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ABSTRACT
There is great demand for energy-eﬃcient, environmentally
sustainable, and cost-eﬀective electrical energy storage devices.
One important aspect of this demand is the need for automotive
electrification to achieve more energy-eﬃcient transportation
at a reasonable cost, thus supporting a fossil-fuel free society.
Another important aspect is the requirement for energy storage in the growing field of renewable energy production from
wind and solar sources, which generates an irregular supply
of electricity due to weather conditions. Much of the research
in this area has been conducted in the field of battery technology with impressive results, but the need for rapid storage
devices such as supercapacitors is growing. Due to the excellent ability of supercapacitors to handle short peak power
pulses with high eﬃciency along with their long lifetime and
superior cyclability, their implementations range from small
consumer electronics to electric vehicles and stationary grid
applications. Supercapacitors also have the potential to complement batteries to improve pulse eﬃciency and lifetime of
the system, however, the cost of supercapacitors is a significant
issue for large-scale commercial use, leading to a demand for
sustainable, low-cost materials and simplified manufacturing
processes. An important way to address this need is to develop
a cost-eﬃcient and environment-friendly large-scale process to
produce highly conductive nanographites, such as graphene
and graphite nanoplatelets, along with methods to manufacture
low-cost electrodes from large area coating.
In this thesis, I present a novel process to mechanically exfoliate industrial quantities of nanographite from graphite in an
aqueous environment with low energy consumption and at controlled shear conditions. The process is based on hydrodynamic
tube-shearing and can produce both multilayer graphene and
nanometer-thick and micrometer-wide flakes of nanographite. I
also describe the production of highly conductive and robust carbon composites based on the addition of nanocellulose during
production; these are suitable as electrodes in applications ranging from supercapacitors and batteries to printed electronics
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Abstract
and solar cells. Furthermore I demonstrate a scalable route for
roll-to-roll coating of the nanographite-nanocellulose electrode
material and propose a novel aqueous, low-cost, and metal-free
supercapacitor concept with graphite foil functioning as the
current collector. The supercapacitors possessed more than
half the specific capacitance of commercial units but achieved
a material cost reduction of more than 90 %, demonstrating
an environment-friendly, low-cost alternative to conventional
supercapacitors.
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SAMMANFATTNING
Det finns en stor efterfrågan av energieﬀektiva, miljömässigt
hållbara och kostnadseﬀektiva elektriska energilagringsenheter.
En viktig del av denna efterfrågan kommer från fordonsindustrins behov av elektrifiering, för att uppnå mer energieﬀektiva
fordon till en rimlig kostnad och på så vis bidra till ett fossilfritt
samhälle. En annan viktig del är behovet av energilagring för
den ökande andelen förnybar energiproduktion från sol- och
vindkraft, som genererar elektrisk energi oregelbundet utifrån
gällande väderförhållanden. Det pågår mycket forskning inom
området för batteriteknik och framgångarna är imponerande
men behovet växer också snabbt för snabba energilagrare som
exempelvis superkondensatorer. Tack vare superkondensatorernas utmärkta prestanda, när det gäller att hantera korta
eﬀektpulser med hög eﬀektivitet tillsammans med dess långa
livslängd och överlägsna cyklingsbarhet, sträcker sig applikationerna från hemelektronik till elfordon och elnätsapplikationer.
Superkondensatorer har också potential att komplettera batterier för att uppnå energilagringssystem med ökad pulseﬃktivitet
och livslängd. Nackdelen är superkondensatorns kostnad, som
markant hämmar storskalig kommersialisering, och således
kräver utveckling av hållbara och kostnadseﬀektiva material
tillsammans med förenklade tillverkningsmetoder. Ett sätt att
lösa detta på, är att utveckla en kostnadseﬀektiv och miljövänlig process i stor skala för att framställa nanografit med hög
elektrisk ledningsförmåga, så som grafén och grafitnanoflak.
I denna avhandling presenterar jag en ny process för att mekaniskt exfoliera grafit till nanografit storskaligt i vattendispersion,
med en låg energiåtgång och under kontrollerade skjuvförhållanden. Processen är baserad på hydrodynamisk skjuvning i rör
och den producerar grafen samt nanometertunna och mikrometerbreda flak av nanografit. Som tillägg visar jag också hur
robusta kompositer kan tillverkas med hög ledningsförmåga
genom att tillsätta nanofibrillerad cellulosa under processen.
Dessa kompositer är lämpliga som elektroder i applikationer
från superkondensatorer och batterier till tryckt elektronik och
solceller. Jag demonstrerar också en skalbar metod för rullepage | vii

Sammanfattning
till-rulle bestrykning av nanografit-nanocellulosa-materialet
samt föreslår ett nytt lågkostnads-koncept för metall-fria superkondensatorer med vattenbaserad elektrolyt, där vi använt
grafitfolie som kontakt. Superkondensatorerna hade mer än
halva den specifika kapacitansen jämfört med kommersiella
enheter men materialkostnaden var 90 % lägre, vilket visar
på ett miljövänligt lågkostnadsalternativ till konventionella
superkondensatorer.
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Chapter 1

INTRODUCTION
1.1

Scope

The number of publications regarding energy storage in batteries and
supercapacitors (SC) are rapidly increasing. The need for electrification and renewable energy has led to great development of materials
and cell chemistries for batteries to improve performance. This has
also highlighted the need for SCs due to their excellent ability to
handle short peak power pulses with high eﬃciency along with long
lifetime and superior cyclability. [1–8].
Batteries are by far the most common energy storage devices used
today, and their applications are widely known. SCs, on the other
hand, are not as well known to the public but are expected to fulfill
important functions in various applications, from small consumer
electronics to electric vehicles and stationary grid implementations.
In stationary applications, the SC can be used to either provide power
stabilization by handling short power surges in the grid or as a buﬀer
to compensate for the irregular supply of electricity from solar and
windmills. In automotive applications, SCs can enhance battery life,
improve the eﬃciency of regenerative braking, or assist fuel cells in
handling peak power demands [2–6, 9, 10]. However, even if the cost
of energy storage is decreasing, about one-third to half of the price
tag of a new electric car is due to its battery. Furthermore, the high
cost of SCs remains a significant issue for large-scale commercial
use. This entails a need for environmentally safe, low-cost materials
and simplified manufacturing processes for next generation energy
storage [1, 2, 11–13].
An important way to address this need and move from laboratory experiments to useful commercial products is to develop costeﬃcient and environment-friendly large-scale processes to produce
and coat highly conductive nanographites, such as graphene, multipage | 1
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layer graphene and graphite nanoplatelets. [14–18].

1.2

Objectives

In the context described previously, this thesis focuses on the development of new large-scale processes and production mechanisms to
achieve low-cost and environment-friendly SCs. The work covers all
steps from raw material to device and the research objectives includes
exfoliation, coating and device assembly.
Within this scope, we have set the following research objectives:
1. Investigating the properties of liquid-phase exfoliation and
develop an environment-friendly large-scale process for manufacturing low-cost nanographites.
2. Investigating and demonstrate methods for large-scale electrode
coating of the exfoliated material.
3. Proving that environment-friendly SCs can be built from lowcost materials and can still oﬀer the same or an even superior
level of performance per unit price compared to conventional
SCs.

page | 2

Chapter 2

BACKGROUND
2.1

Energy storage requirements

In today s modern society where a high standard of living and mobility is taken for granted, enormous amounts of energy are consumed.
Energy can be harvested from various sources, including both fossil and renewable sources, but to deliver energy on demand at any
given time, the energy must be stored. The applications for electrical
energy storage devices can be categorized into personal and portable
electronic applications, stationary and industrial applications, and
automotive and transportation applications. For all three categories,
there are specific technological needs for energy storage capacity,
power capability, and durability [2, 4, 9, 19]. Ragone plots can be used
to display the energy density versus power density of diﬀerent energy
storage devices; see Figure 2.1.
Conventional battery technologies possess large energy densities
but still rather poor power densities and are more suitable for applications requiring large amounts of energy or energy stored for
a longer time. SCs possess the opposite characteristics with poor
energy storage densities but excellent power densities. New developments in advanced materials and hybrid solutions have shifted both
conventional batteries and SCs toward the upper right corner of the
Ragone plot. Lithium-ion batteries have taken a major step towards
both higher energy and power density, however, with regard to high
power cyclability, SCs still have the greater advantage. [6–9, 19, 20].
2.1.1

General demand

Currently, in modern societies, we use devices with energy storage
almost every day, although we might not think about it until the
device stops responding or working. The mobile phone, the TV
remote control, the car, train or bus, and even the alarm clock on
the bedside table relies on a battery to function properly. In most
page | 3
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Figure 2.1: Ragone plot comparing fuel cells, internal combustion engines, capacitors
and batteries.

applications, the need for a large storage capacity is more important
than the need for high power, resulting in the dominance of battery
technology. These applications today include mobile phones, electric
cars, laptops and most small consumer electronics, both portable
or stationary (with backup battery). However, there are numerous
applications that have entirely diﬀerent demands. In case of stationary
grid applications, power tools, automotives, connected mobile devices
etc., high power capability and cyclability are more important than
the amount of energy that can be stored. Power tools need to be
powerful and preferably lightweight and the size of their batteries
are often determined with regard to possible power output instead of
required energy storage. For connected mobile devices, high power is
required to transmit and receive data but often only for short periods
of time. For vehicles with internal combustion engines (ICE), the start
battery is designed to deliver suﬃcient power to start the engine
page | 4
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even in extremely cold weather. On the other hand, for electric cars,
the battery is designed for driving range which often implies more
than enough power capability for acceleration during normal driving.
One exception is small city cars designed for short driving distance
in which the battery might be overdimensioned due to the power
requirement. In stationary grid applications, to compensate for the
short high power surges in the grid, the energy storage must be able
to charge and discharge extremely quick and must also be eﬃcient
and durable enough to last for years, generating millions of short
charge cycles [1–4, 9, 19, 21, 22].
2.1.2

Grid power buffer and rapid charging of electric vehicles

The rapid global growth of renewable energy sources such as wind
and solar energy along with an exponential growth of electrified
vehicles have necessitated a need for power buﬀering. The electricity generated is irregular due to weather conditions which creates
fluctuations in the grid. These fluctuations are further increased by
fast charging of electric cars and buses. For this type of application, a
power buﬀer with high power capacity, high pulse eﬃciency and high
cyclability are required; these characteristics are currently unfavorable
for batteries but suitable for SCs. [1, 2, 4, 9, 19, 23].
Grid applications can be divided into two sections, long-term storage
and power buﬀering with a substantial diﬀerence in required storage device characteristics. Long-term storage requires high energy
storage capacity and low self discharge to enable energy storage for
days, weeks or from one season to an other. This is needed to ensure
stable electricity delivery from wind and solar power during dark and
windless days. Power buﬀering is required to ensure stable short-term
electricity delivery by buﬀering the rapid fluctuations produced by
the weather such as wind gusts and clouds as well as short high
power surges from industry, households and rapid charging stations
for electric cars and buses. [23–25].
Over the past few years, the proportion of electrified public transport
has increased globally. Larger cities in Sweden already have a more
page | 5
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or less extensive network of electrified trains and subways but the
proportion of electric buses and cars is relatively low. In Gothenburg,
a battery electric bus has been demonstrated for several years and
the town of Malmö recently invested in the same technology. The
interest in electrified buses in Sweden is increasing and several other
municipalities are adopting the same way. [26–29]. The buses are
usually charged at the end stations with 300 kW of power for 3-4
minutes, which provides the required amount of energy (15-20 kWh).
The buses have ten-minute traﬃc which means that every 10 minutes,
a bus needs to be charged at a charging station. This amounts to
approximately 50,000 charges per year if the bus line is operated 24
hours a day. The load on the electricity grid will thus be 3-4 minutes
with 300 kW followed by 6-7 minutes with 0 kW repeated every
ten minutes. If the charging station are combined with 15 kWh of
energy storage, the energy requirement can be spread throughout the
10-minute interval and it would then require 90kW continuous power
supply instead of pulses of 300 kW. If this would be done with an
oﬀ-the-shelf commercial SC module, the extra cost for energy storage
would be 0.75 SEK per charge or approximately 5 % of the energy
cost, with a lifetime of 1 million cycles and an estimated storage cost
of 50 kSEK per kWh. This indicates that this type of application today
is already profitable for SCs, since the cost of upgrading the grid is
considerably higher. This module would have a power capacity of
more than 20 MW and thus can even obtain power directly from a
wind or solar power farm, also acting as a power buﬀer. [1, 9, 28–31].
2.1.3

Automotive applications

Automotive and transport applications not only require large energy
storage to attain a convenient driving range but also high power output
in urban and highway traﬃc conditions. Both batteries and fuel cells
are used to supply the required range, but fuel cells have diﬃculty
in handling large and rapid power diﬀerences and battery lifetimes,
and cycle eﬃciency is adversely aﬀected by a high amount of stress.
SCs can be used to handle the peak power demands, thus improving
battery lifetime and driving range and making fuel cells more useful in
automotive applications. [3–5, 22, 32, 33]. Today most battery electrical
page | 6
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vehicles (BEVs) have large battery packs to provide a long driving
range and thus already yielding suﬃcient power capacity for normal
driving. Early models used lead-acid batteries, but at present, most
car manufacturers utilize the light weight and high energy and power
capacity of lithium-ion batteries (LIBs) in their electric cars, which
are considered standard in modern BEVs. The dominant battery
technology in Hybrid electric vehicles (HEV) and plug-in hybrid
electric vehicles (PHEV) have been Nickel-Metal Hydrid (NiMH).
NiMH is still used by some car manufacturers such as Toyota. However,
with an increased market for PHEVs with longer driving range on
pure electricity accompanied by falling prices on LIBs, the trend has
shifted. Batteries in general can be found in basically every vehicle, but
it is currently rare to find SCs in commercial automotive applications
due to their high cost compared to the potential eﬃciency gain or
fuel savings. An exception is a few city buses in China and the US
equipped with SCs. The Chinese company Sunwin, a joint venture
between Volvo and SAIC has produced buses with supercapacitors
for public transport in Shanghai. Some of these buses use only SCs as
energy storage and are charged at every bus-stop via a pantograph
for 30 to 80 seconds. Other models utilize the supercapacitor for
regenerative braking and acceleration in urban traﬃc. [34–36].
When a vehicle decelerates, a large
amount of the kinetic energy is converted to heat in the vehicle s
friction brakes. In a kinetic energy recovery system (KERS), also
known as a regenerative braking system, the kinetic energy is stored
during deceleration and can be used for acceleration. This technique
is currently, at least partly, used by several car manufacturers and
normally involves the use of a battery and a combined electric motor
and generator unit. In HEVs, the battery is charged only by such
regenerative braking. While braking, the generator transforms kinetic
energy from the vehicle to electrical energy which is stored as electrochemical energy in the battery. The energy stored in the battery
can then be utilized to power the electric motor and accelerate the
vehicle. This concept is well known in the automotive industry and
was used as early as 1894 in the Krieger electric landaulet, which
was an electric horseless carriage equipped with an electric motor in
Kinetic Energy Recovery Systems:
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each front wheel with additional bifilar coils for regenerative braking.
KERS was introduced in Formula One for the 2009 season and Flybrid,
Volvo, and Mazda among others have developed KERS concepts for
commercial vehicles. [37–43]. Kinetic energy can be stored in diﬀerent
ways e.g., mechanically in a flywheel, electrochemically in a battery
or electrostatically in a SC. To reach the highest eﬃciency possible,
high transformation and storage eﬃciencies are required. The storage
device requires a high power capability and cyclability instead of
a high energy storage capacity because the braking occurs during
a short time with high power. The possible energy saving that can
be achieved by regenerative braking is significant, approaching a
value of more than 20 % in both the New European Driving Cycle
(NEDC) and the newly-established driving cycle Worldwide harmonized Light vehicles Test Cycle (WLTC). Regenerative braking can
yield considerable fuel savings for vehicles with internal combustion
engines and a significant range extension for electric vehicles [3, 37–39,
44, 45]. However, to make electric KERS cost-eﬃcient and therefore
commercially viable, the cost of SCs must decrease drastically [1, 2,
11, 12].

2.2

Batteries

In this thesis the focus is on electrode material for supercapacitor
applications, however, we here provide a brief theoretical introduction to batteries with focus on the simplified storage principle in
lithium-ion batteries, main diﬀerences in cell chemistry, and thesis
relevant research advances. This to allow a comparison between
supercapacitors and batteries.
The most common electrical storage device is the battery. Primary
batteries can be used once and have electrode materials that are irreversibly changed during discharge. Secondary batteries, or rechargeable batteries, can be charged and discharged multiple times and
have electrode material that can be restored by reversing the current. A battery stores energy electrochemically; that is, chemical
compounds are formed at the interface between the electrode and the
electrolyte, releasing electrons during discharge. During charging,
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electrons move in the opposite direction and the chemical reaction
reverses. Batteries are available with a wide range of energy and
power densities but generally have high energy density, poor power
density and a lifetime of approximately 500 to 1000 charge/discharge
cycles. This makes batteries suitable for several applications except
for applications requiring high power density and cyclability such
as grid power buﬀering and KERS [1, 9, 19]. Lithium-ion batteries
(LIBs) currently have the highest gravimetric and volumetric energy
densities and are the battery of choice for most portable electronics,
military applications and for electric vehicles [46, 47].
Table 2.1 shows a comparison between Lead-acid, NiMH, LIB, and SC
with respect to energy and power density, cycle life, and cost on cell
level. Note that this comparison is based on approximate values and
there are diﬀerences between manufacturers and cell configuration
within each battery type.
Type

Energy
[Wh/kg]

Power
[W/kg]

Cycle
life

Cost
[$/kWh]

Lead Acid

30-40

150-200

400-800

50-150

NiMH

80-100

250-1.000

300-1.500

250-500

LIB

80-250

500-3.000

300-5.000

200-1.000

SC

5-15

2.000-40.000

1.000.000

5.000-10.000

Table 2.1: A comparison between Lead-acid, Nickel-Metal Hydrid (NiMH), lithium-ion
battery (LIB), and supercapacitor (SC) with respect to energy and power density,
cycle life and cell cost. [13, 32, 48–53].

2.2.1

The Lithium-ion battery

Lithium is the lightest metal, has the greatest electrochemical potential,
and thus provides the largest specific energy per unit mass if used
in batteries. LIBs with pure lithium as anode could theoretically
provide an extraordinary high energy density, however, charging and
discharging causes problematic dendrites on the anode that could
penetrate the separator and cause a short circuit. This instability
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shifted research from lithium metal to a non-metallic solution using
lithium ions. Although lithium ions provide lower specific energy than
lithium metal, they are safer and outperform all other rechargeable
battery chemistries with respect to energy and power density, and
currently, this chemistry has become the most promising and fastest
growing on the market. Meanwhile, research continues to focus on
developing a safe metallic lithium battery. [7, 47].
LIBs, as well as all electrochemical cells, comprises two
electrodes, the anode and the cathode separated by an electrolyte. The
cathode is a metal oxide and the anode usually consists of graphite.
The electrolyte can either be solid or liquid but solid electrolytes are
still quite rare due to the complex fabrication of solid–solid interfaces
with good ion-permeability. One exception is the use of solid polymer
electrolytes and thin electrodes. Electrodes separated by a liquid
electrolyte are held apart by an ion-permeable separator. [46, 47].
During charge, the lithium ions move from the cathode (positive electrode), through the electrolyte and separator, to the anode (negative
electrode) and intercalates into the electrode material. If graphite is
used as anode, intercalation simply means that the lithium ions get
inserted between the graphene layers in the graphite structure. During discharge, the lithium ions move back in the opposite direction,
restoring the lithium compound in the cathode and reach a lower net
energy state. Simultaneously, the electrons flow through the external
circuit in the same direction. [46, 47]. Figure 2.2 shows a simplified
schematic sketch of the LIB storage principle.
Principle:

LIBs comes with many diﬀerent
cell chemistries, with a rather extensive range of energy density, power
density, and safety. The LIBs are often named after the metal oxide
used as the cathode material. Lithium cobalt oxide (LCO), introduced
in 1991, was the first commercial available cathode material and
has since then been used for both consumer electronics and EVs
(early Tesla Roadster). Among the LIBs on the market today, Lithium
Iron Phosphate (LFP), Lithium Manganese Oxide (LMO), Lithium
Nickel Manganese Cobalt Oxide (NMC), and Lithium Nickel Cobalt
Aluminum Oxide (NCA) are available. These cathode materials are
Different types of Lithium-ion batteries:
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Figure 2.2: Schematic sketch of the simplified energy storage principle in a Lithiumion battery, during charge and discharge.

mainly used with a graphite anode except a few manufacturers that
use graphite and silicon or lithium titanate to improve the storage
capacity or power capability and cycle life. Some manufacturers also
mix the cathode material to reach desired performance. Table 2.2
shows a comparison between the diﬀerent commercial cell chemistries.
[7, 50, 51].
Type

Energy
density

Power
density

Life
span

Safety

Cost

LCO

++++

++

++

++

+++

LFP

++

+++

++++

++++

+++

LMO

+++

+++

++

+++

+++

NMC

++++

+++

+++

+++

+++

NCA

++++

++++

++++

++

++

Table 2.2: A comparison in performance between the most common types of Lithiumion batteries. The number of + signs corresponds to the magnitude of the given
characteristic, where one is low and four is high. The information is retrieved from a
report on the current state of electric-car battery technology in 2010 [50].
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LIBs have been using graphite anodes since the introduction of LCO
in 1991, and graphite or carbon continues to be the anode material of
choice for most commercial LIBs. For high power applications, some
manufacturers use lithium titanium oxide anodes for improved power
density and cyclability but at the expense of lower energy density and
higher material cost. New developments on the field of LIB anodes
has garnered considerable large attention toward silicon due to its
extremely high theoretical storage capacity and low cost. Silicon can
facilitate up to 4.4 lithium ions per atom, compared to one lithium
ion per six carbon atoms, which would significantly increase the cell
energy density. However, the large volume change of silicon when
lithium gets inserted (more than 300 %) is a major obstacle as it causes
material cracking, and currently, only small amounts of silicon are
used with carbon. One way of solving this material crumbling issue
seems to be the use of nanosized silicon particles embedded in a
matrix of graphene, graphite or conductive polymers. [7, 47].

2.3

Supercapacitors

SCs and ultracapacitors are both alternative names for a class of electrochemical energy storage devices. Initially, SC was an alternative
name for electrical double-layer capacitors (EDLC), but presently, the
name supercapacitors usually also includes pseudocapacitors and
hybrids. Figure 2.3 shows the hierarchical classification of supercapacitors.

Figure 2.3: The hierarchical classification of supercapacitors.

Each SC cell comprises two electrodes separated by a porous ionconductive insulator. Each electrode is connected to a current collector
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and the entire cell is soaked in the electrolyte. EDLC only facilitates
charge separation and does not undergo any electrochemical reactions,
resulting in relatively poor energy storage capacity but a very high
power density and superior cyclability, with a lifetime of approximately 1,000,000 charge/discharge cycles. EDLCs can store and release
electrical energy by nanometer-scale charge separation. The charge
separation occurs rapidly at the interface between a porous electrode
and an electrolyte. Pseudocapactitors facilitate electrochemical charge
storage (similar to batteries) by Faradaic electron charge-transfer with
e.g. redox reactions or intercalation. Hybrid capacitors are a mix of
EDLCs and pseudocapacitors and often use two electrodes with different characteristics, one for electrostatic charge storage and one for
electrochemichal charge storage. Pseudo- and hybrid capacitors have
higher energy density than EDLCs due to their electrochemical charge
storage and are thus approaching the energy density of batteries. The
disadvantage, however, is that Pseudo- and hybrid capacitors, at the
same time, sacrifice cyclability, lifetime, and pulse power eﬃciency.
[1, 9, 19, 54].
In this thesis, SC will refer to supercapacitors with pure electrostatic
charge storage.
2.3.1

Double layer principle

When a voltage is applied to the SC, an electric double-layer is formed
at the interface between the electrode and the electrolyte, separating
the electrolyte ions into a mirror charge distribution of opposite polarity, see Figure 2.4. Such structures are referred to with diﬀerent
names depending on the model used to describe the double-layer. The
developed Stern model, referred to as the Bockris-Devanathan-Müller
(BDM) model, is often used; this model is based on a combination
of the Helmholtz model and the Gouy-Chapman model [19, 40]. Figure 2.4 is a simplified schematic sketch of the cell structure and the
function of an ideal SC. Figure 2.4a corresponds to a discharged SC
where the ions are randomly distributed in the electrolyte, and Figure
2.4b shows a charged SC where the ions are separated by creating
a charge distribution. Figure 2.5 shows (a), a simplified sketch of
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Figure 2.4: Schematic sketch of the charge distribution in (a) a discharged supercapacitor and (b) a charged supercapacitor, adapted from [55].

the Helmholtz planes in the SC and (b), the voltage distribution
inside the SC and a simplified DC circuit. The Helmholtz doublelayer comprises an electronic layer on the surface of the electrode
and another layer with opposite polarity from the dissolved ions

Figure 2.5: Schematic sketch of (a) the Helmholtz planes, and (b) the voltage
distribution in a charged supercapacitor. These figures are adapted from [56, 57].
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in the electrolyte. These two layers are separated by a monolayer
of solvent molecules called the inner Helmholtz plane. The solvent
molecules adhere to the electrode surface by physical adsorption
and separate the oppositely polarized ions from each other, serving as a dielectric layer of a single molecule’s thickness. No charge
transfer occurs between the electrode and the electrolyte so the adsorbed molecules do not undergo chemical changes. The electrolyte
charge layer forms the outer Helmholtz plane, and the charge capacity
in the electrode is matched by the counter-charges in this plane. [9, 19].
The double-layer capacitance, C dl , consists of two parts, the capacitance from the Helmholtz planes and the diﬀuse layer capacitance.
To estimate C dl in a more simplified approach, a modified equation
of parallel plate capacitance can be used [9, 19]
C dl ⇤ ✏ 0 ✏ r ·

A
,
d

(2.1)

where ✏ 0 is the permittivity of free space, ✏ r is the relative permittivity
of the electrolyte medium, A is the surface area of the electrode and
d is the distance of charge separation, in this case the very small
distance between the electrode surface and the outer Helmholtz plane.
Figure 1.3 shows that the SC cell consists of two capacitors, C 1 and C2 ,
in series. The SC cell capacitance, C ce ll , is thus calculated by [9, 19]
1
1
1
⇤
+
,
C ce ll
C dl+ C dl

(2.2)

where C dl+ is the double layer capacitance from the positive electrode
and C dl is the corresponding capacitance from the negative electrode.
From Figure 2.5 and equations 2.1 to 2.2 it can be observed that a
large electrode surface area together with a nanometer-scale charge
separation distance gives rise to a very large capacitance for SC
compared with a parallel plate capacitor.
2.3.2

Electrode material

Carbon is one of the most abundantly accessible and structurally varied materials on the planet. Many diﬀerent carbon structures can be
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used in SC electrodes each with the same target to obtain an electrode
with good electrical conductivity and high surface area. Conventional
SCs generally have an electrode material that is primarily made of
highly porous activated carbons mixed with a conductive additive,
e.g., carbon black and a small amount of binder. Alternatively, highly
porous activated carbons can be mixed directly with a conductive
binder. The activated carbons are porous, with numerous micro-,
meso-, and macro-pores, and the surface area can be in the order of
1000 m2 g 1 , resulting in measured capacitances of 100 Fg 1 or more.
The diﬀerence between micro, meso, and macro pores in activated
carbons is in the pore size: microporous carbons have pore diameters
of less than 2 nm, mesoporous carbons have pore diameters from 2
nm to 50 nm, and macroporous carbons have pore diameters larger
than 50 nm. The disadvantage of high porosity is poor conductivity,
resulting in the need for conductive additives or binders with good
conductivity. [1, 11, 19, 58, 59]. The properties of activated carbons
diﬀers depending on its structure and the distribution of pore size.
In carbons with large pores, the solvated ions form an interface layer
close to the surface, while the remaining pore volume is filled with
the electrolyte solvent. If the pores are smaller than the ions, the ions
are blocked and the pore volume does not contribute to the charge
separation character. The optimal pore size, with respect to the storage
density, is achieved when the pore width is close to the ion diameter,
forcing the ion to desolvate when entering the pore; this process
reduces the charge distance and enhances the capacitance. Activated
carbon can be prepared from a variety of sources with diﬀerent
properties, from natural precursors to petroleum residues and synthetic tailor-made nanostructures. The most common alternative used
for commercial SCs is coconut-based activated carbon, which oﬀers
a compromise in purity, conductivity, surface area, and price. [9, 11, 19].
In new developments, a variety of nanostructured carbons have
been tested with promising results. Nanostructured carbons such as
carbon nanotubes and graphene exhibit superior electrical conductivity, and the specific surface area of graphene is more than 2600 m2 g 1 ,
resulting in a theoretical capacitance of up to 550 Fg 1 . Measured
capacitance values greater than 200 Fg 1 and charge current densities
page | 16

2.3.3. Current collector

of 100 Ag 1 have been reported for SCs with nanostructured carbon
electrodes making these materials promising, but yet too expensive
for automotive and grid applications. [2, 60, 61].
In addition to the active carbon material, the binder is a significant component of the electrode. The binder has two functions: it
enables adhesion to the current collector, and creates strong cohesion
between the electrode particles. The type and amount of the binder
are adjusted to ensure the following: electrolyte impregnation of the
electrode particles without intergranular blocking and maximum
particle-particle and particle-collector contact with minimal electrical
resistance. The most commonly used binders are insulating polymers,
vinyl or cellulosic alternatives such as polytetrafluoroethylene (PTFE),
polyvinyl alcohol (PVA), and carboxy-methyl-cellulose (CMC), with
PTFE being the most common [19]. Recently, cellulose nanofibrills
(CNF) also referred to as nanofibrillated cellulose (NFC) has been
used as a binder in carbon structures with promising results [15, 62],
this is described further in section 3.
2.3.3

Current collector

Current collectors are used to transport the electrical charges between
the active electrode material and the external connection terminals
of the SC unit. The current collector needs to exhibit low electrical
resistivity, low interfacial resistance toward the electrode, and electrochemical stability in the electrolyte. The cost and processability
of the current collector are also important parameters for large-scale
use [9, 19]. Owing to its high conductivity, low weight, and favorable
price, aluminum foil is the most commonly used current collector in
commercial SCs in combination with organic electrolytes [19].
For SCs with aqueous electrolyte, the demand for electrochemical stability increases. The aggressive nature of aqueous electrolytes, often
based on strong acids or bases, puts a high corrosion stress on the current collector and prevents the use of aluminum. Even in neutral pH,
the corrosion potential (the potential for galvanic corrosion) between
aluminum and graphitic carbon is high enough to cause pitting in
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the aluminum foil [19, 63, 64]. To prevent the corrosion of the current
collector in SCs with aqueous electrolytes, well-known materials with
high corrosion resistance such as stainless steel, titanium, nickel and
platinum are used. However, these materials are significantly more
expensive than aluminum and are also heavier and usually more
diﬃcult to process to achieve low interfacial resistance [19, 63].
There is ongoing development in the area of current collectors: Gheytani et al. [63] have reported the use of chromate conversion-coated
aluminum foil as a corrosion resistant current collector for aqueous
lithium-ion batteries. In this thesis, I show that graphite foil also is a
good candidate as the current collector in aqueous SCs [65].
To achieve a sustainable and cost-eﬀective technology, the use of
precious metals and rare earth elements should be avoided. These
materials are often obtained in very small amounts as the by-products
of mining, and their prices would most likely rise dramatically if
mining was performed only to acquire these materials.
2.3.4

Electrolyte

Electrolytes, of which various types exist, each with diﬀerent characteristics, are crucial to the function and performance of a SC. Electrolytes
can be both solid and in solution; however, the most common types are
aqueous electrolytes, organic electrolytes, and ionic liquids (molten
salts). Aqueous electrolytes, such as 1 M sodium sulfate, sulfuric acid,
or potassium hydroxide have an electrochemical stability window
of 1.23 V in water. At higher potentials, the water begins to decompose into oxygen and hydrogen. This window is wider for organic
electrolytes operating at 2.2-2.7 V and is significantly wider for ionic
liquids operating at 5 V. The electrochemical stability window substantially aﬀects the storage capacity of the device as the energy stored
in a SC is proportional to the square of the applied voltage. [9, 11, 19].
Most commercial SCs use organic electrolytes such as 1 M tetraethyl-ammonium in acetonitrile or propylene carbonate. The primary
advantage of organic electrolytes over ionic liquids is their fairly wide
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electrochemical stability window, their compatibility with aluminum
current collectors, and their high conductivity. The major drawbacks
are that organic electrolytes are flammable and in some cases toxic.
[9, 19]. Although aqueous electrolytes have the most narrow electrochemical stability window and an aggressive influence on the current
collectors, their favorable cost and environment-friendly aspects are
promising. They are less expensive, nonflammable, have higher ionic
conductivity, and yield higher capacitance due to smaller ions. [9, 11,
19].
2.3.5

Separator

The separator is a passive component in the SC which prevents contact
and electron transfer between the two electrodes. It is necessary for the
separator to be a good electrical insulator, strong enough to prevent
electrode particle migration, and a good ion conductor to allow the
electrolyte ions to diﬀuse freely through the separator. The material
used in commercial separator films varies depending on the choice of
electrode material, the electrolyte, and operating temperature range.
The separators used are often the same as those for batteries and
chiefly comprises micro-porous polymers, but cellulose papers, glass,
mica, and ceramics are also used. [9, 19].

2.4

Exfoliation techniques

The number of applications based on graphene, few-layer graphene,
graphite nanoplatelets, and other nanographites is rapidly increasing,
but the production processes are still relatively small and the cost
of these materials high. To obtain cost-eﬀective commercial products based on nanomaterials, a cost-eﬃcient and large-scale process
for production of highly conductive carbon nanoparticles such as
graphene and nanographite is urgently needed [2, 14–18, 60, 61].
2.4.1

Nanographite definition

Graphite is a crystalline allotrope of carbon. It has a layered, planar
structure consisting of stacked graphene layers weakly bonded on
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top of each other by van der Waals forces. In the graphene layers, the
carbon atoms are arranged in a two-dimensional hexagonal lattice
structure held together with sp2-bonds. The graphene layers are
monolayers (one-atom thick) of carbon with superior electrical conductivity. Graphene can be produced either bottom-up by chemical
vapor deposition on a substrate or top-down through diﬀerent types
of exfoliation. Exfoliation generally means “to peel oﬀ layers” and
can be performed both mechanically and chemically in either wet
(in solution) or dry conditions. Currently, there are several available
production routes of these materials, for both large-scale and low-cost
manufacturing, and the top-down wet exfoliation of graphite seems
to be the most promising method. [16–18, 66]. Figure 2.6 is a simple
sketch of the structural diﬀerence between graphite and graphene.

Figure 2.6: Structural difference between graphite and graphene. During exfoliation,
the graphite structure delaminates and graphene sheets are peeled off. This figure
is adapted from [67].

There are several types of exfoliated graphite, including single-layer, bilayer, few-layer (2-5 layers), multilayer (up to 10 layers), and graphite
nanosheets or nanoplatelets (up to 100 nm) [66]. Here, we define
nanographite as a mixture of all these types.
Depending on the application, diﬀerent properties of exfoliated
graphite are required. The requirements for SC electrodes are rather
diﬀerent from other applications that require only single-layer or
few-layer graphene. In electrode applications, the large-area and high
electrical conductivity of nanographite are the essential properties
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instead of its mechanical, thermal, chemical, and optical properties
which is relevant to other applications, ranging from sensors and
high-end electronics to solar cells and composite fillers. Most reports on graphite exfoliation processes address the production of
exclusively single-layer graphene or few-layer graphene, while the
partially exfoliated material remains unused. This makes it diﬃcult to
compare parameters such as particle size distribution and production
rate of various exfoliation processes designed for diﬀerent uses and
applications.
2.4.2

Mechanical exfoliation methods

Sonication in solution is still the standard laboratory procedure used
to exfoliate graphene from graphite. This process is normally carried
out using an ultrasonic probe sonicator in a container filled with
the initial graphite suspension. However, this method is diﬃcult to
scale because the concentration scales approximately inversely with
the volume of the liquid and the process has poor energy eﬃciency.
The extended treatment time results in a low throughput, and the
graphene sheets may be cut into smaller flakes during the exfoliation
process. [68, 69].
Other approaches for wet exfoliation are jet cavitation [70, 71], vortex
fluid film [72], ball milling [73], rotational dispersers or high shear
mixing [74, 75], wet grinding [76], microfluidization [77], and homogenizer processing [78]. These methods are all potential candidates
for large-scale production; however, as Paton et al. pointed out [74],
the production rates of most of these methods are less than 0.4 gh 1 .
To demonstrate large-scale exfoliation, Paton et al. showed that large
quantities of defect-free graphene can be achieved in N-methyl-2pyrrolidone (NMP) suspension by the high-shear rotational mixing
of graphite. With this novel process, they demonstrated a production
rate of 5.3 gh 1 for few-layer graphene and estimated that it could
be scaled up to a production rate of more than 100 gh 1 for batches
measuring 10 m3 .
In this thesis, I describe a new process, based on hydrodynamic
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shear exfoliation in tubes, that exfoliates graphite to nanographite at
a rate of approximately 600 gh 1 with a energy consumption of 10
kWh per kilo graphite. This process is described further in section 3.
Comprehensive studies of exfoliation solvents
have revealed that organic solvents are preferred for high yield exfoliation due to their ability to decrease the energy barrier in the
interlayer of graphite, thus requiring less force in the exfoliation process. Hernandez et. al highlight that the best candidates are organic
solvents with a surface tension of approximately 40 mJm 2 , such as
N-methyl-2-Pyrrolidone and N,N-dimethylformamide (DMF). Other
organic solvents such as isopropanol and chloroform have also shown
good results and so have some ionic liquids. [18, 79, 80]. However, to
promote low-cost, sustainable and environment-friendly large-scale
production, the use of expensive and, in some cases, toxic solvents is
inappropriate and water-based solvents are preferred [18, 81, 82].
Exfoliation solvent:

To achieve pure mechanical exfoliation, without significantly decreasing the interlayer bond strength in graphite, the process must
overcome the interlayer shear strength of crystalline graphite. Ze Liu
et al [83] reported a novel experimental method to directly measure
the interlayer shear strength for a single crystal graphite to 0.14 GPa,
which is considered a benchmark for the shear strength of defect-free
single-crystal graphite. Other reports [84, 85] present values of two
to three orders of magnitude lower (0.25 – 2.5 MPa), and this drastic
diﬀerence could be due to the presence of stacking faults between the
layers.
2.4.3

Hydrodynamic shear exfoliation

When a fluid flows through a pipe, various forces act on it depending
on the pipe dimensions, geometry, and flow conditions. In laminar
flow, the motion of the fluid particles is well ordered with all particles
moving in straight lines parallel to the tube walls. This occurs when a
fluid flows in parallel layers without lateral mixing. The layers near
the center of the tube flow faster than the layers close to the tube
wall, causing shear. In turbulent flow, the order becomes chaotic and
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unsteady vortices appear on many scales; these vortices interact with
each other, resulting in high lateral mixing and rapid variation of
the flow velocity and pressure [86]. Figure 2.7 is a schematic sketch
describing the diﬀerence between laminar and turbulent flow.

Figure 2.7: Schematic sketch of a) laminar flow and b) turbulent flow in a smooth
tube.

The hydrodynamic shear stress is proportional to the dynamic viscosity of the fluid and the shear rate. The shear rate can be seen
as the fluid velocity gradient in the flow described as the rate at
which the fluid layers move past each other. If graphite particles are
incorporated into the fluid, the particles between two fluid layers of
diﬀerent speed will be aﬀected by the shear and thus be exfoliated if
the hydrodynamic shear stress exceeds the interlayer shear strength
of the graphite. In ideal laminar flow, the fluid velocity gradient is the
same at any cross section of the pipe and thus also the resulting shear
stress. In turbulent flow, the fluid velocity gradient constantly changes,
generating local high velocity regions with significantly higher shear
stress. Paton et al. demonstrated that defect-free few-layer graphene
could be produced by laminar shear exfoliation of graphite in liquids.
They used a rotary disperser in NMP-solvent and the exfoliation
uncured when the laminar shear rate exceeded 104 s 1 . They also
discovered that the concentration of few-layer graphene increased
with increasing shear rate in the laminar flow region. In contrast,
Nacken et al. used a high pressure homogenizer and fully developed
turbulent flow to achieve graphene and few-layer graphene from
graphite exfoliation in both NMP and water-surfactant solvents. [74,
78, 86–88].
In equations describing whether fully developed flow conditions
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lead to laminar or turbulent flow, the Reynolds number is often used.
The Reynolds number is dimensionless and describes how fast a fluid
is moving relative to its viscosity, the ratio between inertial force and
the shearing force of the fluid, and is independent of the scale of the
fluid system. The Reynolds number can be calculated by [86]
Re ⇤

2Q⇢
,
µ⇡r

(2.3)

where Q is the volumetric flow rate, ⇢ is the fluid density, µ is the
dynamic viscosity, and r is the hydraulic pipe radius. The Reynolds
number can also be expressed by [87]
Re ⇤

2 D
⇢Vav
g

µ

(2.4)

,

where Vav g is the mean fluid velocity and D is the tube diameter. The
transition from laminar flow to turbulent flow occurs over a wide
range of Reynolds numbers. In a smooth tube, the flow is always
laminar at Reynolds numbers below 2100 and turbulent at Reynolds
numbers above 4000. The region between 2100 and 4000 is called the
transition region where the flow can be either laminar and turbulent
depending on the conditions at, and the distance to, the tube entrance.
[86].
In Newtonian fluids the shear stress is
proportional to the shear rate with the viscosity acting as the proportionality constant. The shear rate, € , for laminar flow in a straight
smooth tube can be calculated by [86]
Shear stress calculations:

€⇤

4Q
,
⇡r 3

(2.5)

In a tube shear geometry, the shear stress induced by the fluid on the
tube wall is called wall shear stress. The general wall shear stress,⌧w
can be calculated by [86]
⌧(w) ⇤ µ
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where µ is the dynamic viscosity of the flow, U is the flow velocity
along the boundary, and y is the height above the boundary. For
turbulent flow the calculations become more complex. Moreover, to
calculate the wall shear stress in a hydrodynamic tube-shear system,
it is also necessary to include tube surface roughness and diameter.
For turbulent flow in a rough tube, the mean shear stress can be
calculated by [87]
2
⇢Vav
g
⌧w.av g. ⇤ f
,
(2.7)
8
where f is the Darcy friction factor. The Darcy friction factor can be
solved iteratively using the Colebrook equation or can be directly
calculated (within a few percent) by [88]
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where ✏ is the tube wall surface roughness, D is the tube diameter, and
Re is the Reynolds number. The highest shear occurs in the turbulent
local high velocity regions and the local wall shear stress, ⌧w , in the
flow can be calculated using the local fluid shear velocity, u⇤ , at the
tube wall by [87]
⌧w ⇤ ⇢u ⇤2
(2.9)
2.4.4

Initial exfoliation trials

Our initial trials for producing exfoliated nanographites were first
conducted with a commercial high-pressure homogenizer; model:
NS2006H, from GEA Niro Soavi, ARIETE. The homogenized graphite
had good electrical conductivity and contained a small amount of
thin graphene-like flakes. The shear zone geometry along with the
impact ring of the commercial homogenizer, as shown in Figure 2.8a,
is designed to allow severe shear and pinch forces to tear and smash
particles into smaller pieces in industrial applications such as the food
and pharmaceutical industries. Therefore, this process might not be
optimal for graphene exfoliation because these forces also crack the
flakes into small fragments, and the extreme turbulent nature of the
flow and the rather complex geometry makes the process diﬃcult
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to control and calculate. To develop this process, a cone-slit shear
zone, as shown in Figure 2.8b, was designed and connected to a
high-pressure pump to obtain a system that is easier to adjust and
calculate. The cone slit had a length of 100 mm, base diameter of 10
mm and a cone angle of 1 . The cone position was axially adjustable to
modify the slit height from 0 to approximately 0.5 mm. Unfortunately,
this system was also diﬃcult to control, and it generated higher shear
rates than the homogenizer due to an exceedingly tight slit, pressures
of several hundred bars, and high pump flow rates. These factors
resulted in fully developed turbulence and the production of small
carbon fragments with low conductivity in electrode applications.

Figure 2.8: Schematic sketch of shear zones from (a) a commercial homogenizer
and (b) a cone-slit experimental device.

2.4.5

Tube shear

After the initial trials, it was decided to simplify the system as much
as possible and test the use of a tube as the shear zone to mimic
the design of a high-pressure capillary viscometer with adjustable
shear rates in the laminar flow region. I designed a hydrodynamic
tube shear system with replaceable shear zone and a fully adjustable
high-pressure pump capable of handling flow rates ranging from
0 to 6 liters per minute and a maximum pressure of 1500 bar. The
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system was equipped with heat exchangers and temperature sensors
placed before and the after the shear zone to control the suspension
temperature. The system had an integrated tank that allowed an
adjustable batch volume from 6 to 200 liters. The system could also be
fed with suspension from an external container connected to a stirrer
to prevent flotation and ensure a well-mixed suspension. Figure 2.9
shows a photograph of the system along with the stirrer, and Figure
2.10 is a schematic sketch of the first tube shear zone.

Figure 2.9: The hydrodynamic tube shear system (left) and stirrer (right).

Figure 2.10: Schematic sketch of the straight tube shear zone.
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2.5

Nanocellulose

Cellulose is the most abundant organic polymer on earth and an
important structural component of the primary cell wall of green
plants. Cellulose is primarily used to manufacture paperboard and
paper but also for derivatives such as cellophane or is converted into
biofuels. Cellulose for large-scale applications is mainly extracted
from wood pulp and cotton. The general term nanocellulose refers to
nanostructured and micro-sized cellulosic particles which exists in
diﬀerent forms depending on their structure. The three main types
of nanocellulose are 1) Microfibrillated cellulose (MFC) also called
cellulose nanofibers (CNF or NFC) depending on the size distribution,
2) Nanocrystalline cellulose (NCC) also called cellulose whiskers or
cellulose nanocrystals (CNC) and 3) bacterial nanocellulose (BNC).
MFC fibers has a wide size distribution and even if some fibers have
nano-scale diameters, most of the fibers are micro-scaled. If the process achieve individual fibrils with nano-scale diameter and a more
narrow size distribution its often called CNF, since the material is
more in nano-scale than micro-scale. These fibrils have crystalline and
amorphous regions and are produced by mechanical delamination of
cellulose fibers (wood pulp). The particle diameter of CNF ranging
from 5-60 nm and a length of several micrometers. The mechanical
delamination is usually conducted with high-pressure homogenizers,
rotary dispersers or microfluidizers. Chemical or enzymatic treatment
can be done before or after to reduce the energy needed for delamination or to modify the CNF properties. NCC can be produced by acid
hydrolysis of cellulose from various sources. NCC consists of rod-like
cellulose crystals with a diameter of 5-70 nm and a length of 100 nm to
several micrometers depending on cellulose source. BNC are formed
by bacteria synthesis from sugars and alcohols which create diﬀerent
types of nanocellulose networks with a nanocellulose diameter of
20-100 nm. CNF in water suspensions form a gel already at very low
solids content, one or a few percent, and exhibit a shear-thinning
viscosity behavior. CNF has several applications such as enhancing
the bond strength between fibers in paper or paperboard, acting
as a barrier in grease-proof paper, as thickener or stabilizer in food
or medical industry, and as a binder in composite applications. [89, 90].
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The nanocellulose used and referred to in this thesis was a coarse version of TEMPO-oxidized CNF prepared by using Saito s method [91].
We used kraft pulp subjected to a chemical pre-treatment with 2,2,6,6Tetramethylpiperidin (TEMPO) followed by mechanical delamination
using a rotary disperser. The coarse CNF had a wide size distribution
but a large share of nano-scale material. The TEMPO-oxidized CNF
also possessed a high anionic surface charge which is preferred to
improve dispersion stability.

2.6

Coating techniques

Diﬀerent methods are available to create electrodes from the electrode
material (coating medium). The electrode material can be deposited
in various ways onto a substrate, such as the current collector or
the separator, and freestanding electrode films can be made from
filtration. For lab-scale samples, layer-by-layer deposition, filtration,
casting, draw-down coating, screen printing, and more are common.
The initial process is followed by slow drying at ambient conditions or
in an oven. However, in order to make commercially viable products,
large-scale roll-to-roll or roll-to-sheet processes are preferred due to
their high throughput and resultant low cost. [92–94].
The coating process usually comprises three steps 1) the application of coating medium onto the substrate, 2) the metering of coating
medium to the desired quantity or wet thickness, and 3) the drying
of coating medium, often followed by some after treatment such as
calendaring. The paper industry is world leading when it comes to
large-scale coating, and the common techniques are blade coating
and film coating to deposit thin coatings on paper and paperboard.
In blade coating, the substrate is supported by a backing-roll, and the
coating medium is fed in excess onto the substrate and then metered
down to the final wet thickness. The applicator is commonly a roll
applicator where the coating medium is fed by a roll that draws the
coating medium from a pan onto the substrate. The metering can
be performed with a blade, generating an evenly distributed coating;
the excess coating is transferred back to the pan and applicator roll.
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Adjustments can be done with nip pressure between applicator roll
and backing roll as well as diﬀerent blade pressures to achieve desired
coat properties. In film press coating, a film of the coating medium is
formed and metered on a separate large roll and then transferred to
the substrate trough a nip between the applicator roll and a backing
roll. Both blade and film coating provides high coating speed and
evenly distributed coatings, but the wet coating thickness is small,
and to get suitable medium flow characteristics, the coating medium
needs to be low viscosity liquids or suspensions. [92, 93].
Coating of nanomaterial suspensions such as nanographites with cellulose binder poses a major challange. Due to the thin flake geometry
of nanographites, the viscosity of the suspension is high even at solids
content of a few percents, and the suspensions have a shear-thinning
flow behavior. Nanocellulose have similar properties at low solids
content and form high viscosity gels. Suspensions with nanographites
also exhibit very low water retention (ability to hold water) which
combined with the low solids content makes it challenging to coat in
a roll-to-roll process with appropriate coating thickness. In energy
storage applications, coating thicknesses of approximately hundred
micrometers is common. In comparison, pigment coatings of paper
are approximately one order of magnitude lower. [92–97]. The most
frequently used coating technique in industry for SCs and LIBs is
pre-metered slot-die coating which allows reproducible preparation
of thin electrodes at high velocities. In a slot-die applicator, a pressure
driven flow of coating medium is passed through a narrow slot and
onto the substrate. To produce a continuous and uniform coating, the
liquid has to bridge a small gap between the slot die and the substrate
to form a stable coating bead. [96, 97]. Slot-die coating is also a preferred technique for highly viscous but shear-thinning suspensions as
high shear rates can be achieved in a pressure driven flow when the
suspension is passed through the narrow slot, causing a reduction in
the suspension’s apparent viscosity. The reduced viscosity suspension
can thus exit the slot and be transferred immediately to the substrate,
forming a uniform coating. [94, 95].
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Figure 2.11 shows two schematic sketches, one with the blade coating
setup and one with the slot-die coating setup. In both setups, the final
electrode thickness is determined by the solids content of the coating
medium along with the wet coating thickness. In blade coating, the
wet coating thickness is controlled by the blade height from substrate
or blade pressure toward the substrate. In slot-die coating, the wet
coating thickness is controlled by adjusting the gap between the
substrate and the slot lips. The drying section usually contains a mix
of hot air and infrared dryers. The drying section can be extended
with dryers immediately after the applicator and, in some cases, even
before the applicator to pre-heat the substrate. The orientation of
the rolls and how the substrate travels (horizontally or vertical) is
diﬀerent depending on the application and the manufacturer. The
schematic sketches show the orientation of the equipment used in
this thesis, commonly used for coating paper substrates. [92–97].

Figure 2.11: Schematic sketch of the roll-to-roll coating setup with blade coating
(left) and slot-die coating (right).

2.6.1

Initial coating trials

Our initial trials for producing roll-to-roll coated electrodes were first
performed with a DT Lab Coater (DT Paper Science Oy AB, Turku,
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Finland) with applicator roll and metering blade. At this stage, our
electrode material was undeveloped and contained graphite along
with PVA and CMC as binder. The short drying section of the coater
forced us to keep a small coating thickness which along with low solids
content generated very thin SC electrodes with poor conductivity
and specific capacitance. After further development of the electrode
material, this time with nanographite and nanocellulose binder, we
made a large-scale coating attempt in the pilot coater at Iggesunds
Bruk (Holmen AB, Iggesund, Sweden), see Figure 2.12.

Figure 2.12: Initial blade coating trial where a) shows the pilot coater, b) shows the
preparation of electrode material in the tube-shear system, c) shows the applied
coating before drying and d) shows a roll with a few kilometers of electrode coated
paper board.
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Prior to this attempt, we prepared a batch of 600 liter nanographitenanocellulose suspension in the newly developed tube-shear system
and adjusted the solids content to 3.5 % by removing water. The
substrate used was pigment-coated paperboard of width 1 m, and
the goal was to coat and calender an electrode for use as back contact
in paper solar cells. The coater utilized blade coating, and due to the
high viscosity of the suspension, it needed to be diluted to 1 % to
allow transfer by the applicator roll onto the substrate. A total length
of approximately 6000 m was coated three times, but the final coating
thickness was unfortunately very low and non-uniform, resulting
in low electrical conductivity. The shear-thinning behavior of the
suspension was problematic at higher solids content and the resultant
higher viscosity. In the pan, the suspension closest to the rotating
applicator roll exhibited low viscosity while the stand-still suspension
viscosity was high, resulting in most water transfer.
After these initial coating trials, we decided to test slot-die coating in
which the suspension flow is pressure driven and the shear-thinning
viscosity can be utilized. The experiment was attempted at KROENERT (Hamburg, Germany) where we managed to coat a 10 µm thick
electrode onto grease-proof paper with decent conductivity. The limitation in this coating setup was a too short drying section and a too
long distance from the applicator to the first support roll, generating
a low substrate tension and wrinkles during drying. This attempt was
repeted at ÅBO Akademi, Laboratory of Paper Coating and Converting (Åbo, Finland) with a customized setup and drying section. This
time we coated on both grease-proof paper and graphite foil with
good results. This is described further in Section 3 and Paper V.
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EXPERIMENTAL
In this chapter, the preparation of the materials and the methods used
to analyze the materials are explained.

3.1

Materials processing

To prepare the graphite suspension for exfoliation, 20 gL 1 of thermal
expanded graphite was mixed in water with addition of 2 wt%
polyacrylic acid proportional to the amount of graphite, as a dispersant.
Thermally expanded graphite (SO#5-44-04) from Superior Graphite
was used in Papers I, II, and IV, and thermally expanded graphite
(EXG 9840) from Graphit Kropfmühl was used in Papers III and V.
The suspension volume was 100 L. The pH was adjusted to 3.5 by
adding sulfuric acid to obtain a fixed and reproducible pH value
of the suspension during exfoliation. The expanded graphite has
a low pH when mixed with water due to the residual acid from
the manufacturing process. Figure 3.1 shows a scanning electron
microscopy (SEM) image of the thermally expanded graphite from a)
Superior Graphite and b) Graphit Kropfmühl.

Figure 3.1: SEM image of the initial thermally expanded graphite before exfoliation,
a) SO#5-44-04 from Superior Graphite and b) EXG 9840 from Graphit Kropfmühl.
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3.1.1

Exfoliation in high pressure homogenizer (Paper I)

To prepare nanographite for the initial experiments in which the
coarse CNF was investigated as binder, the graphite suspension was
processed in a high-pressure homogenizer (GEA Niro Soavi, ARIETE,
Model: NS2006H). In the homogenizer, the suspension was pumped
through the shear zone (as described in section 2.4.4 and Figure 2.8a)
with a flow rate of 3.33 Lmin 1 , generating an operating pressure of
approximately 400 bars. The process was continuous and the graphite
particles statistically passed the shear zone 21 times. Samples of
the suspension were collected after the process to examine particle
structure.
3.1.2

Exfoliation in straight tube (Paper II)

To exfoliate the graphite in the hydrodynamic tube shear system,
the graphite suspension was fed to the shear zone from an external
container attached to the stirrer with gentle stirring. The shear zone
used was a 1-m long tube with an inner diameter of 2 mm. The
pressure was kept constant at 50 bar with an initial flow rate of
4.95 L/min. This procedure was repeated 10 times (10 passes). The
dynamic viscosity increased slightly with each pass, leading to a
decreased flow rate at constant pressure. The flow rate decreased
from 4.95 L/min to 4.27 L/min during the 10 passes, corresponding to
a change in dynamic viscosity from 23.7 mPas to 27.6 mPas. Samples
of the suspension were collected during the process at 0, 5, and 10
passes. The samples were directly diluted to 0.0047 % with ethanol to
prevent agglomeration and facilitate the preparation of specimens for
material characterization in TEM, SEM, and AFM.
3.1.3

Exfoliation in helical coil tube versus straight tube (Paper III)

To investigate the eﬀect of shear zone geometry on the hydrodynamic
tube shear system, we simulated the flow behavior in both a helical coil
tube and a straight tube. After simulation, the results were compared
to the experimental data. The numerical simulation was based on the
fluid, with experimentally measured viscosity, without considering
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particle interaction. For the numerical simulation, the explicit time
integration finite element code LS-DYNA (Livermore Software Technology Corporation, USA) was used. The straight tube was modeled
by a three-dimensional (3D) tube 2 mm in diameter and 1000 mm in
length. The helical coil tube had a 2 mm tube diameter, a 100 mm
helix diameter, and a 10 mm helix pitch. The selection of the mesh size
was based on a compromise between the simulation accuracy and the
computation eﬃciency. Ideally, finer mesh was desired, however, even
with the utilized mesh size, the total number of elements was over
1.6 ⇥ 106 . This is because the length and diameter of the simulation
domain in each case were the real size. The mesh density for S1 and
S2 were 555 and 535 tetrahedral elements per mm3 , respectively. In
Figure 3.2, 3D sketches of the tubes are displayed. The flow rate and
the fluid viscosity were adopted from the experiments. A constant
velocity of 26.3 ms 1 was applied at one end of the tubes for all of the
simulations. The pressure at the end of the tubes was atmospheric.
Furthermore, the non-slip boundary condition was applied to the
tube walls. The fluid viscosity was set to 0.44 mPas, which is the
viscosity of the 2 % graphite suspension before exfoliation (pass 0),
and the viscosity of the suspension was measured using an Anton
Paar Physica MCR 300 Rheometer. The fluid density was assumed to
be 1000 kgm 3 , and the simulation time was set to 0.2 s.
For the experimental segment, the suspension was forced by a highpressure pump through a 1 m long straight tube with an inner
diameter of 2 mm. An identical suspension was forced through a
1 m long helical coil tube with an inner tube diameter of 2 mm, a
helix diameter of 100 mm, and a helix pitch of 10 mm. The flow rate
was held constant at 4.95 Lmin 1 in both geometries. This procedure
was repeated 10 times (10 passes) for each case for a total production
rate of 594 gh 1 . Samples of the suspensions were obtained before
exfoliation (pass 0) and directly after the tube at the tenth pass (pass
10) from both geometries to examine the change in the particle structure. The samples were directly diluted to 0.015 % with ethanol to
prevent agglomeration and facilitate the preparation of specimens for
material characterization in SEM, AFM, and Raman spectroscopy.
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Figure 3.2: 3D sketches of the tubes shear zones where a) is the straight S1-version
and b) is the helical coil tube called S2. Both tubes had a diameter of 2 mm and
length 1000 mm. The helical coil tube had a helix diameter of 100 mm with a pitch
of 10 mm.

3.1.4

Binder and other additives

To fabricate electrodes from the nanographite, coarse CNF was used
as the binder. The coarse CNF used was TEMPO-oxidized kraft-pulp
CNF prepared according to the method described by Saito et al. [91]
with the exception of using 15 mmolg 1 sodium hypochlorite instead
of 1 mmolg 1 , to obtain CNF with higher charge density. An CNF
gel with a solids content of 20 gl 1 was obtained. Activated carbon
(AC) from Chemviron Carbon (Pulsorb 208CP) was used in Paper IV
to improve the surface area of the electrodes. The AC had a listed
specific surface area of 1200 m2 g 1 and was used as received.

3.2
3.2.1

Electrode fabrication and coating
Filtration (Paper I)

In Paper I, nanographite suspension was mixed with five diﬀerent
amounts of CNF using an IKA T25 Ultra Turrax (S25N-25F dispersion
element) at 12 kRPM for 10 min. The amount of CNF was varied
from 0 % to 20 % in steps of 5 percentage points with respect to
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the nanographite content. To obtain electrodes, each dispersion was
filtered with 200 ml of deionized water through a Millapore Durapore membrane filter (filter type: 0.22 µm GV) and dried at room
temperature.
3.2.2

Casting (Paper IV)

In Paper IV, a mixture of the nanographite suspension (exfoliated
according to the method in Paper II) and AC, with a combined solid
weight of 36 g was dispersed in 800 ml of water for 10 min with an
IKA T25 Ultra Turrax (S25N-25F dispersion element) at 12 kRPM.
Samples were prepared with diﬀerent ratios of nanographite to AC.
CNF was added to all samples at a concentration of 10 wt%, relative
to the total amount of carbon and the solids content was adjusted to
4 % by adding water. The samples were dispersed further with an
IKA T50 Ultra Turrax (S50N-G45F dispersion element) at 6 kRPM to
obtain a well-dispersed suspension. Electrodes were fabricated both
by lab-scale filtration and by direct casting onto the current collector
using casting frames. The filtered electrodes were used to compare the
electrical properties of freestanding electrodes with electrodes coated
directly on the current collector. To obtain the filtrate, each sample
was filtered through a Millapore Durapore membrane filter (filter
type: 0.22 µm GV) and dried at room temperature. The electrode
films were dried further in an oven at 105 °C followed by thickness
and weight measurements. The current collector used for the casted
electrodes was Sigraflex graphite foil (F02012TH) from SGL Group
(Meitingen, Germany).

Figure 3.3: Electrode-coated current collector foil in casting frames after room temperature drying. Each electrode was 200 mm x 300 mm.
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The current collector was cleaned with 0.5 M sodium hydroxide and
rinsed with water. Stainless steel frames of 2 mm thickness were
placed on top of the current collector. The suspensions were poured
into the frames, leveled with a coating blade to a achieve a wet coating
thickness of 2 mm and dried at room temperature as shown in Figure
3.3. The electrode-coated foil was cut to an electrode size of 200 mm
x 200 mm with a 90-mm-wide and 50-mm-long contact as shown in
Figure 3.6a. The electrode-coated foils were dried further in an oven
at 105 °C followed by thickness and weight measurements. The foil
weight was subtracted in order to obtain the electrode weight.
3.2.3

R2R Coating (Paper V)

The nanographite was mixed with 10 wt% CNF, and the solids content
of the suspension was adjusted to 35 gl 1 by removing water with
filtration. Two diﬀerent substrates were used; untreated greaseproof
paper (45 gm 2 kraft paper from Nordic Paper, Sweden) and graphite
foil (Sigraflex F02012TH from SGL Group, Germany). The substrates
were coated using a Rotary Koater (RK PrintCoat Instruments Ltd.),
a roll-to-roll pilot coating machine with operating speeds between
1 and 50 mmin 1 . The coater was equipped with a 5 kW infrared
drying unit and two 10 kW hot-air dryers with adjustable airflows
and temperatures reaching 200 C. The suspension was fed into a
custom built slot-die (length 34 mm, width 74 mm, slot gap 500 µm,
and distribution channel diameter 16 mm) from an air-pressurized
feed vessel. The slot-die was installed at a 3 o’clock position relative
to a backing roll and was used as both a coating applicator and a
metering device which is the same as the setup used by Koppolu et
al. [94] to coat cellulose nanocrystals on pigment coated paperboard.
Figure 3.4 shows the schematic sketch of the roll-to-roll coating setup.
The pressure drop in the slot was controlled by adjusting the air
pressure to the feed vessel. The wet coating thickness was controlled
by precisely adjusting the gap between the substrate and the slot lips,
and the excess coating was metered oﬀ and collected into the tray
below. Four additional infrared dryers (2 kW each) and four hot air
dryers (2 kW each) were installed on the machine to facilitate the
drying process. The suspension was coated with a coating speed of 3
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Figure 3.4: Schematic sketch of the roll-to-roll coating setup.

mmin 1 onto the two diﬀerent substrates with 300 µm wet coating
thickness and in 1 and 2 layers.

3.3

Supercapacitor assembly

In Paper I, the electrodes were cut into 2.9 cm x 2.9 cm squares. The
SCs were assembled with one electrode on each side of a 5 cm x 5 cm
untreated greaseproof paper as a separator. The separator was soaked
in electrolyte, and the electrodes were wet with electrolyte prior to
contacting. The SC cell was placed between two stainless steel plates
used as contacts, see figure 3.5. The electrolyte used was 1 M sodium
sulfate.

Figure 3.5: Schematic sketch of the SC assembly along with the steel contacts.
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Figure 3.6: (a) 200 mm x 200 mm electrode-coated graphite foil with a 90 mm x
50 mm contact, (b) the assembled SC pouch-cell device with two electrode-coated
graphite foils and a greaseproof paper separator between them, (c) the electrolytefilled SC pouch-cell device connected to a four-point probe contact.

In Paper IV, the electrode-coated graphite foil was cut to an electrode
size of 200 mm x 200 mm with a 90 mm-wide and 50 mm-long contact;
see Figure 3.6a. The SCs were assembled with two electrode-coated
foils, with the electrodes facing each other, and a 210 mm x 210 mm
untreated greaseproof paper used as a separator between the electrodes. The devices were placed in plastic bags (pouch-cell) welded
at three edges and then filled with 1 M sodium sulfate electrolyte.
The devices remained in the electrolyte for 3 h to wet the electrodes
and the separators. The excess electrolyte was then removed, and the
remaining open edges of the plastic bags were welded. A photograph
of an assembled SC pouch-cell device is shown in Figure 3.6b. The SC
pouch cells were connected to four 90 mm x 20 mm copper contacts
with wires for four-point-probe electrochemical measurements as
shown in Figure 3.6c.
In Paper V, the electrode-coated graphite foil was cut into 50 mm-wide
and 100 mm-long samples with an electrode size of 50 mm x 50 mm
(one half of the cut sample were coated). The electrode-coated separator paper was cut into an equal sized electrode but with 50 mm-wide
and 100 mm-long graphite foil pieces as current collectors. To assemble SC devices and the graphite foil substrates, two electrode-coated
graphite foils were placed together, with the electrodes facing each
other and with two 60 mm x 60 mm paper separators between them.
For paper separator substrates, two electrode-coated separator papers
page | 42

3.4. Microscopy

were placed together between two 50 mm-wide and 100 mm-long
graphite foil current collectors, with the electrodes facing the current
collectors. In this way, samples from both substrates were assembled
to flat SCs with identical cell structure: graphite foil - electrode separator - separator - electrode - graphite foil. The SC devices were
soaked in electrolyte for 5 min and then placed between two thick
plastic plates as support; see Figure 3.7. During measurement, 1000
g of weight was placed on top of the SC to ensure that all samples
remained flat and underwent the same pressure.

Figure 3.7: Photograph of; a) electrode-coated graphite foil (left) and electrodecoated paper separator (right), and b) the assembled SC-device. The measuring
equipment was connected to the protruding contacts of the SC assembly with fourpoint probes, where the voltage was measured on the same side of the current
collector as the electrode was connected and the current was measured on the
opposite side.

3.4
3.4.1

Microscopy
Transmission electron microscopy (TEM)

To confirm the presence of graphene in Paper I and analyze the
structural change in the exfoliated material in Paper II, sample grids
were prepared for a TEM. The suspensions were diluted to a solids
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content of 0.0047 %, and one droplet (30 mg) was applied to the center
of each TEM grid. The microscope used was a JEOL-2000FX.
3.4.2

Scanning electron microscope (SEM)

To analyze the particle size distribution in the suspensions in Paper II
for 5 and 10 passes, one droplet of the diluted suspensions (0.0047 %)
was applied on an aluminum SEM sample stub. The particles were
characterized in size by image analysis in a ZEISS EVO-50 SEM. To
determine the particle size, predefined squares in the image, in which
each particle could fit, were used. Total 2645 particles were characterized from the two suspensions. To estimate the concentration of
the smallest particles, UV-Vis spectroscopy was performed on the top
phase of a sedimented sample from 10 passes with a Shimadzu 1800
spectrophotometer (with an absorbance at 660 nm and an extinction
coeﬃcient of 1060 mlmg 1 m 1 ).
In Paper III, 100 µl of the diluted suspensions (0.015 %) was spin
coated onto silicon wafers at a speed of 500 rpm for 10 s followed
by 3000 rpm for 20 s. 1 cm2 heavily doped silicon wafer chips from
Ted Pella (16006) were used, mounted on an aluminum scanning
electron microscope sample stub. Six wafer chips were prepared for
each suspension. The flake size distribution was investigated using a
field emission scanning electron microscope (TESCAN MAIA3-2016)
at 3 kV. The 1 cm2 silicon wafer was divided into 9 (3x3 mm) sections (3 rows and 3 columns). To obtain a fair representation of the
particles, the center and left center section was imaged. Each section
was analyzed with 900 (30x30) images using a view field of 100 µm
(magnification: 5537x). The image resolution was set to 49 nm per
pixel.
To determine the flake size distribution, the particles were characterized in size by image analysis using ImageJ software. The contrast
and brightness settings during the image acquisition of all of the SEM
images were kept constant to simplify the grayscale thresholding.
Before thresholding, the images were filtered three times using a
median filter of 1 pixel size. Most of the flakes were easy to separate
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from the background due to the substantial diﬀerence in the intensity
values, and the automatic thresholding plugin RenyiEntropy was
the most suitable for our 16-bit images. Some of the flakes that were
not thin and flat in the SEM images and had both dark and white
areas and therefore, the grayscale thresholding was insuﬃcient. These
flakes were removed from the automated ImageJ algorithm and processed manually. For these flakes, an edge detection procedure was
used instead of grayscale thresholding. Finally, all the flakes in the
image data set were counted and their areas were measured. Flakes
overlapping the image borders were discarded from the data set. The
final statistical data set of 2472 measured particles was subsequently
used for the size distribution histogram.
To analyze the electrode structure in Paper IV, images of the electrodecoated graphite foils were obtained using a Zeiss Merlin field emission
scanning electron microscope (FESEM). Secondary electron images
(SEIs) were generated using a 5 kV accelerating voltage and an in-lens
detector.
In Paper V, SEM images were obtained to analyze structural differences in the coatings due to the choice of substrate. Cross-section
images of the electrode-coated substrates were obtained using a field
emission scanning electron microscope (TESCAN MAIA3-2016) at
5 kV. The cross-section samples were cut with a IM400 Ion milling
system from Hitachi and then coated with 5 nm of Iridium by sputtering.
3.4.3

Atomic Force microscopy (AFM)

In Paper I and II, to analyze the particle thickness in the processed material, samples were prepared for AFM. The suspensions was diluted
to a solids content 0.0047 % and one droplet (30 mg) was applied to
the center of a 1 x 1 cm silicon wafer substrate. Four samples were
prepared for each dispersion. The microscope used was a Dimension
AFM with a Nanoscope IIIa controller from Digital Instruments.
In Paper III, 100 µl of the diluted suspensions from 10 passes (0.015
page | 45

Chapter 3. Experimental

%) was spin coated onto silicon wafers at a speed of 500 rpm for
10 s followed by 3000 rpm for 20 s. For thickness measurement and
graphene layer determination, 4 cm2 silicon wafer chips with 90 nm
silicon dioxide layer (Graphene Supermarket, USA) were used to
obtain better optical contrast. Six wafer chips were prepared for each
suspension, and the AFM measurements were performed in room
temperature at atmospheric pressure with a Nanosurf Easyscan 2
AFM using the tapping mode and ACLA SPM probes (APP NANO,
USA).
3.4.4

Raman spectroscopy

In Paper III, the flake thickness was measured using Raman spectroscopy and atomic force microscopy (AFM). Raman spectra have
characteristic peaks that provide information regarding the number
of carbon layers present in each flake. For thicker flakes, from approximately 5 layers, the Raman spectra became more similar to the spectra
of bulk graphite. AFM, although a precise tool, is too slow to analyze
large data sets. Therefore, AFM was used only to verify and calibrate
the Raman method in this study. Xiao-Li Li et al. [98] demonstrated a
robust and fast method to identify the layer number of graphene flakes
on silicon/silicon dioxide substrates by comparing the intensity ratio
of the Si peak of the Si/SiO2 substrate underneath the graphene flakes,
I(SiG), and the Si peak from the bare Si/SiO2 substrate, I(Si0). This
ratio was set corresponding to the flake thickness measured by AFM
and plotted in a Lin-Log diagram. I(SiG) / I(Si0) slightly diﬀers with
the Silicon oxide layer thickness, laser wavelength and the numerical
aperture of the Raman microscope. Both Raman spectroscopy and
AFM were used to determine this ratio in the current system, with
tape exfoliated flakes of highly oriented pyrolytic graphite (HOPG)
of diﬀerent thicknesses. The laser wavelengths and silicon oxide layer
thicknesses used were the same as those used by Xiao-Li Li et al.
Curve fitting was used to generate a trend line which is plotted in
Figure 3.8. The Raman spectra of the tube-shear exfoliated flakes were
mapped using a Raman microscope (Horiba XploRA PLUS, 100 mW
solid state laser with 532 nm excitation wavelength and 1000x optical
magnification, and NA: 0.9) in the frequency range of 400-3000 cm 1 .
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Line scans and maps were generated over the flakes with a step size
of 0.1 µm to 0.5 µm. The spectral focus was adjusted at every point to
maximize the silicon signal and correct for any substrate slope. The
intensity I(Si0 ) was selected from the points outside the particle in
the scan. The mean value of three points was used for both I(SiG )
and I(Si0 ) for each particle. The ratio was calculated and translated to
thickness with the trend line in figure 3.8.

Figure 3.8: a) The ratio I(SiG) / I(Si0) as a function of the flake thickness. The red
(+) markers show experimental ratio data from Xiao-Li Li et al. [98] as a function
on layer number, N. The blue ( ) markers show experimental data from our study
using tape exfoliated HOPG flakes in the Horiba XploRA PLUS Raman system as a
function of the measured thickness in nm along with a fitted trend line.

3.5
3.5.1

Measurements
Electrical resistivity

To calculate the electrical resistivity of the electrodes, the sheet resistance and thickness were measured and multiplied together. The
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sheet resistance was measured using a Keithley 2611A four-pointprobe system, and the thickness was measured using a Mahr Millitast
1083 digital indicator. The thickness measurements were performed
immediately after drying and weighing. Sheet resistance measurements were performed after the samples had been kept for 24 h at
room temperature. All measurements were performed on several
points for each electrode, and the mean values were used. The weight
measurement was performed using a Mettler Toledo XS204 Analytical
Balance with a readability of 0.1 mg and a repeatability of 0.07 mg.
3.5.2

Electrochemical properties

To analyze the electrochemical properties of the SCs with respect
to the capacitance and equivalent series resistance (ESR), galvanostatic cycling (GC or constant-current charge-discharge) and cyclic
voltammetry (CV) were used. Galvanostatic cycles were measured
using a LabVIEW-based PXI system. The data collected were analyzed
according to the method described by Stoller and Ruoﬀ [54]. The
capacitance, C, of the SCs was calculated from the discharge curves
as,
dt
C⇤I·
,
(3.1)
dV
where I is the discharge current, t is the discharge time, and V is the
cell voltage. The specific capacitance, C sp , was calculated as,
C sp ⇤ 4 ·

C
,
2·m

(3.2)

where m is the mass of one electrode. The ESR was calculated by
dividing the resistive voltage drop generated between charging and
discharging by the change in current. Using the same cell configuration and contacts, CV was performed on the units with a VersaSTAT4
potentiostat galvanostat system from Princeton Applied Research
(AMETEK Ccientific Instruments, USA). In CV, the specific capacitance, C sp , was calculated from the current plateaus in the discharge
curves using Equations (3.1) and (3.2).
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RESULTS AND
DISCUSSION
4.1

Nanocellulose binder system (Paper I)

In Paper I, my colleagues and I investigated the use of coarse CNF as
a binder in the nanographite electrodes to improve the mechanical
strength. Five diﬀerent amounts of CNF were used, ranging from
0 % to 20 % in steps of 5 percentage points with respect to to the
nanographite content. Besides the mechanical stability, the electrode
structure was examined in SEM and the electrodes were tested electrically using sheet resistance measurements and electrochemically
in SCs to measure the device capacitance.

Figure 4.1: Mechanical stability of nanographite electrodes. a) Nanographite electrode with 0 % CNF and b) a nanographite electrode with 10 % CNF. c) A wet
nanographite electrode without CNF in SC operation and d) a wet nanographite
electrode with 10 % CNF after SC operation.

From Figure 4.1a and 4.1b, it is evident that CNF significantly increased the mechanical stability of the electrodes. Without CNF, the
electrodes were considerably brittle and broke easily under light load
while electrodes with at least 5 % CNF showed suﬃcient durability.
The mechanical stability improved with further addition of CNF. In
Figure 4.1c and 4.1d, it is evident that CNF also increased the wet
strength of the electrodes, making them suﬃciently stable for SC application and testing. Electrodes without CNF fell apart after coming
in contact with the electrolyte while the CNF containing electrodes
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retained their shape even in SC operation. Furthermore, the addition of CNF enhanced the dispersion stability of the nanographite
suspension. The left image in Figure 4.2 shows two nanographite
suspensions 10 min after mixing with water. The left vial contained
only nanographite and the right vial had an addition of 10 % CNF. The
figure shows that the suspension with CNF remains well dispersed
and no agglomerates were initially observed. After four hours, we
observed small amounts of agglomerates at the bottom of the right
vial. The suspension without CNF agglomerated and sedimented
within a few minutes. The electrodes containing at least 10 % CNF
also showed good bendability, both in dry and wet states which is
demonstrated in the right image in Figure 4.2

Figure 4.2: The left image shows the stability of nanographite dispersions without
CNF (left vial) and with an addition of 10 % CNF (right vial). The right image shows
a bent nanographite electrode with an addition of 10 % CNF.

The electrode sheet resistance was initially low and increased exponentially with higher amounts of CNF, from 0.135 ⌦sq 1 without CNF
to 2.039 ⌦sq 1 with 20 % CNF. The electrochemical measurements
showed the highest capacitance for the electrode containing 10 %
CNF with approximately 80 mF. The electrode with 5 % CNF showed
similar capacitance while the electrodes with 15 % and 20 % CNF had
a capacitance of 76 mF to 77 mF. SEM cross-sections of the electrode
without CNF and the electrode with 10 % CNF showed a similar
uniform and porous structure; see Figure 4.3. No internal structural
change was visible, and we assumed that the small diﬀerence in
capacitance could be due to an improvement in ion permeability such
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that the CNF might have served as channels in the nanographite
electrodes.

Figure 4.3: SEM cross-section image of the a) nanographite electrode without
CNF and b) nanographite electrode with an addition of 10 % CNF. The scale bar
represents 2 µm.

This study demonstrated that addition of CNF significantly improved
the stability of nanographite suspensions as well as mechanical stability in nanographite electrodes, thus indicating that nanocellulose
binder systems can be used in supercapacitors. An addition of 10 %
CNF showed increased capacitance in the electrodes and was suﬃcient to achieve good stability and strength while maintaining a fairly
low electrode sheet resistance.

4.2

Tube shear exfoliation (Paper II)

In Paper II, I described a novel process to mechanically exfoliate
industrial quantities of nanographites from graphite in an aqueous
environment, with low energy consumption and at controlled shear
conditions. The process was based on hydrodynamic tube-shearing
in laminar flow and could produce nanometer-thick and micrometerwide flakes of nanographite with a production rate exceeding 500 gh 1
and energy consumption of approximately 10 Whg 1 . The process
design allows for scaling to even higher production rates using an
improved pump and multiple tubes in parallel.
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The shear zone used was a 1-m long tube with an inner diameter of 2 mm. The pressure was kept constant at 50 bar with an initial
flow rate of 4.95 Lmin 1 . The suspension passed the shear zone 10
times (10 passes). The flow rate decreased from 4.95 Lmin 1 to 4.27
Lmin 1 during the 10 passes, corresponding to a change in dynamic
viscosity from 23.7 mPas to 27.6 mPas. The calculated shear rate
reduced from 1.05⇥105 s 1 to 0.91⇥105 s 1 . The calculated Reynolds
number (Re) decreased from an initial value of 2217 to 1642, indicating
that the flow was laminar but close to the transition zone where both
laminar and turbulent flow can exist.
Figure 4.4a and 4.4b show typical particles found in the exfoliated
suspension after five and 10 passes, respectively. After five passes,

Figure 4.4: TEM images of particles from the process after a) 5 passes and b) 10
passes.

it was observed that the material is partially exfoliated with both
thick (dark) and thin (bright) sections. After further exfoliation (10
passes), we found a higher amount of well-exfoliated flakes that look
like graphene. It is to be noted that the two images have diﬀerent
scales. Thin flakes can be found in both suspensions, but it can clearly
be seen that the amount of well-exfoliated flakes increases with an
increased number of passes. The flakes are very large in terms of
their area, and their transparency suggests that we obtained singleor few-layer graphene flakes.
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The AFM images showed that most of the nanographite flakes were
partly folded or wrinkled and did not lie flat against the silicon wafer
substrate as shown in Figure 4.5. The measured average flake thickness after 10 passes was in the range of 10 nm to 20 nm.

Figure 4.5: AFM image of a partly folded flake found in the suspension after 10
passes with corresponding height profile along the indication bar. The measured
flake thickness was 9.12 nm and the flake fits a frame size of 7.5 ⇥ 7.5 µm.

The SEM particle size analysis showed that most flakes have widths in
the size range between 2 µm and 5 µm. The particle size distribution
is shown in Figure 4.6. In the TEM images, even smaller thin flakes,
in the order of a few hundred nanometers, are visible. These were
diﬃcult to observe in the SEM due to the instrumental resolution;
therefore, the amount of flakes with a surface size below 1 µm was
probably much higher than the value stated in Figure 4.6. The frame
size represents the surface size of the particles and does not denote
the particle thickness. The particles’ transparency in the SEM analysis
was used to determine if the particles were thick or thin. The partipage | 53
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cles appear to become thinner with the increasing number of passes
although they retain a relatively high surface area.

Figure 4.6: Particle size distribution from SEM image analysis.

This exfoliation process enables a fully controlled production process
in which all the material in the suspension passes the shear zone once
during each pass and all parameters can be monitored and controlled.
We observed that the pressure, flow rate, and number of passes in
the process are crucial to the quality of the output. During process
optimization, we observed that high pressures and fully developed
turbulent flows combined with numerous suspension passes caused
over-shearing and cracked the flakes into smaller fragments. We
also observed that the geometry of the shear zone was crucial for
the quality of the nanographite; the use of a long straight tube and
laminar flow appeared to generate shear forces that seemed strong
enough to exfoliate the graphite into large sheets without significant
cracking. In the initial exfoliation trials in the project, we also observed
that strong turbulent flows and poorly defined shear zones result
in various forces acting on the particles which are diﬃcult to calculate.
A disadvantage of the tube-shearing process is the limitations in the
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maximum suspension concentration; these limitations arise because
suspensions are pumped into a tube and the pump has a maximum
allowed viscosity. We experienced that suspension concentrations
above 2 % have a high viscosity, which negatively influences the flow
characteristics and creates pumping diﬃculty. Another disadvantage
is the design restriction on the tube geometry which limits the adjustment of production rate. This restriction is due to the requirement that
the flow rate through the tube must be constant to achieve constant
shear conditions. A lower flow rate significantly reduces the shear rate
and thereby the shear forces, while increased flow rates push the flow
into fully developed turbulent flow. However, scaling can be readily
achieved by increasing the number of tubes in the process equipment,
keeping the flow rate through each tube constant. The particle size
determination only indicates what can be achieved with the process
due to the diﬃculty of determining an exact size distribution for the
exfoliated particles. Even if microscopy is performed on thousands of
particles, it is still performed on only a fraction of the particles that
exist in the batch.

4.2.1

Nanographite-CNF composite

In addition to the large-scale exfoliation, to facilitate large-area coating,
we show that the nanographite can be mixed with cellulose nanofibrills
during the exfoliation process to form highly conductive, robust, and
environment-friendly composites. The obtained composite had a
sheet resistance less than 1.75 ⌦/sq and an electrical resistivity of
1.39 ⇥ 10 4 ⌦m implying that it might be useful as a conductive matrix
around active material in several applications ranging from SCs and
batteries to printed electronics and solar cells. The conductivity of
these composites stands out in comparison with the conductivity of
commercial conductive carbons such as carbon black. The resistivity
of the composites is one to two orders of magnitude lower than the
resistivity of commercial conductive carbons [99]. This nanographiteCNF composite is cost-eﬃcient and environment-friendly and serves
as the foundation for our low-cost concept for metal-free SCs described
in Paper IV.
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4.3

Effects of shear zone geometry (Paper III)

In Paper III, I investigated the eﬀects of shear zone geometry in
the large-scale tube-shear exfoliation system to obtain a deeper understanding of the exfoliation mechanism and the requirements to
achieve eﬃcient mechanical exfoliation of graphite to graphene and
multilayer graphene in water suspensions. Two geometries were
investigated: a straight tube geometry called S1 and an helical coil
tube called S2 both with the same length and diameter. Due to different centrifugal forces across the width of a curved tube, the flow
in such geometry becomes more complex and secondary flows are
introduced [100, 101]. We simulated this flow behavior in a helical coil
tube and a straight tube and compared the results with experimental
data. The simulation was based on the fluid, with experimentally
measured viscosity, without considering to particle interaction. The
simulation results demonstrate that the laminar shear stress contribution is insuﬃcient for exfoliation while the turbulent local wall
shear stress is in the range to overcome the interlayer shear strength
of graphite. This indicates that the exfoliation occurs at the tube wall
and not in the flow gradient as suggested in Paper II. Furthermore,
the experimental results indicated that the helical coil tube had a
more eﬃcient geometry compared to the straight tube, generating
a flake size distribution shifted to smaller and thus thinner flakes.
Both geometries showed exfoliation of graphite to micrometer-wide
and sub- to few nanometer-thick flakes, indicating that the process is
eﬃcient enough to produce multilayer graphene.
4.3.1

Fluid simulation

The change in the average pressure at the entrance of the tube implies
that a steady state is gradually established after approximately t =
0.02 s in both geometries. On average, the fluid velocity was slightly
higher in S2 compared to S1. The flow at the entrance of the tubes
was calculated to be 3.85 Lmin 1 which is lower than the measured
experimental flow of 4.95 Lmin 1 . This implies that the constant fluid
velocity of 26.3 ms 1 might underestimate the flow behavior. The
Reynolds numbers were calculated using the maximum average velocpage | 56
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ity and were 1.6 ⇥ 105 for S1 and 1.7 ⇥ 105 for S2. The Reynolds number
values suggest that the flows in both geometries were turbulent which
was also understood from the flow patterns.

Figure 4.7: Fluid velocity in S1 and S2 for pass 0. a) The fluid velocity vectors in
S1. b) The fluid velocity vectors in S2. c) The contours of the average velocity at the
central region of the length of S1. d) The contours of the average velocity of S2 at a
region far from the tube entrance.

Figure 4.7a and 4.7b show the fluid velocity vectors in S1 and S2,
respectively. A distinct diﬀerence between S1 and S2 was the swirling
flow in S2 that continued throughout the coil. Figure 4.7c shows the
contours of the average velocity at the central region of the length
of S1 at t = 0.1 s, and Figure 4.7d shows the contours of the average
velocity at t = 0.1 of S2 at a region far from the tube entrance. Comparing these two figures reveals details of the flow patterns in the two
geometries: on average, the velocity profile gradient in the straight
tube was parabolic peaking at the centerline of the tube, while the
velocity profile in the helical coil tube was maximum close to the tube
wall at the side of the outer helix radius.
Figure 4.8a and 4.8b shows the magnitude of instantaneous fluid
velocity in S1 and S2 respectively at t = 0.100 s, t = 0.102 s, and t =
0.104 s. The mixing eﬀect was clearly visible in the irregular velocity
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Figure 4.8: Magnitude of instantaneous fluid velocity at t = 0.100 s, t = 0.102 s and
t = 0.104 in a) S1 and b) S2.

fluctuations. The expansion and reduction of the regions where the
fluid velocity is close to zero was notable. The measured flow at the
entrance of the tubes was used along with Equation 2.6 to calculate
the laminar shear rate and shear stress. The average fluid velocity
from Figure 4.7c and 4.7d and the local fluid velocity at the tube wall
from Figure 4.8a and 4.8b were used along with Equations 2.7 and 2.9
to calculate the average wall shear stress and local wall shear stress
in the exfoliation process. The shear rate was 1.1 ⇥ 105 s 1 in S1 and
3.2 ⇥ 105 s 1 in S2. The calculated shear stress is shown in Table 4.1.
The corrected values (corr.) can be calculated considering the flow
diﬀerence between the numerical simulation and the experimentally
measured flows.
Shear stress (laminar)
Average wall shear stress (turbulent)
Local wall shear stress (turbulent)
Average wall shear stress, corr. (turbulent)
Local wall shear stress, corr. (turbulent)

S1 [Pa]
4.6 ⇥ 101
6.8 ⇥ 104
2.7 ⇥ 106
1.1 ⇥ 105
4.4 ⇥ 106

S2 [Pa]
1.4 ⇥ 102
8.0 ⇥ 104
3.5 ⇥ 106
1.3 ⇥ 105
5.7 ⇥ 106

Table 4.1: Shows the laminar and turbulent shear stress contribution for both geometries in the tube-shear exfoliation system. The corrected values (corr.) are calculated
considering the flow difference between the numerical simulation and experimentally
measured flows. The interlayer shear strength for graphite ranges between 0.25
MPa to 0.14 GPa such that the upper range is for defect-free single crystal graphite.
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4.3.2

Exfoliation

The SEM particle size distribution analysis showed a similar distribution shape for both geometries, but the distribution for S2 shifted to a
smaller flake size compared to S1; See Figure 4.9.

Figure 4.9: Histogram of the particle size distribution after 10 passes for S1 and
S2 from SEM image analysis. The size is presented as flake area, the x-axis is
logarithmic and the well-width is doubled for each well starting at 0.005 µm2 .

This could be explained by the more eﬃcient geometry of S2 compared to the straight tube S1. The S2 tube was designed to create more
turbulent flow closer to the tube wall to exceed the shear stress levels
required for proper exfoliation.
The flake thickness distributions (particle thickness versus size) were
similar for both geometries. When the flake size (that is, the flake
surface area) is small, the flake is also found to be thin, but the
variation of the thicknesses distribution increases as the flake sizes
become smaller; see Figure 4.10b. The results demonstrate that flakes
with sizes smaller than a few µm 2 have a thickness in the sub- or
few-nanometer range, thus indicating that the process is eﬃcient
enough to produce multilayer graphene.
The simulation results demonstrate that the laminar shear stress
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Figure 4.10: a) The ratio I(SiG) / I(Si0) as a function of the flake thickness. The blue
( ) markers show experimental data from the tape exfoliated HOPG flakes in the
Horiba XploRA PLUS Raman system as a function of the measured thickness in nm
along with a fitted trend line. b) Particle thickness distribution for S1 and S2 after 10
passes.

contribution is insuﬃcient for exfoliation while the turbulent local
wall shear stress is in the range to overcome the interlayer shear
strength of graphite but still at the lower end of the range. This suggests the possibility that graphite particles with higher crystallinity
still might not get exfoliated in the process, which could explain
the measured broadening in the flake thickness distribution. If a
simple exfoliation model is assumed to describe the process wherein
the particles are continuously split in half, the outcome would be
a particle thickness distribution that grows narrower over time as
the exfoliation process continues. However, the results demonstrate
that there is a broadening in the thickness variation when the flakes
become smaller, indicating that a simple exfoliation model is not
suﬃcient to describe the results. The reason behind the broadening
of variation has not been investigated in this study, but based on the
previous discussion, it is suggested that it must be either a more compage | 60
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plex exfoliation process or several competing processes. For example,
a subgroup of competing processes could be that the initial expanded
graphite material is separated into at least two diﬀerent fractions that
are aﬀected diﬀerently by the process due to higher crystallinity. This
would lead to a broadening of the flake thickness variation.
Considering the exfoliation mechanism, the exfoliation in our earlier
experiments was implied to be a cause of the shear forces in the
laminar flow gradient (as suggested in Paper II). However, after simulation and calculation within this study, we found that the laminar
shear forces were too weak to exceed the shear stress in graphite even
when considering the higher fluid viscosity generated by the more
expanded graphite material used in Paper II. This indicates that our
system had, at least partly, a turbulent flow pattern with localized
and highly dissipative regions generating suﬃcient wall shear stress
for exfoliation.

4.4

Metal-free supercapacitor (Paper IV)

In Paper IV, I describe the use of graphite foil as a competitive current collector in low-cost SCs with aqueous electrolytes. Due to the
aggressive nature of aqueous electrolytes, electrochemically stable
materials must be used in the current collector to avoid corrosion
or other adverse reactions in the device. Most commercial SCs with
organic electrolytes use aluminum foil as the current collector but due
to this issue, more corrosion-resistant materials are used with aqueous
electrolytes such as stainless steel, titanium, nickel, and platinum.
In previous experiments that involved the direct casting of electrodes onto stainless steel foil, we experienced a high series resistance
and poor adhesion between the electrode and current collector in
the SC devices. Despite testing with etched and structure-modified
surfaces on the stainless steel foil, the interfacial resistance between
the electrode and current collector remained high. We were unable to
obtain a series resistance of less than 5 ⌦ with this coating method;
this value is one to two orders of magnitude higher than what is
usable in SC applications.
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Graphite is commonly used as an electrode in electrochemically demanding environments so we chose to evaluate high-purity graphite
foil without adhesives as current collector in our low-cost SC concept. The experiments showed a low interfacial resistance due to a
favorable carbon-carbon interface and a series resistance of 0.1 ⌦
obtained without the use of vacuum drying at an elevated temperature or calendering. Unfortunately, the cost of graphite foil is higher
than that of aluminum foil. However, compared with well-known
corrosion-resistant materials such as stainless steel, titanium, nickel,
and platinum, graphite foil has a significantly lower cost and foil
weight, making it suitable for low-cost SCs.
4.4.1

Influence of activated carbon (Paper IV)

In Paper IV, I also investigate the influence of increased proportion of
activated carbon in the electrode-coated graphite foil with respect to
the series resistance and capacitance. The fundamental idea was to
use the low-cost nanographite-nanocellulose composite as a highly
conductive matrix filled with high surface-area activated carbons to
obtain an electrode with a low electrical resistance despite the poor
conductivity of porous carbon.
Samples with diﬀerent nanographite to activated carbon mixing
ratios of were prepared and tested. All samples included the addition
of 10 wt% CNF as the binder. The mixing ratios ranged from equal
parts of both materials to a ratio of 10 % nanographite: 90 % activated
carbon with 10 % steps in between (for samples A to E). The samples
with lower amounts of activated carbon exhibited good adhesion to
the graphite foil and low electrical resistivity of the electrode. The
samples with higher amounts of activated carbon (> 80 %) suﬀered
substantial shrinkage during drying, poor adhesion to the graphite
foil, significant brittleness, and high electrical resistivity. Figure 4.11
shows SEM-images of the electrode-coated graphite foil from samples
A and D. From the surface images 4.11a and 4.11b, it is apparent that
the NFC forms a web-like structure holding the nanographite and
AC together. Furthermore, it can be assumed from the same images
that NFC also formed a film covering the AC particle (to the right
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in the images) as they acquired a cloud-like surface with soft edges
which are not visible on the nanographite particles (to the left in the
images). The cross-sectional images show that both samples A and
D have relatively large cavities or gaps between clusters of particles
which could be reduced if the electrodes were compressed. The solid
gray area at the top of Figure 4.11c is the graphite foil.

Figure 4.11: Surface SEM images on a) sample A and b) sample D showing the
web-like nanofibrillated cellulose (NFC) structure between particles of nanographite
and AC. c) and d) show cross-section images of sample A and D, respectively.

Figure 4.12a shows data plots of the measured specific capacitance
of the samples along with the calculated theoretical surface area of
the samples based on BET-data from the nanographite-CNF composite and the activated carbon. Figure 4.12b shows a bar plot of
the SC series resistance and electrical resistivity of the electrode and
electrode-coated graphite foil for samples A to D. Sample E, with 90
% activated carbon, could not be evaluated due to excessive shrinkage
and deformation during drying.
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Figure 4.12: (a) The measured specific capacitance on SC units from samples A
to D from both galvanostatic cycling (blue, O) and cyclic voltammetry (green, ).
The red plot (+) corresponds to the theoretical specific surface area of the electrode
based on the material composition. (b) Bar plot of SC series resistance (ESR), the
electrical resistivity in the electrode-coated graphite foil (ECGF ⇢) and the electrical
resistivity of the electrode film (EF ⇢) for samples A to D. The value axis has a
logarithmic scale.

The electrical resistivity measurements showed that there was a
low interfacial resistance between the graphite foil and the electrode.
The electrical resistivity in the electrode-coated graphite foil was
more than one order of magnitude lower than that in the electrode
film. Despite the sizeable diﬀerence in electrical conductivity in the
electrodes, the ESR was fairly low for all samples, indicating that the
graphite foil is a good candidate for use as a current collector. The ESR
was also low compared to other aqueous SCs [102, 103], and it could
potentially be decreased further by vacuum drying the electrodes at
elevated temperature and subsequent calendering.
Figure 4.13a to 4.13c shows I-V curves from CV measurements of SC
units A to D with three diﬀerent scan rates, 10 mV/s (a), 20 mV/s (b),
and 30 mV/s (c). The shapes of the CV measurements indicate that no
reactions occurred other than the electrostatic charging and discharging. The diﬀerences among the units were evident from the curve
shapes and the current plateaus, which showed higher capacitance
(plot area) for units with grater amounts of activated carbons. This
was most pronounced at a scan rate of 10 mV/s; at higher scan rates
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the curvature shifted substantially for units C and D. The diﬀerent
curve shapes further indicated that, with increasing amount of AC,
a higher cell voltage is required to obtain the same charge current
density as that of unit A (the bending distance is longer for units B
to D), thus indicating greater resistance to charge transfer (charge
propagation) in the electrode. This is most evident at scan rates of 20
mV/s and 30 mV/s and might be a result of a higher electrode resistance combined with a higher surface area, further leading to longer
diﬀusion times for the ions. Additionally, the current plateaus at 10
mV/s were flat or slightly bent during discharging but steeper during
charging. This eﬀect was more pronounced in the voltammograms of
units with greater amounts of AC and might be a direct result of unit
leakage current. The leakage current was generated from the internal
resistance and thus increased with increasing cell voltage, resulting
in a measured charge current greater than the measured discharge
current.

Figure 4.13: I-V curves from CV measurements with scan rates of: (a) 10 mV/s, (b)
20 mV/s and (c) 30 mV/s. Constant current curves from GC with current densities of:
(a) 0.8 A/g (2.5 mA/cm2 ), (b) 1.6 A/g (5 mA/cm2 ) and (c) 2.4 A/g (7.5 mA/cm2 ).

Figure 4.13d to 4.13f shows constant-current curves from GC of the
same units with three diﬀerent charge and discharge current densities.
The current densities were (d) 0.8 A/g, (e) 1.6 A/g and (f) 2.4 A/g.
The results indicated that the charging curves of units B to D were
more bent and had a higher resistive drop than of unit A which
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can be linked to the bending distance in the CV curves. Figure 4.13f
clearly shows a poor charge propagation for units C and D, which
could be related to a poor contact due to the large cavities shown
in Figure 4.11d. An ideal SC during constant-current charge and
discharge exhibits linear charge and discharge curves. The diﬀerence
in discharge times corresponds to the unit capacitance for the given
discharge current. The resistive voltage drop is caused by the ESR of
the device.
The low-cost electrode materials had approximately half the specific capacitance of commercial SCs but more than a 90 % reduction in
the cost, thus making it suitable for large-scale applications without
a strict space limitation, such as stationary use.

4.5

Roll-to-roll coating on different substrates (Paper V)

In Paper V, I demonstrate a scalable coating route for nanographite
suspensions and investigate the influence of substrate in roll-to-roll
coated nanographite electrodes for metal-free supercapacitors in
terms of electrode sheet resistance, SC device specific capacitance
(Csp ), and ESR; samples with two diﬀerent substrates were prepared,
graphite foil (current collector) and kraft paper (separator). The substrates were coated with nanographite-nanocellulose suspension in
a continuous roll-to-roll coater with slot-die applicator. One and
two layers were applied on each substrate with 300 µm wet coating
thickness for each layer. All samples showed good adhesion to the
substrate and resulted in fairly smooth electrodes.
The study demonstrated a possible large-scale route for manufacturing nanographite-nanocellulose electrodes. With a slot-die applicator,
it is possible to obtain electrodes with suﬃcient coat weight for supercapacitor applications even at a suspension solids content of 3.5 %.
The result showed diﬀerences in both electrode and device properties
for electrodes coated onto the paper separator versus the contact in
aqueous supercapacitors. The coating thicknesses were lower and
more dense for the graphite foil samples compared to the samples
coated on the paper separator. Furthermore, the samples with two
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layers of electrode coating showed much lower specific capacitance
compared to the samples with one layer; this indicates that either
the actual coat weight was lower than calculated or that a part of the
material in the electrode could not be accessed by the ions. In terms
of specific capacitance, the electrode-coated graphite foil samples
were superior to the electrode-coated paper separator. However, the
diﬀerence in ESR due to interfacial resistance between electrode and
current collector was much lower than expected. Furthermore, the
specific capacitances are significant in a wider perspective. Compared
to commercially available electrode material and advanced new developments the specific capacitance is low. However, considering the
low-cost materials used, the potential low-cost production process and
the fact that the electrodes only contains nanographite and cellulose,
the performance per unit cost was high.
4.5.1

Roll-to-roll coating of nanographite suspensions

The nanographite suspension used was exfoliated according to the
method in Paper II and mixed with 10 wt% CNF followed by adjustment of the solids content to 35 gl 1 by removing water with filtration.

Figure 4.14: Photographs of the coated substrates where (a) GF300 and (b) GF600
are the graphite foil samples with one and two layers of 300 µm wet coating, respectively, and (c) KP300 and (d) KP600 are the kraft paper samples with one and two
layers of 300 µm wet coating, respectively.
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Figure 4.14 shows photographs of the coated substrates where (a)
GF300 and (b) GF600 are the graphite foil samples with one and
two layers of 300 µm wet coating, respectively, and (c) KP300 and (d)
KP600 are the kraft paper samples with one and two layers of 300 µm
wet coating, respectively. It is apparent that the coated kraft paper
has some wrinkles which are absent for the graphite foil; this is due
to swelling and shrinking of the substrate during coating and drying.
The measured coating thickness was approximately 50 µm for GF300,
60 µm for KP300, 70 µm for GF600, and 110 µm for KP600, which fits
well with the SEM cross-section images.

Figure 4.15: SEM cross-section images of a) GF300, b) KP300, c) GF600 and d)
KP600, with a view field of 400 µm in width. e) and f) shows low magnification
images of GF600 and KP600 cross-sections, respectively, and g) and h) shows high
magnification cross-sections of the electrode in GF600 and KP600, respectively.

Figure 4.15 shows cross-section images of the coated substrates. Figure
4.15a to 4.15d shows GF300, KP300, GF600 and KP600, with a view
field of 400 µm in width and a magnification of 692x. Figure 4.15e and
4.15f shows the cross-sections from GF600 and KP600 with a view
field of 1000 µm, and Figure 4.15g and 4.15h shows cross-sections
with a higher magnification of the electrodes with a 40 µm wide view
field. From the SEM cross-sections, it is clearly visible that there are
diﬀerences in coating thicknesses between the substrates for both one
and two layers of coating. All images are oriented with the substrate in
the bottom (solid gray). The coating thickness varies slightly along the
cross section but is approximately 50 um for GF300, 60 um for KP300,
70 um for GF600, and 110 um for KP600, which fits well with the
thicknesses measured with the digital indicator. In Figure 4.15g and
4.15h, it is evident that the GF600 electrode is more dense (smaller
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pores) compared to the electrode in KP600; this is also visible in
4.15c to 4.15f even though the magnification is lower. The thickness
diﬀerence between GF300 and KP300 is much smaller but from 4.15a
and 4.15b it is possible to see a slightly more dense electrode in
GF300 compared to KP600. This is most likely a calendering eﬀect
in the last rolls of the coating setup in which the electrode faces the
rolls and passes a nip before rewind. Diﬀerent rates of compression
are generated at this nip depending on the substrate thickness, wet
coating thickness, and web tension. Furthermore, The cross-sectional
images show that all samples have relatively large pores or cavities
between clusters of nanographite flakes. This could be reduced if the
electrodes were calendered after coating to generate more contact
area between the flakes and smaller pores with less unused volume
but probably at the expense of ion permeability.
4.5.2

Electrical measurements

Sample
GF300
GF600
KP300
KP600

Wet coat
thickness
[µm]
300
300 + 300
300
300 + 300

Dry coat
weight
[gm 1]
10.5
21.0
10.5
21.0

Sheet
resistance
[⌦ sq 1 ]
0.041
0.045
6.762
3.426

ESR
[⌦]
0.88
0.69
1.12
0.75

Specific
capacitance
[Fg 1 ]
70.0
46.3
48.3
30.8

Table 4.2: Electrode and device properties for the coated samples. The specific
capacitance is calculated from GC at a current density of 0.52 mA/cm2 . The ESR
was calculated from GC at a current density of 1.04 mA/cm2 .

Table 4.2 shows the electrode and device properties for all coated
samples. The dry coat weight was calculated from the wet coating
thickness and the solids content of the nanographite-nanocellulose
suspension. The calculated dry coat weight was 10.5 gm 2 and 21.0
gm 2 for 300 µm and 600 µm of wet coating thicknesses respectively.
Sheet resistance was measured on the electrode-coated substrates
and ESR along with specific capacitance measured on the SC-units.
All units had a symmetrical set of electrodes (equal mass loading
in positive and negative electrode); the ESR was calculated from
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galvanostatic cycling (GC) at a current density of 1.04 mA/cm2 , and
the specific capacitance was calculated from GC at a current density
of 0.52 mA/cm2 , which corresponds to 0.5 Ag 1 for one-layer samples
and 0.25 Ag 1 for two-layer samples.
The specific capacitance for GF600 and KP300 is similar to the results
in Paper IV but without the addition of 50 % to 90 % low-cost activated
carbons. GF300 stands out in this study with a noteworthy specific
capacitance with respect to the low-cost and environment-friendly
materials used. The ESR was similar or low compared to other studies
on aqueous SCs [102–104] but still high for high power applications.

Figure 4.16: GC and CV measurements of SC devices from the four different samples.
Constant-current curves from GC at charge and discharge current densities of (a)
0.52 mA/cm2 , (b) 1.04 mA/cm2 and (c) 2.08 mA/cm2 . I-V curves from CV with scan
rates of (d) 10 mV/s, (e) 50 mV/s and (f) 100 mV/s.
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Figure 4.16a to 4.16c shows constant-current curves from GC of
the four units with three diﬀerent charge and discharge current densities. The current densities were (a) 0.52 mA/cm2 , (b) 1.04 mA/cm2 ,
and (c) 2.08 mA/cm2 . The results indicated that the curve shapes of
all units were slightly bent at low cell voltage during charging and at
high cell voltage during discharge. This can be seen as a measure of
charge propagation (charge transfer) in the devices such that an ideal
linear curve shape corresponds to ideal charge propagation. This
behaviour can be an eﬀect of a high interfacial resistance between
electrode and current collector, partly due to cavities in the interface
and partly due to the fact that the devices exhibit low compression
during measurements. Since GF600 and KP600 have two layers of
electrode coating, they are expected to have approximately twice the
charge and discharge times, and thus twice the device capacitance,
compared to GF300 and KP300. It is clear from the results that GF600
has higher capacitance than GF300 and KP600 has higher capacitance than KP300 for all current densities but far from twice. It is
also apparent that at low current density, GF300 exhibits capacitance
similar to that of KP600, containing twice the amount of electrode
material. The ESR is correlated to the interfacial resistance between
electrode and current collector, the resistance of electrolyte, and the
inner resistance of ion diﬀusion in the electrode. ESR is used to
determine the rate at which the supercapacitor can be charged and
discharged, and is thus an influential factor in high-power applications. The resistive drop between charge and discharge, and thus the
device ESR, is lower for GF600 and KP600 compared to the other
devices, and it is evident that GF300 and GF600 have lower ESR than
KP300 and KP600 when comparing devices with the same coat weight.
Figure 4.16d to 4.16f shows I-V curves from CV with three diﬀerent
scan rates, (d) 10 mV/s, (e) 50 mV/s, and (f) 100 mV/s. The shapes of
the CV measurements showed that no reactions occurred other than
the electrostatic charging and discharging. The diﬀerences among the
units were evident from the curve shapes and the current plateaus
which can be linked to the curve shapes and resistive drop in GC
measurements shown in Figure 4.16a to 4.16c. The diﬀerent curve
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shapes indicated that for KP300 and KP600, a higher cell voltage
was required to obtain the same charge current density as that of
GF300 and GF600 (the bending distance is longer), indicating a higher
resistance to charge transfer in the electrode. The diﬀerence is most
evident at a scan rate of 10 mV/s and most probably results from
the ion permeability in the electrode combined with the interfacial
resistance. All devices contained two paper separators maintain identical cell structure for all samples, which leads to twice the travel
distance through the separator than required, thus leading to longer
diﬀusion times. This explanation is supported by the results at higher
scan rate which show the bending distance getting higher for all
devices. At low scan rates, the ions have suﬃcient time to diﬀuse
through the separator and into the pores of the electrode, whereas at
high rates, only a part of the ions reach the electrode with only the
easily accessible pores being accessible [11, 54, 105]. This would also
result in lower capacitance at higher current densities and high scan
rates, which is evident in the decrease of discharge times compared to
current density in GC measurements along with the plot area during
discharge in the CV measurements.
In addition to the CV and GC measurements, an ESR cycle stability
study was conducted for all units with over 2000 cycles of constant
current cycling (0 V - 1 V - 0 V) at a current density of 1.04 mA/cm2 .
This study revealed good ESR cycle stability for all samples despite
the use of low-cost materials, aqueous electrolyte, and water-based
binder solution and coating suspension. In Papers I, II, and III we
have demonstrated that high shear forces are required to produce the
nanographites and also to mix the nanographite with nanocellulose.
When the composite suspension is dried, the particles in composite
are held together by the nano-sized cellulose fibrils in a web-like
formation, forming a robust composite with good mechanical stability
and wet strength. This, along with the graphite foil current collectors,
can be an explanation to the good ESR cycle stability. It is also highly
probable that both ESR and electrode charge propagation would be
improved significantly by higher compression of the devices and,
hence, increasing the contact area between electrode particles and
between the electrode and current collector. This would, however,
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require a more advanced cell encapsulation or the use of bipolar
plates to directly stack flat cell.

4.6

Other results related to energy storage

In the related publications, not included in this thesis, other studies
can be found using the tube-shear exfoliated materials. One of them
are related to Lithium-ion batteries: Silicon-Nanographite AerogelBased Anodes for High Performance Lithium Ion Batteries.
To increase the energy storage density of LIBs, silicon anodes have been
explored due to their high capacity. One of the primary challenges for
silicon anodes are large volume variations during the lithiation processes. Several high-performance schemes have been demonstrated
with increased life cycles, utilizing nanomaterials such as nanoparticles, nanowires, and thin films. However, a method that allows
the large-scale production of silicon anodes remains to be demonstrated. In this study, my colleagues and I address this question by
suggesting a new scalable approach for nanomaterial-based anodes.
The nanomaterial-based anodes are based on a three-dimensional
porous structured silicon-nanographite aerogel fabricated following
a novel, cost-eﬃcient chemical procedure using polyvinyl alcohol as
a precursor. The silicon-nanographite aerogel electrodes have stable
specific capacity even at high current rates and exhibit good cyclic
stability. The specific capacity is 455 mAhg 1 even at 200 cycles with a
Coulombic eﬃciency of 97 % at a current density 100 mAg 1 . If further
optimization of materials is performed, this method has the potential
for future low-cost and large-scale production of high-performance
anodes for lithium-ion batteries.
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I have demonstrated a hydrodynamic tube-shearing process suitable for the production of large quantities of nanographites. This
process produces multilayer graphene as well as micrometer-wide
and nanometer-thick flakes of nanographite that can be adjusted and
optimized with shear zone geometry. The exfoliation occurs in an
aqueous environment without any toxic chemicals or organic solvents,
making it environment-friendly. The energy consumption in the process is approximately 10 kWh per kilogram of processed graphite,
confirming its low cost. Using multiple tubes in parallel to increase
the production rate, from the initial 594 gh 1 , could easily scale up
the process even further. The process is thus environment-friendly,
cost-eﬃcient, and suitable for industrial implementation.
My colleagues and I also demonstrated the production of highly
conductive and robust nanographite-nanocellulose composites, by
adding CNF during the process, which are suitable as electrode material in SC applications. The anographite-nanocellulose composite
also has the potential to be utilized as conducting coating in printed
electronics and solar cells.
Furthermore, we used the nanographite-CNF composite as a highly
conductive matrix filled with high-surface-area activated carbons
coated on graphite foil to demonstrate the design and processing of a
metal-free SC with an aqueous electrolyte. The use of graphite foil as
a low-cost and metal-free current collector yielded promising results.
The carbon-carbon interface between the current collector and the
electrode resulted in a low interfacial resistance, a significant decrease
in electrical resistivity and a low ESR in the SC device. The low-cost
electrode material had approximately half the specific capacitance
of commercial SCs but proceeded to a cost reduction of more than
90 %, thus making it suitable for large-scale applications without a
strict space limitation such as in stationary use. There remains room
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for improvement in these low-cost devices, and the series resistance
must be lowered further to make them suitable for the automotive
industry.
Additionally, to promote large-scale production of metal-free SCs,
I demonstrated a scalable coating route for nanographite suspensions and investigated the influence of substrate in roll-to-roll coated
nanographite electrodes. With a slot-die applicator, it was possible
to obtain electrodes with suﬃcient coat weight for supercapacitor
applications even at a suspension solids content of 3.5 %. The result
showed fairly smooth electrodes and good adhesion to the substrates.
Electrodes coated on graphite foil showed higher specific capacitance
compared to the electrodes coated onto the paper separator, but the
diﬀerence in ESR due to interfacial resistance between electrode and
current collector was much lower than expected and well placed compared to other studies. Compared to commercially available electrode
material and advanced new developments, the specific capacitance
was low, however, considering the low-cost materials used, the potential low-cost production process and the fact that the electrodes only
contained nanographite and cellulose, the performance per unit cost
is high.

5.1

Further work

To explore the limits of hydrodynamic exfoliation, it would be interesting to continue studying the exfoliation process to achieve even
thinner flakes and to maximize the yield without compromising the
flake area. It would also be interesting to evaluate the use of other
graphite sources to investigate how diﬀerent purities and grain sizes
influence the quality of the exfoliated material, as well as how the
process can be adjusted to attain the desired quality. Furthermore, as
a subsequent step for the SCs, additional development of the coating
process, to achieve even thicker electrodes and thus further improve
the low-cost concept, could generate significant importance for the
green energy sector. It would also be interesting to adopt this material in other applications as well as investigate the use of other
environment-friendly binder systems.
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ACRONYMS
BEV
BNC

Battery Electric Vehicle
Bacterial Nanocellulose

CMC
CNC
CNF

Carboxy-methyl-cellulose
Cellulose Nanocrystals
Cellulose Nanofibrills

DMF

N,N-dimethylformamide

EDLC

Electrical Double-Layer Capacitor

HEV

Hybrid Electric Vehicle

KERS

Kinetic Energy Recovery System

LCO
LFP
LIB
LMO

Lithium Cobalt Oxide
Lithium Iron Phosphate
Lithium-Ion Battery
Lithium Manganese Oxide

MFC

Microfibrillated cellulose

NCA
NCC
NEDC
NFC
NiMH
NMC

Lithium Nickel Cobalt Aluminium Oxide
Nanocrystalline cellulose
New European Driving Cycle
Nanofibrillated Cellulose
Nickel-Metal Hydrid battery
Lithium Nickel Manganese Cobalt Oxide
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Acronyms

NMP

N-methyl-2-pyrrolidone

PHEV
PTFE
PVA

Plug-in Hybrid Electric Vehicle
Polytetrafluoroethylene
Polyvinyl Alcohol

SC

Supercapacitor

TEMPO

2,2,6,6-Tetramethylpiperidin

WLTC

Worldwide harmonized Light vehicles Test Cycle
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