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Abstract 
Within the framework of this thesis, three innovative electrochemical devices have been 
studied. A part of the work is devoted to an already existing device, laminates which are 
debonded by the application of a voltage. This type of material can potentially be used 
in a wide range of applications, including adhesive joints in vehicles to both reduce the 
total weight and to simplify the disassembly after end-of-life, enabling an inexpensive 
recycling process. Although already a functioning device, the development and tailoring 
of this process was slowed by a lack of knowledge concerning the actual electrochemical 
processes responsible for the debonding. The laminate studied consisted of an epoxy 
adhesive, mixed with an ionic liquid, bonding two aluminium foils. The results showed 
that the electrochemical reaction taking place at the releasing anode interface caused a 
very large increase in potential during galvanostatic polarization. Scanning electron 
microscopy images showed reaction products growing out from the electrode surface 
into the adhesive. These reaction products were believed to cause the debonding 
through swelling of the anodic interface so rupturing the adhesive bond. 

The other part of the work in this thesis was aimed at innovative lithium ion (Li-ion) 
battery concepts. Commercial Li-ion batteries are two-dimensional thin film 
constructions utilized in most often mechanically rigid products. Two routes were 
followed in this thesis. In the first, the aim was flexible batteries that could be used in 
applications such as bendable reading devices. For this purpose, nano-fibrillated 
cellulose was used as binder material to make flexible battery components. This was 
achieved through a water-based filtration process, creating flexible and strong papers. 
These paper-based battery components showed good mechanical properties as well as 
good rate capabilities during cycling. The drawback using this method was relatively low 
coulombic efficiencies believed to originate from side-reactions caused by water 
remnants in the cellulose structure. The second Li-ion battery route comprised an 
electrochemical process to coat carbon fibers, shown to perform well as negative 
electrode in Li-ion batteries, from a monomer solution. The resulting polymer coatings 
were ~500 nm thick and contained lithium ions. This process could be controlled by 
mainly salt content in the monomer solution and polarization time, yielding thin and 
apparently pin-hole free coatings. By utilizing the carbon fiber/polymer composite as 
integrated electrode and electrolyte, a variety of battery designs could possibly be 
created, such as three-dimensional batteries and structural batteries. 

Keywords: adhesives, carbon fiber, debonding, delamination, electropolymerization, 
flexible battery, lithium-ion battery, paper battery 



 
 

Sammanfattning 
I den här avhandlingen har tre innovativa tekniska anordningar, baserade på 
elektrokemiska processer, studerats. En del av arbetet har utförts kring en redan 
existerande produkt: Laminat som kan släppa vid pålagda elektriska spänningar. Dessa 
laminat skulle kunna användas i en mängd av tillämpningar. Exempelvis skulle man 
kunna sätta ihop fordonskomponenter med denna teknik både för att åstadkomma 
lättare fordon och för att underlätta demonteringen av fordonet, vilket skulle innebära 
en kostnadseffektiv återvinningsprocess. Trots att tekniken redan finns tillgänglig är 
utvecklingen hindrad av bristande kunskaper om de faktiska elektrokemiska processer 
som orsakar släppet. Laminatet som undersöktes var uppbyggt kring ett epoxylim, med 
tillsatt jonvätska, som sammanfogades mellan två aluminiumfolier. Resultaten visade att 
den elektrokemiska reaktionen som fortskred vid den släppande anodytan orsakade en 
väldigt stor potentialökning under galvanostatisk polarisering. Svepelektronmikroskopi 
avslöjade att reaktionsprodukter växte ut från elektrodytan och in i epoxylimmet. Dessa 
reaktionsprodukter ansågs orsaka släppet genom att limmet närmast elektrodytan sväller 
så att limfogen släpper.  

Den andra delen i detta arbete handlade om innovativa litiumjonbatterikoncept. 
Kommersiella litiumjonbatterier är konstruerade som tvådimensionella lager-på-lager-
strukturer och är ofta inbyggda i skyddande förpackningar. Två koncept kring dessa 
batterier studerades i den här avhandlingen. I den första var målet att framställa böjbara 
batterier som kunde användas i exempelvis böjbara läsplattor. För att åstadkomma detta 
användes nanofibrillerad cellulosa som bindemedel. Genom en vattenbaserad 
filtreringsprocess skapades böjbara och starka pappersbaserade batterikomponenter. 
Dessa komponenter uppvisade både goda mekaniska egenskaper och höga kapaciteter 
vid både låga och höga strömmar. Nackdelen med denna metod var de relativt låga 
strömutbytet, som tros uppstå genom sidoreaktioner orsakade av små mängder vatten i 
cellulosastrukturen. Det andra konceptet kring litiumjonbatterier handlade om en 
elektrokemisk process genom vilken polymerbeläggningar kunde appliceras på 
kolfiberytor. Detta, då kolfibrer fungerar väl som negativa elektroder i litiumjonbatterier. 
Beläggningarna som bildades var omkring 500 nm tjocka och innehöll litiumjoner. 
Beläggningsprocessen kunde styras genom främst salthalten och polariseringstiden och 
resulterade i tunna och till synes defektfria polymerlager. Dessa kolfiber/polymer-
kompositer tros kunna användas som bas i ett antal batterikoncept som exempelvis 
tredimensionella och strukturella batterier. 
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1. Introduction 
 

In this thesis, focus is on three different electrochemical devices; an electrochemically 
debondable adhesive laminate, a flexible paper-based Li-ion battery and a three-
dimensional carbon fiber-based Li-ion battery. The methods used and the resulting 
findings are analyzed, discussed and put in relation to the desired properties from a 
device point of view. 

1.1 Devices 
The term “electrochemical devices” will be used in this thesis. This is defined by the 
author as a technical piece of equipment utilizing electrochemical processes.  

Device development is traditionally described as a linear iterative process, in which the 
device in question is evolved step-by-step [1]. It all starts (i) with a need or requirement, 
where the boundary conditions for the design are set. The need can arise from a variety 
of reasons. The most straightforward need is the customer-driven need where 
new/better products are sought after. A case related to this thesis is the development 
towards flexible electronic reading devices [2]. Such a device creates a need for flexible 
energy storage solutions. The need can also arise from e.g. governmental edicts as new 
laws restricting a product will create a driving force for development. A good example is 
an edict from the European Union forcing a high percentage of cars to be recyclable 
after end-of-life [3]. Such a demand creates great challenges on the design and 
mechanical joining of the cars, to create possibilities to easily take the car apart at 
command. Other driving forces for development are new materials and new processes. 
As an example, one could mention new materials, with carbon fibers as a good example. 
The development of carbon fibers has resulted in major developments in the composite 
field [4]. 

This first step is followed (ii) by a technical solution or design that fulfills the defined 
requirements. Electrochemically debondable adhesive, dealt with in this thesis, is exactly 
such a solution, in which a demand for strong adhesive with on-demand release was 
needed. Even though the requirements might be met, such as a debondable adhesive, an 
optimization (iii) of the device is beneficial to maximize the performance. However, to 
perform a successful optimization a fundamental understanding of the science on which 
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the device is built must be gathered, if not already obtained. Otherwise, any 
optimization efforts will be trial-and-error attempts. 

1.2 Electrochemistry 
Electrochemistry deals with the conversion between chemical and electrical energy. This 
is achieved by two electrodes, an anode and a cathode, and an interconnecting 
electrolyte. At the electrode/electrolyte interfaces, chemical reactions take place, either 
driven by electrical energy or, on the contrary, yielding electrical energy. For such a 
process to function, the electrodes are to have high electronic conductivity while the 
electrolyte should have as low electronic conductivity as possible but instead high ionic 
conductivity [5]. Typically, electrochemical devices are layered thin-film structures, with 
the electrode-electrolyte-electrode structure sandwiched. This design is used to minimize 
the energy losses in the system by shortening the distances between the components. 

Applications of electrochemistry bring a number of benefits. The most obvious 
advantage is utilized in devices world wide – the excellent energy storage capability. 
Secondary, i.e. rechargeable, batteries serve as a good illustration of the benefits 
electrochemistry can bring [6]. Not only can batteries store energy, they can also be 
recharged and used a large number of times, due to the possibility to make 
electrochemical systems reversible. It is also easy to control the rate of an 
electrochemical reaction, such as the output current of a battery. However, many 
electrochemical systems, such as batteries, are temperature dependent; unwanted side 
reactions develop at higher temperatures [7].  

This thesis is focused on devices utilizing electrochemistry as an integral part during the 
three above-described stages. The first part describes the work around electrochemically 
induced debonding of adhesives. Here, a working device had already been achieved, 
creating adhesive debonding at demand, within seconds. However, this process needed 
an applied voltage of up to 50 V to function according to these specifications. This of 
course creates problem with safety during handling of the device. The optimization 
process was, however, impeded by a lack of knowledge on the actual electrochemical 
processes during debonding (stage (iii)). Therefore, this part of the thesis deals with 
efforts to increase the understanding of the debonding processes. 

The second and third parts describe methods for producing lithium-ion battery 
components with novel functionalities (stages i-ii). The first part on Li-ion batteries 
includes an attempt to create a flexible Li-ion battery, responding to the need for energy 
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storage in bendable electronic devices. This field is explored through the use of nano-
fibrillated cellulose both binding the battery components together and as a source of 
mechanical integrity. The second Li-ion segment presents a novel method for creating a 
combined electrode and electrolyte material, by the use of electrochemical coating of 
carbon fibers. Such a technology could help to realize or improve battery devices such 
as three-dimensional batteries and structural batteries. 

These three parts will be discussed separately to enhance readability, under the sub-
sections “Adhesive debonding”, “Paper-based batteries” and “Carbon fiber coating”. 

1.3 Adhesive debonding 

1.3.1 Background 
The background story to debonding adhesives with electricity starts with a problem that 
the US Air Force (USAF) had. They wanted to attach monitoring devices to the hull of 
aircrafts, use the devices during flight and then remove them without damaging the 
aircraft. All technical solutions up to then fell off when the aircraft flew faster than 
Mach 2. EIC Laboratories, a research company in the US, was confronted with the 
problem by the USAF and the result was a functional adhesive. This adhesive was 
strong enough to allow flying above Mach 2 with the measuring device still attached and 
when the measurements had been performed, the device could easily be removed with 
help of an electric voltage over the adhesive [8]. Since then, EIC Laboratories has 
patented a number of formulations for functional adhesives [9-13]. Two of those 
formulations are marketed, at the time of publication, as E4 and M4, which are both 
epoxy-based. Following this, Stora Enso, a Finnish-Swedish paper, wood and packaging 
company, developed a laminate product, based on an epoxy adhesive, named Sinuate®, 
with a release functionality suited for packaging applications. 

The typical set-up for this technique is a laminate structure, where two aluminium foils 
are joined by an epoxy adhesive-mixture containing additives creating ionic conductivity. 
The laminate thereby comprises an electrochemical cell where the foils work as 
electrodes and the adhesive as electrolyte (Figure 1). When a potential is applied over 
the laminate, a current passes through the adhesive, causing a debonding at either the 
anodic, for Sinuate®, or the cathodic interface. The debonding process works for a 
number of metals, including aluminium, steel, low alloy steel, stainless steel, copper and 
titanium [8]. 
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Although the device functioned according to the original specifications in aerospace 
technology, further refinement is needed to adapt the technology for new markets. 
However, a major lack of knowledge around the mechanism behind this release 
impeded this development. 

 
 

 
 

Figure 1 – A schematic illustration of the debonding process 

1.3.2 Applications 
Using debonding adhesives in the area of packaging could possibly reduce the amount 
of packaging material as well as make the handling of consumer products easier during 
shipping and unpacking. This can be made by adhering the products to each other, 
rather than packing them in boxes. The products can then be handled as bulk instead of 
individually, saving time during unpacking. On the designated store shelf, a current 
makes the products available for purchase. 

Debondable adhesives also find potential applications in a number of different fields 
outside the packaging field. The general use of adhesives has increased in the 
automotive industry, due to the introduction of lightweight composite materials, which 
are difficult to bond with traditional techniques, such as welding [14, 15]. ‘Design for 
disassembly’ is an important topic in the automotive industry where not only the design 
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for functionality is considered, but also the possibility of an uncomplicated 
deconstruction of the automotives [16]. At the same time, regulations regarding end-of-
life material recycling are to be introduced. An example of this is the EU End of Life 
Directive 2000/53/EC, which demands that vehicles produced must be recyclable to 
85 % by weight [17]. This altogether opens up a huge market for debonding adhesives. 

Using debondable adhesives to fasten collars for animal tracking in the wild enables a 
robust holder for tracking equipment. When the tracking is finished, a signal to the 
attached power source makes a current pass through the adhesive and the animal is 
freed from the collar without any need for sedation. These are only a few examples, 
since stable bonding coupled to debonding on command could be used in a multitude 
of applications.  

1.3.3 Adhesion 
Adhesion is a complex phenomenon, describing the bonding between two different 
substances. The origin of the adhesion forces can roughly be described by three 
theories, summarized below. Mechanical interlocking is an adhesion theory which 
addresses the bonding as due to purely mechanical forces. These mechanical forces stem 
from the locking that takes place when the adhesive penetrates a substrate surface. This 
type of bonding demands a rough substrate surface to be significant. The second 
adhesive theory is based on molecular bonding between the adhesive and the substrate. 
This theory sum up the influence of both intramolecular forces, such as ionic, covalent 
and metallic bonding, and intermolecular forces, such as dipole-dipole and van der 
Waals bonding. These forces need short distances and close contact between adhesive 
and substrate. The third theory is based on thermodynamic interactions at the interface 
between adhesive and substrate. The adhesion is formed by a minimization of the 
surface energy and not by actual bonding at the interface. The molecular bonding theory 
is the most accepted way of describing adhesion, even though the area is debated [18, 
19]. 

1.3.4 Delamination techniques 
Electrochemistry is not the only technique for debonding adhesive. The other methods 
can be divided into mechanical, thermal and chemical debonding. Mechanical 
debonding means that a mechanical force is applied to the adhesive, leading to adhesive 
or cohesive rupture. The key issue is to design a system where a relatively small force is 
needed to debond, without losing the mechanical properties during use of the product. 
An example of such a debonding solution is Roll Out 2000 [20], where car windscreens 
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are easily removable due to a metal wire inserted between the window frame and the 
window itself. Another example of mechanical debonding is 3M’s Post-It notes, which 
stick to a given surface but are easy to remove by hand. 

Thermal debonding is based on the concept that adhesives may lose their adhesion or 
cohesion when heated. Two examples illustrate the technique. Microspheres filled with 
gas, exploding material or other volatile compounds, added to the adhesive before 
curing, swell or even explode when subjected to heat. This causes the adhesive to crack 
and therefore release [21]. Another approach is the incorporation of electronically 
conductive materials into the adhesive. When a current passes through these materials, 
heat is produced from the resistance, causing the adhesive to fail. The conductive 
materials can be anything from powders to nets or sheets [22]. Reworkable adhesive 
systems, i.e. with adhesive reattachment to substrate after debonding, have also been 
developed using thermal debonding. An example of this is a thermoplastic polymer 
covalently bonded to a thermoset polymer network. Below the glass temperature, Tg, of 
the system the polymer is a hard material which shows good adhesive properties. Going 
above Tg, the material softens and loses its adhesive properties. But, upon cooling, the 
material regains the previous adhesive properties [23]. 

An example of chemical debonding of adhesives relies on a mixture of an organic 
adhesive and an oxidizer, such as ammonium perchlorate. Once the already-applied 
adhesive is heated above the ignition point of the system, the destruction of the 
adhesive causes debonding. [14] 

Comparing these techniques with electrochemical debonding is not straightforward. It is 
difficult to claim that a given technique is better than another, there are just applications 
that fit each technique better. This is exemplified by a customer packaging in need of a 
controlled debonding solution. In this case, an electrochemical debonding might be the 
best solution, since a current can be passed in a controlled fashion, without damaging 
the goods inside. Thermal debonding might, on the other hand, destroy the packaged 
goods. 

1.3.5 Previous work on electrically debonding adhesives 
Some studies concerning the processes behind the debonding have been performed at 
Stora Enso. A diploma work at master level was aimed at investigating a 
electrochemically debonding adhesive produced by EIC Laboratories using Auger 
electron spectroscopy (AES) [24]. This study found elevated concentrations of 
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phosphorous and fluorine on the anodic aluminium substrate surface after polarization. 
The penetration into the bulk aluminium of said elements was also higher than for the 
unpolarized case. The phosphorous and fluorine arise from the salt used to increase the 
conductivity in the adhesive, ammonium hexafluorophosphate. When examining the 
anodic epoxy surface after polarization, traces of aluminium were found. Högblad 
presents the theory that the electrochemically formed aluminium ions form salts with 
the free fluorine ions in the adhesive. This undermines the surface and leads to 
debonding. The electrochemistry of the EIC adhesive and to some extent Sinuate® was 
studied. It was found that the anodic interface changed from alkaline to acidic during 
polarization, for both types of adhesives. It was also found that samples stored in 0 % 
relative humidity (RH) showed no signs of delamination after polarization. For the EIC 
adhesive, it was determined that aluminium fluoride was formed following polarization 
[25]. No heating during polarization of EIC adhesives has been detected [8] so, as a 
starting point, a debonding caused by an increase in temperature was not expected. 
Instead, electrochemistry seems to be very important for the debonding process. 

The mechanical properties of unpolarized Sinuate® laminates have been examined at 
Stora Enso [26]. The tensile strength (ASTM 2095) was 8 MPa, the shear strength 
(ASTM D1002) was 3.5 MPa and the peel strength (Y-peel) was 8 N/cm. 
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1.4 Lithium ion batteries 

1.4.1 Introduction on Li-ion batteries 
Since the invention of the battery to store electrochemical energy in the eighteenth 
century, a vast number of battery chemistries and geometries have been proposed [6]. 
Today, one of the leading technologies is lithium-ion (Li-ion). The use of Li-ion 
batteries has been continuously increasing since market introduction, both in terms of 
quantity and in the number of applications, now including a vast range of products such 
as wireless electronic devices and automobiles [6].  

The principle structure of a Li-ion battery (Figure 2) contains a negative electrode, a 
positive electrode and an electrolyte-containing separator. The negative electrode has 
traditionally been composed of graphite, while the positive electrode material could 
come from a wide range of lithium metal oxides/phosphates, e.g. LiFePO4 and LiMnO2. 
The electrolyte is most commonly either in liquid or gelled form. A liquid electrolyte 
typically consists of a lithium salt, such as LiPF6, dissolved in a mixture of organic 
carbonates, such as ethylene carbonate and diethyl carbonate. For this type of 
electrolyte, an added separator is needed to avoid physical contact between the two 
electrodes, causing short circuit. The separator used is normally a micro-porous 
polyethylene and/or polypropylene sheet around 30 µm thick allowing for ionic 
transport through the pores while at the same time acting as an electronic insulator. A 
gel electrolyte does not usually have an added separator since the mechanical properties 
of the electrolyte are enough to separate the electrodes. A gelled Li-ion separator could 
in principle consist of any solid material, swelled with liquid electrolyte, but is in most 
cases polymeric. Gelled electrolytes (called Li-pol commercially) are created by swelling 
a solid polymer with a liquid electrolyte, described above. Through this process an 
electrolyte without leakage problems is created but with still acceptable conductivities 
[27, 28]. 

The governing principle in a Li-ion battery consists of intercalation/deintercalation of 
lithium in the crystal structures of the two electrode materials, in Reaction 1 an example 
of these reactions is shown using lithium iron phosphate and graphite as electrode 
materials.  
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Figure 2 – Schematic illustration of the working principle of a Li-ion battery. During 
charging, an intercalated lithium atom is oxidized and separated from its associated electron. 
The electron passes through the outer circuit while the lithium ion diffuses into the electrolyte 

containing dissolved LiPF6. A lithium ion diffuses into the negative electrode and is reduced by 
an incoming electron, therefore closing the circuit. For discharging, the same process, but with 

reversed direction, takes place. 

			↔ 			   (1) 

The electrodes and the electrolyte/separator are manufactured separately and then 
assembled into a casing to form the final battery.  The electrodes are made from a slurry 
containing the electrode material in powder form, a polymeric binding material, usually 
polyvinylenedifluoride (PVDF), and some type of carbon material dispersed in N-
methylpyrrolidone (NMP). This slurry is doctor-bladed onto a metal foil, acting as 
current collector in the battery, and dried into the final electrodes [27]. 
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Since the intercalation reactions take place throughout the entire crystal structure, the 
transport of lithium ions in the electrode becomes important. This is true both for the 
solid-state transport within the electrode crystals as well as for the ionic transport in the 
liquid phase in the electrode and separator pores. The microscopic structure of Li-ion 
batteries needs to be composed of three interpenetrating networks (IPN). Firstly, all 
active particles must be in electronic contact with the current collector. The second IPN 
is the binding network giving mechanical stability to the electrode structure. Finally, a 
continuous pore network must be in place to allow the electrolyte to transport lithium 
ions to and from all active electrode particles. 

When a pristine Li-ion battery is cycled, a layer builds up on the surfaces of mainly the 
negative electrode particles during the first cycles. This layer is called solid electrolyte 
interface (SEI) and is formed through electrochemical reactions with the electrolyte at 
the electrode/electrolyte interfaces and contains a variety of species including polymers 
and lithium salts. The SEI passivates the electrode surfaces so that further electrolyte 
degradation is inhibited, while still conducting lithium ions between the electrode and 
electrolyte. If the SEI is unstable, side-reactions with the electrolyte continuously 
decrease the performance of the battery [29]. 

1.4.2 Paper-based batteries 

Flexible batteries 
Flexible electronics is an emerging field including applications such as wearable devices 
[30], ink jet-printed radio-frequency identification (RFID) tags [31, 32] and roll-up 
reading devices [2]. Due to these new applications, a need for flexible power sources has 
arisen [33]. Such a device should be included in the flexible electronic package providing 
electric power during bending motions without failing. If the batteries could be flexible 
but still mechanically stable, new markets could be opened up for Li-ion battery 
utilization. The general requirements for these types of batteries are straightforward and 
comprise a flexible structure with good mechanical properties and good cycling 
properties. The difficulty lies in how to manufacture a device that fulfills these 
requirements. 

Several designs of such batteries have already been produced or suggested. Two 
production routes can be distinguished within the presented designs. One approach 
comprises the production of separate components, such as the electrodes and the 
separator, which are later assembled. The second route, instead, creates battery cells in a 
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single structure. For a flexible device, a single structure would definitely be preferable as 
the battery components then cannot shift and slide with respect to each other thus 
limiting the risk of battery failure. 

A large challenge regarding flexible batteries is to find an alternative to PVDF as the 
electrode binder material since PVDF is known to yield electrodes with poor mechanical 
integrity [34]. A possible candidate material is cellulose, as this well-studied material is 
both inexpensive and renewable and is known to form flexible products with high 
mechanical strength. 

Paper products 
Paper products from wood fibers have been produced for a very long time and have the 
general characteristics of being inexpensive, renewable and easy to make a large variety 
of materials from. Added to this is the possibility to produce products at a very high rate 
[35], bringing the production cost down dramatically. Paper products thus have 
comparatively low production cost and low environmental impact along with good 
mechanical properties. During the past 40 years, methods for disintegrating wood fibers 
into the constituting fibrils have been found. By applying shearing forces sometimes 
aided by enzymatic treatments of the fibers, free-standing fibrils are achieved. Such 
fibrils are called nano-fibrillated cellulose (NFC) (Figure 3) and are 5-60 nm wide and a 
few µm long [36, 37] and can be chemically modified to contain active groups such as 
carboxyls and acetyls [37]. 

 

Figure 3 – Photograph of a NFC suspension at 2 wt% in H2O 
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NFC has several advantages over the more conventional cellulose fibers, not least 
regarding the nano-dimensions, allowing for incorporation in nano-structured devices. 
NFC has also been observed to form stronger papers [38, 39], which is a necessity in 
realizing the target properties of the current application. The use of NFC can also allow 
for the formation of thinner films since NFC fibrils are 5-30 nm wide, while cellulose 
fibers are 20-30 µm [40], limiting how thin fiber-based films can be made. 

Paper batteries 
According to the already described properties of cellulosic products, paper-based 
batteries could yield devices that are flexible but still mechanically robust, inexpensive 
and renewable. 

Production routes of free-standing flexible cellulose-based separators and electrodes, 
later assembled into full battery structures, have been reported in a number of 
publications. Examples are the making of free-standing negative electrodes based on 
graphite using cellulose [41] or micro-fibrillated cellulose [42] through an aqueous 
process. 

Practically all commercial liquid-type Li-ion battery separators are bendable, including 
the most used polyethylene-polypropylene (PE-PP) type separator [43]. However, such 
materials are based on non-renewable petroleum products and therefore have an 
unwanted environmental profile. Utilization of the more renewable cellulosic material in 
separators has been reported over a long period of time. The first use of a cellulose 
separator, in 1996 [44], resulted in strong papers with conductivities in the range of 
commercial PP separators. Following this, a number of cellulosic materials have been 
used as Li-ion separators. This includes rice papers [45], fibrillated cellulose [46] and 
cellulose/polymer composites [47]. Complete batteries assembled from such free-
standing components have been reported in a few cases, such as an aqueous battery 
based on polymer/fibrillated cellulose composite electrodes and a filter paper separator 
[48] with the advantage of very fast charging/discharging. However, such polymers 
often suffer from low cycling performance, high self-discharge and low cell voltage [49] 
although some progress has been made to overcome the issues concerning cycling 
performance during use [50]. Another instance is two studies where battery electrodes 
and separator were separately manufactured in a paper-making type process, using 
cellulose as binder and separator material [51, 52]. This process yielded mechanically 
strong and flexible battery components with good cycling properties. However, the 
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sandwiched components created a thick battery (720-740 µm) with low amount of active 
material in the positive electrode (~60 %). 

A single structure comprising a full battery cell could be advantageous owing to a 
simplified assembly procedure. More importantly still, a single-structure battery would 
be robust since its components cannot shift position in relation to each other. This 
decreases the risk of short circuits during e.g. bending motions. A successful attempt to 
produce such a battery cell was made, utilizing a commercial copy paper as separator 
laminated together with the electrodes [53]. These electrodes were made free-standing 
from a PVDF/NMP slurry along with carbon nanotube (CNT) current collectors. A 
commercial version of a single-structure battery is being produced by Enfucell Inc. and 
Blue Spark Inc. These companies are producing thin and bendable non-rechargeable 
batteries through a printing process on a plastic substrate. The battery chemistry of 
these batteries is water based, with low cell voltages as a result. 

1.4.3 Carbon fiber-based batteries 
Although Li-ion batteries are used world-wide in a wide variety of applications, a major 
draw-back is the low amount of active material in the batteries on cell level. A typical Li-
ion battery only contains 30-60 wt% active material, depending on the cell design [54]. 
The rest comprises materials for auxiliary functions such as current collectors, 
separators, electrode binders, casings and electrolytes. This becomes a concern both 
with respect to weight, volume and cost. By using materials that do not directly 
contribute to the energy storage, e.g. an electric car has to pull unnecessary added weight 
and a cell phone need a larger battery incorporated into the design. 

Carbon fiber 
Carbon fibers have almost exclusively been used as reinforcements in modern load-
carrying composites. The fibers are made from a template organic fiber, which either is 
polyacrylonitrile (PAN) or pitch based. These fibers are carbonized in inert atmosphere 
at temperatures of 1000-3000 oC to yield fibers with essentially 100 % carbon content, 
with different degrees of crystalline graphitic structure [55]. The carbon fiber diameters 
are typically in the micrometer range and with practically limitless length. 

The difference between the starting materials, PAN and pitch, lies mainly in different 
mechanical properties of the resulting carbon fiber. PAN-based fibers excel mainly in 
high tensile and compressive strength, while the pitch-based fibers can be designed to 



 
14 

 
 

have very high tensile stiffness [56]. The cost of these fibers also differ, with PAN being 
the least expensive. 

The outstanding mechanical properties, combined with low weight, of carbon fibers are 
utilized in composite materials, most often in combination with a polymeric matrix. 
Carbon fibers are most often combined with epoxy resin, forming light-weight 
structural units used in e.g. spacecraft and aircraft bodies [4]. Such composites have over 
the years been introduced into car and truck bodies in an effort to reduce weight, thus 
saving fuel.  

Carbon fiber batteries 
Carbon fibers have, besides their mechanical properties, attracted attention for their 
excellent electrical and electrochemical properties. One application for carbon fibers is 
as replacement material for graphite in the negative electrode in Li-ion batteries. Studies 
on carbon fiber electrodes show great potential for these materials [57, 58]. In a study 
on a variety of carbon fibers used as electrode material in Li-ion batteries, reversible 
capacities up to 350 mAh/g for PAN-based carbon fibers were found. This can be 
compared to the theoretical capacity of graphite: 372 mAh/g. The electronic resistivity 
was found to be in the order of 10-3 Ωcm [57]. By introducing carbon fibers, the binder 
material in the electrode can be reduced or even eliminated, as the carbon fiber has 
mechanical integrity by itself. The negative current collector might also be eliminated as 
the carbon fiber can be used as that as well [57]. 

3D Batteries 
To address the problem with the low ratio of active material in Li-ion batteries, the 
battery design is in need of improvement. A solution could be to increase the electrode 
thickness or decrease the electrode porosity, therefore increasing the ratio of active 
material. However, these changes will limit the utilization of electrode material at usable 
rates [59]. Instead, an alternative to the traditional design of Li-ion batteries, based on a 
sandwiched structure of thin film electrodes and a solid or liquid electrolyte, must be 
found.  

One solution is a fully three dimensional (3D) battery structure. A 3D battery is created 
by two fully interpenetrating networks (IPN), which constitute the positive and the 
negative electrodes, with a separating electrolyte (illustrated in Figure 4) [59-64]. Among 
the few solutions reported in the open literature a number of different designs can be 
identified. One solution proposed is a tricontinuous design with electrodes on the nano-



 
15 

 
 

scale separated by a thin polymer electrolyte [65]. However, this set-up has not yet been 
utilized as a battery. Functioning battery solutions employing cylindrical designs based 
on concentrically ordered layers of active material and electrolyte, respectively, have 
been reported [66-68]. In these cases the innermost electrode is attached to a conductive 
bulk material. Another route to 3D-batteries is by etching voids in an electrode material. 
This was done with etched trenches in a silicon electrode filled with a counter-electrode 
material separated by a solid state separator [69]. Yet another example was realized by 
etching of pores in a substrate, depositing cathode and polymer separator inside these 
pores followed by a filling of these pores with anode material [70]. All of the 
above-described 3D batteries designs are achieved at the expense of complicated 
manufacturing. In addition many of the fabrication methods cause limitations in the 
choice of utilizable materials. 

 

 

Figure 4 – Schematic illustration of the difference between a two-dimensional and a 
three-dimensional battery. In the 2D battery, the electrode films are spaced by a separator 
comprising a three-layered sandwich structure. The mean distances and therefore the voltage 
losses during polarization between the negative and the positive electrodes are affected by the 

electrode thicknesses. For a 3D battery, however, the electrode distances are not affected by the 
electrode thicknesses since an intertwined structure is formed. 

Structural batteries 
The excellent electrical properties of commercially available carbon fibers, combined 
with their superior mechanical properties, opens up for another Li-ion battery concept: 
Structural batteries. This type of battery is multifunctional in its nature, as the idea is to 
have an energy storage device that may be placed into a structural load path [71-73]. 
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This type of design does not make the battery itself more efficient, but is instead 
beneficial to the whole system, such as an electric vehicle. An electric vehicle would save 
weight, since the two functions of upholding mechanical integrity and energy storage 
can be combined into a single unit. 

To create a carbon fiber based structural battery a solid polymer electrolyte (SPE) must 
be combined with the carbon fibers to form a composite material. The solid polymer 
electrolyte should be designed to perform two functions, namely to transfer mechanical 
load to the reinforcing fibers and to enable lithium-ion transfer between the negative 
and positive electrodes during charging/discharging of the structural battery. Being 
electronically insulating, the solid polymer electrolyte also serves as separator between 
the two electrodes. Recent studies aimed at developing such multifunctional solid 
polymer electrolytes [71, 74-76] co-polymerized two types of monomers containing 
ethylene oxide (EO) groups.  The cross-linking density of these polymers determined 
the stiffness-to-conductivity ratio of the structural polymer electrolyte. A high cross-
linking density resulted in improved mechanical properties but impaired ionic 
conductivity and vice versa. Willgert et al. [76] investigated the influence of lithium ion 
concentrations on the ion conductivity for these types of SPE. The reported 
conductivities of these multifunctional SPEs [75, 76] are at best three to four orders of 
magnitude lower than those of liquid electrolytes commonly used in battery applications 
[74]. A way to compensate for the low lithium-ion conductivity is to significantly reduce 
the distance for lithium-ion transportation compared to that in liquid electrolyte 
batteries (20-25 µm [43]).  

Electropolymerization 
For both types of batteries described above, a thin solid electrolyte attached to an 
electrode surface is needed. This electrolyte must also be defect free to avoid short 
circuits. A suitable electrolyte could be polymer-based as such electrolytes are very 
versatile with respect to mechanical properties and conductivities. Polymer-based 
electrolytes are also relatively well-studied for application in Li-ion batteries.  

For these reasons, an electropolymerization of a polymer electrolyte propagating from 
an electrode surface would be ideal. Electropolymerization is a method used to create 
thin, and often functional, polymer films on conductive surfaces. The polymerization is 
initiated electrochemically, through injection of electrons from the electrode surface 
(Figure 5). The electrons initiate a radical or an ionic polymerization that propagates 
from the electrode surface, yielding polymer chains covalently bound to the electrode 
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surface. An essential advantage is that the monomer initiation proceeds until all 
electrode surfaces are covered. This ensures pin-hole free electrolytes, with no short 
circuits in the final application. 

 

Figure 5 – Schematic illustration of the initiation of anionic electropolymerization. 

Electropolymerization has been a field of research since the early 1980´s [77]. In 
particular, electropolymerization of acrylic and methacrylic monomers has been 
extensively studied [78]. For these monomers, a “grafting peak” also referred to as the 
“passivation peak” can be identified in a voltammogram at the potential where the 
conductive substrate is coated by grafting polymers from the monomer solution. 
Although most research on electrocoating of functional polymers on conductive 
substrates has addressed metallic substrates, significant work was also conducted on 
electrocoating of carbon fibers with polymethacrylates [78-81]. These earlier works 
established, for instance, that the solvents as well as monomer concentration in the 
solution affect the coating thickness and quality [78]. In particular, electropolymerization 
of carbon fibers has been employed to improve and control interfacial properties in 
composites [81, 82].  

1.5 Aim 
The main aim of the work performed within the framework of this thesis is the 
exploration and understanding of electrochemical devices. In particular, already existing 
devices are studied with the aim of expanding their functionalities.  

The work on debondable adhesives is aimed at understanding the mechanisms behind 
the processes, in which an adhesive is debonded with the help of an electric current. 
This understanding is essential for the further development of the electrically 
debondable adhesives. For widespread use, the adhesives need to be tailored to meet the 

 

2e
-
 

R 

 

R 

Substrate Substrate 



 
18 

 
 

demands of different applications. Some applications may rely on adhesives capable of 
withstanding outdoor conditions with large variation in temperature and humidity. 
Other applications may need an adhesive with food-grade classification or an adhesive 
of a specific kind of chemistry. It would also be beneficial to be able to perform fast 
debonding at lower voltages, such as a few volts instead of the 30 to 50 volts used today. 

The open literature covering electrically induced debonding of adhesives presents 
information about the functionality but no reports on the mechanisms leading to 
debonding have been found. With this as background, a fundamental study of 
debonding was needed, covering both the electrochemical and mechanical aspects of the 
processes. 

Lithium-ion batteries, in contrast, are very well studied academically and widely used as a 
consumer device. Here, instead, the aim is to broaden the field of Li-ion battery 
manufacturing and use. 

The aim for the part concerning paper batteries is to utilize the potential of cellulosic 
materials to create a battery that is flexible, mechanically robust and with still acceptable 
cycling performance. If batteries were both flexible and strong, Li-ion batteries could be 
used within applications not available today, such as in bendable reading devices. The 
use of cellulose could also result in a device with low production cost and low 
environmental impact. The starting point for such a device is the replacement of the 
binder material of today, PVDF, with NFC and the change of manufacturing method to 
form the batteries using a mimic of a paper-making procedure. In this way, battery 
components could be created.  

The target for the studies around carbon fiber-based battery devices revolves around 
creating thin polymeric electrolytes on carbon fibers. This could pave the road for both 
inexpensive 3D batteries as well as for structural batteries. The main target is therefore 
to investigate the feasibility of electropolymerization of monomers with known ionic 
conductivity and mechanical properties onto carbon fibers.  



 
19 

 
 

2. Materials and methods 
 

The key to successful device development is to utilize methodologies in accordance with 
the application in mind. Therefore, a wide range of mainly electrochemical and 
mechanical methods were used.  

2.1 Debonding adhesives 

2.1.1 Materials and equipment 
As a model system for debonding adhesives, Sinuate® laminates from Stora Enso were 
used. Sinuate® sheets are premade laminates, consisting of two aluminium foils (30 µm 
each) joined by a 70 µm layer of epoxy adhesive. Theses laminates are based on the 
ElectRelease technology described in the introduction. The laminates were prepared by 
dipping a fiberglass net (1080 style fabric, 23 % void area) in an adhesive mixture 
(73.4 wt% D.E.R. 652 from DOW as epoxy component, 2.3 % dicyandiamide as curing 
agent, 0.125 % 2-methylimidazole as accelerator, 18.5 % 1-ethyl-3-methylimidazolium 
ethyl sulfate (EMIM-ES) as ionic liquid, 5.5 % polyethylene glycol 400 aiding the 
conductivity and 0.5 % Gransurf 77 from Grant Industries as emulsion agent) and then 
pressed and heated during curing. 

To achieve a range of adhesive water contents, laminates were stored above the liquid 
surface in beakers with saturated salt solutions at room temperature (LiCl 11 % RH 
(relative humidity), CaCl2 29 % RH and Mg(NO3)2 53 % RH) as well as in a desiccator 
(0 % RH), leading to different water contents in the cured adhesive [83]. 

The galvanostatic polarization experiments, where a potential is measured while a 
constant current is passed through the cell, were performed using a PAR 273A 
potentiostat, EG&G Princeton Applied Research and the electrochemical impedance 
spectroscopy (EIS) experiments were performed using an AUTOLAB 302N 
potentiostat. The frequency range used for all EIS experiments was 100 mHz - 100 kHz.  

2.1.2 The three-electrode cell 
Setting up a three-electrode cell where the electrolyte is solid is not straightforward, and 
when the electrolyte also has high resistance, problems with especially reference 
electrode placement arise [84-88]. An acceptable solution to this problem, which uses a 
circular quasi-reference electrode surrounding the working electrode, is shown in Figure 
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6 [86, 87]. This solution was analyzed for the present system by modeling a three-
dimensional system with primary current distribution. The cell was assembled with 
circular pieces punched out from a Sinuate® laminate. A piece with a diameter of 3 cm 
had both aluminium foils peeled off, so that only the adhesive remained. The working 
and counter electrodes were then created by two identical pieces, where one of the foils 
was removed from each piece. These pieces, with 1 cm in diameter, were then placed 
centered on both sides of the adhesive surface. The key part of the placement is to 
ensure that the working electrode is not misplaced in relation to the counter one. The 
quasi-reference electrode was then punched and placed to surround the working 
electrode. Prior to measurements, a weight was added on top of the cell to assure good 
physical contact at the adhesive-to-adhesive interfaces. 

 
Figure 6 - The three-electrode set-up (not to scale). Dashed lines indicate two joined adhesive 

surfaces. RE – reference electrode, WE – working electrode, CE – counter electrode. Top: 
Cross-section of the set-up. Bottom: Top-view of the set-up 

2.1.3 Controlled debonding – Fall rig 
The debonding process is gradual, so the adhesive strength decreases over time with no 
defined point of debonding. A small mechanical force is always needed to achieve total 
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debonding. One of two methods to achieve a well-defined and complete adhesive 
debonding was a set-up where a weight was applied to the laminate (Figure 7). The 
laminate, with a width of 1 cm, was fixed to a surface at 45o inclination. A part of the 
anodic aluminium foil was peeled off and a weight of 200 g was added to this loose end. 
This weight is equivalent to ~2 N/cm, leading to a debonding at approximately a 
quarter of the bond strength at 8 N/cm [26]. The laminate was then polarized 
continuously, resulting in a release at the anodic interface when the adhesive forces were 
lower than the force acting by the added weight. This set-up was used for laminates 
stored in 29 % RH at current densities of 0.050 mA/cm2 and 2 mA/cm2. 

 
 

 
Figure 7 - The rig set-up for measurements with controlled debonding 

2.1.4 Controlled debonding – Laminate bending 
A second way of realizing debonding was to bend the laminates prior to polarization. By 
forcing a free-standing laminate into a half-cylinder shape, the anodic interface released 
during polarization. However, this release only takes place if the anode faces inwards the 
center of the cylindrical arrangement (Figure 8). The bent laminates were photographed 
over a graded paper to determine the sample circle diameter, followed by polarization at 
0.050 mA/cm2 until the first signs of debonding. This debonding then starts at an edge 
of the laminates. 
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Figure 8 - The set-up for controlled debonding of bent laminates 

2.1.5 Other experimental methods 
Besides the techniques described above, a number of experimental methods were used 
to characterize the debonding process, including scanning electron microscopy (SEM) 
together with an appended energy-dispersive spectroscopy (EDS) detector, in-situ mass 
spectrometry and Raman spectroscopy.  
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2.2 Paper-based batteries 

2.2.1. Materials and equipment 
Lithium-ion positive electrodes and full cells were produced through an aqueous paper-
making type process. The materials used were carbon-coated lithium iron phosphate 
(LiFePO4) of the type Life Power ® P2 supplied by Phostech Lithium, graphite of type 
Timrex SLP 30 AH-354 provided by Timcal Graphite & Carbon, silicon dioxide (SiO2), 
99.5 %, particle size 5-15 nm provided by Aldrich and Super-P carbon supplied by 
Timcal. The nano-fibrillated cellulose was prepared from a 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO)-oxidized (preparation is described elsewhere 
[89]) never-dried, dissolving pulp from Domsjö Fabriker AB, Örnsköldsvik. The charge 
density of the pulp was determined to be 600 µeq g–1 using conductometric 
measurement [90]. Solvents used during solvent exchange were ethanol 96 % and 
99.5  %, both supplied by Solveco, dried acetone >99.9 % provided by Merck KGaA 
and supplied by VWR International, and pentane 99.9 % provided by Prolabo and 
supplied by VWR International. 

2.2.2 Preparation of the battery components 
The underlying idea in the studies of paper batteries was the use of NFC as mechanically 
supporting material, inexpensive and simple preparation methods and as an end result 
flexible devices. 

Since NFC is a fibrillar, and not completely dissolved, material such as carboxymethyl 
cellulose (CMC), filtration as a method to get rid of the solvents can be used.  This is in 
sharp contrast to commercial Li-ion electrode manufacturing, where evaporation is used 
to achieve electrodes. Another benefit with NFC is the possibility to work in water 
instead of, in many cases, harmful and expensive solvents. All in all, a possible process 
could look like the very efficient commercial paper production methods, using water-
suspended fibers in a filtration process yielding strong and flexible papers. 

In this study, both a free-standing positive electrode and a three-layered full battery cell 
were formed. The positive electrode is described first, followed by the alterations of this 
method to make a full cell. 

Lithium iron phosphate, Super-P carbon and NFC were suspended in water using an 
Ultra Turrax DI25 Basic disperser at 8000 rpm for 20 minutes to obtain a well-dispersed 
slurry. The dry weight relations were here 80:9:11 for LiFePO4:Super-P:NFC. The 
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dispersion was vacuum-filtered through a Durapore membrane filter, type 0.22 µm GV 
provided by Millipore, leaving a water-swollen film on the filter paper. When no longer 
any liquid was visible on the film, 50 ml each of in turn ethanol 96 %, ethanol 99.5 %, 
dried acetone and pentane were added and passed through the film and filter paper to 
solvent exchange and remove the remaining water. This was done to keep the open pore 
structure and the flexibility in the material after drying. It is well known that fiber 
materials dried directly from water experience pore closing, shrinking and mechanical 
stiffening [91]. Subsequent drying, after the solvent exchange, was performed at 110 oC 
or 170 oC under vacuum. The resulting paper electrodes were stored in a glove box 
under argon atmosphere.  

From the method of making a single-layered positive electrode, two different 
modifications were made, based on multi-layered structures. First, a bi-layered positive 
electrode was made by filtration of two suspensions sequentially. A suspension of 85:15 
Super-P:NFC by dry weight was first filtered until no liquid was visible. Thereafter, the 
LiFePO4-containing suspension described above was filtered on top of the 
Super-P/NFC film. This bi-layered film was then solvent exchanged and dried as 
described above. The second modification comprised the preparation of a full battery 
cell. Here a three-step sequential filtration was used (Figure 9). In the same way as for 
the bi-layered electrode, additional layers in the structure were added when the former 
layer had formed a gelled structure in the filtration process. In this modification, the 
negative electrode was filtered first, followed by the separator and finally the positive 
electrode followed by the solvent exchange described earlier. The negative electrode 
slurry used consisted of 89:10:1 graphite:NFC:Super-P carbon, while the positive 
electrode had the same composition as for the free-standing positive electrode described 
above. The separator consisted of a 1:1, by weight, mixture of NFC and SiO2 nano-
particles. The SiO2 particles were added in an attempt at increasing coulombic 
efficiencies during battery cycling. The underlying hypothesis was to decrease the free 
surface area of cellulose fibril open to water adsorption, therefore lowering the water 
content of the battery. It has earlier been shown that nano-sized TiO2 particles interact 
electrostatically with the carboxyl groups of TEMPO-oxidized NFC [92]. However, no 
experiments have been performed in an attempt to verify any correlation of this 
behavior to the work described in this thesis. 
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Figure 9 – Schematic illustration of the sequential filtration performed to prepare full-cell 
paper batteries. 

2.2.3 Geometry 
The thickness was measured using a micrometer (Mitutoyo) with a resolution of 1 µm. 
The porosity was calculated by dividing the geometrical volume of the paper electrodes 
by the volume of the constituents, under the assumption that the weight relation 
between the components remains constant throughout the process. The densities used 
for this were: NFC – 1.5 g/cm3, LiFePO4 – 3.6 g/cm3, SiO2 – 2.6 g/cm3 and Super-P 
carbon – 2.0 g/cm3. 

2.2.4 Electrical characterization 
The conductivity measurements were performed both with a four-probe van der Pauw 
set-up [93] using graphite electrodes positioned at the corners of a square sample and 
with a Swagelok cell, where the sample was pressed between two stainless-steel plates. 
Both methods measure the apparent conductivity. However, the direction of the current 
during testing is different in the two cases. For the van der Pauw set-up, the current 
passes in the plane of the paper. In the Swagelok set-up, on the other hand, the current 
passes through the plane of the paper samples.  

For a uniform sample, the measured conductivity should essentially be the same, except 
for an added contact resistance in the Swagelok case (since it is only a two-electrode set-
up). However, if the samples instead were to be anisotropic, e.g. layered, the apparent 
conductivities for the two cases would differ. Due to this, both methods were used. 
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2.2.5. Electrochemical characterization 
The battery components were tested electrochemically, i.e. in a battery. Batteries were 
built under argon atmosphere with the LiFePO4/NFC papers as positive electrode, 
lithium metal as negative electrode and a Whatman Glass microfiber GF/A (260 µm) as 
separator in the case of the positive electrodes. The full-cell battery, containing both 
electrodes and separator was simply used as it was. The electrolyte used was Selectilyte 
LP 40, 1 M LiPF6 in ethylene carbonate (EC):diethyl carbonate (DEC) 1:1 by weight 
provided by Merck KGaA. For the full-cell battery, vinylene carbonate (VC) was added. 
VC is commonly added to Li-ion battery electrolytes to improve the coulombic 
efficiency [94]. To avoid trapped gas during the application of electrolyte, the paper-
based battery components were submerged in electrolyte and put under vacuum until 
bubbles had ceased to evolve from the sample. 

The current collectors, provided by Advent Research Materials, consisted of aluminium 
foil, 25 µm thick, nickel foil, 25 µm thick and copper foil 20 µm thick, respectively. 
Aluminium was used for the positive electrode, both for the free-standing electrode and 
the full-cell battery. Nickel was used for the lithium metal, while the copper was applied 
for the negative part of the full-cell battery. These current collectors were put in contact 
with the electrodes without any fixation. In the case of the free-standing positive 
electrode, the corresponding current collector was made to have larger surface area than 
the electrode to ensure full contact. For the full-cell battery, in contrast, the current 
collector could not be made larger due to the risk of short circuits. The battery was 
finally sealed in a pouch cell. To have reproducible performance over time, a clamp was 
attached over the pouch cells to enable good contact between current collectors and 
electrode surfaces. The currents used during discharge are given in multiples of C – the 
current needed to charge the electrode material completely in one hour. This C-rate was 
calculated by the use of the specific capacity for LiFePO4, 170 mAh/g. The mass of 
LiFePO4 was calculated by multiplying the actual electrode mass with the mass ratio 
between LiFePO4 and the total dry mass of the electrode constituents that were added 
into the water dispersion.  Thus assuming that the mass relation between NFC, LiFePO4 
and Super-P carbon to be the same in the electrode paper as it was in the initial water 
dispersion.  

2.2.6. Mechanical characterization 
Two different methods were used to evaluate the mechanical properties; one to 
characterize the material itself, and another one to test the material in an environment 
similar to that of an actual device. To obtain results comparable to a large part of the 
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open literature, tensile testing was performed on samples stored in air at 50 %RH and 
25 oC prior to the measurements. The results from these measurements do, however, 
not say much about how the papers would perform mechanically in a battery 
application. To get a better idea of the mechanical properties in the actual device, the 
full-cell batteries were soaked in battery electrolyte, EC:DEC 1:1 with 1 M LiPF6, 
48 hours prior to and during the tensile testing. For both these cases, tensile testing was 
performed on samples dried at two different temperatures, 110 oC and 170 oC. 

  



 
28 

 
 

2.3 Carbon fiber coating 
To create a technology platform for devices such as structural batteries and 3D batteries 
based on carbon fibers, a method to coat thin polymer films was sought. To perform as 
a proper battery electrolyte, the polymer in this film must show ionic conductivity and 
contain lithium ions. To satisfy these requirements, a PEG-based methacrylate system 
was chosen known to both dissolve and conduct lithium ions in the form of lithium 
trifluoro methane-sulfonate (lithium triflate) [76]. This system was studied using both 
monofunctional and difunctional monomers at various mixing ratios at different lithium 
salt concentrations. However, the resulting polymer was produced in bulk, creating 
samples several millimeters thick, using UV radiation as curing method. Although the 
polymers had very promising properties, the preparation method could not be applied 
to create sub-micrometer thick films, needed for battery devices. Therefore, 
electropolymerization was applied as curing method instead of UV radiation. This 
technique was chosen for its ability to form thin polymeric films on conducting 
substrate as well as the resulting covalent bond between substrate and polymer chain 
[78], which potentially creates stronger composites.  

Methoxy polyethylene glycol monomethacrylate (SR550) and tetraethylene glycol 
dimethacrylate (SR209) (Figure 10) were the monomers used along with lithium triflate, 
in analogy with the UV-cured system, in this study. Dimetylformamide (DMF), HPLC 
grade, was used as solvent to aid the electropolymerization [78]. The carbon fibers to be 
coated were Toho Tenax IMS65 (24,000 filaments per tow). These fibers were unsized, 
i.e. with untreated surface, to make sure a pristine carbon surface was present during the 
electropolymerization. 

         

                     monomer SR550                                       monomer SR209 

Figure 10 - Chemical structure of monomers SR550 and SR209 employed for 
electropolymerization. 

Early on, the study on monomer SR209 was discontinued due to poor coating coverage 
after drying, most likely related to coating breakage due to the very high stiffness of the 
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polymer. Therefore, only the monofunctional monomer SR550 will henceforth be 
discussed.  

2.3.1 Electropolymerization set-up and procedures 
Fiber coating was performed in a purpose-built Teflon set-up with a three-electrode 
assembly (Figure 11). The working electrode (WE) consisted of a carbon fiber tow 
comprising approximately 3,000 fibers separated from the 24,000 tow. A carbon fiber 
bundle containing 24,000 fibers was used as counter electrode (CE) and a piece of 
lithium metal as reference electrode (REF). Lithium metal was selected as reference 
electrode due to its well-defined equilibrium with lithium ions dissolved in the solution. 
The potentials given for the electropolymerization are given versus this reference 
electrode potential (REF). A glass fiber mesh was placed between the WE and CE to 
avoid contact between the carbon fibers used as working and counter electrodes and, 
therefore, short-circuiting during the electropolymerization operation. The assembled 
electropolymerization set-up was submerged in a solution of monomer, solvent and 
lithium salt. The electropolymerization was performed inside a glove box in argon 
atmosphere with maximum moisture and oxygen contents of 1 ppm each to avoid 
unnecessary water and to enable the use of lithium metal as reference electrode. 

 

To identify the potential at which electropolymerization was initiated, a linear potential 
sweep between 2 and -2 V vs. REF was performed at a sweep rate of 50 mV/s for each 
electrolyte composition. Voltammograms from such linear potential sweeps are depicted 

Figure 11 - Schematics of the coating process. The length of the coated WE fibers were 
approximately 25 mm. 
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in Figure 28. From such sweeps, a potential corresponding to the peak in current 
density, the “grafting peak”, was recorded for that particular electrolyte composition. 
The electropolymerization was then performed on a pristine tow of carbon fibers 
potentiostatically at this potential for 15 or 150 seconds. 

To find an electrolyte composition suiting the demands of a polymer electrolyte a brief 
parameter study on the electrolyte composition was performed. The lithium triflate 
concentration in relation to the monomer was tested for 0.2 M, 1 M and 2.5 M. For 
these mixtures, the monomer-to-solvent weight ratio was altered as well, using ratios of 
1:1, 1:4 and 1:10. 

2.3.2 Evaluation of polymer coating thickness 
The electropolymerized carbon fibers and uncoated pristine carbon fibers were 
examined using a (Hitachi S-4800) scanning electron microscope (SEM) without any 
further treatment of the fibers. Based on these results, the monomer composition that 
gave the most promising result was chosen. This was done with respect to carbon 
surface coverage, apparent thickness and coating smoothness. On this chosen sample, 
1 M lithium triflate with monomer-to-solvent ratio of 1:1 polarized for 150 seconds, 
further characterization was performed. These characterizations were aimed at 
investigating the thickness of the polymer applied to the carbon fibers following 
electropolymerization. The thickness was measured using two different techniques, a 
modified Wilhelmy technique and thermogravimetric analysis (TGA).  

In the Wilhelmy technique, the diameter of the entire coated carbon fiber is measured. 
This was achieved by recording the weight change of five fibers after immersing in and 
retrieving from n-dodecane. This mass change is related to the fiber thickness through 
the surface tension and contact angle of n-dodecane.  

The TGA measurement, in contrast to the Wilhelmy technique, analyzes centimeter-
long samples of the full coated ~3,000-fiber tows. This, on one hand, gives better 
statistics due to a much larger amount of sample analyzed, but on the other hand also 
records any bulk polymer pieces as well. The TGA analysis records the mass changes in 
a sample during heating, and was in this study performed under nitrogen gas in the 
temperature range 40-700 oC. The coating thickness was calculated from the measured 
mass loss assuming a cylindrical carbon fiber, with 5 µm in diameter, coated with a 
uniform polymer layer.  
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3. Results and discussion 
 

3.1 Adhesive debonding 

3.1.1 Electrochemical characterization 
Galvanostatic measurements make it possible to track the potential over both time and 
charge during polarization. Using this electrochemical tool together with a three-
electrode set-up, information about potential changes at individual electrodes can be 
harvested, instead of information from the whole cell. 

The three-electrode set-up (Figure 6) was used to measure the galvanostatic potential 
response during polarization of the adhesive laminates. The galvanostatic measurements 
showed that the cell potential increased overall as a constant current was passed through 
the laminate and that this increase was located almost entirely in the anodic half of the 
laminate (Figure 12), meaning that the electrochemical reactions at the anodic interface 
result in a resistance increase. Knowing this, all further experiments were performed 
using only two-electrode measurements, on unmodified laminates. 

 
 

Figure 12 – Galvanostatic three-electrode measurement of samples stored at various air 
humidities. The current density was 0.050 mA/cm2 
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Electrochemical impedance spectroscopy (EIS) was used to examine the laminates after 
polarization of 50 mC/cm2 (Figure 13). EIS was performed directly after polarization 
and then in steps up to 24 hours. The measurements immediately subsequent to 
polarization showed, in accordance with the galvanostatic measurements (Figure 12), 
that the impedance increases drastically compared to the impedance before polarization. 
The following measurements show a gradual relaxation in impedance behavior over 
time. After 24 hours, the EIS characteristics had reverted to close to the pre-polarization 
ones. That is, the processes leading to the large increase in impedance during 
polarization appear to be almost completely reversible. It was, however, difficult to 
assess the origin of this reversibility based on these measurements. But, by performing 
an EIS experiment where the anode was removed and immediately reattached after 
polarization (Figure 14), it could be seen that a large part of the impedance reversibility 
could be created almost instantaneously. Since this reversibility was formed both over 
time in contact with the anode and immediately without contact with the anode, it is 
likely that the impedance increase was produced by a mechanical phenomenon, such as 
a change of the adhesive volume. 

The debonding process progresses gradually during polarization. To achieve total 
debonding after polarization, a small mechanical force is always needed for a flat 
laminate. This behavior makes it hard to correlate debonding with other parameters. 
Two methods were therefore used to create a well-defined debonding with only 
polarization as stimulus; a weight applied to the laminate and bending of the laminate. 
The experiments with an applied weight were performed at two current densities, 
0.05 mA/cm2 and 2 mA/cm2. The resulting charge densities needed for debonding were 
2-2.5 mC/cm2 when applying 0.05 mA/cm2 and 6-7.5 mC/cm2 when applying 
2 mA/cm2. However, when a charge density of only 2.5 mC/cm2 was passed through a 
laminate at 2 mA/cm2, delamination still occurred but it happened 20 seconds after the 
current interruption. It is then evident that the electrochemical reactions, by themselves, 
are not responsible for the debonding, but the debonding is a multi-step process, where 
the latter steps are delayed at current densities above 2 mA/cm2. Using the second 
debonding technique, laminate bending, the effect of air humidity during storage was 
examined. The bending of a laminate into a free-standing curved shape is believed to 
introduce enough stresses at the interfaces, especially at the inside one, for a complete 
debonding to occur without additional external mechanical force.  
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Figure 13 – EIS before and after polarization of 50 mC/cm2 using 1 mA/cm2 followed by 
a range of relaxation periods. 

 
 

Figure 14 – EIS before and after polarization of 50 mC/cm2 using 1 mA/cm2 followed by 
a measurement where the anodic aluminium foil had been removed and immediately reattached. 
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It was found that the charge density needed for debonding depended on the water 
content of the adhesive (Figure 15). Laminates stored at higher humidity debonded at a 
lower charge density than drier laminates. That is, an increased amount of water in the 
laminate seems to aid the processes leading to debonding.  

 
Figure 15 – Charge density needed for self-debonding with the anodic side bent inwards at 

different diameters. Current density: 0.050 mA/cm2. 

3.1.2 Chemical characterization 
To get a better understanding of the debonding process, the electrochemical 
measurements were complemented by chemical and spectroscopic techniques. A SEM 
study was made in an attempt to obtain more insight into the processes behind 
debonding, starting with a polarized anodic aluminium surface. An unpolarized 
aluminium surface (Figure 16a-b), torn from the adhesive, showed a uniform 
composition. Comparing this with a polarized anodic aluminium surface (Figure 16c-d), 
a well-developed mesh structure was found, formed by the electrochemical reactions on 
the surface. A pattern is visible since the fiber glass net in the adhesive affects the 
current distribution. The formed reaction products contained carbon, oxygen and sulfur 
besides the aluminium. These SEM results lead to the idea that the anodic electrode 
reaction is an oxidation of the aluminium metal. Noteworthy is that the oxygen content 
of the surface, not counting the patchy reaction products, increased up to 7.5 mC/cm2, 
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but then remained at the same level also at higher charge densities, up to 50 mC/cm2. 
This formed oxide layer is very thin. Assuming a formation of Al2O3 with a charge 
density of 7.5 mC/cm2, the resulting layer would be approximately 3 nm thick, making it 
implausible that the increase in cell resistance is caused by a growth of aluminium oxide. 

 
Figure 16 – Aluminium foils removed from laminates. (a) – Reference aluminium foil (no 

current passed). (b) – Magnification of (a). (c) – 50 mC/cm2 passed, anodic side. The darker 
spots were located under void areas in the fiberglass net which allowed a large amount of 
material to react in this part of the interface. (d) - Magnification of a dark spot in (c). 

The other side of the anodic interface, the adhesive surface, was also examined using 
SEM. Here it was seen that the reaction products formed at the anodic interface 
protruded into the adhesive phase (Figure 17a-c). The amount of material that had 
penetrated the adhesive was higher for the samples stored in higher air humidity than 
for those stored in lower. These results display, just as the experiments with bent 
laminates, a distinct difference between the 0 and 29 % RH samples. It is then likely that 
the release characteristics and formation of these phases are linked. The formation of 
the aluminium complexes would also most likely cause a volume increase in the 
adhesive, creating a volume mismatch with the rigid aluminium surface. This 
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penetration of reaction products, into the adhesive, could then be the cause of the 
volume increase discussed concerning the EIS results. 

An EDS analysis mapping of samples stored in 29 % RH (Figure 18) shows that the 
heavier domains contain less carbon, but more oxygen, sulfur and aluminium than the 
surrounding adhesive material. The products formed in the adhesive are believed to 
consist of aluminium ethyl sulfate, as the only sulfur source is the ethyl sulfate anion, 
and aluminium oxide/hydroxide. This fits the elemental analysis and this assumption is 
further strengthened by the fact that ethyl sulfate is electrochemically very stable. As in 
the study of the EIC laminate [24, 25], the mobile anions interact with the anodic 
aluminium metal due to the polarization. Another similarity lies in the traces of 
aluminium found on the anodic EIC adhesive surface after polarization. 

 
Figure 17 – SEM images, where secondary electrons were detected using a detector positioned 

to produce compositional contrast. (a) Unpolarized adhesive surface stored at 29 % RH (b) 
Anodic adhesive surface stored at 0 % RH polarized with 50 mC/cm2 (c) Anodic adhesive 

surface stored at 29 % RH polarized with 50 mC/cm2.  
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Figure 18 – EDS mapping of an adhesive surface, pre-stored at 29 % RH, after 

polarization with 0.050 mA/cm2 up to 50 mC/cm2. The brighter the area, the higher the 
concentration of the element in question. (a) SEM image of the area analyzed; (b) Elemental 
map of carbon; (c) Elemental map of oxygen; (d) Elemental map of sulfur; (e) Elemental map 

of aluminium 

Using in-situ mass spectrometry (MS) during polarization, it was possible to make both 
a qualitative and a quantitative analysis of the volatile species produced during 
polarization. Comparing laminates debonded with and without polarization, the 
differences lie in the released amounts of hydrogen and to some extent water. The 
amount of hydrogen detected was proportional to the charge density passed through the 
laminates. This production of hydrogen most likely arose from the reduction of water at 
the cathodic interface. The difference in water emission, from the anode, occurred only 
at higher charge density, above 50 mC/cm2, and led to a lower rate of water emission. 
This change is believed to arise from a change in the water transport properties in the 
adhesive. The water transport is likely partly blocked by the adhesive-penetrating 
reaction products formed during polarization. Since no further differences between the 
polarized and unpolarized samples were observed during these measurements, it can be 
determined that no volatile species are formed during polarization. Also, no changes in 
the polymer chemistry on the anodic adhesive surface after polarization were detected 
by Raman spectroscopy. It is then likely that the only reactions at the anodic interface 
during polarization, are the observed thickening of the aluminium oxide layer and the 
growth of adhesive-penetrating products. 

 

(a) (b) (c) 

(d) (e) 
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3.1.3 The debonding mechanism 
Starting with the electrochemical reactions on the anode, it is clear that the major 
reaction, caused by polarization, is oxidation of the aluminium metal. This can be 
understood by looking at the SEM/EDS results where both a thickening of the 
aluminium oxide/hydroxide layer as well as a growth of the aluminium-containing 
penetrating substances were observed after polarization. Added to these finding are the 
MS results showing that no volatile species were formed on the anode and the Raman 
spectroscopy results, where no changes were found in the polymer chemistry on the 
anodic surface of the adhesive. This oxidation would fit the proposed idea about the 
debonding as a multi-step process, since the oxidation of only aluminium should not in 
itself cause a debonding. The electrochemically formed aluminum(III) ions do, in a 
second step, associate with surrounding species. The SEM/EDS reveals that both 
aluminium oxides/hydroxides as well as a product likely to be aluminium ethyl sulfate 
are formed. This formation is divided into two geometrically separated domains: a 
thickening of the oxide/hydroxide layer and, more important, a growth of the 
compound protruding from the aluminium surface, likely consisting of a mix of 
aluminum oxide/hydroxide and aluminium ethyl-sulfate. This compound grows 
outwards from the aluminium surface, penetrating the adhesive phase. This penetration 
introduces stresses at the interface since the increase in volume in the adhesive is not 
accompanied by a growth of aluminium volume. The formed stresses should then 
eventually lead to a loss-of-contact between the adhesive and the aluminium surfaces. 
This process can be demonstrated using the EIS results. Polarizing a laminate leads to 
increased total cell resistance. When leaving the polarized laminate under pressure, it 
was seen that this increase in resistance gradually disappeared over 24 hours. This 
decrease in resistance is likely brought about by a relaxation of the described stresses, 
probably by plastic deformation in the adhesive bulk. When the stresses revert, the 
anodic surfaces can again make contact and the total resistance thus reverts. This 
phenomenon can, however, be explained by other processes, such as dissolution of the 
formed reaction products. But further results from EIS, where a large drop in total 
resistance was observed when the anode of a polarized laminate was removed and 
immediately repositioned, makes the situation clearer. In this case, the interfacial volume 
mismatch between adhesive and aluminium could be relaxed by the removal of the 
anode. At the repositioning of the anode, good contact could be established once again 
resulting in a decreased resistance. The validity of the suggested debonding mechanism 
can be further strengthened with the connection found between the growth of the 
adhesive-penetrating reaction products and the debonding characteristics. Comparing 
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laminates stored in 29 % RH with those stored in 0 % RH, it was clear that the 
laminates stored in a more humid environment both debonded at a lower charge density 
and had a larger amount of penetrated compounds in the adhesive. Thus, it is then likely 
that the formed products promote the debonding (Figure 19). 

 

                                             
Figure 19 – A schematic representation of the proposed debonding mechanism. The reaction 

products penetrate the adhesive, causing an increase in volume, which leads to interfacial 
collapse. 

 

To summarize, the proposed debonding mechanism comprises a volume increase at the 
anodic interface, leading to a rupture at the interface between aluminium and adhesive 
(Figure 19). The volume increase is caused by the growth of electrochemically formed 
reaction products into the adhesive causing swelling. It is also possible that an additional 
weakening of the bond is brought about both by the earlier described decrease in pH 
[24, Paper I], causing anodic undermining, as well as the growth of the low-cohesion 
partial layer of aluminium ethyl sulfate/oxide/hydroxide between the aluminium and the 
adhesive. 
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3.2 Paper-based batteries 

3.2.1 Evaluation of preparation process 
Utilization of cellulosic products, and especially NFC, in Li-ion batteries is not a well-
studied field. Therefore, to arrive at a device, many basic questions were in need of 
answers. The first question was simply; is it possible to disperse particles of electrode 
material and NFC in water? A further demand on the preparation process was a 
filtration process in which the substituents did not aggregate and layer, so as to create 
free-standing flexible films, uniform in composition. 

In the first step towards a full paper-based Li-ion battery, the preparation method was 
verified for a single electrode. A positive electrode with LiFePO4 particles as active 
electrode material, Super-P carbon as conductive enhancer and NFC as binder material 
was therefore prepared.  

The high-speed stirring of the water-based electrode slurries yielded dispersions both 
stable, over the electrode preparation time-frame, and well-mixed (Figure 20a), as 
observed visually. The dispersion of especially the rather unpolar carbon particles is 
known to be difficult without additives [52]. However, addition of eg. CMC, which is 
structurally very similar to NFC, resulted in a stable dispersion with carbon particles 
[52]. Therefore, it is possible that NFC aids the dispersion of carbon particles in the 
electrode slurry. 

         

Figure 20 – (a) Photograph of a LiFePO4:NFC:Super-P carbon slurry with weight ratios 
90:11:9. (b) Photograph of a single-layered NFC-based electrode dried at 110 oC. 

(a) (b) 



 
41 

 
 

Vacuum-filtration of this dispersion resulted in a water-swollen film. During the initial 
tests, these films were simply left to dry in ambient atmosphere. This procedure, 
however, resulted in very stiff, brittle and geometrically buckled and twisted papers. 
Instead, solvent exchange was utilized to exchange the water with pentane. After 
evaporation of pentane, the paper had not become buckled or stiff, but instead flat and 
flexible (Figure 20b). Looking at the microscopic structure of the dried electrodes 
(Figure 21), the binding capability of NFC is clear. A web-like structure is formed in the 
electrode, connecting the inorganic particles and therefore creating structural integrity 
within the electrode.  

 

Figure 21 – SEM image illustrating the structure of the surface of a single-layered LiFePO4 
electrode. The larger particles are LiFePO4, the smaller Super-P carbon and the web-like 

structure is the NFC visibly acting as binding agent. 

When the initial questions regarding the dispersion and filtration were positively 
answered, additional functionalities could be added. A first step was to add a carbon-
rich film to the surface of an electrode. As the electrode is directly attached to the 
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current collector in commercial batteries, a major concern with the free-standing 
electrodes is a high contact resistance at the electrode/current collector interface. 
Therefore, this carbon-rich layer was added to minimize such ohmic losses in the final 
battery. With this as background, the general characteristics of the positive electrode, 
based on LiFePO4, can be examined (Table 1). The used method results in electrode 
thicknesses of 120 and 167 µm for the single- and bi-layered electrodes, respectively, 
with estimated porosities at 72 and 74 %. The thickness could however simply be 
altered by changing the amount of slurry added in the filtration step.  

Table 1 – Geometrical and electrical properties of the paper electrodes.  

 single-
layered 

bi- 
layered 

Thickness [µm] 120 167 
Total porosity [%] 74 72 

Loading [mg LiFePO4/cm2] 8 8 
Conductivity, 4-probe [S/m] 3 17 

Conductivity, Swagelok cell [S/m] 0.02 0.14* 
*Two same-sized bi-layered electrodes were stacked with the carbon-rich surface of 

each facing the stainless steel surface. 

The conductivities of the formed electrodes (Table 1) showed, first of all, large 
differences depending on the chosen measurement procedure. The conductivity results 
for the four-probe set-up are approximately a hundred times larger than those for the 
two-probe set-up. The origin of this difference lies in the electrode placement. For the 
four-probe set-up, the electrode placement is designed to apply current in the plane of 
the paper sample. Using four electrodes, current is applied between two of them while 
the two other measures the potential drop, excluding all contact resistances in the 
measurements. This is the most common method for thin film conductivity 
measurements and the only reported method found used in the open literature on 
paper-based electrodes. However, macroscopic conductivity measurement techniques 
are based on the assumption that the material is isotropic, a property not demonstrated 
for paper-based electrode as of yet. Given this, a concern with this four-probe method 
is the divergence between measurement method and final application. The measurement 
is performed with current passing in the plane of the electrode, while in the battery, the 
main flux of electrons take place through the plane of the electrode, from the current 
collector out to the depth of the electrode particles. Therefore, a two-probe set-up was 
used as a complementary method. This method, with two metal plates placed in contact 
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with the electrode surfaces, was designed to emulate the battery environment where the 
free-standing electrode is placed into contact with the current collector. These 
conductivities were, as mentioned, much lower than for the four-probe method. From a 
device point of view, this result is important as it shifts the electronic conductivity from 
being a non-issue to being a potential problem. At 3 S/m, the voltage drop over the 
cross-section of a single-layered electrode at 1 C is only 0.5 mV, while the drop at 
0.02 S/m at 1 C is 80 mV.  

The bi-layered electrode design is one way of reducing the influence of the electronic 
conductivity. That the conductivity as measured in the plane was increased, from 3 to 
17 S/m, is not surprising as a carbon-rich film would show higher conductivity than the 
actual electrode. More important is, instead, the conductivity measured through the 
plane, which was increased from 0.02 to 0.14 S/m. This implies that the contact 
resistance between electrode and current collector includes a large part of the resistance, 
as the electrodes as such were identical in the single- and bi-layered cases. 

With the method of making paper-based electrodes verified, the concept was expanded 
to full Li-ion batteries. By utilizing a sequential filtration (Figure 9), a three-layered 
structure could be built so as to comprise a full battery with two electrodes and a 
separator. The result after drying was a single flexible paper consisting of three well-
defined and discrete battery components (Figure 22) bound together by only NFC. 

 

Figure 22 – (a) Photograph and (b) SEM image of the cross-section, of a single-paper 
battery 
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For the full battery, the solvent exchange played a large role. The porosity of the 
separator is largely affected by the drying method. Initial studies with only separators, 
consisting of pure NFC, showed that a separator prepared without solvent exchange 
had 250 times lower effective conductivity than a separator subjected to solvent 
exchange, when soaked in electrolyte. 

The idea of creating a single battery structure, as compared to free-standing battery 
components, is first of all to create a mechanically robust structure applicable to flexible 
electronic devices. Separate components are expected to move and shift with respect to 
each other, eventually causing malfunctions, such as short circuits.  

As cellulose is hygroscopic and Li-ion battery chemistry is very sensitive to water, great 
care as to the drying temperature was taken. A TGA was performed on a pure NFC film 
in nitrogen atmosphere (Figure 23) examining the change in mass during heating. An 
initial loss in mass was recorded in the temperature range 50-130 oC, whereafter a 
plateau was reached. Between 130 oC and 200 oC, no loss in mass was recorded. Above 
200 oC major losses in mass occurred, most likely due to degradation of the cellulose 
structure into a carbonized state. From this measurement, 110 oC, below the plateau, 
and 170 oC, on the plateau, were chosen as model drying temperatures.  
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Figure 23 – TGA of an NFC film at 50-700 oC measured in N2 atmosphere. A plateau 
between 130-200 oC is seen where no loss in mass is detected until the cellulose structure is 

degraded above 200 oC. At 110 oC, 170 oC and 200 oC the normalized masses are 96.4 %, 
95.5 % and 95.5 %, respectively. 

3.2.2 Mechanical properties 
As one of the anticipated applications of the paper batteries is as energy providers for 
flexible electronics, the mechanical properties of the paper batteries are very important. 
The mechanical evaluation was performed using tensile testing of both the separately 
made positive electrode and the single-structured full-cell battery. However, these two 
structures follow the same trends. Therefore, only the full-cell battery results will be 
discussed. For mechanical data from the positive electrode, the reader is referred to 
Paper III. 

From the tensile results (Table 2) it can first of all be seen that the paper batteries had 
very good mechanical properties with Young’s moduli at 0.2-0.4 GPa and ultimate 
strengths at 4.6-9.0 MPa. Furthermore, it can be seen that the choice of drying 
temperature affects the mechanical properties. A higher drying temperature leads, for 
the tested temperatures, to deterioration of the mechanical properties. This can 
especially be seen in the strain at break, where the result is roughly halved for both 
soaked and unsoaked samples. Another important aspect of the mechanical results is 
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that the paper batteries show good mechanical properties not only when dry, but when 
soaked with electrolyte as well. From a device perspective, the results from these soaked 
samples are crucial, since the environment in these tests emulates the actual conditions 
in the envisaged device. The main differences between the soaked and unsoaked 
samples are mainly the large gain in strain at break for the soaked samples, but also 
slight losses in modulus and ultimate strength. Overall, it can be said that the soaked 
samples were more ductile than the unsoaked. 

Even though the samples may be measured using comparable methods, it is quite hard 
comparing the data presented here with data from the literature on related subjects due 
to differences in fiber/fibril content and porosities. An example is a study on a method 
for producing NFC films with high surface area [95]. In this study, tensile results for 
TEMPO-oxidized NFC, as also used in the paper batteries,  present Young’s moduli at 
1.4-5.0 GPa, ultimate strengths at 83.7-120 MPa and strains to failure at 8.8-16.6 %, 
depending on drying method. However, the porosities in these cases were 40-56 %, 
correlating to a cellulosic content of 44-60 % by volume. As the volumetric cellulose 
content in the paper batteries was estimated to 10 %, direct comparisons become 
imprecise.  

Comparing the mechanical data from this thesis, to other paper-based battery 
components is not straight-forward either, both due to the difficulties with 
porosities/fiber content already mentioned and the scarcity of data in the found 
literature. For electrodes, the most relevant comparison is with a graphite-based 
electrode containing cellulose fibers. Young’s moduli are reported to be 0.070-
0.323 GPa, depending on degree of fiber beating [41]. The weight fraction of fibers was 
25 % and the overall electrode density was ~530 kg/m3. Assuming graphite and 
cellulose densities of 2.1 g/cm3 and 1.5 g/cm3 with weight relations 75:25, respectively, 
an estimated porosity for these electrodes is 60 %. Since the positive electrode reported 
in Paper III had a similar porosity (74 %), a crude comparison can be performed. It 
appears that NFC gives a higher modulus, when applied in an electrode, than cellulose 
fibers as the reported moduli were ~0.3 GPa in both studies, but at a cellulosic content 
of 11 % for the NFC electrode and 25 % for the fiber electrode. At 10 % weight 
fraction of fibers, the graphite electrode had a reported modulus of 0.1 GPa. 

Mechanical properties for NFC separators, for Li-ion applications, have been found in 
one case. This NFC separator, dried from mixtures of water and iso-propyl alcohol, has 
very good mechanical properties, with Young’s moduli at 3.257-6.411 GPa and ultimate 
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strengths at 21-55 MPa. Unfortunately from a comparison point-of-view, no porosities 
or densities have been reported in this study. Regardless of this, very stiff and strong 
separators were produced using the above method. No reference to any flexibility of the 
produced separators was however made. 

In general, very few reports in the open literature show mechanical properties of 
cellulose-based battery components when soaked in electrolytes. Other than the papers 
in this thesis, only one report was found. In this paper [96], the Young’s moduli for pure 
alginate in both dry and electrolyte-soaked states are reported. In both cases, they were 
in the range 3.5-5.5 GPa. Additionally, the mechanical properties of PVDF are 
presented. Here, the modulus was 0.2-1.2 GPa in the dry state and only 
0.005-0.025 GPa when soaked in electrolyte. 

Table 2 – The mechanical characteristics of the paper batteries 

Dried at 
110 oC, 

stored at 
50 %RH

Dried at 
170 oC, 

stored at 
50 %RH

Dried at 
110 oC, 

soaked in 
electrolyte

Dried at 
170 oC, 

soaked in 
electrolyte 

Young’s modulus [GPa] 0.39 0.26 0.19 0.20 
Ultimate strength [MPa] 9.0 5.0 5.6 4.6 

Strain at break [%] 8.3 4.1 19.2 9.2 
 

3.2.3 Electrochemical properties 
The single- and bi-layered positive electrodes were evaluated electrochemically by 
cycling at different rates. These rates, from C/10 to 1 C, correspond to theoretical 
charges/discharges in 10 and 1 hours, respectively. Both the single- and bi-layered 
electrodes performed well over the whole range of rates (Figure 24). However, for all 
rates, the bi-layered electrode displayed the highest capacities even though the LiFePO4 
loading density was the same in both cases (8 mg/cm2). Therefore, the added carbon-
rich film appears to lower the total resistance in the built cell. Positive Li-ion electrodes 
based on fibrillar cellulose have only been found in two cases, where cellulose fibers 
were used as binder material [51, 52]. In these reports, the measured capacities were only 
110 mAh/g LiFePO4, far from the theoretical 170 mAh/g.  This behavior was claimed 
to originate from a low grade LiFePO4 powder, a fact that makes it harder to evaluate 
the influence from the cellulose. These electrodes, however, appear to have better rate 
capability than then ones produced for within the framework of this thesis (if the 
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capacity ratio between C/10 and 1 C is studied). The comparison is once again 
encumbered by the different production conditions, where 20 % carbon particles are 
used as compared to 9 % in the present study, as well as the lack of report on the 
loading density. Instead, the produced positive electrodes in Paper III can be compared 
to electrode specifications from the manufacturer of the LiFePO4 powder used in 
Papers III-IV [97]. These electrodes were made using 80 % LiFePO4 powder, 10 % 
carbon powder and 10 % PVDF binder and showed reversible capacities of 
approximately 150 mAh/g as compared to 132 mAh/g. This comparison is rather fair 
and shows that the filtration process produced electrodes with slightly lower rate 
capability than electrodes commercially made using standard procedures. The main 
differences in the comparison is the use of a lower loading density in the PVDF 
electrodes (4 mg/cm2 as compared to 8 mg/cm2) and the use of carbon coated 
aluminium foils in the former case.  

The coulombic efficiency is a very important aspect during cycling of a battery. In a full 
battery cell, coulombic efficiencies below 100 % indicate various degradation processes. 
These mainly include various parasitic side reactions, losses of active particles during 
charging, through particle cracking or failure of the binder material [7]. The advantage 
of using a lithium metal counter electrode during these measurements was that these 
two processes, the side reactions and particle losses, can be differentiated. If particles 
lose electronic contact with the current collector, their capacity cannot be used, 
therefore the capacity loss is irreversible. The parasitic side reactions, on the other hand, 
will decrease the capacity only in a full-cell battery due to losses in electrochemically 
available lithium [98]. In a cell with a lithium counter electrode, a half-cell, the supply of 
electrochemically available lithium is seen as infinite and therefore no capacity is lost in 
principal regardless of coulombic efficiency. 

The coulombic efficiencies were clearly separated from 100 % for both samples dried at 
110 oC and 170 oC, with 97 % and 99 % in coulombic efficiency, respectively, during the 
first 10 cycles at C/10 (Figure 25). For irreversible losses, this would mean capacity 
losses of 26 % (1-0.9710) and 10 % (1-0.9910), respectively. However, such losses were 
not recorded in any case (Figure 24) during these first 10 cycles. Therefore it is likely 
that the deviations in coulombic efficiency during cycling originated from parasitic side 
reactions and not losses of active particles. Such side reactions are known to cause 
capacity fade during long-term cycling [7, 98] and originates in a number of processes 
including decomposition of the electrolyte [99]. Electrolytes contaminated with water 
residues are known to destabilize the protective SEI layer [100], therefore giving rise to 
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relatively higher rates of side-reactions due to continuous re-formation of the SEI. Due 
to this, commercial batteries are produced with strict control of the water content in the 
battery components. From the measured coulombic efficiencies at 110 oC and 170 oC 
(Figure 25), it can be seen that a higher drying temperature leads to much higher 
efficiencies. This increase is interpreted as the electrodes having released a larger amount 
of solvents, including water, during drying, and therefore having experienced side 
reactions to a lesser degree. 

 

Figure 24 – Specific capacities for the single- and bi-layered positive electrodes at different 
rates. 
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Figure 25 – Coulombic efficiency during cycling at C/10 for the single- and bi-layered 
electrodes dried at 110 oC and 170 oC. 

The full-cell paper batteries were cycled using the same procedure as for the positive 
electrode, with rates from C/10 to 1 C for battery cells dried at 110 oC and 170 oC 
(Figure 26a). The sample dried at 170 oC showed very good cycling properties with 
reversible capacities around 150 mAh/g at C/10 and 100 mAh/g at 1 C. These values 
are in the same range as those measured for the positive electrode. The samples dried at 
110 oC, on the other hand, showed overall worse performance with a rate performance 
below 50 mAh/g at 1 C. Looking at the cycling behavior (Figure 26b) during 10 cycles 
at C/10, the voltage response was close to the expected for a LiFePO4/graphite Li-ion 
battery for the 170 oC sample. The cycling of the 110 oC sample, in contrast, showed 
deviations from expected values especially at the high voltages during charging, possibly 
related to side reactions. Since indications of issues related to side reactions were found 
for both the positive electrode and the full-cell battery and that these behaviors were 
altered with drying temperature, water or possibly other solvents is expected to remain 
in the cellulose structure.  
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To study how these side reactions were affecting the battery performance, cycling was 
performed for more than 400 cycles for a sample dried at 170 oC. The result (Figure 
26c) showed a large decrease in specific capacity (58 %) over this cycling scheme. The 
averaged coulombic efficiency was 99.7 %, implying that 0.3 % of the reactions during 
charging of the battery were caused by side reactions instead of lithium intercalation 
reactions. These side reactions deplete the battery cell of electrochemically available 
lithium, therefore decreasing the cell specific capacity. The only report found on long-
term cycling of a battery based on solely cellulose was a LiFePO4/graphite battery with 
separate electrodes and separators based on cellulose fibers [52]. Here, the specific 
capacity increased during cycling, due to unclear processes, making an evaluation of any 
capacity fade due to side reactions difficult. However, the specific capacity was 
approximately 90 mAh/g after 200 cycles, while the specific capacity in Paper IV was 
below 60 mAh/g after the same number of cycles. To compare capacity fade for other 
types of NFC, a study on NFC separators cycled together with commercial electrodes 
[46] can be mentioned. Here the coulombic efficiency was approximated to 99.9 % 
through the capacity fade reported, assuming all capacity fade being caused by side-
reactions. 

Interestingly, the reported NFC separator has higher coulombic efficiency than the full-
cell battery in paper IV, but dried at considerably lower temperature (80 oC), although 
during twice the time, and without vacuum during drying. The main differences could 
then be the charged cellulose chains, the smaller fibril diameter and the drying without 
outer pressure for the full-cell battery paper as compared to the NFC separator. 
Possibly, a higher cellulose surface area for the full-cell battery in Paper IV binds more 
water which later is released in the battery electrolyte, causing side reactions decreasing 
the capacity. 

Important to bear in mind is that the electrolyte in Paper IV had an addition of VC to 
the electrolyte. In the two other cases discussed above, no additives are reported further 
complicating comparisons. 
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Figure 26 – (a) Specific capacities for the full cell battery at different rates (b) Cell voltage 
response during cycling with C/10 for the full-cell battery. (c) Specific capacities during long 

term cycling at C/2 for the full-cell battery. 

From a device perspective, it is not enough knowing the electrochemical properties for a 
geometrically flat battery. If the battery is to be bent in the final application, some 
knowledge about the properties during bending was required in the study. By evaluating 
the EIS data for batteries at different bending radii, these properties could be estimated 
(Figure 27). No large changes in either electrolyte conductivity, charge transfer 
resistance or diffusion limitations could be found at different degrees of bending.  Based 
on these measurements, the full-cell batteries could definitely be used for energy storage 
in a flexible electronic device. 
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3.2.4 Paper battery production 
The preparation method for both the positive electrode and the full-cell battery, 
centered around a water-based filtration. Such filtration bears great resemblance to the 
commercial process through which paper products are made. The paper-making 
processes use high-efficiency machinery [101], where cellulose pulp is distributed on a 
moving dewatering belt, creating either single-layer or multi-layer structures, followed by 
pressing and drying. An adaptation of the technique used in this work into such 
processes could yield very inexpensive battery components with promising 
environmental profile.  

3.2.5 Summary 
In this section it has been shown that it is possible to make flexible, but still 
mechanically strong, battery components based on cellulose fibrils from an aqueous 
dispersion. Positive electrodes as well as full single-structured graphite/LiFePO4 
batteries were prepared. The resulting battery components are mechanically strong and 
flexible with good cycling properties (up to 101 mAh/g LiFePO4 at 1 C for the full-cell 
battery) and made using renewable cellulosic materials. The drawbacks found with this 
method are the limited cycle lifetime, likely to be caused by side reactions with e.g. 
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water. The technology opens up for new application of batteries, where there is a need 
for a flexible or disposable energy source, such as RFID tags and flexible reading 
devices, as well as simple assembly of batteries, especially since the battery papers can be 
cut to any size with simple tools, such as scissors, without creating short circuits. 
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3.3 Carbon fiber coating 

3.3.1 Electrochemical characteristics 
The carbon fibers to be coated were submerged, along with counter and reference 
electrodes in a solution containing monomer, solvent and lithium salt. To identify the 
electropolymerization potential, i.e. the potential where the electrochemically induced 
initiation took place, a linear potential sweep was performed. An example of such a 
sweep is shown in Figure 28. In this figure, the second potential sweep, for the same 
sample, is shown as well along with a reference sweep for an electrolyte without 
monomer. The grafting peak is clearly seen in the first potential sweep, but lacking both 
in the second sweep and the reference sweep. Obviously, no monomer initiation takes 
place in the reference sample, but the fact that the second sweep lacked detectable 
initiation currents indicates that an electronically insulating layer was formed during the 
first sweep. Such a layer would then inhibit further initiation.  
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Figure 28 - Voltammograms from linear potential sweeps, from positive potential to 
negative. The example shown is for a 1:1 mixture of monomer SR209:DMF containing 0.2 
M lithium triflate. The “grafting peak” is highlighted by the inserted arrow. A subsequent 

sweep as well as a reference sweep without monomer are also shown. 
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Following the linear potential sweeps, electropolymerization was performed on fresh 
fiber bundles at the identified electropolymerization potential for each electrolyte 
composition. These potentiostatic experiments (Figure 29) show great similarities 
regardless of electrolyte composition. The general trend for all compositions was a 
decay of the current density down to a steady-state value. The current density at steady-
state is cathodic, indicating that reductive side-reactions are taking place. These side-
reactions are most likely associated with DMF and/or lithium triflate, since the 
reference sweep, without monomer, shows currents in the same order of magnitude as 
the sweep for monomer-containing electrolyte solutions (Figure 28). One source of 
side-reactions could be intercalation of lithium ions into carbon fibers which are known 
to take place below 1 V vs. Li+/Li [57]. 

Based on these measurements, it appears that only a limited amount of charge is needed 
to initiate the polymerization, after which no further initiation takes place. That is, the 
initiation of the electro-polymerization ceases when the fibers are completely covered by 
grafted polymer. Here it is important to point out that the monomer initiation is an 
electrochemical process, in contrast to the chain propagation which proceeds by the 
repeated addition of the monomer to the chemisorbed anionic species [12]. 

 

Figure 29 - Current density vs. time for potentiostatic polarization at the 
electropolymerization potential, for both 15 s and 150 s, using monomer SR550. 
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3.3.2 SEM examination 
Where the current densities showed no major differences between electrolyte 
compositions, the SEM investigation certainly did. Differences were observed mainly 
for changes in polarization time and lithium triflate concentration. 

The uncoated unsized fibers had a rough surface with ridges along the fiber lengths 
(Figure 30). All coated samples differed from the uncoated samples, as seen in SEM, by 
showing a smooth covering layer to some extent. A series of images with changing 
lithium salt concentration (Figure 31) gives at hand that an increase in salt content leads 
to reduced coating thickness. At 2.5 M, the ridges of the carbon fibers are clearly visible, 
whereas these ridges become undetectable at 1 M and 0.2 M. As the charge required to 
initiate the polymerization is similar regardless of salt concentration (Figure 29), the 
difference must lie in the propagation/termination processes. The propagation rate for 
anionic polymerization is known to be affected by the relation between free and 
associated anionic monomers/counter-cations pairs [24]. A higher degree of association 
results in a lower propagation rate. When the Li-triflate concentration in the coating 
electrolyte is increased, the described propagation equilibrium should accordingly be 
shifted towards a higher degree of association leading to a lower propagation rate and, 
therefore, a thinner coating given similar termination rates. 

 

Figure 30 – SEM image of unsized IMS65 fibers as received. 
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Figure 31 - The effect of salt concentration is illustrated using monomer SR550. 
Monomer:DMF ratio, lithium triflate concentration and polarization time are given in the 

inscription in each image. A lower salt concentration leads to a thicker polymer coating. 

The polarization time also affected the coating results (Figure 32) in the way that an 
apparently thinner coating was realized after 15 seconds as compared to 150 seconds. 
Although this result feels intuitive, the understanding of it is not. At 15 seconds, the 
steady-state current density was not reached. This was interpreted as an incomplete 
initiation rendering fewer polymer chain stubs at the carbon surface.  It is possible that 
the polymer chains themselves reached the same lengths for the two polymerization 
times, but the lower chain density created a more collapsed structure with decreased 
thickness. 
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Figure 32 - The effect of polarization time during electropolymerization is illustrated. 
Monomer:DMF ratio, lithium triflate concentration and polarization time are given in the 
inscription in each image. A longer time resulted in apparently thicker polymer coatings. 

The effect of monomer-to-solvent ratio was also studied. For the 1:10 ratio, no grafting 
peak was observed. Therefore no potentiostatic polarizations were performed for these 
electrolytes. The ratios 1:1 and 1:4 both gave fully covering polymer films (Figure 33), 
where the apparent difference in thickness between the two compositions was minute. 
However, the 1:1 ratio appeared to have slightly thicker coating as well as better 
coverage. 

 

Figure 33 – An illustration of the effect of monomer-to-solvent ratio. Monomer:DMF ratio, 
lithium triflate concentration and polarization time are given in the inscription in each image. 

The difference between ratios 1:4 and 1:1 are minute. 
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To verify that the coating contained lithium ions, capable of carrying charge in a battery, 
XPS was used. By utilizing XPS, the lithium ion content of the polymeric coating could 
be determined. The lithium content in the fiber coating was found to be 1.53 atom%, 
when using a polarization time of 150 s in a 1:4 mixture of monomer:solvent with 0.2 M 
lithium triflate. Furthermore, the elemental carbon-to-lithium ratio was 48. This can be 
compared to the corresponding monomeric carbon-to-lithium ratio of 250 in the 
studied electrolyte composition. Consequently, this result implies that lithium was 
enriched in the polymer coating during the coating process compared to the bulk 
monomer solution. In the study by Willgert et al. [8] a lithium triflate content of 6 wt% 
was found sufficient for the SPE based on monomer SR550 used in Paper V. The 
corresponding lithium triflate content in the electropolymerized SPE measured here was 
approximated to 16 wt% assuming that all lithium ions are coupled to triflate ions. 

From the SEM observations it is clear that monomer SR550 can give fully covering and 
thin polymer coatings on carbon fibers. In particular the coating made from 1 M lithium 
triflate with the monomer-to-solvent ratio of 1:1, polarized for 150 seconds, was 
deemed the most promising, with the best overall carbon surface coverage. Therefore, 
this coating was chosen for further studies.  

3.3.3 Evaluation of the polymer coating thickness 
The thickness of the coating produced by the chosen electrolyte composition was 
determined by two methods. A modified Wilhelmy technique was utilized to examine 
five coated fibers at a time, while TGA gave averaged measurement for several 
thousands of fibers given by evaporation of the coating polymer. 

The measurements with the Wilhelmy technique resulted in a coating thickness of 685 
nm, while in the TGA measurements the thickness was calculated to be 470 nm. The 
different results may be caused by the different approaches and assumptions of the 
measurement methods. The Wilhelmy technique evaluates only a few coated fibers and 
assumes a contact angle, while the TGA measurements assumes a polymer density equal 
to one of a bulk polymer as well as perfectly cylindrical carbon fibers. 

3.3.4 Summary 
In summary, electropolymerization has shown great potential for preparation of a Li-ion 
battery electrolyte to be used in novel battery devices. The polymeric coatings are thin, 
appear to be well-covering, pin-hole free and contain relatively high concentrations of 
lithium ions. If the polymer coatings show the same lithium conductivity as bulk 
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samples, 1.5 µS/cm, a coating of 500 nm would show the same areal resistance as a 
~230 µm thick electrolyte consisting of the commercially used battery electrolyte 1 M 
LiPF6 in EC:DEC 1:1 by weight, with a conductivity of 7 mS/cm, in a separator with 
McMullin number 10. Even though commercial separators are thinner by a factor of 
ten, utilization of such a polymer coating in a Li-ion battery application is not 
unreasonable.  
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4. Conclusions 
 

This thesis has been aimed at the development of three electrochemical devices. As the 
requirements of these devices are dissimilar, the techniques used for each device have 
been different by necessity. 

The study on electrically induced adhesive debonding aimed at obtaining a deeper 
understanding of the processes leading to debonding. For the Sinuate® laminate, the 
debonding took place at the anodic interface. The debonding was, however, not a 
sudden event, but the adhesive strength decreased gradually over time. The 
electrochemical parts of the study showed first of all that the cell potential during 
galvanostatic polarization increased with time. Further studies with a three-electrode set-
up determined that almost all of this potential increase arose from the anodic side of the 
laminate. It was also seen that the electrochemical processes were affected by the water 
content of the adhesive, since an adhesive stored at higher humidity had lower resistance 
than one stored in a lower. 

MS and SEM proved to be useful techniques for the study of the debonding chemistry. 
The MS studies gave useful information about the anodic half-cell reactions as no 
gaseous oxidation products were found during polarization. The cathodic process, on 
the other hand, produced hydrogen, which most likely was formed from reduction of 
water. Using SEM, it was seen that a reaction product was formed on the anodic 
aluminium surface during polarization. This product contained carbon, oxygen, sulfur 
and aluminium and grew outwards from the aluminium surface, penetrating the 
adhesive phase. The amount of these penetrating phases was larger for a laminate stored 
at high humidity than for one stored in a drier. 

Examining the release characteristics, the debonding was determined to be a multi-step 
process. The actual process leading to debonding was thus not the electrochemical 
oxidation at the anodic interface. A relation between this debonding process and the 
formation of the penetrating reaction products could be seen. From this it was possible 
to propose a debonding mechanism, where a volume increase in the adhesive, at the 
anode, leads to internal stresses at the interface, leading to adhesive failure. 

The method of making battery components with NFC in a water-based filtration, 
proved to be a promising technique. This method was free from both NMP and PVDF 
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and the resulting battery components were strong and robust, but still flexible. It was 
possible to build both single- and bi-layered electrodes as well as a full battery cells built 
in three layers. 

The battery components were tested mechanically both in a dry state and when soaked 
in battery electrolyte, to emulate a battery environment. The binding NFC structure was 
both strong and stiff even when soaked in electrolyte, with Young’s moduli of up to 
0.19 GPa and strengths of up to 5.6 MPa. The results from tensile testing on full-cell 
batteries varied depending on drying temperature chosen. At a higher temperature 
(170 oC), the strain at break was half of the corresponding value for samples dried at a 
lower temperature (110 oC). 

The cycling performances of the battery components showed good rate capabilities, 
with specific capacities of 132 mAh/g and 101 mAh/g LiFePO4 at 1 C when dried at 
170 oC for the positive electrode and full battery-cell, respectively. The largest challenge 
for this type of battery, lies in the capacity fade over time. For both the positive 
electrode and the full-cell battery, the coulombic efficiencies were lower than 100 %, 
something that resulted in a large capacity fade for the full-cell battery when cycled for 
more than 400 cycles. This is possibly related to water and solvent residues in the 
components. 

Overall, this battery preparation technique could be used to create mechanically robust 
batteries to be used as energy storage device in flexible electronics. As the batteries are 
made in a paper making-type process, there are possibilities for manufacturing such 
batteries in large quantities at low cost. However, the capacity fade must be assessed if 
the batteries are to be used in other than niche products. 

The electropolymerization method as a means to create thin polymer coatings onto 
carbon fibers proved successful. Coatings in the order of 500 nm were realized without 
apparent pin-holes as seen in SEM. It was seen that the electrolyte in which the 
electropolymerization took place could be modified to change the final coating 
properties. A higher salt content resulted in a thinner coating layer, whereas the effect of 
monomer-to-solvent ratio was more unclear. The polarization time also affected the 
coating; a longer polarization time lead to a thicker coating. Such thin, but still well-
covering, layers with included lithium ions could be used in a variety of battery devices. 
Examples are three dimensional batteries, structural batteries and micro batteries. 
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5. Outlook 
 

The concept of adhesive debonding by electrochemical means is already transformed 
into a commercial product. Debonding adhesives are available, but usage is scarce. A 
reason for this could be that almost all of the commercially available debondable 
adhesives are of the two-component type. This makes processing of such adhesives 
cumbersome from an industrial viewpoint. A thermoplastic adhesive would suit such 
processes better due to the easy handling and application of this type of adhesive. 
Another issue is the high voltage needed, 30-50 V, for debonding in the range of 
seconds. If the ionic resistance in the adhesive could be decreased, lower voltages would 
be needed thereby reducing the health hazard during handling. For this, several routes 
might be possible to follow. One option is to continue with the existing production 
method but with thinner laminates or other types of conducting agents able to yield 
higher conductivity. Another option is to completely change adhesive chemistry, in 
attempt to find structures with higher possible conductivity. 

Nevertheless, utilizing electrochemically debondable adhesives could potentially reshape 
the concept of automobile design, creating light-weight and recyclable products. 
Production of safe and easy-to-open consumer packaging, built on debonding adhesives, 
could also be a huge market. The problem with hard-to-open consumer packaging has 
over the last few years been acknowledged in the popular press, where terms such as 
‘wrap rage’ have been used to cover the phenomenon, so there is no doubt about the 
potential market for debonding adhesives in this case. All in all, debonding adhesives 
could find applications in a huge spectrum, ranging from high-technology products such 
as the secure medicine dispenser to easy removal of wallpapers, given that an adhesive 
can be developed to suit a specific application. 

The usage of batteries is not likely to decrease in the foreseeable future. Instead, it will 
most likely increase due to increasing sales of partly or fully electrical vehicles, portable 
devices, such as mobile phones and tablets, and the conceptualization of internet-of-
things. This concept describes how all devices are to be powered electrically and 
connected wirelessly, humorously designated by “one network to connect them all” 
[102]. Based on this, it becomes important to tailor battery solutions. The application 
might demand a battery integrated into e.g. an RFID tag or a metal-free battery designed 
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to power a display on a cardboard box whereafter they are recycled together, without 
disassembling. 

The NFC-based battery solution presented in this thesis has great potential both for use 
in bendable electronic devices and as a route to avoid the use of harmful solvents and 
binders in the production methods of Li-ion batteries at large. Other possible 
applications of electroactive paper are “as micro-insect robots, flying objects, flying 
magic paper, flower robots, smart wallpapers, e-papers and microelectro-mechanical 
system sensors” [103]. However, large challenges await on the route to a commercially 
viable product. For NFC-based batteries to be nothing else than a niche product, 
suitable only for applications demanding only a very limited cycle life, the large fade in 
specific capacity over cycling must be dealt with. First of all, the origin of this fade must 
be determined. In this thesis, the origin of the capacity fade is supposed to be side 
reactions, caused by water and other solvents, but this is not shown with certainty. 
When the cause is known, it can hopefully be avoided. As for use in bendable devices, a 
design in which the current collectors would be attached to the electrode surfaces would 
be beneficial. If this is realized, an even more robust design would emanate, as all 
components are physically bound into a single structure. 

Electropolymerization as a means to coat carbon fibers was successful. To build a full 
battery device, however, more research is needed. Even though lithium ions were 
detected in the polymeric structure, the actual ionic conductivity and transport 
properties are unknown. Furthermore, the bond strength at the fiber/polymer interface 
should be measured. If this interface fails, bare carbon surface will be exposed leading 
both to risk for short circuiting and deteriorated mechanical properties. A positive 
electrode also needs to be realized, tailored to the wanted application. These 
uncertainties aside, large possibilities for utilization of individually coated carbon fibers 
can be imagined by designing batteries without the restriction of the thin-film design 
used today.   
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