodes can be calculated from the
CVs. The exact values are taken from the mid-point of the potential range (at
1.25 V) and summarized in Table 7. From the values one can conclude that all
the electrodes, independent of the processing methods, shows analogous
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gravimetric specific capacitances. This is a proof showing that the micro structure
of the activated carbon has not been much influenced by alternating the force.
Table 7. Gravimetric specific capacitances of supercapacitor electrodes
laminated with different forces in comparison with the one processed by hot press (calculated from CV).

Specific
capacitance (F g-1)

200 kgf

300 kgf

400 kgf

Hotpressed

109

106

106

103

Moreover, the “IR-drop” values have been obtained from GCPL experiments and
depicted in Figure 47. It shows clearly that the resistances of all electrodes follow
the sequence of 200 kgf > 400 kgf > 300 kgf > hot-pressed sample which is
perfectly consistent with the results got from the EIS measurements (Figure 45).
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Figure 47. Galvanostatic cycling curves of supercapacitor cells laminated with
different forces in comparison with the one processed by hot -press (Cycling
condition: 1 A g-1).
Furthermore, the gravimetric specific capacitances of all elec trodes can be
obtained from slopes of the discharging curves in the GCPL plots. Again similar
values are got from all samples. These results are in line with the ones from CV
measurements.
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Table 8. Gravimetric specific capacitances of supercapacitor electrodes
laminated with different forces in comparison with the one processed by hot press (calculated from GCPL).

Specific
capacitance (F g1
)

200 kgf

300 kgf

400 kgf

Hotpressed

99

102

98

101

In order to further investigate the effects of rolling force on the micro structure of
carbon electrodes, ImageJ was again employed to analyze the SEM photos of
them.
The pictures were first converted to binary image by the same method described
in previous sections, the area of pores were marked with red color (see Figure
48). The fraction of the pores and the average pore sizes were then calculated by
using the ImageJ program.
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Figure 48. Scanning Electron Microscopy (SEM) images and the analysis thereof
from supercapacitor electrodes laminated with different forces.
From both Figure 48 and Table 9 one can observe and conclude that the SEM
image analysis showed very little differences among all three samples. This fact
confirms again that varying the rolling force of the laminator has little influence on
the microstructure of active material.
Table 9. Pore fraction and average pore size values of supercapacitor electrodes
laminated with different forces.
200 kgf

300 kgf

400 kgf

Pore fraction (%)

6.6

7.3

6.9

Average pore size (nm)

16

15

19
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5.2 EFFECTS

OF ELECTRODE RECIPE

As it has already been discussed in previous chapters, selection of active
materials and electrode preparation methods

play

essential

roles

on

determination of the electrochemical performances of the electrodes. Moreover,
the optimization of the electrode recipe is also very important and has been
studied in this work. Generally an EDLC electrode is composed by the active
material (i.e. porous carbon), a conductive agent (conductive carbon) and a
binder (e.g. PTFE or PVdF). The function of the active material is to store
charges and provide capacitance for the capacitor; the role of t he conductive
agent is to increase the electrical conductivity of the cell and the polymer binder
is mainly responsible to maintain the mechanical stability of the whole compound
electrode.
First of all, the percentage of carbon black in the electrode recipe has been
varied.
It is widely recognized in literature that the function of carbon conductive agent is
to improve the conductivity and to decrease the resistivity of the electrode
because it provides better particle-to-particle contact and establish faster electron
pathway [81][82][83]. However, there is not much literature which studied in
depth the effect of changing carbon black percentage. In this dissertation,
electrodes with the same activated carbon YP-17D and five different carbon
black concentrations have been prepared, ranging from 0% to 10%. The
electrodes have been tested by employing the standard test protocol which has
been described in the experimental chapter.
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Figure 49. Nyquist plots of fresh carbon electrodes with different carbon black
content.
The values of interface contact resistance can be extracted from the semicircles
of impedance spectra (see Figure 49). They are basically the subjection of
semicircles on the X-axis.
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Figure 50. Development of interface contact resistance of carbon electrodes
containing different percentage of carbon blacks during electrochemical testing.
Interface contact resistance values have been obtained from the fit of the
impedance spectra reported in Figure 49 for all samples with various carbon
black contents and were drawn in Figure 50 together with their evolution during
the electrochemical tests.
Surprisingly, all the samples show very similar behavior, no matter how much
percent of carbon black has been added in the electrodes. Even the sample
without any carbon black exhibits not much higher resistance in comparison to
other samples. What can be also observed is that all samples have experienced
increase of resistance during the test procedure. This is quite normal as cycling
of the cells has led to gradual contact loss between carbon particles and the Al
current collector.
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Moreover, the apparent diffusion coefficient of all samples with different carbon
black contents has been obtained from the method described in the experimental
chapter. Once again no obvious difference could be observed among all
samples. These steady values show that cycling of the cells did not influence
much the diffusion capability of the porous carbon.
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Figure 51. Development of apparent diffusion resistance of carbon electrodes
containing different percentage of carbon blacks during electrochemical testing.

92

A hypothesis has been proposed for explaining the anomalous phenomenon that
content of carbon black influenced little contact resistance of the electrodes.
As it has been already shown, the electrodes characterized in this thesis were all
prepared by a dry method and strongly compacted by the calender and the hotpress machine. Thus it is considered that this high degree of compaction may
lead to very good interparticle and also particle-Al foil contact which provides the
electrodes very low contact resistance. Shown below in Figure 52 are the SEM
images of both uncompacted mixture (activated carbon, carbon black and binder)
and highly compacted free-standing-electrode. One observes clearly a huge
difference of compaction degree. In fact, the density of free-standing-electrodes
is around 39% higher than that of uncompacted mixture. Furthermore, in
literature there are also results supporting this proposed hypothesis. For
instance, Sánchez-González et al. have investigated the electrical conductivity of
carbon blacks under compression and they have found an increase of
conductivity with increase of the density [84]. It seems that with the dry
preparation method developed by our group, a good electrical conductivity of
electrodes can be achieved without adding carbon black as conductive agent.
However, carbon black should still play important role when the electrodes are
prepared by the traditional wet method.
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Figure 52. SEM pictures of uncompacted mixture (activated carbon, carbon black
and binder) and free standing electrode.

94

The binder contributes significantly to the mechanical stability of the electrodes,
higher binder content brings more stable electrodes. However, due to its
electrochemically inert nature, too high binder content influences negatively the
specific capacitance of the whole electrode. Therefore the percentage of binder
should be kept as low as possible.
In this study, the PTFE binder content has been varied between 5% and 20% in
order to investigate the effect on the electrochemical performance of the
electrodes. The apparent diffusion coefficients of carbon electrodes with three
different binder contents have been illustrated in Figure 53. It can be clearly
observed that the binder content influences greatly the diffusion behavior of the
electrolyte through the porous structure of electrodes by modifying the
morphology of meso- and macropores. Generally less binder content enables
higher diffusion coefficient and thus better diffusion behavior. When the two
samples with 10% and 5% binder content are compared with each other, it is
observed that at the beginning of the test protocol, the two samples showed
rather very similar behavior. However, after 10 cycles of CV and 50 times of
cycling at 125 mA g-1, the sample with 5% binder content experienced an
activation process which provided the electrode increasing apparent diffusion
coefficient. Nevertheless, the mechanism of this activation process remains up to
now unclear.
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Figure 53.Development of apparent diffusion coefficient of carbon electrodes
containing different percentage of PTFE binder during electrochemical testing.
Furthermore, the SEM pictures of all three samples (with 5%, 10% and 20%
binder) have been shown in Figure 54. It is quite obvious that the higher binder
content the electrode has, the more it looks to be compacted. Or in other words,
whose macropores look smaller.
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Figure 54. SEM images of EDLC electrodes with three different PTFE binder
content.
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Furthermore, the surface pore fraction of carbon electrodes can be calculated by
using the software ImageJ. The results for all three samples have been shown in
Figure 55. There is again a clear trend: more PTFE binder covers more
macropores on the electrode surface. A good surface porosity, which is essential
for electrolyte diffusion, can be achieved by lowering the binder content in the
electrode recipe.

Figure 55. Relationship of surface pore fraction and PTFE binder content of the
carbon electrodes (obtained from SEM photos analysis by ImageJ).

98

5.3 EFFECTS

OF ELECTRODE MASS RATIO

The amount of electrical energy stored in a capacitor can be calculated from the
formula E = ½ CV 2 in which the capacitance is determined by the electrode
material employed and the voltage depends essentially on the stability window of
the electrolyte. EDLCs based on symmetric electrode configuration (same mass
loading for both positive and negative electrode) are already worldwide
commercially available. However, due to the fact that electrolyte cations have
different sizes as anions, they behave very differently when adsorbed in the
porous structure of the anode and cathode, respectively. This leads to insufficient
utilization (detailed explanation see following paragraphs). Therefore EDLCs with
asymmetric configuration (different mass loading for positive and negative
electrode) have been assembled and characterized in this dissertation.
All experiments related to mass balancing in this work have been performed with
TEABF4/AN as electrolyte. The TEA+ cation has larger size as the BF 4- anion,
thus fewer ions are adsorbed on the negative electrode than that on the positive
electrode and therefore the negative electrode is limiting the performance of the
whole cell [85] [86].

Figure 56. Schematic of TEA + and BF4- ions [86].

99

Furthermore, the mid-point of the electrochemical stability window (ESW) of the
electrolyte is very often not found at the potential of the discharged carbon
electrode. As it is shown in Figure 57, the ESW is not fully utilized in the case of
symmetric EDLCs [87]. With proper balancing of the mass ratio between positive
and negative electrode, full utilization of the electrolyte ESW could be possible
(Figure 57b).

Figure 57. Comparison of symmetric and asymmetric EDLCs: difference on the
width of electrochemical stability windows [87].
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In order to find the proper mass ratio between the positive and the negative
electrodes, the following equation has been employed based on charge neutrality
between both electrodes:
𝐶+ × ∆𝐸+ × 𝑚 + = 𝐶− × ∆𝐸− × 𝑚 −

(21)

where C+ and C- are the gravimetric specific capacitance of the positive and
negative electrodes; ∆𝐸+ and ∆𝐸− stand for the respective operating voltage
window of the positive and negative electrodes; 𝑚 + and 𝑚− are weight of the
positive and negative electrodes.
In order to separate the capacitance contribution from the positive and negative
electrodes, activated carbon-based electrodes have been employed as quasireference electrode (QRE) [63], its potential is roughly 3 V vs. Li/Li+.
First of all, symmetric cells have been assembled and tested by CV technique in
order to obtain the values of C+ and C-. Below shown in Figure 58 is a “butter fly”
pattern of the CVs from both the positive and negative electrodes. The both
electrodes have identical mass loading, the values of ∆𝐸+ and ∆𝐸− are 1.164 V
and 1.336 V, respectively. Therefore by employing equation 16, the value of C+
/C- can be obtained as 1.148. This number confirms the statement made above;
the negative electrode is limiting the capacitance of the whole cell.
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Figure 58. Individual contributions of both electrodes in a symmetric cell in the
conventional potential range (2.5 V).
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Secondly, the ESW of the applied electrolyte has to be precisely determined.
This can be done by the following steps:
Numbers of capacitor half cells have been tested by CV technique in different
scanning ranges (see Figure 59). Oxidative and reductive peaks have been
observed in high potential ranges (both positive and negative) which indicated
that redox reactions (decomposition of electrolyte, oxidation of electrodes etc.)
had happened during cycling of the cells. In order to guarantee excellent cycling
stability, the operating potential window of the capacitor cell has to locate within
safe regime where redox reactions are minimized.
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Figure 59. Determination of the electrolyte ESW in half cell.
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Looking back to the literature, the group of Jow has introduced the concept of
faradaic fraction R which is calculated by the equation in Figure 60 [99][100]. QA
and QC can be calculated simply by integrating the current over time. For the
cathodic territory, one just needs to exchange the positions of Q A and QC in the
formula. Faradaic fraction R is a measure of the capacitance contribution from
faradaic reaction vs. that from non-faradaic process. The bigger R is, the higher
percentage of the whole capacitance is from faradaic reaction. Jow and coworkers used R as criterion of determining the electrochemical stability window of
the electrolyte and have chosen R=0.1 as the limit (n is the potential limit in Volt).

Figure 60. Schematic of calculation method for faradaic fraction in anodic territory
[88].
A graph of faradaic fraction vs. potential has been obtained from the CV
experiments and shown in Figure 61. According to Jow’s theory, the cell is not
stable at all in all potential ranges. This means that it is even not possible to
assemble a capacitor cell with 2.0 V of operating voltage according to Jow’s
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theory. This statement, however, is against common sense. Therefore another
criterion has to be applied in order to figure out a proper working potential range
for the capacitor cells.
The group of Kötz has proposed another criterion for determination of the ESW
of an electrolyte. By comparing the change of R of two successive points, they
consider the change in slope should not be above 0.0005 dR/dV [90]. Depicted in
Figure 61, the value of ∆𝒏+𝟏 − ∆𝒏 should be smaller than 0.005. However, after
calculating the corresponding ∆𝐧+𝟏 − ∆𝐧 values of cells run at various potentials
(shown in Table 10), it is still not possible to identify a proper working range of
the electrolyte. As the constant 0.005 is strongly dependent on many factors like
electrode preparation and cell assembly etc., it has been chosen arbitrarily by the
authors [90]. In the case of this dissertation, instead of 0.005, 0.05 is considered
as an appropriate limitation.
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Figure 61. Faradaic fraction under various potentials and two different criteria of
determining ESW of an electrolyte.
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Table 10. Faradaic fraction (R), ∆𝑛 and ∆𝑛+1 − ∆𝑛 at different potentials.
Potential vs. carbon / V Faradaic fraction (R)

∆𝒏

∆ 𝒏+𝟏 − ∆𝒏

0.4008

1.8

0.81858

0.12641

1.7

0.69217

0.16204 -0.03563

1.6

0.53013

0.07399 0.08805

1.5

0.45614

0.1384

1.4

0.31774

0.07192 0.06648

1.3

0.24582

0.0234

0.04852

1.2

0.22242

0.004

0.0194

1.1

0.21842

1

0.21378

-1

0.44107

-1.1

0.55658

0.11551 0.01009

-1.2

0.68218

0.1256

-1.3

0.81517

0.13299 -0.02381

-1.4

0.92435

0.10918 0.00544

-1.5

1.03897

0.11462 -0.04982

-1.6

1.10377

0.0648

-1.7

1.17536

0.07159 0.07693

-1.8

1.32388

0.14852 0.02131

-1.9

1.49371

0.16983 0.10757

-2

1.77111

0.2774

-0.06441

0.00464 -0.00064

0.00739

0.00679

0.52658

By following the criterion of ∆𝐧+𝟏 − ∆𝐧 = 𝟎. 𝟎𝟓 as limitation, test cells with five
different mass ratios have been assembled and tested by GCPL technique with
current density of 1 A/g for 1500 cycles. Full cell voltages are 3 V and 3.25 V,
respectively. Different mass ratios lead to different potential limit values during
cycling and also different faradaic fractions in both positive and negative regime.
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A new concept called “Total faradaic fraction” has been introduced in this
dissertation and was defined simply as the sum of both positive and negative
faradaic fractions.
Figure 62 shows the plot of capacitance loss versus cycling number for capacitor
cells in five different configurations. All cells exhibit relatively high capacitance
losses (~10 to 20%) after only 1500 cycles which should be rather light load for
EDLCs. However, one has to consider that all the test cells assembled in this
study used the simple Swagelok type cell which is surely not comparable to the
commercial ones using pouch or cylindrical cell configurations. Faradaic
reactions happened during the cycling tests and the extent of capacitance loss
should be correlated with the total faradaic fraction values of individual cell
configurations.
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Figure 62. Capacitance losses of EDLCs with different operating voltages after
1500 cycles.
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In Figure 63, the Relationship between total faradaic fraction and capacitance
loss after cycling has been plotted. It is clearly observed that the cells which have
higher total faradaic fractions show also higher capacitance losses after cycling.
This result is very logical because higher faradaic fraction indicates stronger
redox reactions at the interface electrode-electrolyte and this contributes
negatively on the total capacitance of the cell.
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Figure 63. Relationship between total faradaic fraction and capacitance loss after
cycling.
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In order to get an overview, Table 11 summarizes all the relevant results and
data discussed in this section. One could obtain clear idea about the influence of
positive/negative electrodes mass ratios on the electrochemical stability of
capacitor cells. If one wants to assemble a capacitor with relatively low
capacitance loss after long term cycling, configuration A is the most suitable
option.
Table 11. Summary of the experimental results from investigation of the relation
between mass ratio and capacitance loss.
Configuration

A

B

C

D

E

Mass ratio m+/m-

1.086

1.307

1.016

1.151

1.591

1.335

1.200

1.500

1.400

1.150

-1.665

-1.800

-1.750

-1.850

-2.100

Total cell voltage (V)

3

3

3.25

3.25

3.25

Positive faradaic fraction

0.271

0.222

0.456

0.317

0.22

Negative faradaic fraction

1.150

1.324

1.250

1.409

2.575

Total faradaic fraction

1.421

1.546

1.706

1.726

2.795

9.102

10.464

12.749

13.886

21.846

Positive potential limit
(V vs. Carbon)
Negative potential limit
(V vs. Carbon)

Capacitance loss after 1500
cycles (%)
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6. Results and discussion part II: Effects of electrode active
materials
Within the framework of this dissertation, six carbonaceous materials have been
tested as active components for EDLC electrodes. SEM pictures are shown in
Figure 64. Except the high capacitance carbon black CB, all the other five
activated carbons exhibit similar morphology and particle size. The carbon CB
has much smaller particle size and the particles tend to join together and form
aggregates.

Figure 64. SEM photos of six carbon materials.
All six carbons have been firstly characterized by N2 and CO2 adsorption
technique. Then the electrodes made from them were electrochemically tested in
order to find reasonable correlations between the physical properties of the
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porous carbons and the electrochemical performances of the corresponding
electrodes.
6.1 PHYSICAL PROPERTIES AFFECTING HIGH ENERGY PERFORMANCE
Referring to the formula 𝐸 = 1⁄2𝐶𝑉 2, the energy density of the electrode is
proportional to the specific capacitance of the active material which is generally
believed to be determined by the porous properties of the carbons (e.g. specific
surface area, pore size distribution). Therefore the carbons have been firstly
characterized by gas adsorption measurements.
Figure 65 shows the comparison among the N2 adsorption and desorption
isotherms of six carbonaceous materials. According to the IUPAC classification,
the carbon CB shows typical Type IV isotherm behavior and this is an indication
of its mesoporous nature. The carbon FC exhibits a hybrid shape of Type I and
Type IV which is sign of coexistence of meso- and micropores. The rest four
carbons (S0, YP, HC and SV) all show typical Type I behavior due to their
dominating proportion of micropores.
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Figure 65. N2 adsorption and desorption isotherms of six carbonaceous
materials.
From the adsorption and desorption isotherms of the carbons, the BET SSA and
the DFT SSA have been calculated by using the BET and the NLDFT model,
respectively. And the corresponding gravimetric and volumetric capacitance
values of the carbon electrodes have been computed from the GCPL
measurements (measurement profile shown in Figure 66, the specific
capacitances are calculated from the slope of discharging curves).
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Figure 66. Charging/discharging curves of capacitor cells based on six
carbonaceous materials. Cycling current density = 1 A g-1.
The results of specific capacitances are summarized below in Table 12.
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Table 12. Specific gravimetric and volumetric capacitance of the six carbon
electrodes derived from GCPL measurements (Cycling range: 0-2.5 V, current
density = 1 A g-1).
Carbon

FC

YP

CB

HC

S0

SV

Cg (F g-1)

59

103

108

112

118

130

Cv (F cm-3)

38

60

68

79

85

84

As it is widely recognized, the SSA value of a carbon is relevant to its specific
capacitance, no matter which model is employed for the computation [91][92][93].
The group of Kötz has tested 10 carbonaceous materials including activated
carbons, carbon blacks and activated novoloid fibers. The carbon samples
possess various SSA values and different specific capacitances. The authors
have drawn graphs of SSA vs. Cg and tried to find the correlation between them.
They have observed two phenomena [93]:
1. The BET SSA values of all the carbons are generally higher than the DFT
SSA values of those carbons (Figure 67).
2. For both BET and DFT models, the specific capacitance of the carbons
increase with the SSA before it reaches a certain value (about 1500 m 2 g-1
for BET SSA and 1200 m2 g-1 for DFT SSA). After this point the
capacitance fluctuates rather gently despite of considerable variation of
SSA values (Figure 67).
The first phenomenon has been also confirmed from other research groups, they
concluded that using the BET model for high surface carbon material leads to
overestimation of the SSA [94][95].
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About the second phenomenon the authors suggested a possible reason related
to the space constriction of charge accommodation inside the pores. Large
specific surface area leads to narrow pore walls, when the wall width becomes
too thin, the ions inside two adjacent pores repel each other and this makes it
more and more difficult for new ions who want to diffuse into the pores. As an
end effect the specific capacitance of a carbon reaches a plateau ignoring the
increasing specific surface area values [93].

Figure 67. Relationship between specific surface area of carbon and gravimetric
capacitance of electrode [93].
In this dissertation, the BET SSA and DFT SSA values of six carbonaceous
materials have been obtained and plotted against their gravimetric capacitance
values (see Figure 68 and Figure 69). Very similar trends as in the results from
Kötz’s group have been observed. The BET SSA values of all carbons are bigger
than their DFT SSA values; increasing specific surface area values lead to
increasing specific capacitance values. However, a plateau in the high SSA
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region is not present in our case. This may probably be due to the lack of ultrahigh SSA carbons within the framework of this study. Furthermore, the carbons
tested in this study show generally higher gravimetric capacitance than the ones
characterized by the Kötz’s group. This phenomenon is considered to be an
effect from the pore size distribution (PSD) of the tested carbons. However, as
the results from Kötz’s group do not include the PSD data, this statement is still
remaining hypothetical.
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Figure 68. Relationship between BET SSA and gravimetric capacitance of the
carbonaceous materials tested at ZSW and Kötz's group [93].
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Figure 69. Relationship between DFT SSA and gravimetric capacitance of the
carbonaceous materials tested at ZSW and Kötz's group [93].
The pores of carbon materials are generally divided into three categories:
micropores (< 2 nm), mesopores (2 – 50 nm) and macropores (> 50 nm). Several
research groups have reported that the pore size distribution of a carbon material
plays essential role on determining the specific capacitance. In the case of mesoand macropores, the PSD of a carbon does not have so much impact because
the pores are generally much bigger than both the naked electrolyte ions and the
solvated electrolyte ions which can diffuse freely into the pores and be adsorbed
on the pore walls. However, in the microporous regime, the situation can be
much more complicated. Before 2006, it was considered that the solvated ions
that have larger size than the pores were not able to enter the pores. Removal of
the solvation shells and naked ions insertion into the smallest pores were
considered to be negligible [96]. The carbon manufacturers were at that time
mainly working on optimization of the pores that have sizes larger than 1 nm.
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This might be the reason why the carbons tested in this study have generally
higher specific capacitance than the ones characterized by Kötz’s group.
However, in 2006 the groups of Gogotsi and Béguin have performed systematic
study on various carbonaceous materials with different pore size distribution in
common aqueous and organic electrolytes [97][36]. They have found out that it is
possible for electrolyte ions to enter small pores with strongly distorted or even
partially removed solvation shells. As consequence, a greatly increase of specific
capacitance can be observed due to decreased distance between the ion center
and the pore wall (see Figure 70, referring to the formula 𝐶 = 𝜀0 𝜀𝑟
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𝐴
𝑑

) [97].

Figure 70. Effect of pore size on the area specific capacitance for the carbons in
TEABF4-based electrolyte, adapted from [97]: (A) The normalized capacitance
increases in sub-nm pores; (B to D) schematic illustration of solvated ions in
pores with distance between adjacent pore walls (B) > 2 nm, (C) 1 nm - 2 nm,
and (D) < 1 nm.
Moreover, after further deeper investigation from several research groups, it was
concluded when the pore size distribution of the carbons matches the size of the
naked and solvated electrolyte ions, a maximum specific capacitance can be
achieved [98][99][100][101].
In this study, gas adsorption measurements on all six carbons have been
performed with both N2 and CO2 gases in order to achieve optimal accuracy for
the PSD patterns. It has been observed that almost all six carbons show PSD in
some narrow regions with certain pore width values which can be found in Figure
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71 as 0.35 nm, 0.6 nm, 0.8 nm, 1.05 – 1.2 nm and 2 nm. The results are not
surprising at all. Because the sizes of the mostly used electrolyte ions and the
solvated configuration of them locate exactly in vicinity (see Table 13). Starting
from around 2 nm, the pores are already able to accommodate freely the most

Adsorption pore volume dV(d) (cm^3/nm/g)

naked as well as solvated ions.
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Figure 71. Pore size distribution patterns of six carbonaceous materials obtained
from both N2 and CO2 adsorption measurements. The model used for
computation was based on NLDFT.
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Table 13. Comparison between the pore sizes of the carbon materials tested in
this study and the sizes of the most commonly used ions [97][101].
Pore size (nm)

0.35

Ion Size (nm)

0.6

0.8

1.05 – 1.2

0.7 – 0.8

~1

0.33

0.68

(Ionic liquids

(Solvated ions

(BF4-)

(TEA+)

like EMI+ and

of BF4- and

TFSI-)

TEA+)

Furthermore, it was also possible to separate the capacitance contribution from
microporous surfaces and external (meso- and macroporous) surfaces. Hang Shi
has proposed in 1995 a simple model to describe the individual capacitance
contribution from the above mentioned two types of surfaces [102]:
𝐶 = 𝐶𝑚𝑖𝑐𝑟𝑜 × 𝑆𝑚𝑖𝑐𝑟𝑜 + 𝐶𝑒𝑥𝑡 × 𝑆𝑒𝑥𝑡

(22)

This formula can be easily transformed into:
𝐶
𝑆𝑒𝑥𝑡

= 𝐶𝑚𝑖𝑐𝑟𝑜 ×

𝑆𝑚𝑖𝑐𝑟𝑜
𝑆𝑒𝑥𝑡

+ 𝐶𝑒𝑥𝑡

(23)

By employing this formula and plotting

𝐶
𝑆𝑒𝑥𝑡

against

𝑆𝑚𝑖𝑐𝑟𝑜
𝑆𝑒𝑥𝑡

, 𝐶𝑚𝑖𝑐𝑟𝑜 and 𝐶𝑒𝑥𝑡 can

be deducted from linear regression. This is a well-recognized method and has
been used widely by plenty of research groups. Ito et al. have prepared cypress
charcoals with different conditions and tested them as active materials for
EDLCs. They have found out that the capacitance contribution from external
surfaces was bigger than that from microporous surfaces [103]. Furthermore,
Wang et al. have characterized EDLCs which employed phenol resin carbon
spheres prepared under different conditions as electrode active materials. What
they have observed was similar as the results from Ito et al.‘s study [104].
In this study, the 𝑆𝑚𝑖𝑐𝑟𝑜 and 𝑆𝑒𝑥𝑡 values have been calculated by help of the Tmethod and a plot of

𝐶
𝑆𝑒𝑥𝑡

versus

𝑆𝑚𝑖𝑐𝑟𝑜
𝑆𝑒𝑥𝑡

has been drawn in Figure 72 [70]. A
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good linear fit can be obtained with R2 = 0.963 which indicated above-average
fitting quality. The values of 𝐶𝑚𝑖𝑐𝑟𝑜 and 𝐶𝑒𝑥𝑡 have been obtained from the
intercept and slope of the linear fit as 0.0667 F m -2 and 0.0903 F m-2. It is logical
that 𝐶𝑒𝑥𝑡 is higher than 𝐶𝑚𝑖𝑐𝑟𝑜 because the electrolyte ions can easier get
adsorbed on external surfaces in comparison to microporous surfaces [103][104].
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Figure 72. Linear fit of
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versus
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for various carbonaceous materials.

In summary, we could conclude that the carbon SV and S0 have respectively the
highest gravimetric and volumetric specific capacitance and are suitable for high
energy applications.
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6.2 PHYSICAL PROPERTIES AFFECTING HIGH POWER PERFORMANCE
Recall the formula 𝑃𝑚𝑎𝑥 = 𝑉 2 /4𝑅, the power density of a supercapacitor is
affected by its operating voltage and the impedance of the cell. The operating
voltage is normally determined by the stability of the electrolyte and is not the
focus of this part of study. However, the impedance of the cell is mainly
controlled by the electrode active material and has been studied in depth.
6.2.1 Electrical conductivity and resistivity of carbon electrodes
Electrical conductivity of a carbon electrode influences greatly its power
performance. In order to achieve high power output, the conductivity has to be as
high as possible. For porous carbon materials, the sp2 hybrid carbon sites are
mainly responsible for electronic transport properties [105]. The more sp2 carbon
sites the material has, the higher conductivity it shows. In this study, the electrical
conductivity of six porous carbonaceous materials including five activated
carbons and one high capacitance carbon black have been measured (results
shown below in Table 14).
The electrode made from high capacitance carbon black CB shows dominantly
the highest conductivity due to the small particle size and excellent inter-particle
contact of this material [84]. On the other hand, the electrodes from five activated
carbons exhibit electrical conductivity in similar range; among them, the electrode
from carbon YP has the lowest conductivity and also the highest resistivity. As
the electrical conductivity of an activated carbon is determined by numbers of
factors such as the particle size, the porosity, the surface functionality and even
impurities etc., it was not possible to identify in detail the factors which lead to the
close differences on conductivity among all five activated carbons. However, the
experimental results from impedance spectroscopy verified the data obtained
from electrical conductivity measurements (Figure 73).
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Table 14. Electrical resistivity and conductivity of electrodes prepared from six
different carbons.
Carbon

YP

HC

FC

SV

S0

CB

Resistivity (Ω cm)

8344

2668

2333

2024

1022

18.73

1.2×10-4

3.75×10-4

4.29×10-4

4.94×10-4

9.78×10-4

5.34×10-2

Conductivity
-1

(S cm )

In the Nyquist plot of a capacitor cell, the semicircle comes from inter-particle
contact and particle-current collector contact (see Figure 26). In Figure 73, the
electrode from carbon YP is the one who shows the biggest semicircle. This
result echoes with its poor electrical conductivity obtained from the resistance
measurement. Furthermore, the electrode made from carbon HC has the second
biggest semicircle in Nyquist plots and also the second poorest conductivity.
Finally, it can be concluded that the electrode prepared by using carbon CB has
the highest electrical conductivity and is suitable for high power applications.
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Figure 73. Nyquist plots of fresh capacitor cells using different carbon materials
and a zoom-in of the semicircles.
6.2.2 Effects of mesoporous structure of carbon materials
Besides electrical conductivity, the diffusion capability of a carbon material is
even more important for the high power performance of an EDLC. It is widely
recognized that the mesopores in carbon materials play essential role on
influencing the electrolyte diffusion behavior [42]. Therefore it has been also tried
to find correlation between mesoporous fraction and diffusion resistivity. As
already explained in the experimental chapter, the diffusion resistivity of capacitor
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electrodes has been calculated from the electrochemical impedance spectra. The
surface mesoporous fraction (external surface consists mainly of mesoporous
surfaces, the macroporous part is negligible) has been obtained from the Tmethod.
It can be observed from Figure 74 that generally the carbons that have higher
mesoporous surface fraction show lower diffusion resistivity. This is in
consistence with the results obtained from most researchers.
Furthermore, a plot of diffusion resistivity versus mesoporous volume proportion
has been drawn in Figure 75. The mesoporous volume proportion of the carbons
has been obtained from the T-method and the last adsorption point on their
isotherms.
The same trend as in Figure 74 could be observed. Higher mesoporous volume
proportion of a carbon leads to lower diffusion resistivity of the electrode.
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Figure 74.Relationship between diffusion resistivity and external surface
proportion of six carbon materials.
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Figure 75. Relationship between diffusion resistivity and mesoporous volume
proportion of six carbon materials.
Many research groups have reported decrease of the cell specific capacitance
upon increasing cycling current rate [104] [106] [103].
In this dissertation, capacitor cells made from six different carbon materials have
been cycled between 1 A g-1 to 8 A g-1. A Ragone plot (energy density vs. power
density) can be drawn based on the experimental results of the charge/discharge
measurements (Figure 76). The energy density has been calculated by the
equation:
𝐄𝐦 =

𝐈∙∫𝐕𝐝𝐭

(24)

𝐦

where I is the discharging current, V is the discharging voltage, t stands for the
discharging time and m is the mass of the active material.
The power density is simply obtained as 𝑃𝑚 =
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𝐸𝑚
𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

.

All capacitor cells show excellent rate capability, their energy density decreased
only limited amount (see Table 15) when the discharging power has been
increased for 8 times. Among all of them, the cell based on CB material shows
the highest energy retention with elevated power output. Therefore this carbon is
considered to be a good option for high power applications.

10000

W/L

TEABF4 in Acetonitrile

S0
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YP

1000

1
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Figure 76. Ragone plots (energy density vs. power density) of EDLC cells made
from six carbon materials.
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Table 15. Energy retention of EDLC cells prepared from six carbonaceous
materials.
Carbon
Energy retention (%)
E8A/g / E1A/g

SV

YP

S0

FC

HC

CB

82.91

82.94

85.49

85.51

85.69

88.08

Besides cycling the capacitor cells at various specific current, one could also
analyze the EIS curves in order to compare the high frequency performances
among all the electrodes.
The group of Chen has investigated three carbons with different mesopore
fractions. They have employed EIS techniques and found out that at 1 Hz of
testing frequency, the carbons that have higher mesopore fractions showed also
higher specific capacitance values [107]. This result could be easily obtained by
plotting 𝐶′ against Frequency by help from the formula 𝐶 ′ =

−𝐼𝑚(𝑍)
𝜔∙|𝑍|2

, in which 𝐶 ′

is the real capacitance, 𝐼𝑚(𝑍) is the imaginary part of the impedance, 𝜔 is the
angular frequency and |𝑍| stands for the modulus of the impedance. However,
we consider it as unfair to compare the absolute values of specific capacitance of
the carbons at a certain high frequency. This is because in low-frequency regime
the carbons have considerably heterogeneous capacitance values, but in high
frequency regime the cells all show very similar specific capacitance which
makes it actually very difficult to scientifically distinguish the six carbons.
Therefore a new concept called “𝐶 ′ 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛” was proposed and defined as
𝐶′ 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 =

𝐶′ @ 1𝐻𝑧
𝐶′ @ 0.01𝐻𝑧

(25)

With the help of this concept, it was possible to realistically assess the high
power performance of the six carbons.
The plot of 𝐶′ vs. frequency was drawn in Figure 77. The specific capacitance
values of the carbons follow similar sequences as what were obtained from
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galvanostatic cycling experiments. From this graph, the values of 𝐶 ′ 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛
have been easily calculated and plotted against the mesoporous volume
proportion of the six carbon materials in Figure 78.
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Figure 77. Plot of specific capacitance versus testing frequency, derived from EIS
measurements.
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Figure 78. Plot of C’ retention against mesoporous volume fraction of six carbon
powders.
Although the fitting factor R2 obtained was relatively small, a clear trend could still
be observed. Higher mesoporous volume fraction leads to higher 𝐶 ′ 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 of
the capacitor cells. This result was exactly as what has been expected and the
possible reason is explained below.
When the capacitor cells were tested by EIS with increasing frequency, it
became more and more difficult for the pores to accommodate the fast moving
electrolyte ions. For mesopores which have pore size bigger than 2 nm, the
situation is not that critical as that for micropores, especially the pores which
have size smaller than 1 nm. If the adsorbed ions inside the pores became less
and less, the capacitance of the cell would correspondingly experience gradual
descent.
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Moreover, a plot of C’ retention against mesoporous volume fraction of all
electrodes is shown in Figure 79. It is quite similar as the plot obtained for the
pure carbon powder and the linear fitting has better quality than the results
obtained with the pure powder. This is obviously an indication stating that the
physical characterization results of ready electrodes can be well correlated with
the results from electrochemical tests. In the case of carbon powders, the
correlation is not that strong. Generally we come to the conclusion that higher
mesoporous fraction leads to better capacitance retention of the c ell under high
frequency tests.
In the end, by considering the results from conductivity measurements and
electrochemical measurements, the carbon CB is considered to be the most
suitable candidate for high power applications.

100
90

C' retention EL
Linear Fit

80

C' retention/%

70
60
50

R2=0.352

40
30

FC

20

HC

10

YP

SV

CB

S0

0
0,4

0,5

0,6

0,7

0,8

0,9

Vmeso/Vtot

Figure 79. Plot of C’ retention against mesoporous volume fraction of electrodes
made from six carbon materials.
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7. Conclusion and outlook
7.1 CONCLUSION
At the beginning of this dissertation, two main goals have been proposed as the
main tasks. They can be summarized as electrode preparation and selection of
active materials for EDLCs in different application fields. After deep investigation
on these topics, the main results are concluded in following paragraphs.
7.1.1 Improvement of electrode preparation
Within the framework of this dissertation, the key point of investigation was
controlling and limiting the resistance sources by optimizing the electrode
preparation process.
By employing electrochemical impedance spectroscopy, it was possible to
separate the contribution of various impedance sources. This dissertation has
concentrated on decreasing the interface contact resistance (interparticle and
particle-Al current collector) and the diffusion resistance.
There are several methods available to lower the interface contact resistance of
the carbon electrodes. First of all, the resistance can be adjusted during the
electrode preparation. The choice of the processing condition is of fundamental
importance for achieving low contact resistance.
For typical lab scale, a hot-pressing procedure has been employed to provide
proper interface contact to the electrodes. Two processing parameters of the hot press method (temperature and pressure) have been properly modulated. Good
adhesion between carbon electrode and Al foil has been reached by using a
temperature of 160°C and pressing the electrode at 50 bar.
For larger scale (~40 times bigger than the lab scale) a lamination process has
been used to improve the interface contact. The rolling force of the laminator has
been considered as the most important parameter and optimized as 300 kgf. The
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large electrode prepared by this method exhibits only slightly higher ESR value
as that of the hot-pressed electrode.
Secondly, in the electrode recipe one can add conductive agent (e.g. carbon
black) to provide more electron pathways and lower the contact resistance.
However, the completely dry method developed in this work provides really
optimized interparticle contact for electrodes and the addition of carbon black
becomes rather unnecessary.
Moreover, the diffusion resistance of electrolyte inside the porous structure of
carbons can be decreased by three techniques: optimizing electrode preparation
techniques, adjusting the electrode recipe and selecting proper active materials
with optimized pore size distribution.
In case of the hot-pressing process, the SEM image analysis revealed that the
electrode porosity and thus the electrolyte diffusion are reduced if the electrode is
treated at very high pressure. This drawback can be easily solved by increasing
the working temperature up to 200 °C and consequently decreasing the pressure
to 10 bar. These conditions are sufficient for reaching a good electrode adhesion
and at the same time maintaining good electrode porosity.
In case of the lamination process, similar SEM image analysis has shown that
the rolling force of the laminator is not strong enough to alter the microstructure
and morphology of the carbon electrodes. Therefore one does not have to find an
optimized value of the rolling force in order to maintain proper porosity of the
electrodes.
Furthermore, the electrode preparation recipe plays also significant role on
influencing porosity of the electrodes. Normally in EDLC electrodes, two additives
(conductive agent and binder) are employed to improve the performance. Results
from this thesis showed that the carbon black content influenced little the
diffusion capability of the porous electrodes. On the other hand, the PTFE binder
content is really important to facilitate a good electrolyte transport in the pores of
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the electrodes. 5% of PTFE binder content has been found to be an optimized
value.
In the end, the effects of electrode mass ratio have been studied as well. A ratio
of m+/m- =1.086 has been proved to be the best choice to ensure a relatively
good long term cycling stability. Cells assembled by following this ratio lost 9.1%
of their original capacitance after 1500 charging/discharging cycles at 1 A g-1 with
3 V cell operating voltage.
7.1.2 Selection of proper carbons as EDLC active material for various
applications
Six different carbonaceous materials have been physically and electrochemically
characterized and compared with each other.
First of all, N2 and CO2 gas adsorption tests have been performed on all six
carbons as powder and as electrodes in order to obtain information about
specific surface area, pore size distribution and micro- and mesopore fraction.
Furthermore, the electrodes have been also electrically and electrochemically
characterized by resistivity measurement, cyclic voltammetry, electrochemical
impedance spectroscopy and galvanostatic cycling tests. After analysis of the
experimental results, good correlation between physical and electrochemical
properties of the carbon materials has been found. Generally higher specific
surface area brings higher specific capacitance under the condition that the
carbon has proper pore size distribution which means the micropores should be
distributed exactly at the sizes where the electrolyte ions also sit. Within the
framework of this dissertation, the carbon SV has the highest gravimetric specific
capacitance of 130 F g-1 and the carbon S0 has the highest volumetric specific
capacitance of 85 F cm -3.
Furthermore, the properties of the carbons greatly influence also the power
density. The mesopores have been proved to be of essential meaning for the
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electrolyte transport. The higher mesopores fraction the carbon has, the lower its
diffusion resistivity is and the better the diffusion behavior is. Consequently, the
better its power performance is. In this work, the carbons CB and FC have the
highest mesopores portion. However, considering that the carbon CB has the
highest electrical conductivity, it can be considered to be the best candidate for
high power application.
In summary, the research results from this dissertation have provided important
contribution for optimization of both energy and power performances of
electrochemical double layer capacitors.
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7.2 OUTLOOK
As mentioned before, electrochemical stability of the employed electrolyte is the
main influencing factor on operating voltage of the capacitor cell which plays
decisive role on determining its energy density. In next works, one could try
electrolytes like ionic liquids which are electrochemically more stable than most
organic electrolytes in order to build an EDLC with high operating voltage and
consequently high energy density.
Furthermore, one could also bring lithium insertion materials and carbonaceous
materials together in one capacitor cell and build hybrid capacitors which can
benefit from the high energy density of lithium insertion materials and great
power capability of carbon materials at the same time. However, in this case the
performance of carbon electrodes in Li containing electrolyte (e.g. LiPF 6 in
carbonate solvent) has to be firstly investigated in detail (especially the long term
cycling stability).
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