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ABSTRACT
Today’s society is currently performing an exit from fossil
fuel energy sources. The change to sustainable alternatives
requires inexpensive and environmentally friendly energy storage devices. However, most current devices contain expensive,
rare or toxic materials. These materials must be replaced by
low-cost, abundant, nontoxic components.
In this thesis, I suggest the production of paper-based electric double-layer capacitors (EDLCs) to meet the demand of
low-cost energy storage devices that provide high power density.
To fulfill the requirements of sustainable and environmentally
friendly devices, production of EDLCs that consist of paper,
graphite and saltwater is proposed. Paper can be used as a
separator between the electrodes and as a substrate for the
electrodes. Graphite is suited for use as an active material in the
electrodes, and saltwater can be employed as an electrolyte. We
studied and developed different methods for the production
of nanographite and graphene from graphite. Composites containing these materials and similar advanced carbon materials
have been tested as electrode materials in EDLCs. I suggest the
use of cellulose nanofibers (CNFs) or microfibrillated cellulose
(MFC) as a binder in the electrodes. In addition to improved
mechanical stability, the nanocellulose improved the stability
of graphite dispersions and the electrical performance of the
electrodes. The influence of the cellulose quality on the electrical properties of the electrodes and EDLCs was investigated.
The results showed that the finest nanocellulose quality is not
the best choice for EDLC electrodes; MFC is recommended for
this application instead. The results also demonstrated that
the capacitance of EDLCs can be increased if the electrode
masses are adjusted according to the size of the electrolyte ions.
Moreover, we investigated the issue of high contact resistances
at the interface between porous carbon electrodes and metal
current collectors. To reduce the contact resistance, graphite
foil can be used as a current collector instead of metal foils.
Using the suggested low-cost materials, production methods and conceptual improvements, it is possible to reduce the
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Abstract
material costs by more than 90 % in comparison with commercial units. This confirms that paper-based EDLCs are a
promising alternative to conventional EDLCs. Our findings and
additional research can be expected to substantially support
the design and commercialization of sustainable EDLCs and
other green energy technologies.
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SAMMANFATTNING
I dagens samhälle pågår en omställning från användning av
fossila energikällor till förnybara alternativ. Denna förändring
kräver miljövänliga och kostnadseffektiva elektriska energilagringsenheter för att möjliggöra en kontinuerlig energileverans.
Dagens energilagringsenheter innehåller ofta dyra, sällsynta
eller giftiga material som behöver bytas ut för att nå hållbara
lösningar.
I denna avhandling föreslås att tillverka pappersbaserade
superkondensatorer som möter kraven för kostnadseffektiva
elektriska energilagrare med hög effekttäthet. För att nå kraven på miljömässigt hållbara enheter föreslås användning av
endast papper, grafit och saltvatten. Papper kan användas som
separator mellan elektroder likväl som substrat vid elektrodbestrykning. Grafit kan användas som aktivt elektrodmaterial
och saltvatten fungerar som elektrolyt. Olika metoder har här
utvecklats för att producera nanografit och grafen från grafit.
Dessa material har tillsammans med liknande, kommersiellt tillgängliga, avancerade kolmaterial testats i elektrodkompositer
för superkondensatorer. Som bindemedel i dessa kompositer föreslås nanofibrillerad eller mikrofibrillerad cellulosa. Jag
har demonstrerat att nanocellulosa ökar dispersionsstabiliteten
samt förbättrar den mekaniska stabiliteten och dom elektriska
egenskaperna i elektroderna. Hur cellulosans kvalitet påverkar
elektroderna har undersökts och visar att den finaste kvaliteten
inte är det bästa valet för superkondensatorer, istället rekommenderas mikrofibrillerad cellulosa. Utöver detta demonstreras
möjligheten att öka superkondensatorernas kapacitans genom
att balansera elektrodernas massa med hänsyn till jonernas
storlek i elektrolyten. I avhandlingen diskuteras även svårigheterna med hög kontaktresistans i gränssnittet mellan porösa
kolstrukturer och metallfolie och hur detta kan undvikas om
grafitfolie används som kontakt.
Genom att använda de material, produktionstekniker och
konceptförbättringar som föreslås i avhandlingen är det möjligt
att reducera materialkostnaderna med mer än 90 % i jämförelse med kommersiella superkondensatorer. Detta bekräftar att
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Sammanfattning
pappersbaserade superkondensatorer är ett lovande alternativ och våra resultat tillsammans med vidare utveckling har
stor potential att stödja övergången till miljömässigt hållbara
superkondensatorer och annan grön energiteknik.
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Chapter 1

INTRODUCTION
The conversion, storage and usage of energy has changed drastically in
the last decades and will continue to develop with technical progress.
New inventions have led to a profitable use of renewable energy
sources, more powerful energy storage units and a continuous improvement of the efficiency of electric devices. However, the energy
sector faces many challenges. One challenge is the development of
inexpensive, efficient and environmentally friendly energy storage
devices such as electric double-layer capacitors (EDLCs). EDLCs
usually consist of expensive and toxic materials. These materials
must be replaced with low-cost, environmentally friendly materials to
promote the use of EDLCs. This thesis presents alternative materials,
innovative production processes and new concepts for EDLCs.

1.1

Background

There is a great need for environmentally friendly energy storage
devices, both small-scale and large-scale units. Small devices are
primarily used as energy sources in portable electronic equipment,
especially in consumer electronics. Large energy storage devices are
employed in applications such as balancing fluctuations in power
grids.
Batteries are often used for both small- and large-scale applications
due to their high energy density. However, batteries have a low power
density and thus have slow energy storage and delivery processes.
Many applications, such as kinetic energy recovery systems (KERSs),
require rapid energy storage and delivery. Devices with high power
density, such as EDLCs, can be used in those applications. They can
store and deliver energy quickly but only offer a low energy density.
Batteries and EDLCs can be combined for cases that demand both
a high energy density and a high power density. EDLCs can also be
combined with other energy storage devices such as fuel cells.
This thesis focuses on EDLCs. For a detailed description of EDLCs,
see section 1.2.2.
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Commercial EDLCs are expensive and often contain costly and
toxic materials. Their high price limits the use of EDLCs. Although
EDLCs offer superior performance for some applications, batteries are
used instead because of lower costs. To promote and enable the use
of EDLCs, inexpensive and environmentally friendly EDLCs must be
developed. Here, we present the concept of environmentally friendly
EDLCs that can be produced from inexpensive and nontoxic materials
in large-scale and low-cost production processes.

1.2

Commercial energy storage devices

This thesis focuses on supercapacitors, particularly EDLCs. Hence,
the following sections primarily pertain to EDLCs. A brief description of other electrical energy storage devices, especially batteries, is
provided. In the context of this thesis, the term energy storage device
is restricted to devices for long- and short-term storage of electrical
energy. Technologies for the storage of other forms of energy, e. g.,
thermal energy, are not discussed.
Batteries are the most common and widely known energy storage
devices. Secondary batteries, so-called rechargeable batteries, are
often used in energy storage applications [1]. A typical application
of rechargeable batteries is as an energy source in consumer electronics such as mobile phones and laptops. In addition to batteries,
there are other commercially available energy storage technologies,
including capacitors and supercapacitors. Capacitors store rather
small amounts of energy and are widely used on circuit boards in
electronic devices [2]. A supercapacitor is a special type of capacitor
that has a larger energy density than conventional capacitors. Supercapacitors obtain capacitances that are several orders of magnitude
higher than regular capacitors [3, 4]. Thus, one may compare batteries
with supercapacitors. Supercapacitors can further be divided into
EDLCs, pseudocapacitors and hybrid supercapacitors, as shown in
figure 1.3.
Figure 1.1 shows a Ragone plot that displays the power and energy
densities of various energy storage devices. Conventional batteries
have a high energy density but a low power density. The low power
density makes batteries unsuitable for applications in which energy
page | 2

1.2.1. Capacitors

must be stored or delivered quickly. Supercapacitors should be used
for those applications.
Supercapacitors perform electrostatic charge separation processes.
This rapid charge transport allows for very quick storage and delivery
of energy. Thus, these devices offer a high power density. However,
supercapacitors have a lower energy density than batteries [4]. Additional differences include the charge time and cyclability, which are
influenced by the charge migration mechanism. Due to the rapid and
fully reversible charge transport, supercapacitors, especially EDLCs,
show a good cyclability, efficiency and lifetimes of up to one million
cycles. Furthermore, supercapacitors can be charged and discharged
within a few seconds [5].
Energy density/W h kg-1

1000
Fuel cells

100

Conventional
batteries

10
1

10 hours

1 hour

1 second
Ultracapacitors
Supercapacitors

0.03 second

0.1
0.01
10

Conventional
Capacitors

100
1000
Power density/W kg-1

10000

Figure 1.1: Ragone plot of various energy storage devices (adapted from [6]). The
durations are the approximate charge times of the devices.

In contrast, batteries employ slow chemical redox reactions that
limit the charge and discharge rates, power density and cyclability
[1]. The redox reactions are not fully reversible, and thus batteries
can only withstand a few thousand cycles. Primary batteries perform
irreversible chemical reactions, which means that these batteries
cannot be recharged.
1.2.1

Capacitors

A capacitor stores energy electrostatically [2]. There are different types
of capacitors. A simple standard model is the parallel plate capacitor
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that consists of two conducting metal plates separated by a dielectric
medium. Figure 1.2 shows the composition and working principle of
a parallel plate capacitor.
E

-

+Q

+ - + - +
+ - + - +
+ - + - +
+ - + - +
+ - + - +

-Q
polarized
molecules

dielectric
electrode
electrode
(a)

(b)

Figure 1.2: Schematic diagrams of parallel plate capacitors: (a) design of a parallel
plate capacitor [7]; (b) schematic of a charged parallel plate capacitor (adapted from
[8]).

In a charged capacitor, the metal plates are oppositely charged and
an electric field forms in the dielectric medium [2]. The capacitance C
of a capacitor is the ability to store an electrical charge. It is defined as
C

Q
V

,

(1.1)

where Q is the charge and V is the voltage. The capacitance C of a
parallel plate capacitor can be described as
C  ϵ0 · ϵr ·

A
d

,

(1.2)

where ϵ0 is the vacuum permittivity and ϵr is the relative permittivity
of the dielectric medium. As indicated in figure 1.2a, A is the electrode
area and d is the distance between the electrodes.
1.2.2

Supercapacitors

Supercapacitor is a general term for different types of electrochemical
capacitors. There are distinctions between EDLCs, pseudocapacitors
and hybrid capacitors [4], as shown in figure 1.3.
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Supercapacitors

EDLCs

Pseudocapacitors

Hybrid

Figure 1.3: Classification of supercapacitors.

There is a wide range of applications for supercapacitors, from
simple components on circuit boards to energy recovery systems in
vehicles. Furthermore, supercapacitors can be used to complement
batteries or extend the battery’s lifetime by balancing temporary
power peaks [9]. These device combinations are recommended in
applications that require high power and high energy.
EDLCs are supercapacitors that solely
employ electrostatic charge separation. The energy storage process
of EDLCs occurs at the interface between the electrode surface and
the electrolyte [3, 5]. The electrostatic charge transfer is fully reversible, which results in efficient devices with long lifetimes. EDLCs
consist of at least two electrodes that are separated by an electrically nonconducting material known as a separator. The separator
is ion-permeable and prevents short circuits between the electrodes.
The space between the electrodes, including the separator and the
electrodes, is filled with electrolyte. By charging the device, two oppositely charged layers form at the interface between the electrode
and the electrolyte, as shown in figure 1.4. These are called electric
double layers and are described using various models. The most
significant models are the Helmholtz, Gouy-Chapman, Stern, Grahame and Bockris-Devanathan-Müller models [3, 4, 11]. 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 models [11], the charge
layer in the electrolyte forms the outer Helmholtz plane (OHP), and
the inner Helmholtz plane (IHP) is the monolayer of polarized solvent
Electric double-layer capacitors.
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(a)

(b)

Figure 1.4: Schematic of (a) a discharged electric double-layer capacitor and (b) a
charged electric double-layer capacitor [10].

molecules [4], as shown in figure 1.5. Furthermore, partially or fully
desolvated ions can enter the layer of solvent molecules and adsorb to
the electrode surface. In this case, the IHP passes through the centers
of the adsorbed ions. The Bockris-Devanathan-Müller model shows
that the orientation and permittivity of the solvent molecules strongly
depend on the electric field.
In the case of electrodes with pores smaller than the size of the
solvated ions, electrolyte ions can enter the pores by partially or fully
stripping their surrounding solvent molecules; the desolvated ions
move closer to the electrode surface, which results in an increase in
capacitance [12, 13] .
To estimate the capacitance of the system, we can apply
Cϵ·

A
d

,

(1.3)

which is related to equation 1.2. In the case of EDLCs, d is the distance
between the OHP and the charged electrode surface, and ϵ is the
permittivity of the separating medium. Due to this very short distance
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Figure 1.5: Detailed schematic of an electric double-layer capacitor showing the
inner Helmholtz plane and outer Helmholtz plane [14].

and the large surface area A of the porous electrodes, EDLCs obtain
high capacitances.
An EDLC is composed of two capacitors, one at each electrode [4].
While charging the EDLC, a double layer occurs at both electrodes.
Thus, EDLCs comprise two individual capacitors that have capacitances C1 and C 2 . The two capacitors are connected in series [2], and
thus the total capacitance C can be calculated by
C

C1 · C2
C1 + C2

.

(1.4)

In EDLCs with symmetric electrodes, both electrodes are made
of the same material and have the same dimensions, resulting in
identical capacitances. Thus, the total capacitance of such devices is
half the capacitance of one electrode. If an asymmetric setup is used,
the total capacitance is limited by the smaller capacitance.
Figure 1.6 shows a schematic of an EDLC and its equivalent circuit.
The equivalent circuit shows the two capacitors connected in series
and the electrode resistance Re , the ionic resistance Ri and the leakage
resistance R leak . The electrode resistance R e refers to the resistance
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of the electrode material [4]. The ionic resistance R i , also called the
electrolyte resistance, originates from the diffusion of ions in the
electrolyte, through the separator and in narrow electrode pores. The
leakage resistance R leak refers to the self-discharge of the EDLC. The
contact resistance at the interface between the electrodes and the
current collectors should also be considered. Here, it is included in
the electrode resistance.

Figure 1.6: Detailed schematic of an electric double-layer capacitor and its equivalent
circuit [15].

In addition to the single-cell configuration described, EDLCs 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 capacitance and operating voltage of EDLCs.
Unlike EDLCs, the charge storage of pseudocapacitors originates from electron-transfer mechanisms [3–5, 16]. Pseudocapacitors perform reversible faradaic reactions on the electrode
surface. The pseudocapacitance originates from electroactive substances, intercalation compounds or electrosorption of molecules on
the electrode surface. Pseudocapacitive electrodes are mostly doped
with transition metal oxides, e. g., manganese oxide (MnO2 ), or coated
Pseudocapacitors.
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with conducting polymers [17, 18]. These electrode materials show
similar electrochemical behavior as capacitive electrodes. There can
be a linear dependence between the stored charge and the potential
within a certain potential window [5, 16].
The faradaic processes in pseudocapacitors are faster than those
in rechargeable batteries but are slower than the electrostatic charge
separation in EDLCs. The same trend applies to the reversibility and
lifetime of the devices. Pseudocapacitive reactions show better reversibility and longer lifetime than rechargeable batteries because they
produce fewer reaction products. However, EDLCs do not perform
any phase changes and thus have the best reversibility and longest
life-time. The biggest advantage of pseudocapacitors compared with
EDLCs is that pseudocapacitive reactions increase the capacitance
and energy density of the devices.
Hybrid supercapacitors, also called asymmetric supercapacitors, are devices comprised of electrodes that perform
different charge-storage mechanisms. A capacitive electrode and a
faradaic electrode are combined in the same device [4, 16]. Hybrid
supercapacitors containing aqueous electrolytes can be operated at
voltages greater than 1 V, resulting in a higher energy density than
symmetric EDLCs.
Hybrid supercapacitors.

1.3

Research project

The research presented in this thesis was conducted as a part of the
Energywise, KEPS, ‘KM2-Innovative Green Energy’ and ‘Cellulose
in correct format for optimized energy storage’ projects. The aim
of the Energywise project was the development of environmentallyfriendly, low-cost EDLCs. The KEPS project was a continuation of the
Energywise project and focused on the improvement of these EDLCs
for KERSs that can be used in light-duty vehicles. The KM2 project
(KM2 denotes square kilometers) consists of seven subprojects. The
common goal of these projects is the development of environmentally
friendly materials and methods to produce inexpensive functional
surfaces for the conversion, storage and usage of energy. The design of
environmentally friendly and low-cost EDLCs is a key goal in the KM2
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project. For this purpose, we evaluate the paper industry’s large-scale
production facilities and the possibility of using inexpensive materials.
The ‘Cellulose in correct format for optimized energy storage’ project
focuses on the use of cellulose derivatives as stabilizers and binders
in carbon composites.

1.4

Scope

The scope of this work was to develop environmentally friendly and
inexpensive EDLCs. Inexpensive materials and production processes
are required to produce low-cost devices. A goal of this work was to
prove that low-cost materials, such as graphite, paper and saltwater,
can be used to produce EDLCs. The studies presented propose
different concepts for obtaining sustainable EDLCs. We studied the
liquid exfoliation of graphite to produce nanometer-thin graphite
flakes for EDLC electrodes. In addition, we tested several commercial
electrode materials and evaluated their performance in EDLCs. The
use of cellulose nanofibers (CNFs) as a binder in the electrodes
was suggested and the impact of the nanocellulose quality on the
electrical performance of the EDLCs was investigated. We studied
the structure and stability of nanocellulose-carbon composites. In
addition, it was investigated whether electrode mass-balancing can
improve the performance of symmetric EDLCs. Furthermore, we
addressed the issue of contacting electrodes with current collectors
and proposed the concept of metal-free EDLCs.
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MATERIALS AND
METHODS
2.1

Electrode materials

Porous carbon materials are the first choice for EDLC electrodes.
Highly conductive materials with large surface areas are desired
to obtain high capacitances. The porosity and pore structure of the
electrode material are also crucial for the performance. The electrode
material should have micropores, mesopores and macropores. Porous
materials are classified as follows: micropores are smaller than 2 nm,
mesopores have a pore size of 2 nm to 50 nm, and macropores are
larger than 50 nm [19]. Micropores are important because they offer
a large surface area but they hinder ion mobility [3, 4]. Macropores
can serve as channels for ions and thus facilitate rapid ion transport.
Mesopores allow for ion transport and offer large surface area. An
electrode material with a mixture of micro-, meso- and macropores
should be used in EDLCs to obtain good performance.
Research on suitable electrode materials and progress in the
fabrication of advanced nanomaterials resulted in EDLCs with high
capacitances [17]. The most common electrode materials for EDLCs
are various forms of activated carbons [3, 4]. More advanced carbon
materials such as carbon nanotubes and graphene have also been
tested [20, 21]. However, the high cost is the main drawback of
these materials. Nanomaterials produced with advanced bottom-up
techniques, e. g., chemical vapor deposition (CVD) [22, 23], or topdown methods, such as mechanical cleavage [24], are costly because
only small quantities are produced. Due to high costs, these highpurity materials are only suitable for research purposes and not for
commercial large-scale applications such as in EDLCs.
To produce inexpensive EDLCs, we focused on the large-scale
production of low-cost electrode materials. We introduced the concept
of producing graphene and nanographite by mechanical exfoliation
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of graphite in a high-pressure homogenizer. We also developed
a technique to produce nanographite by tube-shear exfoliation of
graphite in water. In addition to these experimental materials, we
tested commercial products such as activated carbon and different
grades of graphite. To evaluate the material properties, we produced
composites and tested their performance as EDLC electrodes.
The following sections briefly present the materials and methods
used in our studies.
2.1.1

Graphene

Graphene is a two-dimensional lattice of hexagonally arranged carbon
atoms. The carbon atoms are sp2 -bonded and form a one-atom-thick
monolayer [25]. Figure 2.1 shows the hexagonal structure of graphene.

Figure 2.1: Hexagonal structure of graphene [26].

Graphene has excellent properties and is suitable for use as electrode material in EDLCs. It provides very high electrical conductivity
and a large surface area. Graphene has a theoretical specific surface
area (SSA) of 2630 m2 g−1 .
Graphene can be produced using various techniques. Both bottomup and top-down methods can be used to obtain monolayer, few-layer
or multilayer graphene. A monolayer of graphene is defined as a single
layer of carbon atoms, few-layer graphene has two to five layers of
carbon atoms and multilayer graphene consists of two to ten layers [25].
Multiple graphene layers with a thickness less than 100 nm are called
graphite nanosheets, graphite nanoplates or graphite nanoflakes.
Graphene-based materials that have more than ten graphene layers
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exhibit graphite-like properties. The unique properties of graphene
are limited to monolayer or multilayer graphene. In our studies, we
produce nanographite, which is a mixture of different graphene and
graphite qualities, from monolayer graphene to graphite nanosheets.
The most common methods for production of defect-free monolayer graphene are CVD techniques. These techniques produce highquality graphene, but they are not suitable for the production of large
quantities. Thus, graphene produced using CVD is expensive and
not qualified for use as electrode material in low-cost EDLCs.
In addition to these bottom-up methods, top-down methods, such
as mechanical exfoliation, can be used to produce graphene. The
scotch-tape method is the most famous mechanical exfoliation technique, which resulted in Andre Geim and Konstantin Novoselov
receiving the Nobel prize in Physics in 2010. It was awarded for
"groundbreaking experiments regarding the two-dimensional material graphene". Geim and Novoselov isolated graphene by peeling
off monolayers of graphene from a graphite crystal. However, only
small quantities of graphene can be produced using this method.
Using other exfoliation methods, such as sonication, homogenization
or rotational dispersion, allows for production of larger amounts of
graphene. These exfoliation techniques are described in detail in
section 2.6.
2.1.2 Graphene oxide, reduced graphene oxide, chemically reduced
graphene oxide and graphite oxide
The term graphene oxide (GO) is often used for graphene oxide or the
dissimilar material graphite oxide [25, 27]. The term graphene oxide
is sometimes misleadingly used to describe graphite oxide, which
is obtained by the oxidation of graphite. However, graphene oxide
describes a monolayer of chemically modified graphene. Graphite
oxide is a bulk material that is obtained by the oxidation of graphite. To
obtain graphene oxide from graphite oxide, the latter can be dispersed
in a solvent and intensively exfoliated. Reduced graphene oxide (rGO)
can be produced by chemical-, thermal-, photo- , electrochemical- or
microwave-assisted reduction of graphene oxide [25, 27–29]. However,
rGO is not identical to graphene because it contains impurities and
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oxygen-containing functional groups [27, 30].
In this study, graphite oxide was produced using Kovtyukhova’s
method [31], which is based on Hummers’ method [32]. Chemically
reduced graphene oxide (CRGO) was obtained by exfoliating graphite
oxide to GO and reducing the GO with ascorbic acid at 80 ◦C for 20
hours. The sample was sonicated prior to and after the reduction 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). Sonication facilitates the
exfoliation of the layered material and disrupts agglomerates.
2.1.3

Graphite

Graphite is an allotrope of carbon. It has a planar structure and is
composed of many graphene layers [25]. The structure of graphite is
shown in figure 2.2.

Figure 2.2: Structure of graphite [33].

The graphene layers in graphite are weakly bonded by van der
Waals forces. This allows for delamination of graphite using different
exfoliation methods such as chemical exfoliation [28], scotch tape
[24], sonication [34–37], ball-milling [38], jet cavitation [39], rotational
dispersers [40], wet grinding [41] or high-pressure homogenization
[42]. The preparation of nanographite using a commercial highpressure homogenizer is described in section 3.4 and Paper II. The
delamination of graphite by tube-shear exfoliation is described in
section 3.4 and Paper III.
The production of nanographite and graphene from graphite for
EDLCs is favorable because graphite is an abundant, inexpensive
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and nontoxic material. The quality of the exfoliated product strongly
depends on the raw material. There are many different qualities of
graphite, which differ in flake size, purity, crystallinity and oxygen
content. Thus, it is crucial to choose a suitable graphite quality.
2.1.4

Nanographite

Nanographite is a mixture of graphene, few-layer graphene, multilayer graphene and graphite nanoplatelets. It can be produced by
mechanical exfoliation of graphite. Various techniques for production
of nanographite are described in section 2.6. These exfoliation techniques delaminate the graphite by breaking the weak van der Waals
bonds between the graphene layers in the graphite crystal. Figure 2.3
illustrates the delamination of graphite to individual graphene layers.

Figure 2.3: Schematic of the delamination of graphite into individual graphene layers
(adapted from [33]).

Nanographite can be used in EDLC electrodes to achieve good
electrical conductivity.
2.1.5

Activated carbon

Activated carbon is often used as active material in EDLC electrodes.
In addition to its good electrical conductivity, activated carbon has
a very high SSA (≤ 3000 m2 g−1 ), which leads to high capacitances
when used in EDLC electrodes. The pore size of activated carbon can
be tuned during production. Activated carbon can be produced by
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carbonization and the annealing of different precursors, such as nut
shells, wood, petroleum pitch or coal.
2.1.6

Binders

To obtain mechanically stable electrodes, binders must be added to the
active electrode material. Common binders are polytetrafluoroethylene (PTFE), polyvinyl alcohol (PVA) and carboxymethyl cellulose
(CMC) [4]. These insulating polymers degrade the electrical performance of the active electrode material. Because most of the commercially used binders are not environmentally friendly, we tested the
use of cellulose-based materials such as cellulose nanofibers (CNFs)
and microfibrillated cellulose (MFC).
Cellulose nanofibers. CNFs are nanocellulose materials that are also
known as cellulose nanofibrils, nanofibrillated cellulose (NFC) or MFC
[43]. Other nanocellulose derivatives include bacterial nanocellulose
(BNC) and cellulose nanocrystals (CNC), which are also known as
nanocrystalline cellulose (NCC).
CNFs are produced by mechanical delamination of cellulose fibers
to nano-sized cellulose fibrils. A mechanical, chemical or enzymatic
pretreatment is often performed prior to delamination. Delamination
can be performed using a homogenizer, grinder or microfluidizer [43].
CNFs are typically several µm long and 5 to 20 nm wide, which results
in a high aspect ratio. Moreover, CNFs in water form a gel already at
low concentrations and exhibit a thixotropic (shear-thinning) behavior.
Because of the high water retention ability and the change of viscosity
under shear conditions [43], processing materials that contain CNFs
is a challenge.
CNFs are used in a wide range of products and applications such
as paper, paperboard, hygiene, medical and food products. CNFs
have been proposed as separators or binders in electrodes for supercapacitors and batteries [44–47].
We prepared CNFs using Saito’s method [48]. The pulp was subjected to a chemical pretreatment with 2,2,6,6-tetramethylpiperidine
(TEMPO). The TEMPO-mediated oxidation is followed by a mechanical delamination treatment.
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2.2

Electrolytes

The electrochemical performance of EDLCs highly depends on the
choice of material. The electrode and the electrolyte both determine
and limit the electrical properties, especially the pore structure and
pore size of the active material and the size of the electrolyte ions,
thus affecting the capacitance. The size of the ions or solvated ions
influences the packaging density of the ions at the electrode surface.
The size also determines the distance between the charge layers of the
electric double layer. An increased packaging density and a decreased
distance enhance the capacitance of EDLCs. 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 than electrodes with
larger pores. The solvated ions are squeezed into the pores, resulting
in a short distance between the electrode and the ion [12]. Additional
experiments show that the ions are partially or fully desolvated when
present in sub-nanometer pores [13]. Largeot et al. showed that the
pore size should approximately fit the ion size [49].
Another important characteristic of the electrolyte is the maximum
operating voltage, which limits the amount of energy E that can be
stored in the EDLC according to
E

1
· C · V2
2

,

(2.1)

where C is the EDLC’s capacitance and V is the operating voltage [4].
Various types of electrolytes can be used in EDLCs, e. g., aqueous
electrolytes, organic electrolytes, or ionic liquids (ILs).
2.2.1

Aqueous electrolytes

Aqueous electrolytes have low operating voltages due to the electrolysis of water at voltages greater than 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 than those of ionic liquids. Greater power densities can be
achieved with aqueous electrolytes [50]. Nontoxic and inexpensive
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potassium hydroxide (KOH) or sulfuric acid (H2 SO4 ) are primarily
used as aqueous electrolytes in supercapacitors [51, 52]. Sodium
sulfate (Na2 SO4 ) can be used if an electrolyte with a neutral pH is
desired. Furthermore, Fic et al. reported an approach that enhances
the performance of aqueous electrolytes in supercapacitors by adding
surfactants. The surfactant enhances the accessibility of the electrolyte
to the electrode surface [53, 54].
We used aqueous electrolytes in our studies because they are
nontoxic, inexpensive and nonflammable.
2.2.2

Organic electrolytes

To achieve higher operating voltages and avoid solvent decomposition, organic solvents such as propylene carbonate (PC) or acetonitrile
(ACN) should be used rather than aqueous electrolytes. EDLCs with
organic electrolytes can be operated at voltages up to 3 V. A common organic electrolyte is tetraethylammonium tetrafluoroborate
(TEA BF4 ) in acetonitrile or propylene carbonate [3, 55]. Acetonitrile
facilitates high conductivities due to its low viscosity, achieving high
energy and power densities. Because 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
conductivities as high as those of acetonitrile mixtures [50, 56, 57].
EDLCs with organic solvents show lower capacitances than those with
aqueous electrolytes. Another drawback of organic electrolytes is that
they require purification and a controlled processing environment to
eliminate impurities, e. g., water, that will lead to the degradation of
EDLC properties [55].
2.2.3

Ionic liquids

Ionic liquids are nonvolatile, nonflammable and offer a wide electrochemical window from approximately 2 to 6 V [58]. However, ionic
liquids are costly and often have high viscosities and low electrical
conductivities. High viscosity does limit the charge transportation
speed and limits the accessibility of the electrolyte to smaller pores
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in the electrode surface. In some cases, poor chemical stability limits
their use as an electrolyte in supercapacitors [59–62]. Lewandowski et
al. reported that the conductivity of ionic liquids increases upon the
addition of solvents such as propylene carbonate or acetonitrile. The
mixtures show maximum conductivities at approximately 50 % wt
of solvent. Mixtures with acetonitrile achieve higher conductivities
than those with propylene carbonate [50]. A frequently used ionic
liquid is hydrophilic 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMI BF4 ), which is often used with acetonitrile as a solvent. The low
viscosity and good conductivity enable this electrolyte to be used in
supercapacitors.
Because we employ paper-based electrodes, some of the aforementioned electrolytes could not be used. KOH for example might
dissolve the cellulose and destroy the electrodes and the separator.
This issue can occur at high pH and elevated temperatures. Although
organic electrolytes, especially ionic liquids, could enhance a supercapacitor’s energy capacity, we preferred environmentally friendly
water-based electrolytes such as sodium sulfate. Sodium sulfate has
a nearly neutral, slightly acidic pH, which is favorable for use in
paper-based supercapacitors.

2.3

Separators

Supercapacitors contain an electrically nonconductive separator to
avoid short circuits between the electrodes. The separator is a passive
component that is crucial for the functionality of a supercapacitor. Only
ion-permeable materials can be used because the electrolyte ions need
to move freely between the electrodes. Porous materials that support
ion transport and prevent possible migration of loose conductive
electrode materials can be used. Furthermore, the separator should
be as thin as possible while still mechanically strong and durable. A
thin separator is desired to maintain low device weight and volume.
Porous materials such as paper, microporous polymers, ceramic fibers
or glass fibers can be used [3]. The choice of the separator should
be based on the electrolyte and the operating temperature to avoid
corrosion or degradation of the components.
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In some supercapacitors, the separator also serves as a substrate
for the electrode material. The active material can be coated on the
separator on one or both sides.
We used greaseproof paper as a separator in our EDLCs. Greaseproof paper is a thin, dense paper that is permeable to electrolyte
ions.

2.4

Current collectors

The supercapacitor’s current collector serves as a contact that connects
an energy source or drain to the supercapacitor electrodes. It is also
used to connect measurement equipment to the supercapacitor. Freestanding current collectors can be employed, or electrode material
can be directly coated onto the contacts. The current collector should
be highly conductive to avoid any electrical losses. Another important
property is the materials’ corrosion potential. The current collector
must be corrosion resistant in combination with the electrolyte and
electrode material used. Metal foils such as aluminum or stainlesssteel foils are often used [63]. However, aqueous electrolytes can be
very corrosive, which limits the choice of suitable contact materials.
Low-cost graphite foil is an alternative to conventional metal current
collectors. The use of graphite foil was studied in Paper V. In Paper
VI, we discuss the use of platinized titanium foil as a current collector
in test cells and measurement setups.

2.5

Electrode mass balancing

EDLCs typically use equal masses of the same active material in both
electrodes. However, this might not be favorable if the electrolyte
anions and cations differ in size, as one of the electrodes might not be
fully covered with ions, or there may be excess ions. In both cases, there
is unused material that does not contribute to the EDLC’s capacitance.
The total capacitance is limited by the lowest electrode capacitance,
according to equation 1.4. Figure 2.4 illustrates the problem and
explains the mass-balancing principle.
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Figure 2.4: Schematic figure of the mass-balancing principle: (a) possible ion distribution on electrodes of conventional electric double-layer capacitors – one of the
electrodes is too small to utilize all available electrolyte ions, and (b) possible ion
distribution on electrodes of conventional electric double-layer capacitors – one of
the electrodes is too large, and the available electrode area is not fully utilized, and
(c) electric double-layer capacitor with balanced electrodes – both electrodes and
the electrolyte ions are fully utilized.

2.5.1

Calculation of the ion size and electrode mass ratios

The following assumptions were made to develop a simplified model
of the optimal electrode mass ratio. The objective of this study was to
determine the optimal electrode mass ratio to increase the EDLC’s
capacitance. However, we did not fine-tune the mass ratio or the capacitance because a simplified model was sufficient for our purposes.
The ion size ratio and theoretical electrode mass ratio were calpage | 21
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culated from the size of the hydrated electrolyte ions. A table of the
radii of various hydrated ions can be found in [64]. Table 2.1 is an
extract of this table and lists the ions tested in this study.
Table 2.1: Radii r of hydrated ions [64].

ion

r/nm

cations

+

H
Na+
K+

0.282
0.358
0.331

anions

OH –
SO42 –

0.300
0.379

For an electrolyte molecule with the chemical formula A x B y , the
ion size ratio is calculated according to
ion size ratio 

x · rA
,
y · rB

(2.2)

where x is the number of ion A in the molecule, y is the number of
ion B in the molecule, rA is the radius of the hydrated ion A, and rB is
the radius of the hydrated ion B. The theoretical electrode mass ratio
is the inverse of the ion size ratio:
theoretical electrode mass ratio 

y · rB
.
x · rA

(2.3)

The electrode mass ratio of the tested EDLCs was calculated using
electrode mass ratio 

m+
,
m−

(2.4)

where m + is the mass of active material in the positive electrode and
m− is the mass of active material in the negative electrode.
The largest increase in capacitance can be expected for electrolytes
with a significant difference in ion size, i. e., a large anion and a much
smaller cation (or vice versa). Moreover, the valence of the ions must
be considered because it determines the number of anions and cations
that can form the electric double layer at the electrode-electrolyte
interfaces. Considering the valence of the ions, we expect the largest
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enhancement for sodium sulfate, which has a theoretical electrode
mass ratio of 0.53, as shown in table 3.1.
In general, electrolytes with small ions achieve larger capacitances
than those composed of large ions for a given electrode size and
weight. This result can be explained by the higher charge density at
the electrode surface. Thus, the size of the electrolyte ions is crucial to
produce EDLCs with large specific capacitances. Moreover, the shape
of the hydrated ions should be considered because it influences the
formation of the electric double layer.

2.6

Mechanical exfoliation techniques

There are numerous mechanical exfoliation techniques to produce
graphene and nanographite. The use of rotational dispersers [40],
sonication [34–37], ball-milling [38], jet cavitation [39], wet grinding
[41] and homogenization [42] has been reported. Exfoliation methods
that generate a laminar flow are preferred to techniques that induce
turbulent flow. In laminar flow, the fluid flows in parallel layers without any disruption between the layers. In turbulent flow conditions,
the flow velocity, pressure and other flow parameters change in a
chaotic manner. Turbulent flow should be avoided to minimize strong
forces that can crack the graphene or graphite flakes.
We investigated two methods for production of nanographite
using hydrodynamic shear exfoliation; homogenization and tubeshear exfoliation. Both methods are explained in section 3.4.

2.7

Electrochemical characterization

Various techniques are used to characterize EDLCs. Galvanostatic
cycling, cyclic voltammetry and electrochemical impedance spectroscopy are the most common methods [3]. We performed galvanostatic cycling and cyclic voltammetry to characterize our EDLCs.
2.7.1

Galvanostatic cycling

Galvanostatic cycling, also known as constant current cycling, is a
technique that can be used to measure the electrical properties of
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EDLCs [3, 65]. We used this method to determine the capacitance,
equivalent series resistance (ESR), efficiency and cyclability of the
EDLCs [66]. During galvanostatic cycling, the EDLC is charged and
discharged at a constant current within a certain voltage range. The
capacitance C can be calculated from the measured discharge time
∆t according to equation 2.5,
CI·

∆t
∆V

,

(2.5)

where I is the discharge current and ∆V is the voltage difference.
Equation 2.6 was applied to obtain the specific capacitance Csp .
C sp  4 ·

C
m

(2.6)

The parameter m is the total mass of the active material of both
electrodes. The factor ‘4’ adjusts the cell capacitance C to the mass
and capacitance of one electrode.
The ESR is calculated from the voltage drop at the beginning of
the discharge curve using
ESR 

∆V
∆I

,

(2.7)

where ∆V is the change in voltage and ∆I is the total change in current.
The efficiency of the EDLCs was calculated by dividing the discharge time by the charge time.
2.7.2

Cyclic voltammetry

Cyclic voltammetry is a widely used electrochemical standard technique for analysis of the electrical and electrochemical properties
of EDLCs [3, 65]. In the studies presented in this thesis, we tested
two-electrode systems because we were interested in the overall EDLC
performance rather than the properties of a single electrode. We tested
our devices by applying a linearly changed electric potential between
the positive and negative electrodes. The scan rate, which describes
the speed of the potential change, was adjusted to resemble realistic
EDLC operating conditions. The potential window was predefined
and the instantaneous current was measured.
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RESULTS AND
DISCUSSION
3.1

Paper-based electric double-layer capacitors
(Paper I)

In Paper I, we described the concept of paper-based EDLCs. We
produced devices with graphene electrodes and paper separators
and tested their performance as EDLCs components. The results
presented in Paper I can be viewed 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 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−1 . 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 structures of CRGO and CRGOgold electrodes should be investigated. The capacitances in this range
are favorable, but modified CRGO is too expensive for use in low-cost
EDLCs electrodes. Therefore, we attempted 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 have the desired properties. The specific capacitances of
0.25 F g−1 and 9.84 F g−1 for an exfoliated graphite-gold nanoparticle
composite were quite low compared to those of the CRGO composite.
Despite the low capacitances, we suggest that the quality of exfoliated
graphite can be improved by optimizing the production method.
Exfoliated graphite can be produced in large quantities, which enables
the low-cost production of graphite electrodes.
To show that large-scale production of EDLCs electrodes using
roll-to-roll techniques is possible, we applied a graphite coating on
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greaseproof paper using a lab coater (DT Lab Coater from DT Paper
Science Oy AB, Turku, Finland), as shown in figure 3.1. This initial
trial showed that it is possible to produce graphite electrodes by
coating exfoliated graphite on paper. However, we encountered some
problems related to the graphite coating. The graphite dispersion
should have a higher dry content, and its rheology must be adjusted
to obtain a uniform coating.

Figure 3.1: Coating graphite on paper using a lab coater.

3.1.1 Influence of paper on the electric double-layer capacitor performance
Paper is an important part of the EDLC. 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 whether the grammage
of the paper separator and the type of paper influence the EDLC’s
performance. We showed that the capacitance was not correlated
with the paper grammage or the type of paper. Only small variations in the capacitance of the devices were observed. Because the
measured values were within a standard deviation, no influence of
paper thickness on capacitance was reported. The type of paper did
not appear to affect the performance of the EDLCs. Although the
paper thickness did not affect the capacitance, it affects the EDLC’s
weight and volume. Thicker papers soak up more electrolyte, which
page | 26

3.2. EDLC design and test cell design

increases the cell weight. The weight and volume of the EDLC might
be restricted in some applications. Thus, we recommend the use of
thin, dense papers. Dense paper is important to ensure the paper’s
insulating function and prevent print-through during coating with
conductive electrode materials.
Summary of Paper I. EDLCs can be prepared by using graphene
coated paper sheets as electrode material. The working principle of
EDLCs allows a simple stacking of the components. Thus EDLCs with
paper components can be produced by using proven papermaking
technologies. The main advantages of EDLCs with graphene-paper
electrodes are the scalable low-cost production, the inexpensive materials and the large variety of possible applications.

3.2 Electric double-layer capacitor design and test cell design
EDLCs can be produced in different shapes and sizes. An advantage
of EDLCs is that their components allow for the production of flexible
devices. A special shape or size is required in some applications
and the cell design is less relevant in other cases. A space-saving
structure is often desired, and thus many commercial EDLCs are
designed as cylinders or flat stacks. The design of experimental
research devices might differ from those of commercial EDLCs in
terms of the size, number of cells, sealing and type of container. To
test EDLCs, simple cell designs are typically chosen. For laboratory
testing, flat rectangular stacks are often preferred because of the easy
handling and assembly. So-called pouch cells are used for commercial
devices and in EDLC laboratory testing. The assembly of coin cells is
also common and is similar to the setup of battery coin cells.
3.2.1

Test cell design

To test EDLCs, single or multiple cells can be assembled in different
casings and test equipment. We used different casings and adjusted
the cell design gradually.
In Paper I, we laminated the EDLC cells with plastic foil, as shown
in figure 3.2a. Some EDLCs were not laminated and were held together
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by two microscope glasses and two clips, as shown in figure 3.2b.
Both types of cells used silver foil or graphite foil as current collectors.
The cells were connected to the measurement setup using ordinary
crocodile clips. However, both cell designs had some disadvantages.
The casings were not airtight, which led to electrolyte evaporation.
Another drawback was the high contact resistance, which was caused
by insufficient contact between the cell components [67]. By applying
controlled pressure on the cell stack, the resistance was decreased,
which resulted in increased capacitance. Furthermore, the silver
foil had to be replaced by a chemically inert material because the
silver contacts became oxidized during operation of the EDLCs [68].
Graphite foil was tested as an alternative to silver foil and showed a
good performance. See section 3.6 for more information about the
use of graphite foil as a current collector.
In Papers II and IV, a stainless-steel test cell was used, as shown
in figures 3.2c and 3.2d. The test cell served as both the contact and
casing. The test cell was equipped with an adjustable lid, which
allowed for application of pressure on the EDLC stack. However, the
stainless-steel plates slowly corroded and required frequent grinding
and polishing.
In Paper V, a pouch cell casing was used to assemble the EDLCs.
Graphite foil was used as the current collector; see section 3.6 for more
information. The pouch cells are flexible and can be tested under
load. However, it was difficult to seal the pouch cells to avoid the
evaporation of electrolyte.
In Paper VI, we used platinized titanium foil to reduce the contact
resistance. Platinum has a similar corrosion potential to graphite.
Thus, the combination of graphite electrodes with platinum current
collectors potentially has low contact resistance. The EDLC and
the platinum contacts were stacked between two Plexiglas slices. A
defined pressure was applied on the stack to ensure good contact
between the components. However, this measurement setup was not
airtight, which resulted in electrolyte evaporation.
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(a)

(b)

(c)

(e)

(d)

(f)

Figure 3.2: Design of different test cells and casings: (a) laminated cell, (b) glass cell,
(c) stainless steel cell, (d) closed stainless steel cell, (e) pouch cell, and (f) Plexiglas
cell with platinum current collectors.

3.3

Cellulose nanofiber-nanographite electrodes
(Paper II)

In Paper II, we investigated the influence of CNFs on the mechanical
stability of nanographite electrodes and tested their performance
in EDLCs. We also tested the sheet resistance of CNF-nanographite
electrodes and examined the internal electrode structure with a
scanning electron microscope (SEM). The properties of nanographite
were compared to a commercially available graphite powder, here
called battery-graphite. The results of these experiments are presented
in the following sections.
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3.3.1

Mechanical stability

Graphite electrodes with and without CNFs were prepared and subjected to a light load. Figures 3.3a and 3.3b show that the addition
of CNFs enhanced the mechanical stability of porous graphite electrodes. Electrode films without CNFs broke easily during sample
handling and EDLC assembly. Samples containing at least 5 % CNFs
showed sufficient mechanical stability. The stability improved upon
the addition of more CNFs.

(a)

(b)

(c)

(d)

Figure 3.3: Mechanical stability of graphite electrodes: (a) dry graphite electrode
without cellulose nanofibers after sample handling, (b) dry graphite electrode with
10 % cellulose nanofibers after sample handling, (c) wet graphite electrode without
cellulose nanofibers after operation in an electric double-layer capacitor, and (d)
wet graphite electrode with 10 % cellulose nanofibers after operation in an electric
double-layer capacitor.

The addition of CNFs also improved the wet strength. Figure 3.3c
shows a graphite sample without CNFs, and figure 3.3d shows a
sample containing 10 % CNFs. Both samples were operated in the
measurement cell using an aqueous electrolyte. The pure graphite
page | 30

3.3.2. Electrical performance

sample collapsed during operation in the measurement cells. In
contact with electrolyte, the graphite film softened and came loose.
The CNF-composite remained intact. We observed that samples that
contained at least 5 % CNFs maintained their shape upon operation
in electrolyte.
Furthermore, graphite electrodes with at least 10 % CNFs showed
good bendability, as shown in figure 3.4. Both dry and wet films could
be bent without destroying the films. However, they broke upon
folding.

Figure 3.4: Bent nanographite-cellulose nanofiber electrode demonstrating the
flexibility of the electrodes.

In addition to the mechanical stability, CNFs enhanced the dispersion stability of graphite dispersions. Figure 3.5 shows two nanographite dispersions. The photo was taken 10 minutes after the
graphite was mixed with water. The left vial contained nanographite
and water, and the right vial had 10 % CNFs added. The latter sample was well dispersed. No agglomerates were initially observed.
After approximately four hours, we observed small agglomerates at
the bottom of the vial. The sample without CNFs formed graphite
agglomerates that sedimented within a few minutes.
3.3.2

Electrical performance

Sheet resistance. To evaluate the influence of CNFs on the electrode
performance, we plotted the sheet resistance as a function of the
CNF content, as shown in figure 3.6. Because CNFs are electrically
isolating, the sheet resistance increased with increasing CNF content. Although the sheet resistance increased considerably, we still
obtained low values at high CNF contents. For nanographite samples,
the sheet resistance increased from 0.135 W sq−1 without CNFs to
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Figure 3.5: Stability of nanographite dispersions without cellulose nanofibers (left
vial) and with 10 % cellulose nanofibers (right vial) 10 minutes after preparation.

2.039 W sq−1 for an electrode with 20 % CNFs. The sheet resistance of
battery-graphite samples increased from 1.322 W sq−1 without CNFs
to 6.028 W sq−1 with 20 % CNFs. Compared to the sheet resistances
reported in Paper I (99.8 W sq−1 for CRGO and 13.2 W sq−1 for exfoliated graphite), CNF-nanographite electrodes showed the lowest
sheet resistance. The results for nanographite electrodes reported in
Paper III are similar to those for nanographite published in Paper II.
Sheet resistances from approximately 0.2 to 2.2 W sq−1 were reported
in Paper III.
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Figure 3.6: Sheet resistance R s of electrodes with nanographite or battery-graphite
and additional 0–20 % cellulose nanofibers (CNFs).
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Electric double-layer capacitor capacitance. We conducted galvanostatic
cycling and calculated the EDLC’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 is plotted against the CNF content in figure 3.7. The
highest capacitance was achieved with addition of 10 % CNFs. Both
nanographite and battery-graphite samples obtained the highest
capacitance at this concentration. However, there was a distinct
difference between the materials. The CNF concentration had a
less pronounced effect on the capacitance of nanographite electrodes
than on that of battery-graphite electrodes. We assume that CNFs
changed the structure of battery-graphite electrodes, which led to
an increase in capacitance [12, 13, 49]. Therefore, we used a SEM to
examine the internal electrode structure.
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Figure 3.7: Capacitance C of electric double-layer capacitors with electrodes containing nanographite or battery-graphite and additional 0–20 % cellulose nanofibers
(CNFs).

3.3.3

Electrode structure

The internal structure of the electrodes was investigated using SEM images of the electrodes’ cross-sections. Figure 3.8 shows a nanographite
electrode and a battery-graphite electrode, both containing additional
10 % CNFs. Both images show porous structures, but there is a clear
difference in the electrode structure. The nanographite-CNF electrode
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formed a denser and more uniform structure than the battery-graphite
sample, which was composed of thicker and larger particle structures.

(a)

(b)

Figure 3.8: Cross-section scanning electron microscope images of nanographite
and battery-graphite electrodes with additional 10 % cellulose nanofibers: (a) nanographite electrode; (b) battery-graphite electrode. The black bar represents 20 µm
and is the same in both images.

We also investigated whether the addition of CNFs changed the
internal electrode structure. The comparison of the battery-graphite
electrodes with and without CNFs showed a significant change in
the internal electrode structure, as shown in figure 3.9. Electrodes
containing 10 % CNFs showed a denser structure than electrodes
without CNFs. A comparison of a nanographite electrode with 10 %
CNFs and the same material without CNFs did not show any change
in the internal electrode structure. Both electrodes had a similar
uniform structure. The influence of CNFs on the electrode structure
and the capacitance in EDLCs depends on the type of graphite used.
We assume that CNFs act as nanospacers [69] and changed the
pore size distribution of the electrodes, which probably increased
the EDLC’s capacitance. The structural change might also have led
to an increased SSA, which resulted in an elevated capacitance. In
addition to the structural change, CNFs might have improved the ion
conductivity of the electrodes. Cellulose fibers might have served as
channels in the graphite to transport the electrolyte into the electrode
structure. This resulted in an enlarged electrode area accessible to the
electrolyte, which led to an increase in capacitance. CNFs also serve as
an internal electrolyte reservoir that reduces the ion diffusion distance
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(a)

(b)

Figure 3.9: Cross-section scanning electron microscope images of battery-graphite
electrodes (a) without cellulose nanofibers and (b) with additional 10 % cellulose
nanofibers. The black bar represents 20 µm and is the same in both images.

[69, 70]. Highly charged CNFs might contribute to the formation of
the electric double layer at the electrode-electrolyte interface. The
possible explanations presented in this paragraph are assumptions
and must be confirmed or disproved by further experiments.
Summary of Paper II. CNFs improved the stability of the graphite
dispersions which, together with an enhanced mechanical stability,
improved the processability of the electrode materials. An addition of
10 % CNFs increased the capacitance of the EDLCs. The capacitance
of EDLCs with battery-graphite containing electrodes increased significantly upon CNF addition. Thus, the use of CNFs as binder in
EDLC electrodes is recommended.

3.4

Large-scale production of nanographite
(Paper II and III)

Various methods are used to produce nanographite and similar twodimensional nanomaterials. To mass-produce these materials at low
costs, hydrodynamic shear exfoliation techniques can be used. Methods such as homogenization and tube-shear exfoliation are scalable
and provide high throughput. These methods are low-cost alternatives
to other refining technologies and costly bottom-up techniques. A disadvantage of these methods is the wide range of particle thicknesses
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and the broad particle-size distribution of the delaminated material. However, the exfoliation products can be purified by additional
separation treatments.
In our experiments, we prepared nanographite by homogenization
and tube-shear exfoliation of thermally expanded graphite.

3.4.1

Homogenization
(Paper II)

For our first attempts to exfoliate graphite in water, we used a commercial high-pressure homogenizer (Ariete NS2006H from GEA Niro
Soavi). Figure 3.10 shows a schematic of the shear zone. The initial trials with the high-pressure homogenizer were successful, and
well-exfoliated graphite was produced. The prepared nanographite
contained a small volume of graphene. However, this homogenizer
was designed for crushing chunks in food products, not for the delamination of layered materials. The complex geometry of the homogenizer,
which introduces turbulent flow, was difficult to control. Therefore,
we designed a homogenizer with a simplified shear zone.

Impact ring
Graphite
Valve
Graphene

Figure 3.10: Schematic figure of the exfoliation of graphite in the shear zone of a
high-pressure homogenizer.
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3.4.2

Tube-shear exfoliation
(Paper III)

The goal of Paper III was to develop a process suitable for largescale exfoliation of graphite in water. To optimize the nanographite
quality and control the shear conditions, we constructed exfoliation
equipment with a simplified shear zone. A schematic of the tubeshear exfoliation equipment is illustrated in figure 3.11. Figure 3.12
shows a photo of the tube-shear exfoliation equipment. The shear
zone is a 1 m-long, 2 mm-wide tube, which is fed by an adjustable
high-pressure pump. The tube can easily be replaced with tubes of
other dimensions and geometries. In the experiments reported here,
we used only the tube described above.

Figure 3.11: Schematic of the design of the tube-shear exfoliation equipment; r is
the inner radius of the tube and L is the length of the tube.

The nanographite produced with the tube-shear exfoliation equipment was a few nanometers thick and a few micrometers wide. During
the liquid exfoliation, an aqueous suspension containing graphite
flakes was forced through a long tube. Inside the tube, graphite flakes
were subjected to shear forces that led to a mechanical delamination
of the graphite. This process allows for low-cost, energy-efficient,
large-scale production of nanographite.
The delamination progress was investigated using SEM, transmission electron microscope (TEM) and atomic force microscope
(AFM) images of the exfoliated graphite before, during and after the
delamination treatment. The electrical properties were evaluated by
measuring the sheet resistance and electrical resistivity.
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Figure 3.12: Hydrodynamic tube-shear exfoliation equipment (left) and stirrer for
premixing the exfoliation material (right).

Figure 3.13 shows (a) a SEM image of the initial material, (b) a TEM
image of the exfoliated graphite after five passes, and (c) a TEM image
of the exfoliated graphite after ten passes through the exfoliation
equipment. The initial material was thermally expanded graphite
with a rather large particle size. The graphite flakes were several
hundred micrometers in size. After the graphite was subjected to
shear forces in the tube of the exfoliation equipment, thinner graphite
flakes were found. However, after five passes, the material was only
partly exfoliated. In addition to thin flakes, thick graphite flakes were
observed. Thus, the number of exfoliation passes was increased. After
ten passes, we detected a large amount of well-exfoliated graphite
flakes. The transparency of the nanographite, observed using a TEM,
reveals that we produced graphene monolayers, few-layers and multilayers. AFM images of the nanographite flakes revealed an average
flake thickness of 10 to 20 nm, as shown in figure 3.14.
SEM images were used to estimate the particle size distribution
of the nanographite. Figure 3.15 shows the results of the quantitative
SEM study. The graph shows that the material that passed through
the shear zone ten times contained a larger amount of thinner and
smaller particles than the delaminated material after five passes. This
indicates that the ten-pass material was delaminated further.
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(a)

(b)

(c)

Figure 3.13: Microscopy study of the exfoliation progress: (a) scanning electron
microscope image of initial unexfoliated graphite, (b) transmission electron microscope image of partially exfoliated graphite after 5 passes through the tube shear
exfoliation equipment, and (c) transmission electron microscope image of exfoliated
graphite after 10 passes.

Scalability, production rate and costs. The tube shear exfoliation process can be conducted batch-wise or continuously. In this study, we
processed the nanographite suspension batch-wise. Approximately
100 l of nanographite suspension were exfoliated by passing through
the equipment ten times at a flow rate of 4.6 l min−1 . The suspension
had a graphite concentration of 20 g l−1 , which resulted in a production rate of 500 g h−1 . The energy consumption of this process was
approximately 10 W h g−1 .
To facilitate large-scale production of nanographite, this process
page | 39

Chapter 3. Results and discussion

Figure 3.14: Atomic force microscope image and height profile of nanographite
particles after 10 passes through the tube shear exfoliation equipment.
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Figure 3.15: Particle size distribution of nanographite from the quantitative scanning
electron microscope study. The frame size corresponds to the surface size of the
particles.

should be scaled up. This can be done by increasing the number
of tubes. Another option is to adjust the flow rate, the graphite
concentration or the tube dimensions. However, changing these
parameters affects the shear conditions and the nanographite quality.
Higher pressures and turbulent flow lead to smaller nanographite
flakes with defects such as cracks. To avoid crushing the graphite
flakes, the material should be processed at a laminar flow, and the
number of tubes should be increased rather than changing the shear
conditions.
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3.4.3

Comparison of tube shear exfoliation and homogenization

As discussed in Paper II, nanographite can be produced in a highpressure homogenizer. High-pressure homogenizers are usually used
in the food industry. Thus, the shear zone of a homogenizer is not
adjusted for the production of nanomaterials. The shear conditions
are too abrasive, resulting in small nanographite fragments. Other
exfoliation methods such as sonication or high-shear mixing by rotary
dispersers have the same issues. High pressures and harsh shear
conditions break the thin graphite flakes into small fragments. The
laminar flow in the tube-shear exfoliation equipment is less aggressive.
It primarily delaminates the large graphite layer clusters and does
not rupture the thin graphene layers.
The low solids content and high viscosity of the suspension
are limitations that apply to both tube shear exfoliation and the
homogenization process. To enable pumping of the suspension, only
graphite dispersions with low solids contents and viscosities can be
processed. For the graphite used in this study, the highest processable
concentration was approximately 2 %. Above this concentration, the
dispersion was too viscous and could not be processed.
Summary of Paper III. We demonstrated a hydrodynamic exfoliation process for the production of large quantities of nanographite.
This tube-shear exfoliation process produces micrometer-wide and
nanometer-thick graphene and graphite flakes. The low energy consumption of approximately 10 W h per gram processed graphite enables for a cost-effective and environmentally friendly production of
graphene-based nanomaterials. The process is easy to scale up by
using multiple tubes in parallel, making it suitable for an industrial
implementation.

3.5

Electrode mass balancing
(Paper IV)

In this study, we present a simple and effective approach to increase
the capacitance of EDLCs. Depending on the applied electrolyte, one
should adjust the weight of the electrodes according to the size of
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the electrolyte ions to fully utilize the surface of both electrodes. The
mass balancing will result in an increased capacitance.
Figure 3.16 shows the influence of the electrode mass ratio on the
specific capacitance of EDLCs. EDLCs with four different electrolytes
were tested. For each electrolyte, we could extract an optimal electrode
mass ratio from the maxima of the displayed curves. If more or less
active material was used in the positive or the negative electrode,
lower specific capacitances were achieved. In addition, we detected
large differences in the specific capacitance in comparing the different
electrolytes. EDLCs with sulfuric acid as the electrolyte exhibited
much higher capacitances than those with other electrolytes; see figure
3.16 and table 3.1. This finding can be explained by the small size
and high mobility of the hydrogen cations, as shown in table 2.1. The
advantage of small ions is that they can easily enter and fill small pores,
which results in higher capacitance. Large ions might not be able
to enter narrow pores, leading to lower capacitance. Sodium sulfate
exhibited the lowest specific capacitance of the electrolytes tested.
Sodium hydroxide (NaOH) and potassium hydroxide produced
moderate specific capacitances with similar values for most of the
electrode mass ratios tested. This result was expected because of the
similar radii of hydrated potassium and sodium ions, as shown in
table 2.1.
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Figure 3.16: Influence of the electrode mass ratio on the specific capacitance C sp of
electric double-layer capacitors with different aqueous electrolytes.
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Sulfuric acid and sodium sulfate exhibited the highest specific
capacitances at an electrode mass ratio of 0.75. For sodium hydroxide,
the highest specific capacitance was detected at an electrode mass ratio
of 0.86. Potassium hydroxide exhibited its largest specific capacitance
with EDLCs that had equal electrode masses. An optimal electrode
mass ratio of 1 or slightly below 1 was expected because potassium
ions and hydroxide ions have similar ion radii. The largest increase
in specific capacitance obtained by mass balancing was detected for
sodium hydroxide. An increase of 8.6 % was achieved by shifting the
electrode mass ratio from 1 to 0.86, as shown in table 3.1. Increases
of 3.7 % and 1.5 % were obtained for sodium sulfate and sulfuric
acid, respectively. The four curves have different curve progressions.
The curve corresponding to sodium sulfate differs from the other
plots. For electrode mass ratios larger than the optimal mass ratio,
the specific capacitance declined more slowly than for the other
electrolytes. Potassium hydroxide, sodium hydroxide and sulfuric
acid produced similar curves.
In table 3.1, the theoretical optimal electrode mass ratios are
compared with the measured values. The experimental results were
approximately consistent with the theoretical optimal electrode mass
ratios calculated from the ion size ratios. However, there were slight
deviations due to measurement inaccuracy. There was a larger difference between the theoretical optimal electrode mass ratio and the
measured ratio for sodium sulfate.
Table 3.1: Theoretical optimal electrode mass ratio emrth , measured optimal electrode mass ratio emrm , highest specific capacitance Csp , and specific capacitance
increase C incr of various aqueous electrolytes.

electrolyte
Na2 SO4
H2 SO4
NaOH
KOH

emrth

emrm

C sp /F g−1

Cincr /%

0.53
0.67
0.84
0.91

0.75
0.75
0.86
1

49.3
89.7
66.8
67.6

3.7
1.5
8.6
0

Although minimal enhancement in specific capacitance was observed for some electrolytes, mass balancing can be a simple approach
to increase the capacitance of EDLCs. For devices that use electrolytes
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such as sulfuric acid, mass balancing can significantly improve the
EDLC performance. The mass-balancing approach can also be applied
to other electrode-electrolyte combinations and easily implemented
in large-scale production processes. Moreover, mass balancing leads
to a reduction in unused material and thus a reduction of the weight
and volume of EDLCs.
Although there were large differences in the specific capacitance
between the electrolytes tested, one should be cautious when choosing
the electrolyte. Sulfuric acid provided the highest specific capacitance
in this study, although it might not be the best choice for all EDLCs.
Generally, the influence of the electrolyte on EDLC materials, such as
the electrodes, separator and passive components, should be considered. The pH may be crucial for electrode stability, separator stability
and corrosion prevention. Neutral electrolytes might be favorable for
some EDLCs. For our system that employed cellulose-based materials,
neutral electrolytes such as sodium sulfate are beneficial. However,
when acidic or basic electrolytes can be employed, an electrolyte that
generates a higher specific capacitance should be used, such as sulfuric acid. Moreover, the performance of the electrolyte is influenced
by the electrode material and structure. Thus, recommendations can
only be given for particular electrode-electrolyte systems. However,
the mass-balancing approach can be applied to all supercapacitors,
regardless of the electrode or electrolyte materials used in the system.
To further optimize an EDLC’s performance, the surface area that
is accessible for the anions or cations should be measured rather than
the electrode mass or pore size distribution. Narrow pores might only
be attainable for small ions. In this case, small ions will have a larger
usable surface area than large ions. Having an ion pair with large
differences in ion size might result in two different accessible surface
areas. Thus, the accessible surface area should be considered to obtain
accurate calculations. However, measurement of the usable surface
area for particular ions is not easy. Therefore, using the electrode mass
to obtain a well-balanced cell is more practical. Furthermore, a higher
charge and discharge current should be used in galvanostatic cycling
to obtain faster discharge times that reflect the intended application.
Additional studies should be conducted to determine the influence
of other electrolytes on the optimal electrode mass ratio. The mixture
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of two or more compatible electrolytes might also be interesting. In
addition to aqueous electrolytes, organic electrolytes and ionic liquids
could be investigated.
3.5.1

Characterization of electrode materials

Specific surface area. The SSA of the electrode components graphite,
activated carbon, and the produced composite was obtained from
Brunauer–Emmett–Teller (BET) measurements. The results are shown
in table 3.2. As expected, the activated carbon exhibited a high SSA,
whereas graphite had a low SSA. The composite, which contains equal
amounts of activated carbon and graphite with 10 % CNFs added,
exhibited an intermediate SSA of 418 m2 g−1 .
Table 3.2: Specific surface area (SSA) of electrode materials.

material
activated carbon
graphite
composite

SSA/m2 g−1
903
19.8
418

Surface structure. The surface of the composite film was investigated
using a SEM. Figure 3.17 shows three images of different areas of the
composite surface. Figure 3.17a and 3.17b show the layered graphite
flakes, the spherical activated carbon and the network of CNFs. Figure
3.17c shows a close-up image of the nanofiber network. The CNFs
form a network that connects the graphite flakes and the activated
carbon particles. This observation confirms the suitability of CNFs as
a binder for graphite and activated carbon electrodes.
Summary of Paper IV. We demonstrated that the capacitance of EDLCs
can be increased if the electrode mass ratio is adjusted to the ion size
ratio. This optimization is favorable for improving the performance
of EDLCs, reducing the amount of unused electrode material and
thus decreasing the cell weight, volume and cost.
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(a)

(b)

(c)

Figure 3.17: Structure of the composite surface, observed using a field emission
scanning electron microscope. The layered structure of the graphite flakes, the
spherical shape of the activated carbon, and the cellulose nanofiber network are
shown. a) 25 000 × magnification; b) and c) 100 000 × magnification.

3.6

Metal-free electric double-layer capacitors
(Paper V)

Aqueous electrolytes can be strong corrodents that can degrade and
dissolve metals. If aqueous electrolytes are used in EDLCs, they can
react with the current collector and cause severe problems. Aluminum
foil, which is often used in EDLCs [63], cannot withstand the corrosive
electrolyte. Thus, EDLCs with aqueous electrolytes require corrosionresistant current collectors. Thin foils made of titanium, platinum,
gold or other highly conductive materials with a corrosion potential
close to that of the electrode material can be used instead. Graphite foil
can be used as an alternative to those expensive materials. By using
graphite as both the electrode and current collector material, we can
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eliminate the corrosion risk. Furthermore, we can coat the graphite
electrodes on the graphite foil to reduce the interfacial resistance
at the electrode-current collector interface. The use of graphite foil
allows for the production of inexpensive and environmentally friendly
metal-free EDLCs.
In this study, we evaluated the use of graphite foil as a current
collector in EDLCs. We conducted galvanostatic cycling (GC) and
cyclic voltammetry (CV) measurements and examined the electrodes
using a SEM. Furthermore, we evaluated the influence of the electrode
composition on the EDLC’s capacitance, ESR and cyclability and the
electrical resistivity of the electrodes.
3.6.1

Electrode coatings

We prepared five coating colors with different ratios of nanographite
and activated carbon, listed in table 3.3. The electrodes were castcoated on graphite foil using stainless steel frames, as shown in figure
3.18. All samples contained additional 10 % CNFs in relation to the
total amount of active material.
Table 3.3: Composition of active material in electrodes for metal-free electric doublelayer capacitors; (NG=nanographite, AC=activated carbon).

sample
A
B
C
D
E

NG/wt %

AC/wt %

50
40
30
20
10

50
60
70
80
90

Samples A, B and C formed uniform electrodes with a good
adhesion to the graphite foil, as shown in figure 3.18a. Samples D and
E shrank and deformed during drying due to poor adhesion to the
graphite foil, see figure 3.18b and 3.18c. The coating of sample E was
even more deformed and brittle. It was too fragile and broke during the
post-processing. Thus, we could not measure any electrical properties
of sample E. The deterioration of the mechanical properties depends
on the increased amount of activated carbon. Activated carbon consists
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(a)

(b)

(c)

Figure 3.18: Cast-coated electrodes: (a) electrodes of sample A after drying in the
casting frame, (b) electrodes of sample D with shrinkage and deformation defects,
and (c) electrodes of sample E with significant shrinkage and deformation defects.

of small spherical particles, and nanographite contains micrometerwide and nanometer-thin graphite flakes of different sizes. The flaky
particles easily interlock and form a stable electrode with the CNF
binder. The small spherical activated carbon particles do not interlock
and cannot form mechanically stable electrodes, although they contain
the same amount of CNFs.
Figure 3.19 shows SEM images of the surface of samples A and
D. The images revealed that the CNFs formed a web-like structure
between the particles. The CNFs also appeared to cover the activated
carbon particles but not the nanographite. The nanographite had
sharp edges and the activated carbon had soft edges, indicating that
the latter were covered with a film of CNFs.
3.6.2

Electrical properties

We prepared EDLCs from samples A, B, C and D and measured
their electrical performance. The measurements included the specific
capacitance measured using GC and CV, the ESR and the electrical
resistivity of the electrode films.
Electrical resistivity. Figure 3.20 displays the electrical resistivity of
the freestanding electrodes and electrodes coated on graphite foil.
The measurements indicated that the interfacial resistance between
the electrode and the graphite foil was low. The electrical resistivity
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(a)

(b)

Figure 3.19: Scanning electron microscope images of the surface of the cast-coated
electrodes: (a) sample A and (b) sample D. The cellulose nanofibers formed a
web-like structure between the particles and partly covered the activated carbon.

of the electrode-coated graphite foil was approximately one order of
magnitude lower than those of the freestanding electrodes. This result
and the overall low electrical resistivity confirmed our hypothesis
that graphite is qualified for the use as current collector in our system.
We also measured the ESR of the EDLCs. All samples showed a low
ESR compared with other EDLCs [51, 71], but it was too high for
high-power applications and must be reduced. The ESR can likely
be reduced by compressing the electrodes. The cross-section SEM
images, shown in figure 3.21a and 3.21b, revealed large pores and
cavities that can be compressed by calendering. This will improve the
contact between the particles, which will lead to lower ESR.
Specific capacitance. The measurements of the specific capacitance
revealed that the capacitance increased as the amount of activated carbon was increased, as shown in figure 3.22. This was expected because
activated carbon has a higher SSA than nanographite, which should
result in a higher capacitance. The specific capacitances measured
using CV were higher than the results measured using GC because
of the lower charge rate in the CV measurements. At low charge
rates, the ions had more time to penetrate the pores of the electrode
material. Even smaller and deeper pores could be accessed. At high
charge rates, the ions could only diffuse into easily accessible pores.
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Sample
Sample
Sample
Sample

A (50% AC)
B (60% AC)
C (70% AC)
D (80% AC)

10

1

0.1
ESR/Ω

-4

ρECGF/10 Ω m

-4

ρEF /10 Ω m

Figure 3.20: Equivalent series resistance (ESR) of electric double-layer capacitors
with electrodes A–D, the electrical resistivity ρ ECGF of electrodes A–D coated on
graphite foil, and the electrical resistivity ρ EF of freestanding electrode films made
from samples A–D; (AC=activated carbon).

(a)

(b)

Figure 3.21: Scanning electron microscope images of cross-sections of cast-coated
electrodes: (a) sample A and (b) sample D. Both samples had large pores and
cavities.

This effect was even more pronounced for electrodes with a high
activated carbon content due to its high SSA. The larger difference
between the theoretical and the measured capacitance for EDLCs with
higher activated carbon content likely originates from poor electrode
wetting or inaccessible pores. A portion of the pores were covered
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with CNFs, as shown in figure 3.19a and 3.19b. We assumed that the
CNFs formed a thin film that partly covered the pores. This might
explain the deviation of the measured capacitance from the theoretical
value. Another explanation could be the existence of agglomerates
of activated carbon particles. When the particles agglomerated, they
formed large clusters that reduced the accessible surface area.
100

-1

Galvanostatic cycling (0.8 A g )

1000

-1

60

600

40

400

20

200

0

-1

Csp/F g

800

2

80

SSA/m g

-1

Cyclic voltammetry (10 mV s )
Specific surface area (theoretical)

0
A (50% AC) B (60% AC) C (70% AC) D (80% AC)
Sample

Figure 3.22: Specific capacitance C sp of electric double-layer capacitors with electrodes A–D and the theoretical specific surface area (SSA) of electrodes A–D:
◦ specific capacitance C sp from galvanostatic cycling measurements, △ specific
capacitance Csp from cyclic voltammetry, and + theoretical SSA; (AC=activated
carbon).

Galvanostatic cycling. Figure 3.23 shows the galvanostatic cycling
curves of samples A to D at three current densities. The higher
the activated carbon content, the larger the resistive voltage drop.
The voltage drop was generated by the EDLC’s ESR. Furthermore,
the curves were more bent for the EDLCs with a higher activated
carbon content. These effects were more pronounced at higher current
densities. In figure 3.23c, the poor charge propagation of samples C
and D is apparent, which likely depended on the electrode structure.
The SEM image in figure 3.21b shows large cavities in the electrode.
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The cavities reduced the amount of contact sites between the particles,
deteriorating the conductivity.
1.0
0.8
0.6
0.4

0.6
0.4
0.2

0.2
0.0

A
B
C
D

0.8

V /V

V /V

1.0

A
B
C
D

Current density: 0.8 A g
0

40

-1

0.0
80

Current density: 1.6 A g
0

120

10

20

-1

30

40

t/s

t/s

(a)

(b)
1.0

A
B
C
D

V /V

0.8
0.6
0.4
0.2
0.0

Current density: 2.4 A g
0

5

10

-1

15

20

t/s

(c)

Figure 3.23: Galvanostatic cycling curves of electric double-layer capacitors with
electrodes A–D at different current densities.

Cyclic voltammetry. Figure 3.24 shows the cyclic voltammetry curves
of samples A to D at three scan rates. The samples showed a smooth
curve progression without any visible reduction or oxidation peaks.
The curve progression was slightly different for samples A and B
than for samples C and D. This was more pronounced at higher scan
rates. The curve shapes also revealed a slower charge propagation
for samples with a higher activated carbon content. This was likely
due to internal resistances and increased surface area, which led
to longer ion diffusion times. Another deviation from the optimal
rectangular EDLC curve progression was observed at 10 mV. The
curves were bent during charging and almost flat during discharging.
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This effect was more pronounced for EDLCs with higher activated
carbon content and depended on the EDLC’s leakage current. The
samples with a higher activated carbon content also exhibited higher
capacitances, especially at lower scan rates.
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Figure 3.24: Cyclic voltammetry curves of electric double-layer capacitors with
electrodes A–D at different scan rates.

Summary of Paper V. We developed the design of metal-free EDLCs
with graphite-based electrodes and an aqueous electrolyte. The use
of graphite foil as a low-cost and metal-free current collector showed
promising results. A low interfacial resistance was achieved due to the
carbon-carbon interface between the current collector and electrode.
With this design we could lower the material costs by more than 90 %
and achieve approximately half the specific capacitance of commercial
EDLCs.
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3.7 Influence of cellulose quality on electrode and electric
double-layer capacitor performance
(Paper VI)
Previously, we reported the good performance of CNFs as a binder in
EDLC electrodes (see Papers II and IV). CNFs can be produced with
different qualities. The quality is highly dependent on pretreatment
of the wood fibers and the delamination procedure. The degree of
fibrillation is influenced by the pretreatment, the pulp, the processing
time and other processing parameters. In this study, we investigated
whether an extensive pretreatment and processing is necessary or if
larger fibers are sufficient for use as binding agents. A less-processed
quality would be more cost-effective than CNFs, which would be
favorable for the production of inexpensive electrodes.
In this study, we prepared various qualities of kraft pulp, refined
fibers, MFC and CNFs and evaluated their performance as a binder
in EDLC electrodes. Table 3.4 lists the cellulose samples and the
corresponding preparation processes. All cellulose samples were
based on the same kraft pulp, flash-dried pulp made from pine
and spruce that was supplied by SCA Forest Products AB. One
sample, called the kraft pulp sample (also called the untreated sample
in this study), was used and analyzed without any pretreatment.
However, this untreated sample was already refined slightly in the
mill. The PFI 5000 and PFI 10000 samples were mechanically beaten
using a PFI mill. They were refined for 5000 and 10000 revolutions
respectively, according to ISO 5264-2. The samples marked as TEMPO
and TEMPO Super-fine were subjected to a chemical pretreatment
(TEMPO-mediated oxidation) followed by a mechanical delamination
treatment. The fibers were delaminated for 30 minutes (TEMPO
30), 90 minutes (TEMPO 90) and 150 minutes (TEMPO 150). The
TEMPO Super-fine sample was further delaminated and purified by
dispersion, sonication, centrifugation and evaporation.
All cellulose qualities were tested as a stabilizing agent in graphite
dispersions. Moreover, we tested the electrical performance of electrodes and EDLCs containing the celluloses of varying quality.
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Refining
(PFI milling)
–
✓(5000 ×)
✓(10000 ×)
–
–
–
–

Sample

Untreated
PFI 5000
PFI 10000
TEMPO 30
TEMPO 90
TEMPO 150
TEMPO Super-fine

–
–
–
✓
✓
✓
✓

Chemical pretreatment
(TEMPO oxidation)
–
–
–
✓(30 min)
✓(90 min)
✓(150 min)
✓(165 min)

Dispersing
(Ultra Turrax)

–
–
–
–
–
–
✓

Purification
(sonication+centrifugation)

Table 3.4: Mechanical and chemical treatments of cellulose fibers and corresponding sample names.

3.7. Influence of cellulose quality on electrode and EDLC performance
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3.7.1

Fiber properties

The total charge of the untreated fibers was 82 µeq g−1 . The TEMPOoxidized fibers obtained a total charge of 1273 µeq g−1 . A high degree
of total charge due to TEMPO-oxidation is known to facilitate the
degree of fibrillation in the mechanical treatment [72]. After the
chemical treatment, varying durations of mechanical treatment were
tested to obtain a range of cellulose fibril qualities, from a broad
particle size distribution in the TEMPO 30 sample to the narrowest
distribution and lowest size in the super-fine TEMPO sample. Figure
3.25 shows that the super-fine TEMPO sample is well fibrillated and
contains only thin nanofibrils. The TEMPO 30 sample has many
large-scale fibers and is the coarsest quality of the TEMPO-oxidized
samples.

Figure 3.25: Scanning electron microscope image of the surface of the TEMPO
Super-fine cellulose sample. Only thin nanofibrils and no larger fibers can be observed, which confirms that the cellulose is well fibrillated.

Table 3.5 shows that the fibers were shortened from 1.43 µm to
0.74 µm during the milling process, while the fiber thickness was
maintained. The PFI mill is the most commonly used laboratory refiner
and can perform high-energy and low-intensity refining, which results
in internal fibrillation [73]. Large amounts of fine material and fibrils
were produced during the milling according to the significant increase
in crill value. The fiber dimensions and crill values reveal that there
page | 56

3.7.2. Dispersion stability

is a significant difference in the degree of fibrillation between the
coarser samples.
Table 3.5: Fiber dimensions and crill values of the untreated and refined cellulose
samples. The length, width and crill values confirm the internal fibrillation due to
refining.

Sample

length/mm

width/µm

Crill

1.43
0.97
0.74

30.0
30.2
30.8

209.9
225.3
236.1

Untreated
PFI 5000
PFI 10000

3.7.2

Dispersion stability

We evaluated the dispersion stability by performing a sedimentation
study. Figure 3.26 shows the samples 31 days after their preparation. The image reveals that the samples TEMPO 30, TEMPO 90 and
TEMPO 150 stabilized the dispersion significantly better than the
other samples. The slight shift in color indicated a sedimentation
of the graphite particles. The TEMPO Super-fine sample also sedimented over time. The slight gray color of the clear phase of this
sample indicated that it contained small graphite particles. However,
the sediment of the TEMPO-oxidized samples contained only small
particles and no agglomerates or bigger clusters. The graphite dispersions with untreated or refined fibers clearly separated. The water
phase on top of the sediment was clear and contained only a few
larger particles, which adhered to the walls of the test tubes. The
sediments of these samples contained a large amount of graphite
agglomerates and clusters.
Figure 3.27 presents the sedimentation progress. The height of the
clear phase is plotted against the time elapsed since the sample mixing.
A reference sample that contained the same amount of graphite but
no cellulose was also analyzed.
The TEMPO 30, TEMPO 90 and TEMPO 150 samples clearly
achieved the best dispersion stability. This can be explained by the
highly charged anionic cellulose fibrils that stabilized the dispersion.
Hajian et al. suggest that the ability of CNFs to stabilize carbon
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Figure 3.26: Sedimentation samples containing cellulose with different qualities 31
days after preparation. The TEMPO-oxidized samples provided a significantly better
stabilization of the graphite dispersions than the samples with coarser qualities.

nanomaterials in water is caused by an association between the
materials [74]. The associated materials are further stabilized by
electrostatic repulsion due to the charges of the CNFs. In contrast,
the untreated and refined samples did not stabilize the dispersions.
The graphite particles in these samples sedimented directly after the
mixing. This means that samples containing untreated or refined
fibers cannot be stored and must be processed directly after mixing
to ensure a uniform composite. Although the rapid sedimentation
speed limits the processability, dispersions with untreated or refined
fibers can be dewatered quickly. Fast dewatering is favorable because
it reduces the processing time and decreases the energy consumption
of the electrode production process. Dispersions containing MFC or
CNFs dewater slowly, thus they require energy-intensive dewatering
and drying steps. Because the TEMPO samples have a high SSA,
a substantial amount of water will bind to its surface. The water
retention has been shown to increase with defibrillation [75].
The TEMPO Super-fine sample showed a good performance
during the first 4 days after the mixing. The graphite particles in
the sample subsequently sedimented, and a light gray liquid phase
remained on top of the sediment, as shown in figure 3.26. This
indicates that the light gray phase contained small, well-dispersed
and separated particles. The samples TEMPO 90 and TEMPO 150
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Figure 3.27: Sedimentation study of graphite dispersions containing different cellulose qualities. A clear trend in stabilization ability was observed in
the following order of good to poor stability: microfibrillated cellulose>cellulose
nanofibers>refined/untreated cellulose.

showed a similar behavior. They appeared to be stable throughout the
first two weeks, but started to sediment afterwards. From these data,
we hypothesize that smaller nanofibrils stabilize the graphite particles,
but the distance between the particles decreases. This might explain
the smaller volume of the graphite dispersion and the formation of a
sediment. This theory would also explain the observations that the
sediment of the TEMPO-oxidized samples does not contain any large
graphite agglomerates or clusters. The results for the CNF dispersion
indicate that smaller fibrils might fail to stabilize all graphite particles.
In a previous test, we observed that a larger amount of CNFs than
MFC is necessary to stabilize the same mass of graphite particles.
3.7.3

Electrode properties

Figure 3.28 shows the electrical resistivity of the
electrodes. Electrodes with TEMPO-oxidized CNFs showed a higher
electrical resistivity than electrodes with untreated or mechanically
beaten fibers. Electrodes with refined fibers and the electrode with
Electrical resistivity.
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untreated fibers exhibited only minor differences in resistivity. The PFI
10000 sample showed the lowest electrical resistivity of the electrodes
tested. Only small changes in resistivity were observed for the TEMPO
samples that were dispersed for 30, 90 and 150 minutes. A significantly
larger resistivity was observed for the electrode with CNFs (TEMPO
Super-fine), which showed the highest electrical resistivity of all
electrodes. The SEM images show that the CNFs created a film-like
structure around the graphite particles and most likely decreased
the contact points between the conductive particles, affecting the
resistivity, as shown in figure 3.29.
2.0
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ρ /10 Ω m

1.5

1.0

TEMPO Super-fine

TEMPO 150

TEMPO 90

TEMPO 30

PFI 10000

PFI 5000

0.0
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0.5

Figure 3.28: Electrical resistivity ρ of electrode films containing varying grades of
cellulose. A higher resistivity was observed for TEMPO-oxidized samples than for
electrodes with untreated or refined fibers.

Figure 3.30 shows SEM images of the electrode
cross-sections for the samples TEMPO 30 (right) and PFI 10000 (left).
The TEMPO-oxidized cellulose gives a uniform structure in the
electrode, and the PFI-milled cellulose produces cracks and nonuniformity due to large-scale fibers. The cracks are detrimental to
the EDLC performance and can increase the ESR and resistivity. The
same structure is apparent in the SEM surface images shown in figure
3.31. The left image corresponds to the untreated fibers, and the right
image is the TEMPO 30 sample.
Electrode structure.

page | 60

3.7.4. Electric double-layer capacitor properties

Figure 3.29: Scanning electron microscope image of the electrode containing the
TEMPO Super-fine cellulose. The cellulose nanofibers create a film-like structure
around the graphite particles.

Figure 3.30: Cross-section scanning electron microscope images of the electrode
containing PFI 10000 fibers (left) and TEMPO 30 cellulose (right). The PFI-milled
cellulose induced cracks along the large fibers. A more uniform electrode structure
was obtained with TEMPO-oxidized cellulose.

3.7.4

Electric double-layer capacitor properties

We calculated the specific capacitance of each
sample from the GC measurements. The results are plotted in figure
3.32. All EDLCs exhibited similar specific capacitances in the range
of 40.7 F g−1 to 43.7 F g−1 , except for the one containing super-fine
CNFs. The sample TEMPO Super-fine showed the lowest specific
capacitance (35.75 F g−1 ). TEMPO 30 had the highest specific capaciGalvanostatic cycling.

page | 61

Chapter 3. Results and discussion

Figure 3.31: Scanning electron microscope images of the electrode surfaces of the
untreated sample (left) and sample TEMPO 30 (right). The untreated sample had
an uneven surface with many cracks. TEMPO 30 had a uniform surface.

tance of 43.66 F g−1 . The lower capacitance of the TEMPO Super-fine
can be explained by the CNF film that partly covered the electrode
surface, as shown in figure 3.29. The CNF film hindered the electrolyte
transport to the electrode surface and into the pores of the electrode.
Furthermore, the CNF film on the electrode surface resulted in a poor
electrical contact between the electrodes and the current collectors.
This led to a higher contact resistance. The CNF film also inhibited
a good electrical contact between adjacent graphite particles, which
explains the higher electrical resistivity reported in figure 3.28.
We also measured the ESR of the EDLCs. The results are shown in
figure 3.33. The TEMPO 30 sample exhibited the lowest ESR of 0.53 W,
and the TEMPO Super-fine sample had the highest ESR of 0.80 W. The
untreated and refined samples had ESR values of approximately 0.6 W,
and TEMPO 90 and TEMPO 150 showed values of approximately
0.75 W. The high ESR of the TEMPO Super-fine EDLC is consistent
with our previous findings from the SEM study and the capacitance
measurements. These results confirm our theory that the CNFs created
a film-like structure that hindered the ion transport to the electrode
surface and deteriorated the electrical contact between the graphite
particles as well as between the electrodes and the current collectors.
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Figure 3.32: Specific capacitance Csp of electric double-layer capacitors measured
using galvanostatic cycling. All capacitors had similar capacitances, except for the
TEMPO Super-fine sample, which had a slightly lower specific capacitance.

Thus, the formation of the CNF film resulted in a higher electrode,
electrolyte and contact resistance, thus resulting in a higher ESR.
Figure 3.34 shows the I-V curves from the CV
measurements of the EDLCs. The devices were cycled at three different
scan rates: 10 mV s−1 , 50 mV s−1 and 100 mV s−1 . The curve shapes
and current plateaus differed among the EDLCs and showed slightly
higher capacitances (plot areas) for the TEMPO-oxidized samples
than for the untreated and refined samples. This was most evident at
a scan rate of 10 mV s−1 . At higher scan rates, the curvature shifted
substantially for all units.
The shapes of the CV measurements showed that chemical reactions may have occurred in addition to electrostatic charging and
discharging. This was observed at all scan rates and was most pronounced at 10 mV s−1 . At this scan rate, higher currents between 0 V
and 0.3 V compared to the relatively flat current plateaus between
0.3 V and 0.9 V for both the charge and discharge regions. This behavior was most prominent for the TEMPO-oxidized samples at low
scan rates and might have been caused by redox reactions of functional groups on the cellulose surface. Faradaic capacitance has been
Cyclic voltammetry.
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Figure 3.33: Equivalent series resistance (ESR) of electric double-layer capacitors
measured by galvanostatic cycling. The lowest resistance was obtained for TEMPO
30 and the highest was measured for TEMPO Super-fine.

observed due to redox reactions of oxygenated groups on electrode
materials [76]. These reactions are slow and therefore can only be
observed at low scan rates. At 10 mV s−1 , an exponential increase was
observed in the charge current between 0.9 V and 1 V, which could
indicate electrolyte electrolysis.
The different curve shapes also indicated that the cell voltage
required to obtain a certain charge current density was different among
the samples (the bending distance differed), thus indicating higher
resistance to charge transfer (charge propagation) in the TEMPOoxidized samples than in the untreated and refined samples. This was
most evident at scan rates of 50 mV s−1 and 100 mV s−1 and might be
a result of the higher electrode resistance due to the CNF film that
covers the electrode surface. The CNF film hinders the ions from
accessing the electrode surface, which leads to longer ion diffusion
times.
Summary of Paper VI. The electrical properties of graphite electrodes
for EDLCs are only slightly influenced by the degree of fibrillation of
the cellulose fibers. The finest quality of CNFs is not the best choice for
EDLC electrodes. A better and more economical alternative is the use
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Figure 3.34: Cyclic voltammetry curves of electric double-layer capacitors with
electrodes containing varying qualities of cellulose. The cyclic voltammetry measurements were performed at scan rates of: a) 10 mV s−1 , b) 50 mV s−1 , and c)
100 mV s−1 .

of electrodes with MFC, because of the superior electrical properties
and because the graphite dispersions with MFC exhibited the longest
shelf-life in this study. Although the ability to stabilize dispersions is
favorable, MFC and CNFs have a high water retention ability, which
requires energy-intensive dewatering to form electrodes. The most
cost-efficient binders are kraft pulp or refined fibers; they show good
electrical properties, and their dispersions can be easily dewatered.
However, kraft pulp and refined fibers cannot stabilize water-based
graphite dispersions. Therefore, these dispersions must be processed
and dewatered directly after their preparation. In conclusion, the use
of MFC as a binder in electrodes for EDLCs is recommended because
it possesses the best electrical properties and dispersion stability and
is relatively cost-effective.
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3.8 Efficiency, cyclability and initial formation of electric doublelayer capacitors
(Papers II, IV and V)
The efficiency of EDLCs strongly depends on the cell design and materials used in the devices. We measured the efficiency of our EDLCs
using the galvanostatic cycling results by dividing the discharge time
by the charge time.
In Paper II, we demonstrated that the EDLCs had an initial formation during the first cycles, as shown in figure 3.35. During the first
cycles, the charge and discharge times varied but gradually stabilized
and approached the same value. After 100 to 300 cycles, the EDLCs
stabilized and showed almost constant charge and discharge times.
The EDLCs showed efficiencies of 98–100 %.
12

Charge time
Discharge time
Efficiency

11

1.20
1.15

10

1.05
1.00

efficiency

t/s

1.10

9
0.95
8

0.90
0

1000

2000
3000
cycle number

4000

Figure 3.35: Charge and discharge time t and efficiency as a function of the cycle
number.

In Paper IV, we demonstrated high efficiencies and a very fast
stabilization of EDLCs with graphite-activated carbon-nanocellulose
electrodes and different electrolytes. Figure 3.36 shows the efficiency
of EDLCs operating with different electrolytes at their optimal electrode mass ratio. All tested EDLCs exhibited a good cycling stability.
EDLCs with sulfuric acid or sodium sulfate reached efficiencies of
approximately 99 %, as shown in figure 3.36a. Devices with sodium
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hydroxide or potassium hydroxide produced slightly lower efficiencies of 97 %. After only five charge and discharge cycles, efficiencies of
97–98 % for sodium sulfate and sulfuric acid and 94–95 % for sodium
hydroxide and potassium hydroxide were reached, as shown in figure
3.36b. The rapid conditioning of the EDLCs can also be observed in
figure 3.37a and 3.37b. Figure 3.37 displays the first and last cycles
of a typical 24-hour galvanostatic cycling test. A comparison of the
two graphs reveals that the first cycle differed from the following
cycles. The curve was bent during charging and discharging. During
continuation of the measurements, the curves approached a more
linear curve progression. The rapid conditioning of the EDLCs was
particularly noteworthy. However, the efficiency was not influenced
by the electrode mass ratio.

94
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86

0

2
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Figure 3.36: Efficiency of electric double-layer capacitors operating in different
electrolytes at the corresponding optimal electrode mass ratio: (a) efficiency of each
cycle in a 24-hour measurement and (b) development of the efficiency during the
first 10 cycles of the same measurements.

The cyclability of the EDLCs presented in Paper V was analyzed
by measuring the specific capacitance over 24 hours of measurement.
Figure 3.38 shows the results of the cyclability test. The specific
capacitances of samples A, B and C were constant during the 24-hour
test. This indicates a good cyclability. Sample D showed a slight
increase in specific capacitance of approximately 4 %. This can result
from an improved ion transport during testing. It is likely that the
electrodes were not sufficiently wetted in the beginning and that the
continuous ion transport supported the electrode wetting.
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Figure 3.37: Galvanostatic cycling profile of an electric double-layer capacitor: (a)
the first cycles and (b) the last cycles of a typical 24-hour measurement.
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Figure 3.38: Specific capacitance Csp of electric double-layer capacitors with different
electrodes (samples A–D) during a 24-hour galvanostatic cycling measurement.
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Chapter 4

CONCLUSION
The aim of this thesis was to develop inexpensive and environmentally
friendly EDLCs. We successfully proved that low-cost devices can
be produced using inexpensive materials and large-scale production
processes. The use of graphite as a raw material and the development
of the tube-shear exfoliation process enabled the production of a lowcost electrode material, nanographite. The nanographite produced
using this process is environmentally friendly and shows a good
electrical performance. The capacitance of EDLCs can be increased by
using CNFs as a binder in the electrodes. Moreover, we demonstrated
that the quality of the cellulose has a minor impact on the performance
of EDLCs with graphite-cellulose electrodes. Several measurements
indicated that the finest quality of CNFs is not the best choice for EDLC
electrodes. Less-processed cellulose, such as MFC, is recommended
for this application. MFC is cheaper than CNFs, and a coarse MFC is
sufficient for the use as a binder in EDLC electrodes.
To improve the performance of EDLCs, we suggest to adjust the
electrode mass ratio to the ion size ratio of the electrolyte. By applying
the mass-balancing principle, the specific capacitance of EDLCs can
be significantly improved. Another desired effect is the complete
utilization of the active materials, which leads to decreased device
weight and volume.
In addition to the improvements to the electrodes, we enhanced
the EDLC performance by using graphite foil as the current collector
instead of metal foils. The use of graphite foil allowed for a low
interfacial resistance at the electrode-contact interface. Due to the low
price of graphite foil, metal-free EDLCs are a low-cost alternative to
conventional devices with metal current collectors.
By combining the presented concepts and materials, one can
produce low-cost environmentally friendly EDLCs. Our recent largescale devices achieve approximately 60 % of the specific capacitance
of commercial EDLCs, but at less than 10 % of the costs.
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ACRONYMS
AC
ACN
AFM

activated carbon
acetonitrile
atomic force microscope

BET
BNC

Brunauer–Emmett–Teller
bacterial nanocellulose

CMC
CNC
CNF
CRGO
CV
CVD

carboxymethyl cellulose
cellulose nanocrystals
cellulose nanofiber
chemically reduced graphene oxide
cyclic voltammetry
chemical vapor deposition

EDLC
EMI BF4
ESR

electric double-layer capacitor
1-ethyl-3-methylimidazolium tetrafluoroborate
equivalent series resistance

FESEM

field emission scanning electron microscope

GC
GO

galvanostatic cycling
graphene oxide

H2 SO4

sulfuric acid

IHP
IL

inner Helmholtz plane
ionic liquid
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Acronyms

KERS
KOH

kinetic energy recovery system
potassium hydroxide

MFC
MnO2

microfibrillated cellulose
manganese oxide

Na2 SO4
NaOH
NCC
NFC
NG

sodium sulfate
sodium hydroxide
nanocrystalline cellulose
nanofibrillated cellulose
nanographite

OHP

outer Helmholtz plane

PC
PTFE
PVA

propylene carbonate
polytetrafluoroethylene
polyvinyl alcohol

rGO

reduced graphene oxide

SEM
SSA

scanning electron microscope
specific surface area

TEA BF4
TEM
TEMPO

tetraethylammonium tetrafluoroborate
transmission electron microscope
2,2,6,6-tetramethylpiperidine
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