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Abstract

The growing market of mobile electronic devices, renewable off-grid
energy sources and electric vehicles requires high-performance energy
storage devices. Rechargeable batteries are usually the first choice
due to their high energy density. However, supercapacitors have a
higher power density and longer life-time compared to batteries. For
some applications supercapacitors are more suitable than batteries.
They can also be used to complement batteries in order to extend a
battery’s life-time. The use of supercapacitors is, however, still limited
due to their high costs. Most commercially available supercapacitors
contain expensive electrolytes and costly electrode materials.

In this thesis I will present the concept of cost efficient, paper-based
supercapacitors. The idea is to produce supercapacitors with low-cost,
green materials and inexpensive production processes. We show that
supercapacitor electrodes can be produced by coating graphite on
paper. Roll-to-roll techniques known from the paper industry can be
employed to facilitate an economic large-scale production. We inves-
tigated the influence of paper on the supercapacitor’s performance
and discussed its role as passive component. Furthermore, we used
chemically reduced graphite oxide (CRGO) and a CRGO-gold nanopar-
ticle composite to produce electrodes for supercapacitors. The highest
specific capacitance was achieved with the CRGO-gold nanoparticle
electrodes. However, materials produced by chemical synthesis and in-
tercalation of nanoparticles are too costly for a large-scale production
of inexpensive supercapacitor electrodes. Therefore, we introduced
the idea of producing graphene and similar nano-sized materials in
a high-pressure homogenizer. Layered materials like graphite can
be exfoliated when subjected to high shear forces. In order to form
mechanical stable electrodes, binders need to be added. Nanofibril-
lated cellulose (NFC) can be used as binder to improve the mechanical
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stability of the porous electrodes. Furthermore, NFC can be prepared
in a high-pressure homogenizer and we aim to produce both NFC and
graphene simultaneously to obtain a NFC-graphene composite. The
addition of 10 % NFC in ratio to the amount of graphite, increased
the supercapacitor’s capacitance, enhanced the dispersion stability
of homogenized graphite and improved the mechanical stability of
graphite electrodes in both dry and wet conditions. Scanning electron
microscope images of the electrode’s cross section revealed that NFC

changed the internal structure of graphite electrodes depending on
the type of graphite used. Thus, we discussed the influence of NFC

and the electrode structure on the capacitance of supercapacitors.

Keywords: graphene, graphite, paper, nanofibrillated cellulose, NFC,
supercapacitor, electric double-layer capacitor, EDLC, energy storage,
roll-to-roll, coating, kinetic energy recovery
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Sammanfattning

De växande marknaderna för mobila elektroniska produkter, förny-
bara energikällor som inte är nätanknutna och elfordon kräver alla
högpresterande energilagringsenheter. Uppladdningsbara batterier
är ofta förstahandsvalet p̊a grund av deras höga energitäthet, men
superkondensatorer har en högre effekttäthet och bättre cykellivslängd
än batterier. För vissa användningsomr̊aden är därför superkonden-
satorer bättre lämpade än batterier. De kan ocks̊a användas som ett
komplement till batterier för att förlänga batteriets livslängd. Men
användningen av superkondensatorer är fortfarande begränsad p̊a
grund av deras höga kostnader. De flesta superkondensatorer som är
kommersiellt tillgängliga inneh̊aller dyra elektrolyter och elektrodma-
terial.

I denna avhandling kommer jag att introducera begreppet kost-
nadseffektiva pappersbaserade superkondensatorer. Tanken är att
tillverka superkondensatorer med hjälp av billiga, gröna material
och kostnadseffektiva produktionsprocesser. Vi visar att elektroder
till superkondensatorer kan framställas genom bestrykning av grafit
p̊a papper. Rulle-till-rulle teknik, som används inom pappersindus-
trin, kan utnyttjas för att möjliggöra en kostnadseffektiv storskalig
produktion. Vi undersökte hur papper p̊averkade superkondensator-
ernas prestanda och papperets roll som passiv komponent. För att
producera elektroder till superkondensatorer s̊a användes kemiskt
reducerad grafitoxid (CRGO) och en CRGO-guld-nanopartikelkomposit.
Den högsta specifika kapacitansen uppn̊addes med elektroder som
bestod av CRGO med guld-nanopartiklar. Material som framställts
genom kemisk syntes och inlagring av nanopartiklar är dock för dyra
för en storskalig produktion av l̊agkostnadselektroder för superkon-
densatorer. Därför var det av intresse att hitta en annan teknik för
att tillverka grafen och liknande nanomaterial. Skiktade material
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Sammanfattning

s̊asom grafit sönderdelas när de utsätts för höga skjuvkrafter och p̊a
grund av detta initierades försök i en högtryckshomogenisator. För att
elektroderna ska f̊a mekanisk styrka s̊a behöver bindemedel tillsättas.
Nanofibrillerad cellulosa (NFC) kan användas som bindemedel för att
förbättra elektrodernas mekaniska stabilitet. Dessutom kan NFC ocks̊a
framställas i en högtryckshomogenisator och vi siktar p̊a att tillverka
b̊ade NFC och grafen samtidigt för att f̊a NFC-grafenkompositer. En
tillsats av 10 % NFC i förh̊allande till grafitmängden gav en högre
kapacitans, förbättrade den homogeniserade grafitens dispersionssta-
bilitet, samt förbättrade som väntat elektrodernas mekaniska stabilitet.
Bilder tagna med svepelektronmikroskop av elektroder i tvärsnitt
visade att NFC förändrat grafitelektrodernas inre struktur beroende
p̊a den typ av grafit som använts. Vi diskuterar ocks̊a hur NFC och
elektrodstrukturen p̊averkar superkondensatorernas kapacitans.
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Acronyms

ACN acetonitrile

CRGO chemically reduced graphene oxide/chemically reduced
graphite oxide

CVD chemical vapour deposition

DEME BF4 N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium
tetrafluoroborate

EDLC electric double-layer capacitor

EMI BF4 1-ethyl-3-methylimidazolium tetrafluoroborate

GO graphene oxide/graphite oxide

IHP inner Helmholtz plane

IL ionic liquid

KERS kinetic energy recovery system

NFC nanofibrillated cellulose
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1 Introduction

Today’s society requires huge amounts of energy. Energy needs to be
stored and should be delivered at any time. Facing the consequences
of the extensive use of fossil fuels in the past and the limited access to
fossil fuels in the future, the reduction of the energy consumption and
a change to sustainable energy sources is required. During the last
decades various environmentally friendly technologies were developed,
and renewable energy sources are revolutionizing the energy market
[1,2]. In addition to sustainable energy sources, efficient energy storage
systems are needed. Amongst others high performance batteries and
supercapacitors were developed to meet the need of efficient energy
storage devices. Especially supercapacitors, also called electric double-
layer capacitors (EDLCs) or ultracapacitors, are qualified for high
power applications [3]. However, their use is often limited due to high
costs.

1.1 Overall idea

Today’s supercapacitors are relatively expensive, often too expensive
for adequate applications. To produce affordable devices, low mate-
rial and production costs are crucial. Therefore, we will try to use
inexpensive and environmentally friendly materials in combination
with proven paper-making technologies to produce supercapacitors.
The idea is to use low-cost materials like graphite and paper as active
and passive components in the devices. The individual components
and the entire device should be produced by proven techniques widely
used in the industry today. Processes known from the paper-making
industry, such as roll-to-roll techniques [4] should be employed. Al-
though roll-to-roll techniques are not made for the fabrication of
electronic products, we suggest to adapt established processes to
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1 Introduction

produce new paper products with electronic functionalities. It might
help the paper industry to overcome the challenges caused by the
decreasing market of traditional paper grades like newsprint. The
production of functionalized papers can also be an opportunity for
the electronic industry. Inexpensive mass produced components on
paper and paper devices can solve cost-related issues and open up
new markets. Printed paper-based supercapacitors for example could
complement or replace rechargeable batteries in many applications.

A suitable employment for supercapacitors is the use as energy
storage device in kinetic energy recovery systems (KERSs) for vehicles.
During braking a generator will convert the kinetic energy of the
vehicle into electrical energy, which can be stored in a supercapacitor.
The stored energy can afterwards be used to accelerate the vehicle.
Supercapacitors have rarely been used in KERS, mainly due to their
high costs. Instead rechargeable batteries are employed, although
supercapacitors would be better qualified for this application. Thus,
reducing supercapacitor material and production costs would open up
a new and expanding market for supercapacitors in vehicle applica-
tions. During the next two years we aim to implement a paper-based
supercapacitor in a KERS for light duty vehicles. In particular we
will evaluate the energy efficiency of a KERS employing a 60 V su-
percapacitor. By integrating an efficient system into a car, its fuel
consumption and CO2 emission can be reduced by up to 25 %.

1.2 Outline

The working principles of different energy storage devices are explained
in chapter 2. In chapter 3 the concept of paper-based supercapacitors
is introduced. Suitable materials are suggested and discussed. The
preparation and testing of electrodes and supercapacitors is described
in chapter 4. In chapter 5 the results are reported and discussed. A
short conclusion and suggestions for future work are given in chapter
6.
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2 Energy storage devices

In the context of this thesis the term energy storage device is re-
stricted to devices for long and short term storage of electric energy.
Technologies for storage of other forms of energy, e. g. thermal energy,
are not discussed in this thesis.

Batteries are the most common and widely known energy storage de-
vices. Especially secondary batteries, so-called rechargeable batteries,
are often used in energy storage applications [5]. A typical application
for rechargeable batteries is as energy source in consumer electronics
such as mobile phones and laptops. In addition to batteries various
other energy storage technologies are commercially available, e. g. ca-
pacitors and supercapacitors. Capacitors store rather small amounts
of energy and are widely used in electronic devices [6]. A supercapac-
itor is a special type of capacitor which has a larger energy density
than conventional capacitors. Furthermore, supercapacitors obtain
capacitances that are a few orders of magnitude higher compared to
regular capacitors [3, 7].

Figure 2.1 shows the so-called Ragone chart that displays the power
and energy densities of different energy storage devices. Conventional
batteries show high energy densities but low power densities. They are
often used for long term energy storage applications. Supercapacitors
show higher power densities but lower energy densities than batteries
[3]. Further differences are the charge time and the cyclability, which
are influenced by the charge migration mechanism. Due to the fast
electrostatic charge transport, supercapacitors can be charged within
seconds. The electrostatic reactions are fully reversible and therefore
supercapacitors have a good cyclability resulting in long life-times
[8]. In contrast, batteries require several hours to charge since they
employ slower redox reactions. These reactions are not fully reversible,
thus the cyclability of secondary batteries is not as good as that of

3
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Figure 2.1: Ragone plot of various energy storage devices (adapted
from [9]). The times stated indicate the approximate
charge time of the devices.

supercapacitors. Supercapacitors are often used for short term energy
storage applications where power needs to be stored or delivered
quickly.

This thesis focusses on supercapacitors and the use of supercapaci-
tors in KERSs in vehicles. Hence, the following chapters mainly deal
with supercapacitors and compare supercapacitors with rechargeable
batteries.

2.1 Capacitors

Capacitors can be divided into three main categories [3], electrolytic
capacitors, non-electrolytic capacitors and supercapacitors, see figure
2.2. The latter can further be split into electric double-layer capacitors
(EDLCs), pseudocapacitors and hybrid capacitors. These categories
can be further specified by means of material combinations.

A capacitor stores energy electrostatically [6]. It consists of two
conducting metal plates and a dielectric medium in between. Figure
2.3 shows the composition and working principle of a parallel plate
capacitor, which is the standard model.

4



2.1 Capacitors

Pseudocapacitors

Capacitors

Electrolytic Supercapacitors Non-electrolytic

EDLC Hybrid

Figure 2.2: Classification of capacitors.
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Figure 2.3: Schematic diagrams of parallel plate capacitors: (a) design
of a parallel plate capacitor [10]; (b) schematic of a charged
parallel plate capacitor (adapted from [11]).
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2 Energy storage devices

In a charged capacitor the metal plates are oppositely charged and
an electric field is formed in the dielectric medium [6]. The capacitance
C is defined as

C =
Q

V
, (2.1)

where Q refers to the charge and V to the voltage. Furthermore, the
capacitance C of a parallel plate capacitor can be described as

C = ε0 · εr ·
A

d
, (2.2)

where ε0 is the vacuum permittivity and εr is the relative permittivity
of the medium. As indicated in figure 2.3a, A is the electrode area
and d is the distance between the electrodes.

2.2 Supercapacitors

Supercapacitor is a general term for different types of electrochemical
capacitors. A distinction is made between EDLCs, pseudocapacitors
and hybrid capacitors [3]. There is a wide range of applications for
supercapacitors, from simple components on circuit boards to KERS

in vehicles. Furthermore, supercapacitors can be used to complement
batteries or to extend the life-time of batteries by balancing temporary
power peaks [12].

2.2.1 Electric double-layer capacitors

EDLCs are supercapacitors that employ electrostatic charge separa-
tion only. The energy storage process of EDLCs takes place at the
interface between the electrode surface and the electrolyte [7, 8]. The
electrostatic charge transfer is fully reversible, which results in ef-
ficient devices with a long life-time. EDLCs consist of at least two
electrodes that are separated by a separator. The separator is ion-
permeable and also prevents short circuits between the electrodes. The
space between the electrodes is filled with electrolyte. By charging
the device, two layers of opposite charge are formed at the inter-
face between the electrode and the electrolyte, see figure 2.4. These

6
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(a) (b)

Figure 2.4: Schematic of (a) a charged EDLC and (b) a discharged
EDLC [13].

layers are called electric double-layer and are described by various
models. The most significant models are the Helmholtz model, the
Gouy-Chapman model, the Stern model, the Grahame model and the
Bockris-Devanathan-Müller model [3, 7, 14]. A charge layer occurs
on the electrode surface and the other layer is formed by ions in the
electrolyte close to the electrode surface. The layers are separated
by a monolayer of solvent molecules. According to the Grahame
and Bockris-Devanathan-Müller model [14], the charge layer in the
electrolyte forms the outer Helmholtz plane (OHP) and the inner
Helmholtz plane (IHP) refers to the monolayer of polarized solvent
molecules [3], see figure 2.5. Furthermore, partially or fully desol-
vated ions can enter the layer of solvent molecules and adsorb to the
electrode surface. In this case the IHP passes through the centres of
the adsorbed ions. The Bockris-Devanathan-Müller model further de-
scribes that the orientation and permittivity of the solvent molecules

7



2 Energy storage devices

Figure 2.5: Detailed schematic of an EDLC showing the IHP and OHP

[15].

strongly depends on the electric field.

In the case of electrodes with pores smaller than 1 nm, electrolyte
ions can enter the pores by partially or fully stripping off their sur-
rounding solvent molecules, see chapter 3.2. If so, the desolvated ions
get closer to the electrode surface, which results in an increase in
capacitance.

In order to estimate the capacitance of the system we can apply

C = ε · A
d
, (2.3)

which is related to equation 2.2. In the case of EDLCs d is the
distance between the OHP and the charged electrode surface and ε is
the permittivity of the medium in between. Due to this very short
distance and the large surface area A of the porous electrodes, EDLCs

obtain high capacitances.

An EDLC is actually composed of two capacitors, one at each
electrode [3]. While charging the supercapacitor, a double-layer

8



2.2 Supercapacitors

occurs at both electrodes. Thus, EDLCs are comprised of two individual
capacitors which have the capacitances C1 and C2. The two capacitors
are connected in series [6] and hence the total capacitance C can be
calculated by

C =
C1 · C2

C1 + C2
. (2.4)

The supercapacitors presented in Paper I and Paper II have sym-
metric electrodes. This means that both electrodes are made of the
same material and have the same dimensions resulting in identical
capacitances. Thus, the total capacitance equals half the capacitance
of one electrode. If an asymmetric setup is used, the total capacitance
is limited by the smaller capacitance.

Figure 2.6: Detailed schematic of an EDLC and its equivalent circuit
[16].

Figure 2.6 shows a schematic of an EDLC and its equivalent circuit.
The equivalent circuit shows the two capacitors connected in series
and further states the electrode resistance Re, the ionic resistance Ri

and the leakage resistance Rleak. The electrode resistance Re refers to

9



2 Energy storage devices

the resistance of the electrode material [3]. The ionic resistance, also
called electrolyte resistance, originates from the diffusion of the ions
in the electrolyte, through the separator as well as in narrow electrode
pores. The leakage refers to the self-discharge of the supercapacitor.
Furthermore, the contact resistance at the interface between the
electrodes and the current collectors should be considered. Here it is
included in the electrode resistance.

In addition to the described single-cell configuration, supercapaci-
tors can be composed of more than two electrodes or several single
cells connected in series or in parallel. Multiple cell designs can be
used to increase the supercapacitor’s capacitance and its operating
voltage.

2.2.2 Pseudocapacitors

In addition to electrostatic charge separation, supercapacitors can
perform electrochemical processes contributing to the energy storage
capacity. Supercapacitors that store energy electrochemically are
called pseudocapacitors. They perform reversible redox reactions
on the electrode surface [3, 7, 8]. The pseudocapacitance originates
from redox reactions of electroactive substances, intercalation or
electrosorption on the electrode surface. Electrodes are mostly doped
with transition metal oxides, e. g. MnO2, or coated with conducting
polymers [17,18].

The faradaic processes in pseudocapacitors are faster than the ones
in rechargeable batteries but they are slower than the electrostatic
charge separation in EDLCs. The same trend applies to the reversibil-
ity and life-time of the devices. Pseudocapacitive reactions show a
better reversibility than rechargeable batteries since they produce
a smaller amount of reaction products, but EDLCs do not perform
any phase changes and thus have the longest life-time. However,
pseudocapacitive reactions increase the supercapacitor’s capacitance.

10



2.3 Batteries

2.2.3 Hybrid supercapacitors

Hybrid supercapacitors, also called asymmetric supercapacitors, are
devices that combine pseudocapacitances with double-layer capaci-
tances using asymmetric electrodes [3]. This means that one electrode
contains a material that conducts a pseudocapacitive process. At
the second electrode charge separation occurs due to double-layer
formation only.

2.3 Batteries

This section will give a brief explanation of the working principle of
primary and secondary batteries and clarify the differences between
secondary batteries and supercapacitors.

Batteries are more of a chemical than an electrical energy storage
device since they employ chemical reactions to store and deliver
energy [5]. Primary batteries perform irreversible electrode reactions,
which means that these batteries can not be recharged. In the case
of secondary batteries, so-called rechargeable batteries, reversible
electrode reactions are taking place during charging and discharging.
These redox processes are not fully reversible, thus batteries have
a shorter life-time than supercapacitors. Moreover, the chemical
reactions in batteries are slow compared to the fast electrostatic charge
separation in supercapacitors, resulting in long charge and discharge
times, see figure 2.1. Figure 2.7 illustrates the redox reactions taking
place during charging and discharging of a secondary battery.

When the battery is charged, see figure 2.7a, electrons move to the
cathode. The positively charged electrolyte ions flow to the cathode
and anions move to the positively charged anode. Reduction takes
place at the cathode and oxidation occurs at the anode. When the
battery is connected to a load, see figure 2.7b, electrons flow from the
anode to the cathode and the ion migration is inverted. Negative ions
move to the anode and positive ions flow to the cathode. Oxidation
takes place at the negatively charged anode and reduction occurs at
the positive cathode.
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Figure 2.7: Schematic of a secondary battery during (a) charging and
(b) discharging (adapted from [5]).
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3 Paper-based supercapacitors

In the context of this thesis we define paper-based supercapacitors as
electric double-layer capacitors that are composed of paper compo-
nents and that can be produced by conventional paper-making and
coating technologies.

The layout of paper-based supercapacitors is similar to the cell
design of ordinary supercapacitors [7]. A possible configuration can
be seen in figure 3.1. A sheet of paper is stacked between two carbon
electrodes. The paper serves as a separator, avoiding short circuits
between the electrodes. Both the separator and the electrodes are
soaked in electrolyte. The electrodes are connected to metal plates or
foils in order to connect the device to a power supply and a load. The
setup can be described as a symmetrical cell since the electrodes are
made of the same material and have the same dimensions [3]. Another
interesting setup is the single-paper cell. Supercapacitors can be
prepared by integrating the electrodes and the separator in one sheet.
This can be done by printing the electrode material on both sides of a
paper [19] or by sequential filtration of the cell components [20]. We
are studying single-paper supercapacitors by coating the electrode
material on both sides of the paper separator. It should be possible
to achieve this by common roll-to-roll coating techniques [4].

positive contact

negative contact

separator
electrode

electrode

Figure 3.1: Schematic of a supercapacitor in the test cell.
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3.1 Paper as a passive component in
supercapacitors

Paper is an electrically non-conductive fibre material, which can be
used as a passive component in supercapacitors [21–24]. In the first
capacitors, as well as in modern capacitors, paper was employed as
dielectric material [6,25]. Since paper is ion permeable, it can be used
as separator in supercapacitors [19]. It is electrically isolating and
thus prevents short circuits between the electrodes. Especially thin
but dense papers are suitable because they contribute only slightly to
the overall cell weight. Since paper soaks up liquid electrolytes, thin
papers are desired in order to reduce the cell weight.

3.2 Electrolyte

The electrochemical performance of supercapacitors highly depends
on the choice of material. Both the electrode and the electrolyte
determine and limit the electrical properties. Especially the pore
structure and pore size of the active material and the size of the
electrolyte ions affect the capacitance. The size of the ions or solvated
ions influences the packaging density of the ions at the electrode sur-
face. It also determines the distance between the charge layers of the
electric double-layer. An increased packaging density and a decreased
distance will enhance the supercapacitor’s capacitance. Studies on
the effect of the ion size/pore size relation on the capacitance show
that pores smaller than 1 nm result in higher capacitances compared
to electrodes with larger pores. The solvated ions are squeezed into
the pores, resulting in a short distance between the electrode and the
ion [26]. Further experiments show that the ions are partially or fully
desolvated when present in subnanometer pores [27]. Largeot et al.
show that the pore size should approximately fit the ion size [28].

Another important characteristic of the electrolyte is the maximum
operating voltage. It limits the amount of energy E that can be stored
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3.2 Electrolyte

in the supercapacitor according to

E =
1

2
· C · V 2, (3.1)

where C is the supercapacitor’s capacitance and V is the operating
voltage [3].

Various types of electrolytes can be used in supercapacitors, e. g.
aqueous electrolytes, organic electrolytes, or ionic liquids (ILs). Ta-
ble 3.1 lists some of the most common electrolytes, their maximum
operating voltage Vmax, conductivity σ and viscosity η.

Table 3.1: Maximum operating voltage Vmax, conductivity σ and vis-
cosity η of several electrolytes at a concentration of 1 mol/l
(∗ 1,087 mol/l).

electrolyte Vmax/V σ/(mS/cm) η/mPa s ref.

aqueous
KOH in H2O 1.23 178.8 1.1 [29]
H2SO4 in H2O 1.23 426∗ 1.2 [29,30]

organic
TEABF4 in ACN 3 59.9 ∼ 1 [31–33]
TEABF4 in PC 2.5 14.5 / [32]

IL
EMIBF4 4 15.5 38 [32,33]
DEMEBF4 6 4.8 / [34]

Aqueous electrolytes Aqueous electrolytes have a low operating
voltage due to the water electrolysis above 1.23 V. However, aqueous
electrolytes show much higher conductivities than organic electrolytes,
typically one order of magnitude higher. The energy densities achieved
with aqueous electrolytes are typically one order of magnitude lower
compared to the values reached with ionic liquids. On the other hand
greater power densities can be achieved with aqueous electrolytes [32].
Mainly non-toxic and inexpensive potassium hydroxide (KOH) or
sulfuric acid (H2SO4) are used as aqueous electrolytes in superca-
pacitors [35, 36]. Furthermore, Fic et al. reported an approach to
enhance the performance of aqueous electrolytes in supercapacitors
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3 Paper-based supercapacitors

by adding surfactants. The surfactant enhances the accessibility of
the electrolyte to the electrode surface [37,38].

Organic electrolytes Instead of aqueous electrolytes, organic sol-
vents like propylene carbonate (PC) or acetonitrile (ACN) should be
selected in order to avoid solvent decomposition and to achieve higher
operating voltages. Supercapacitors with organic electrolytes can be
operated at voltages of up to 3 V. A common organic electrolyte
is tetraethylammonium tetrafluoroborate (TEABF4) in acetonitrile
or propylene carbonate. Acetonitrile facilitates high conductivities
due to its low viscosity and it achieves high energy and power densi-
ties. Since acetonitrile is a volatile, toxic and flammable liquid other
solvents or solvent-free ionic liquids are recommended. Propylene
carbonate is more viscous than acetonitrile and electrolytes based on
propylene carbonate do not provide as high conductivities as acetoni-
trile mixtures [32, 39, 40]. Supercapacitors with organic solvents show
lower capacitances than devices with aqueous electrolytes.

Ionic liquids Ionic liquids are non-volatile, non-flammable and of-
fer a wide electrochemical window ranging from approximately 2
to 6 V [34]. However, ionic liquids are costly and often have high
viscosities and low electrical conductivities. A high viscosity does
not only limit the charge transportation speed but also limits the
accessibility of the electrolyte to smaller pores in the electrode surface.
In some cases also poor chemical stability limits the use as electrolyte
in supercapacitors [41–44]. Lewandowski et al. reported that the
conductivity of ionic liquids increases when solvents like propylene
carbonate or acetonitrile are added. The mixtures show a maximum
in conductivity at approximately 50 % wt of solvent. Mixtures with
acetonitrile achieve higher conductivities than mixtures with propyl-
ene carbonate [32]. A frequently used ionic liquid is the hydrophilic
1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4) that is often
used with acetonitrile as solvent. A low viscosity and good conductiv-
ity qualify this electrolyte for the use in supercapacitors. However,
EMIBF4 should not be used in supercapacitors operating at high volt-
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3.3 Carbon electrodes for supercapacitors

ages. A decomposition of the anode can occur at high voltages [43].

Since we employ paper-based electrodes not all of the mentioned
electrolytes can be used. Some electrolytes, like KOH for example,
might dissolve the cellulose and destroy the electrodes and the separa-
tor. This problem occurs especially at high pH and elevated tempera-
tures. Although organic electrolytes and especially ionic liquids could
enhance the supercapacitor’s energy capacity, we preferred environ-
mentally friendly electrolytes like sodium sulfate (Na2SO4) dissolved
in deionized water. Na2SO4 has an almost neutral, slightly acidic pH,
which is favourable for the use in paper-based supercapacitors.

3.3 Carbon electrodes for supercapacitors

Porous carbon materials are the first choice for supercapacitor elec-
trodes. Highly conductive carbons with large surface areas are desired
to obtain high capacitances. Research on suitable electrode materials
and the progress in fabrication of advanced nanomaterials resulted
in supercapacitors with high capacitances [17]. The most common
electrode materials for supercapacitors are various forms of activated
carbon, carbon nanotubes, and graphene [3, 7, 45, 46]. However, high
costs are the main drawback of these materials. Especially nanomate-
rials produced with advanced bottom-up techniques, e. g. chemical
vapour deposition (CVD) [47,48], or top-down methods such as mechan-
ical cleavage [49] are costly since only small quantities are produced.
Due to high costs these high-purity materials are only suitable for
research applications, but not for commercial large-scale applications
such as in supercapacitors. Thus, we prepared chemically reduced
graphene oxide/chemically reduced graphite oxide (CRGO) and tested
its performance in supercapacitors. It showed satisfying results but
we also tried other methods to exfoliate graphite. In order to produce
inexpensive supercapacitors we focussed on the preparation of low cost
nanographite. We introduced the concept of producing graphene and
nanographite by mechanical exfoliation of graphite in a high-pressure
homogenizer, see section 4.1.
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3 Paper-based supercapacitors

Graphene and graphite Graphite is an allotrope of carbon. It has
a planar structure and is composed of many graphene layers [50].
Graphene is a two-dimensional lattice of hexagonal arranged carbon
atoms. The carbon atoms are sp2-bonded and form a one-atom-thick
monolayer [50]. Figure 3.2 shows the structure of graphene and
graphite.

(a) (b)

Figure 3.2: Structure of (a) graphene [51] and (b) graphite [52].

Graphite can be chemically exfoliated by oxidation or mechanically
exfoliated using scotch tape [49], intensive sonication [53] or a high-
pressure homogenizer. The preparation of nanographite using a
homogenizer is explained in section 4.1.

Graphene oxide and graphite oxide The term GO is often used
to abbreviate either the material graphene oxide or the dissimilar
material graphite oxide. The denotation graphene oxide is sometimes
misleadingly used to describe graphite oxide which was obtained
by oxidation of graphite [50]. However, graphene oxide describes a
monolayer of chemically modified graphene. Graphite oxide on the
other hand is a bulk material which was obtained by oxidation of
graphite. To obtain graphene oxide from graphite oxide it can be
dispersed in a solvent followed by intensive exfoliation.
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3.3 Carbon electrodes for supercapacitors

CRGO Chemically reduced graphene oxide/chemically reduced graph-
ite oxide (CRGO) can be produced by reducing graphite oxide with
various chemicals. In our studies we used ascorbic acid as reduc-
tion agent. In addition to chemical reduction, thermal-, photo- and
microwave assisted reduction methods have also been tested.

Nanographite/Mechanically exfoliated graphite Nanographite can
be produced by mechanical exfoliation of graphite in a high-pressure
homogenizer. The material is subjected to high shear forces when
passing the shear zone illustrated in figure 3.3. A more detailed
description of the preparation of nanographite is given in section 4.1.

Graphite

Graphene

Valve

Impact ring

Figure 3.3: Schematic diagram of the exfoliation of graphite in the
shear zone of a high-pressure homogenizer.

3.3.1 Enhanced electrode materials by addition of NFC

When porous carbon materials are used as active material in electrodes,
binders need to be added in order to obtain mechanically stable
electrodes. Pure graphite electrodes are brittle and break easily.
However, most binders degrade the electrical performance of the
electrodes. Nanofibrillated cellulose (NFC) might be a good alternative
to conventional binders [20, 54]. Furthermore, it might even enhance
the dispersibility of graphite in water and improve the wet strength
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3 Paper-based supercapacitors

of the electrode films.
NFC, also called nanocellulose or microfibrillated cellulose, is a

wood-based nanomaterial. It is made from cellulose fibrils and can be
produced by disintegration of cellulose in a high-pressure homogenizer
[55]. The produced nanofibrils usually have a length of a few µm
and are approximately 5–60 nm wide [56]. Due to their nanoscopic
structure and high aspect ratio, they are suitable to provide flexibility
and mechanical stability in nanomaterials. NFC has been used as
separator and as binder in electrodes for supercapacitors and batteries
[20,54,57,58].
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In this chapter the preparation of materials and methods used to
analyse the materials are explained.

4.1 Preparation of electrode materials

GO/CRGO Graphite oxide (GO) was produced according to Kov-
tyukhova’s method [59], which is based on Hummers method [60].

Chemically reduced graphite oxide (CRGO) was obtained by reduc-
ing the GO with ascorbic acid at 80 ◦C for 20 hours. Before and after
the reduction the sample was sonicated for 3 hours in a bath sonicator
(Branson 5510, 40 kHz) and for 15 min with a probe sonicator (Vibra
Cell, High Intensity Ultrasonic Processor, Sonics & Materials Inc.,
750 W, 20 kHz). The sonication facilitates the chemical exfoliation of
the layered material and disrupts agglomerates.

Nanographite Nanographite was produced by mechanical exfoliation
of graphite in a high-pressure homogenizer (GEA Niro Soavi, ARIETE,
Model: NS2006H). First polyacrylic acid (PAA) was dissolved in
deionized water to give a concentration of 2 %. Afterwards thermally
expanded graphite (SO# 5-44-04 from Superior Graphite) was added
to obtain a solids content of 2 %. The dispersion was mixed using a
disperser (IKA T25 digital Ultra Turrax) at 12000 rpm for one hour,
followed by intensive exfoliation for several hours in a high pressure
homogenizer at approximately 400 bar. Afterwards we filtrated the
exfoliated graphite dispersion to increase the dry content. A filter
paper (Munktell, grade: 00H) was used in a vacuum filtration assembly.
We obtained a nanographite paste with a dry content of 13.4 %. To
improve the exfoliation process and to enhance the nanographite
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quality, binders and dispersing agents can be added to the dispersion
prior to the homogenization.

Battery-graphite The mechanical and electrical properties of the
nanographite were compared to a commercially available graphite
powder (ABG 2025, SO#5-42-25 from Superior Graphite), here called
battery-graphite. This material is usually used to increase the electri-
cal conductivity in battery electrodes but can be used for the same
purpose in electrodes for supercapacitors. The graphite was used as
received.

4.2 Preparation of electrodes

Electrodes were prepared by vacuum filtration of the dispersed graph-
ene or graphite with approximately 200 ml deionized water. The
dispersions were filtered on filter paper (Munktell, grade: 00H) or
Millipore Durapore Membrane Filters (grade: 0.22µm, GV). The
electrodes were slowly dried at room temperature in a closed petri
dish to avoid crack formation. If the electrode material was filtered
on paper, the paper was not removed before electrode testing in
supercapacitors. Electrodes formed on Millipore Membrane Filters
were peeled off and the free-standing films were used as electrodes in
supercapacitors.

4.3 Supercapacitor cells

The shape and size of supercapacitors is not standardized but it might
be preferable to follow the standards for battery cells. However, the
shape and size of the cells is less important for the development of
paper-based supercapacitors as long as dimensions are reported or
measurement results are normalized. However, the supercapacitor
casing might influence the performance of the device. We tested four
different casings and test cells: laminated cells, glass cells, coin cells,
and a stainless steel measurement cell.
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4.3 Supercapacitor cells

Laminated cells Figure 4.1a and 4.2a shows our first cell setup.
The stack of electrodes, separator and current collectors is laminated
between two plastic films. This setup is suitable for initial tests but
not for long-term tests. The cell is not sealed at the contacts, which
means that the electrolyte evaporates gradually. Furthermore, it is
impossible to control the internal pressure of laminated cells. In
order to guarantee a proper contact between the electrodes and the
current collectors, pressure needs to be applied [61,62]. The pressure
should be adjusted to give a good contact but applying too much
pressure will squeeze the electrolyte out of the cell. The same pressure
should be applied to all supercapacitors to facilitate comparability
and reproducibility.

(a) (b)

Figure 4.1: Image of (a) a laminated cell and (b) a glass cell.

Glass cells Glass cells are similar to laminated cells. Here we inserted
the supercapacitor cell between two microscope glasses. The stack
was held together by two small clamps. The advantage of glass
cells compared to laminated cells is that pressure can be applied
to the supercapacitor. But even glass cells suffer from insufficient
sealing. Thus, the electrolyte evaporates gradually. Figure 4.1b shows
a supercapacitor in a glass cell.

Coin cells To ensure a proper casing commercial coin cells were
used. Usually batteries for quartz watches, hearing aids, etc. are
encapsulated in coin cells. We used a CR2032 coin cell casing and
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Figure 4.2: Configuration of supercapacitors in various casings: (a) in
laminated cells and glass cells; (b) in coin cells.

built supercapacitors according to the design shown in figure 4.2b.
Since coin cells are sealed, measurements can be repeated even after a
long time has passed and long-term measurements can be conducted.
However, the main drawback of these cells is the lack of control of the
internal pressure. It was impossible to guarantee the same pressure
in all cells because a manual, non-adjustable coin cell press was used.

Stainless steel measurement cell In order to overcome the draw-
backs of laminated cells, glass cells and coin cells, we designed a new
supercapacitor measurement cell. Figure 4.3a shows the open cell, fig-
ure 4.3b the closed cell and figure 3.1 a schematic of the supercapacitor
components in the test cell.

The test cell is composed of a bottom plate which is connected
to the negative terminal of the potentiostat. The electrodes and
the separator are placed in the middle of the bottom plate and are
wetted with electrolyte. The positive contact is put on top of the
supercapacitor. A gasket is placed around the supercapacitor in
order to seal the cell. To apply pressure on the stack, a metal plate is
mounted on top of the positive contact. By adjusting the fixing screws
on the lock we can vary the internal pressure. Various measurements
showed that supercapacitors are still operational, even after several
days is the measurement cell.

24



4.4 Sheet-resistance measurements

(a) (b)

Figure 4.3: Stainless steel measurement cell for single- and multi-cell
supercapacitor testing: (a) open measurement cell; (b)
closed measurement cell.

However, the main drawback of this setup is that the supercapacitor
stack itself is not sealed. Therefore, the supercapacitor can not be
stored and it is impossible to repeat measurements under the same
conditions if the supercapacitor was removed from the measurement
cell.

4.4 Sheet-resistance measurements

Sheet-resistance was measured using a Hewlett Packard 3457A multi-
meter which was set to four-point probe mode. The measurements
were performed in a conditioning chamber at 23 ◦C and a relative
humidity of 50 %. The samples were conditioned prior to the measure-
ments by storing them in the conditioning chamber for 30 minutes.

4.5 Galvanostatic Cycling

In order to calculate the capacitance of a supercapacitor we performed
galvanostatic cycling. During this measurement the supercapacitor
was charged and discharged with a constant current. Since the super-
capacitor’s capacitance is influenced by the current applied, Stoller
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and Ruoff recommend a current density of 2 A/g [63]. Note that
the current density refers to the current per mass of one electrode.
However, it seems reasonable to simulate the final application and
choose a current to fit the predicted charge and discharge time. In
KERS for vehicles the supercapacitor will be charged and discharged
within a few seconds. The charge and discharge time of the super-
capacitor depends on the braking time and vary depending on the
driving behaviour. We adjusted the current to obtain charge and
discharge times of up to 20 seconds.

The capacitance C of the supercapacitors was calculated from the
discharge curves by

C = I · ∆t

∆V
, (4.1)

where the variable I is the discharge current, ∆t the discharge time
and ∆V the voltage difference.

The specific capacitance Csp was obtained by calculating

Csp = 4 · C
m
. (4.2)

The parameter m is the total mass of active material of both electrodes.
The factor 4 adjusts the cell capacitance C to the mass and capacitance
of one electrode.

The efficiency of the supercapacitor was calculated by dividing the
discharge time by the charge time.

4.6 Scanning electron microscopy

The internal structure of electrodes was analysed by performing
scanning electron microscopy (SEM) on the cross section of the elec-
trode films. High-quality cross sections were prepared using a Hitachi
IM4000 Ion Milling System (Hitachi High-Technologies Corporation,
Japan). The samples were then sputtered with carbon to obtain an
electrically conducting surface, since the cellulose fibres in the elec-
trodes are not conducting. The cross sections were examined using a
LEO 1450EP scanning electron microscope.
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5 Results and Discussion

5.1 Proof of concept (Paper I)

In Paper I we described the concept of paper-based supercapacitors.
We produced devices with graphene electrodes and paper separators
and tested their performance as supercapacitor components. The
results presented in Paper I can be seen as a proof of concept. We
compared electrodes with five different active materials, CRGO, CRGO

with gold nanoparticles, graphite dispersed in a solvent, dispersed
graphite with gold nanoparticles and dispersed graphite with polyvinyl
alcohol (PVA). Electrodes made of CRGO with gold nanoparticles
showed the highest capacitance. The cell capacitance was 0.3 F,
which corresponds to a specific capacitance of 100 F/g. We assume
that the gold nanoparticles act as spacers and increase the porosity
of the graphene electrodes. Furthermore, the gold nanoparticles
might prevent a restacking of the graphene flakes. To confirm these
assumptions the structure of CRGO and CRGO-gold electrodes should
be investigated. Capacitances in this range are favourable but the
modified CRGO is too expensive for the production of inexpensive
supercapacitor electrodes. Therefore, we tried to produce graphene by
mechanical exfoliation of graphite. However, in the first attempt to
produce graphene by intensive sonication of graphite, the graphene did
not obtain the desired properties. Specific capacitances of 0.25 F/g and
9.84 F/g for an exfoliated graphite-gold nanoparticle composite were
quite low compared to the CRGO composite. Despite low capacitances
we suggest to improve the quality of exfoliated graphite by optimizing
the production method. Exfoliated graphite can be produced in large
quantities, which enables a low-cost production of graphite electrodes.

In order to show that a large-scale production of supercapacitor elec-
trodes using roll-to-roll techniques is possible, we applied a graphite
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coating on greaseproof paper using a lab coater (DT Lab Coater
from DT Paper Science Oy AB, Turku, Finland), see figure 5.1. This
first trial showed that it is possible to produce graphite electrodes
by coating exfoliated graphite on paper. However, we observed some
problems related to the graphite coating. The graphite dispersion
should have a higher dry content and its rheology needs to be adjusted
to obtain a uniform coating.

Figure 5.1: Coating of graphite on paper using a DT lab coater.

5.2 Influence of paper on supercapacitor
performance (Paper I)

Paper is an important part of the supercapacitor. As a separator it
prevents short circuits between the electrodes. It can also be used
as a substrate for the electrodes. In Paper I we investigated if the
paper grammage and type of paper influences the supercapacitor’s
performance if paper is used as separator. We showed that the
capacitance neither correlates with the paper grammage nor with the
type of paper. Only small variations in capacitance of the devices
could be observed. Since the measured values were within the standard
deviation no influence of paper thickness on capacitance could be
reported. Not even the type of paper seemed to have an effect on the

28



5.3 NFC-nanographite electrodes (Paper II)

supercapacitor performance. Although the paper thickness did not
affect the capacitance, it will have an effect on the supercapacitor’s
weight and volume. Thicker papers will soak up more electrolyte,
which will increase the cell weight. For some applications the weight
and volume of the supercapacitor might be restricted. Thus, we
recommend to use thin but dense papers. It is important to use
dense papers in order to ensure the paper’s insulating function and
to prevent print through during coating with conducting electrode
materials.

5.3 NFC-nanographite electrodes (Paper II)

In Paper II we investigated the influence of NFC on the mechani-
cal stability of graphite electrodes and tested their performance in
supercapacitors. Furthermore, we tested the sheet-resistance of NFC-
nanographite electrodes and examined the internal electrode structure
with a SEM. The results of these experiments are presented in the
following sections.

5.3.1 Mechanical stability

Graphite electrodes with and without NFC were prepared and sub-
jected to a light load. Figure 5.2a and 5.2b show that the addition of
NFC enhanced the mechanical stability of porous graphite electrodes.
Electrode films without NFC broke easily during sample handling and
supercapacitor assembly. Samples containing at least 5 % NFC showed
a sufficient mechanical stability. The stability improved if more NFC

was added.

The addition of NFC improved the wet strength as well. Figure
5.2c shows a graphite sample without NFC and figure 5.2d displays
a sample containing 10 % NFC. Both samples were operated in the
measurement cell using an aqueous electrolyte. The pure graphite
sample collapsed during operation in the measurement cells. In contact
with electrolyte, the graphite film softened and came loose. The NFC-
composite, however, remained intact. We observed that samples
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(a) (b)

(c) (d)

Figure 5.2: Mechanical stability of graphite electrodes: (a) dry graph-
ite electrode without NFC after sample handling; (b) dry
graphite electrode with 10 % NFC after sample handling;
(c) wet graphite electrode without NFC after operation in
a supercapacitor; (d) wet graphite electrode with 10 %
NFC after operation in a supercapacitor.
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containing at least 5 % NFC maintain their shape when operated in
electrolyte.

Furthermore, graphite electrodes with at least 10 % NFC show a
good bendability, see figure 5.3. Both dry and wet films can be bent
without destroying the films. However, they will break if folded.

Figure 5.3: Bent nanographite-NFC electrode.

In addition to the mechanical stability, NFC enhanced the dispersion
stability of graphite dispersions. Figure 5.4 shows two nanographite
dispersions. The photo was taken 10 minutes after the graphite was
mixed with water. The left vial contains nanographite and water only,
and the right vial contains additional 10 % NFC. The latter sample
is well dispersed. No agglomerates could be observed initially. After
approximately four hours we could observe small agglomerates at
the bottom of the vial. The sample without NFC, however, formed
graphite agglomerates, which sedimented within a few minutes.

Figure 5.4: Stability of nanographite dispersions without NFC (left
vial) and with 10 % NFC (right vial).
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5.3.2 Electrical performance

Sheet-resistance In order to evaluate the influence of NFC on the
electrode performance, we plotted the sheet-resistance as a function of
the NFC content, see figure 5.5. Since NFC is an electrical isolator, the
sheet-resistance increased with increasing NFC content. Although the
sheet-resistance increased considerably, we still obtained low values
even at high NFC contents. For nanographite samples the sheet-
resistance increased from 0.135 Ω/sq without NFC to 2.039 Ω/sq for
an electrode with 20 % NFC. The sheet-resistance of battery-graphite
samples increased from 1.322 Ω/sq without NFC to 6.028 Ω/sq with
20 % NFC. Compared to the sheet-resistances reported in Paper
I (99.8 Ω/sq for CRGO and 13.2 Ω/sq for exfoliated graphite) NFC-
nanographite electrodes showed the lowest sheet-resistance.
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Figure 5.5: Sheet-resistance of electrodes with nanographite or bat-
tery-graphite and additional 0–20 % NFC.

Supercapacitor capacitance We conducted galvanostatic cycling
and calculated the supercapacitor’s capacitance from the constant
current discharge curves. A second series of tests showed similar
results with insignificant deviations from the first measurements.
The capacitance was plotted against the NFC content, see figure 5.6.
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Figure 5.6: Capacitance of supercapacitors with electrodes containing
nanographite or battery-graphite and additional 0–20 %
NFC.

The highest capacitance was achieved with addition of 10 % NFC.
Both nanographite and battery-graphite samples obtained the highest
capacitance at this concentration. However, we see a distinct difference
between the materials. The NFC concentration had a less pronounced
effect on the capacitance of nanographite electrodes than on battery-
graphite electrodes. We assume that NFC changes the structure
of battery-graphite electrodes, which might lead to an increase in
capacitance [26–28]. Therefore, we used a SEM to examine the internal
electrode structure.

5.3.3 Electrode structure

The internal structure of the electrodes was investigated by taking
SEM images of the electrodes’ cross sections. Figure 5.7 shows a
nanographite electrode and a battery-graphite electrode, both con-
taining additional 10 % NFC. Both images show porous structures
but one can clearly see a difference in the electrode structure. The
nanographite-NFC electrode formed a denser and more uniform struc-
ture than the battery-graphite sample, which is composed of thicker
and larger particle structures.

33



5 Results and Discussion

(a) (b)

Figure 5.7: Cross section SEM images of nanographite and battery-
graphite electrodes with additional 10 % NFC: (a) nano-
graphite electrode; (b) battery-graphite electrode. The
black bar represents 20µm and is the same in both images.

Furthermore, we investigated if the addition of NFC changes the
internal electrode structure. The comparison of the battery-graphite
electrodes with and without NFC showed a significant change in the
internal electrode structure, see figure 5.8. Electrodes containing
10 % NFC showed a denser structure than battery-graphite electrodes
without NFC. A comparison of a nanographite electrode with 10 %
NFC and the same material without NFC did not show any change
in the internal electrode structure. Both electrodes had a similar
uniform structure.

One can conclude that NFC influences the electrode structure and
the capacitance in supercapacitors dependent on the type of graphite
used. We assume that NFC changed the pore size distribution of the
electrodes, which probably increased the supercapacitor’s capacitance.
The structural change might also have led to an increased specific
surface area, which resulted in an elevated capacitance. In addition to
the structural change, NFC might have improved the ion conductivity
of the electrodes. Cellulose fibres can serve as channels in the graphite
to transport the electrolyte into the electrode structure. Thus, it
will enlarge the electrode area accessible by the electrolyte, which
will result in an increase in capacitance. Highly-charged NFC might
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(a) (b)

Figure 5.8: Cross section SEM images of battery-graphite electrodes
(a) without NFC and (b) with additional 10 % NFC. The
black bar represents 20µm and is the same in both images.

even contribute to the formation of the electric double-layer at the
electrode-electrolyte interface. The possible explanations presented in
this paragraph are assumptions and need to be confirmed or disproved
by further experiments, see chapter 6.1.

5.4 Initial formation of supercapacitors (Paper II)

We conducted galvanostatic cycling of supercapacitors. Comparing
the charge and discharge times of all cycles reveals that these super-
capacitors performed an initial formation during the first cycles, see
figure 5.9. During the first cycles the charge times and the discharge
times varied but gradually stabilized and approached the same value.
After 100 to 300 cycles the supercapacitors stabilized and showed
almost constant charge and discharge times. The supercapacitors
showed efficiencies of 98–100 %.
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Figure 5.9: Charge and discharge time and efficiency as a function of
the cycle number.
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6 Conclusion

We demonstrated that supercapacitors can be produced by estab-
lished paper-making technologies. Large-scale techniques based on
the roll-to-roll principle enable an inexpensive production of super-
capacitors. Low-cost materials such as paper or graphite can be the
main components in these devices. Paper can serve as a separator and
graphite as a raw material for the electrodes. Nanographite produced
by mechanical exfoliation of graphite in a high-pressure homogenizer
can be used as electrode material. We also tested CRGO and a CRGO-
gold-nanoparticle composite as electrode material. The latter showed
a specific capacitance of 100 F/g, the highest capacitance obtained in
our experiments. Furthermore, we discussed the influence of paper as
separator in supercapacitors. We showed that the paper grammage
did not influence the supercapacitor’s capacitance.

Moreover, NFC improved the capacitance of graphite electrodes.
The highest capacitance for graphite-NFC composites was achieved us-
ing 10 % NFC. The addition of NFC had a less pronounced influence on
the capacitance of nanographite electrodes than on battery-graphite
electrodes. Therefore, we examined the internal electrode structure by
taking SEM images of the electrodes’ cross sections. The SEM images
revealed that nanographite-NFC composites formed more uniform and
dense electrodes, while battery-graphite-NFC electrodes showed larger
and thicker structures. A comparison of electrodes with and without
NFC showed that NFC did not change the structure of nanographite
electrodes. In contrast, battery-graphite electrodes obtained a denser
structure when NFC was added. Whether the modification of the
internal electrode structure influences the capacitance of electrodes
in supercapacitors should be further investigated. Sheet-resistance
measurements showed that the sheet-resistance increases with increas-
ing NFC content. However, slightly increased sheet-resistances are
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6 Conclusion

acceptable since higher capacitances were obtained when 10 % NFC

was added.

6.1 Further work

In order to understand why NFC has a less pronounced influence on
nanographite than on battery-graphite electrodes, we will focus on
the interaction of NFC with graphite. Differently charged types of
NFC could be tested to understand the influence of surface charges on
graphite-NFC-electrolyte interactions. It would be interesting to know
if NFC influences the formation of the electric double-layer at the
electrode-electrolyte interface. Highly-charged NFC might contribute
to the charge storage mechanism. Furthermore, we will investigate if
the addition of NFC increased the specific surface area of the electrodes
and thus improved the electrodes’ capacitance. The structural change
could also have changed the pore size distribution, which could have
increased the capacitance. Therefore, we propose to measure the
surface area, porosity and pore size distribution of the electrodes and
compare the measurements to the electrodes’ capacitance.

The fact that both nanographite and NFC can be produced in a high-
pressure homogenizer offers the possibility of a combined production
to obtain a nanographite-NFC composite. Recently, we built a new
inexpensive high-pressure homogenizer with an adjustable shear zone.
The process can be further optimized and the influence of the shear
zone geometry on yield and material quality will be investigated.
Another idea is to implement a fractionation step to separate and
extract the nanomaterial from the homogenized dispersion. The aim is
to have a continuous homogenization process where the nanomaterial
is automatically extracted while the larger material will re-enter the
exfoliation process.

As a next step we will try to produce larger supercapacitors and
test their performance in KERS for vehicles. The aim is to assemble
a supercapacitor that delivers 60 V, 30 kW and 50 Wh. To achieve
this, nanographite will be coated on greaseproof paper using a slot-
die coater. Electrodes of the size of A4 papers will be assembled
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6.1 Further work

to form single supercapacitor cells. The single cells will be stacked
and connected in series. Problems regarding the cell design or the
balancing of the cells might occur and will be studied. Furthermore,
we will evaluate the energy efficiency of the system.
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[42] M. Galiński, A. Lewandowski, and I. Stepniak, “Ionic liquids as
electrolytes,” Electrochimica Acta, vol. 51, no. 26, 2006.

[43] T. Tsuda and C. L. Hussey, “Electrochemical applications of
room-temperature ionic liquids,” The Electrochemical Society
Interface, vol. 16, no. 1, 2007.

[44] D. Wei and T. W. Ng, “Application of novel room temperature
ionic liquids in flexible supercapacitors,” Electrochemistry Com-
munications, vol. 11, no. 10, 2009.

[45] M. D. Stoller, S. Park, Y. Zhu, J. An, and R. S. Ruoff, “Graphene-
based ultracapacitors,” Nano Letters, vol. 8, no. 10, 2008.

[46] K. H. An, W. S. Kim, Y. S. Park, J.-M. Moon, D. J. Bae, S. C.
Lim, Y. S. Lee, and Y. H. Lee, “Electrochemical properties of
high-power supercapacitors using single-walled carbon nanotube
electrodes,” Advanced Functional Materials, vol. 11, no. 5, 2001.

[47] K. S. Kim, Y. Zhao, H. Jang, S. Y. Lee, J. M. Kim, K. S. Kim,
J.-H. Ahn, P. Kim, J.-Y. Choi, and B. H. Hong, “Large-scale
pattern growth of graphene films for stretchable transparent
electrodes,” Nature, vol. 457, no. 7230, 2009.

45



Bibliography

[48] X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner, A. Ve-
lamakanni, I. Jung, E. Tutuc, S. K. Banerjee, L. Colombo, and
R. S. Ruoff, “Large-area synthesis of high-quality and uniform
graphene films on copper foils,” Science, vol. 324, no. 5932, 2009.

[49] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov, “Electric field
effect in atomically thin carbon films,” Science, vol. 306, no. 5696,
2004.

[50] A. Bianco, H.-M. Cheng, T. Enoki, Y. Gogotsi, R. H. Hurt, N. Ko-
ratkar, T. Kyotani, M. Monthioux, C. R. Park, J. M. D. Tascon,
and J. Zhang, “All in the graphene family–A recommended
nomenclature for two-dimensional carbon materials,” Carbon,
vol. 65, pp. 1–6, 2013.

[51] “Source of Figure 3.2a.” http://commons.wikimedia.org/

wiki/File:Graphene.svg. (accessed 2014-03-31).

[52] “Source of Figure 3.2b.” http://sv.wikipedia.org/wiki/Fil:

Graphit_gitter.png. (accessed 2014-03-31).

[53] G. Cravotto and P. Cintas, “Sonication-assisted fabrication and
post-synthetic modifications of graphene-like materials,” Chem-
istry - A European Journal, vol. 16, no. 18, 2010.

[54] S. Leijonmarck, A. Cornell, G. Lindbergh, and L. Wågberg,
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