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Abstract
Tammela, P. 2016. On the electrochemical performance of energy storage devices composed
of cellulose and conducting polymers. Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology 1403. 64 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-554-9651-7.

Applications that require electrical energy storage are becoming increasingly diverse. This
development is caused by a number of factors, such as an increasing global energy demand,
the advent of electric vehicles, the utilization of intermittent renewable energy sources, and
advances in disposable and organic electronics. These applications will set different demands
on their electrical energy storage and, thus, there will be no single technology used for all
applications. For some applications the choice of energy storage materials will be extremely
important. Conventional batteries and supercapacitors rely on the use of nonrenewable inorganic
materials mined from depleting ores, hence, requiring large amounts of energy for their
processing. Such materials also add a significant cost to the final product, making them less
attractive for large scale applications. Conducting polymers, on the other hand, constitute a class
of materials that can be used for organic matter based energy storage devices.

The aim of this thesis was to investigate the use of a composite consisting of the conducting
polymer polypyrrole (PPy) and cellulose derived from Cladophora sp. algae for electrical
energy storage. The polymer was coated onto the cellulose fibers by chemical polymerization
resulting in a flexible material with high surface area. By using this composite as electrodes,
electrochemical cells consisting of disposable and non-toxic materials can be assembled and
used as energy storage devices. The resistances of these prototype cells were found to be
dominated by the resistance of the current collectors and to scale with the thickness of the
separator, and can hence be reduced by cell design. By addition of nanostructured PPy, the
weight ratio of PPy in the composite could be increased, and the cell voltages could be
enhanced by using a carbonized negative electrode. Composites of cellulose and poly(3,4-
ethylenedioxythiophene) could also be synthesized and used as electrode materials. The
porosities of the electrodes were controlled by mechanical compression of the composite or
by coating of surface modified cellulose fibers with additional PPy. Finally, the self-discharge
was studied extensively. It was found that oxygen was responsible for the oxidation of the
negative electrode, while the rate of self-discharge of the positive electrode increases with
increasing potential. Through measurements of the charge prior to and after self-discharge,
as well as with an electrochemical quartz crystal microbalance, it was found that the self-
discharge of the positive electrode was linked to an exchange of the counter ions by hydroxide
ions. It is also demonstrated that the self-discharge rate of a symmetric PPy based device can
be decreased dramatically by proper balancing of the electrode capacities and by reducing
the oxygen concentration. The results of this work are expected to contribute towards future
industrial implementation of electric energy storage devices based on organic materials.
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1. Introduction 

There is an enormous variety of applications being developed with increas-
ingly diverse demands on the electrical energy storage system. For instance, 
a transition from fossil fuel to electrically powered vehicles requires safe, 
high power, and high capacity electrical energy storage1. Due to the intermit-
tent nature of renewable energy sources (such as wind, wave and solar pow-
er), energy storage is needed when these energy sources cannot produce 
electricity as well as to power mobile devices2. Portable electronics has an 
unceasing demand for better energy storage devices. Not only has the com-
putational power of electronic devices experienced an exponential increase3 
(doubling every 1.5 years since the 1950s), but the number of calculations 
per unit of energy has doubled every 1.6 years as well4, enabling more calcu-
lations using the same amount of energy. Simultaneously, more environmen-
tally friendly and disposable electronic devices are anticipated5, demanding a 
focus on the environmental friendliness of the materials used for electrical 
energy storage. 

Consequently there is no - and will not be a single technology used in all 
systems6. Hence, energy is stored with a broad array of technologies, and the 
focus of this thesis is electrochemical energy storage using conducting pol-
ymers as active material in cellulose composites. Today’s materials used for 
electrochemical energy storage rely on nonrenewable and sometimes toxic 
materials, such as metals and minerals, found in the earth’s crust and which 
require mining and refinement at high temperatures7. The production of 
these materials is energy demanding, expensive, gives rise to a high carbon 
footprint, and the recyclability of the devices and material has so far been of 
limited interest8. As a result, the energy storage system is often regarded as 
the heaviest, costliest and least environmentally friendly component of an 
electronic device9. 

By manufacturing electrochemical energy storage devices based on or-
ganic materials, the starting materials can be extracted from renewable 
sources (e.g. plants), and the carbon footprint can be minimized and the cost 
reduced. This opens up for use in applications, less suitable to traditional 
inorganic batteries, such as disposable and flexible devices.
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2. Aims of the thesis 

 
The work presented in this thesis focuses on the properties of a composite of 
the conducting polymer polypyrrole (PPy) and cellulose for electrical energy 
storage. The specific aims of the included papers are as follows: 

 
 To examine the limitations of, and the resistances in, two-electrode 

symmetrical devices based on PPy/cellulose composites and how 
their design can be improved (Paper I). 

 To investigate the electrochemical performance of PPy/cellulose 
composites after addition of nanostructured PPy (Paper II). 

 To study the properties of asymmetrical cells with PPy/cellulose as 
the positive electrode and carbonized PPy/cellulose as the negative 
electrode in aqueous electrolytes (Paper III). 

 To synthesize and characterize cellulose composites with the con-
ducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT) with 
high mass loadings (Paper IV). 

 To study how mechanical compression of the PPy/cellulose compo-
site affects its electrochemical performance (Paper V). 

 To study how modifications of the cellulose substrate influence the 
electrochemical properties of PPy/cellulose composites (Paper VI). 

 To examine and understand the self-discharge processes in two-
electrode symmetrical PPy/cellulose based devices and to minimize 
the self-discharge of such devices (Paper VII). 
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3. Batteries and supercapacitors 

Batteries and supercapacitors have some operating principles in common; 
they both contain a positive and a negative electrode in contact with an elec-
trolyte, rely on the transport of electrons in the electrode and ions in the elec-
trolyte, and the energy converting processes take place at the interface be-
tween the electrode and the electrolyte. However, the main mechanisms for 
energy storage and conversion are different in the two cases6,9,10. 

In a battery cell, the electrical energy is generated by redox reactions 
throughout the bulk of the electrode materials. The electrodes consist of dif-
ferent materials, and the redox potential for the reaction at the negative elec-
trode is lower than that for the reaction at the positive electrode. The differ-
ence in redox potential for the reactions sets the cell voltage. There is a large 
variety of battery chemistries available, but lithium-ion batteries (LIBs) are 
today among the top performing, and can hence be found in cell phones, 
laptops and cars. In LIBs, the positive electrode typically consists of metal 
oxide (e.g. LixCoO2), and the negative of graphite (denoted C6 in this sec-
tion), see Figure 1. During discharge, the negative electrode reacts according 
to Lia+bC6 ⇌ b Li+ + LiaC6 + b e-, whereas the positive reacts according to 
LicCoO2 + b Li+ + b e- ⇌ Lib+cCoO2, where a>0, b>0, c>0, a+b≤1, and 
b+c<1, in which lithium ions are intercalated within the host C6 and CoO2 
structures. Hence, lithium ions are released at the negative and inserted into 
the positive electrode during discharge and there is a net flow of lithium ions 
across the separator. The overall cell reaction is the sum of the two reactions: 
Lia+bC6 + LicCoO2 ⇌	LiaC6 + Lib+cCoO2. 

Supercapacitors store and generate energy mainly by rearrangement of 
charges at the interface of the electrodes and the electrolyte. Like parallel-
plate capacitors, they mainly store energy in the electric field that is formed 
by charge separation in a dielectric10. When an electronic conductor, such as 
the electrode, is immersed in an ionic conductor, such as the electrolyte, 
there is an instantaneous organization of electrons and ions at the interface. 
This forms layers of charges in the electrode and the electrolyte separated 
from each other by a distance of the order of molecular dimensions. These 
layers are considered to behave as a parallel-plate capacitor. The amount of 
charges at the electrode surface is dependent on the potential of the elec-
trode, and since the distances are small the reorganization of the layers is 
rapid and supercapacitors are hence able to charge and discharge rapidly 
providing high power densities. No redox reactions are assumed to occur at 
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the electrodes in a “pure” capacitor, but in supercapacitors fast faradaic re-
dox reaction can also contribute significantly to the energy storage process11-

13. The capacitance is closely related to the surface area of the electrode, and 
typically both electrodes of commercial supercapacitors consist of thin films 
of porous carbon with high surface areas coated on aluminum current collec-
tors, see Figure 1. 

 
 

 

 

 

 

 
 

Figure 1. Schematic image of a LIB (left) and a supercapacitor (right). In a battery 
the electrodes react during energy conversion, in a supercapacitor  the energy is 
stored via the rearrangement of ions and electrons at the interface between the elec-
trode and the electrolyte. 

Charging and discharging with a constant current while monitoring the cell 
voltage reveals the operating difference between the technologies: A battery 
ideally operates at a constant voltage during discharge, while a capacitor 
exhibits a linearly decreasing voltage with time (see Figure 2)10. Hence, su-
percapacitors ideally have a constant value for the potential change for a 
certain charge, and the ratio between them (dQ/dV) is referred to as the ca-
pacitance (C) with the unit of Farad (or Coulomb per Volt). From the dis-
charge curve the capacitance can be calculated according to C=i/(dV/dt), 
where i is the applied current, and dV/dt is the slope of the discharge curve. 
 

Figure 2. Typical discharge curves for a battery and a capacitor for a constant 
current are shown to the left. A simple comparison of the power and energy den-
sities of batteries, capacitors and supercapacitors is shown to the right7,9,10,14. 
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The performance of a battery is often specified by the charge and the operat-
ing voltage, and their product  is the stored energy. For a capacitor the per-
formance is often specified using the capacitance and the maximum cell 
voltage, and the stored energy is proportional to the product of the capaci-
tance and the square of the cell voltage, E=CV2/2. Two of the most im-
portant aspects when choosing the system for energy storage are the specific 
energy, expressed in Wh/kg (or J/g), and specific power, expressed in W/kg 
(or J/g/s). A comparison of the power and energy densities, using a so called 
Ragone plot, between batteries, capacitors and supercapacitors is shown to 
the right in Figure 27,9,10,14. 

Capacitors in general have higher specific power densities, but lower spe-
cific energy densities than batteries. Batteries have found use in a number of 
applications ranging from consumer electronics, to electric vehicles and grid 
scale energy storage2,9. However, due to their high specific power densities 
capacitors will have an important role in complementing or substituting bat-
teries in the energy storage field14,15. Naturally they are best used when high 
power is required, such as in the flash in cameras, and capacitors are also 
commonly used in electronics to even out current fluctuations from the pow-
er source, removing noise as well as blocking DC currents14,16,17. 
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4. Conducting polymers 

Polymers are large molecules, consisting of smaller repeating units. The vast 
majority of them are insulators but conducting polymers are, as the name 
implies, a class of polymers that are electronic conductors. Some of them 
have been around for centuries. In fact Henry Lutheby synthesized the con-
ducting polymer polyaniline as early as 1862, and reported its conductive 
and electrochromic properties18. But the modern development of conducting 
polymers is commonly regarded to have been initiated in the 1970’s when 
Alan J. Heeger, Alan, G. MacDiarmid and Hideki Shirakawa discovered a 
conductivity increase of 10 orders of magnitude when polyacetylene was 
doped with iodine19,20.  

Generally, conducting polymers are linear polymers with conjugated bond 
structure with alternating single and double bonds, one of the simpler exam-
ples being polyacetylene with the chemical formula of (-CH=CH-)n. To un-
derstand its conductivity it is helpful to consider the electronic structure of 
the polymer. The electron structure of an atom is described by atomic orbit-
als with discrete energies. When atoms are combined into molecules, the 
outer orbitals of the atoms interact to form molecular orbitals, with different 
energies than the atomic orbitals. If enough atoms are combined, the ener-
gies of the molecular orbitals will form continuous bands that can have gap 
in between them. 

Polyene is the equivalent of polyacetylene, but with an equal bond length 
and no band gap (see Figure 3a). However, due to the so called Peierls dis-
tortion, which increases the energy of the unoccupied π* molecular orbital 
levels but lowers the energy of the occupied π molecular orbital levels, alter-
nating longer single and shorter double bonds are favored, and polyene is 
therefore not stable but will form polyacetylene (Figure 3b). The alternating 
double and single bonds lead to localization of the electrons to the double 
bond and an energy band gap between the filled π levels (the valence band) 
and the empty π* levels (conduction band)21. Electronic conductivity is de-
pendent on the amount of charge carriers (electrons or holes) and their mo-
bility. The amount of mobile charge carriers is dependent on the energy re-
quired to excite an electron to an empty level, i.e. the band gap energy. Met-
als have no band gap between unoccupied and occupied levels. Thus there is 
little energy required for an electron to move to empty levels in metals. Insu-
lators on the other hand have very large band gaps, and semiconductors have 
intermediate band gaps22. Polyacetylene, as well as other conducting poly-
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mers have band gaps, and are thus semiconductors or insulators in their neu-
tral states. 

It was when polyacetylene was oxidized the high electrical conductivity 
was obtained. By oxidation, an electron from the chain is removed and an 
electron deficiency is introduced, i.e. a positively charged segment with an 
unpaired spin commonly referred to as a polaron (Figure 3c). The electron 
deficiency causes a structural distortion over a few repeating units and new 
localized levels in the band gap with an unpaired electron spin. Because of 
the decrease in the energy required to excite an electron to an empty level, 
the conductivity increases dramatically. 

Figure 3. Chemical structure and energy diagrams of polyene (a), polyacetylene (b), 
oxidized polyacetylene with a polaron (c), further oxidation of polyacetylene causes 
the formation of bipolarons (d). 

Each chain can be oxidized several times, creating numerous polarons on the 
chain. At some point, so called bipolarons are created which are spinless 
charge carriers with a charge of +2 (Figure 3d). Polarons and bipolarons 
possess optical transitions and their formation can be studied spectroscopi-
cally23. Since bipolarons have no spin, whereas polarons possess spins of ½, 
polarons can be detected by electron spin resonance24. 

To compensate for the charges formed on the chains during redox reac-
tions, ions are incorporated in the polymer films causing expansion and con-
traction. The oxidation is also known as doping, and the compensating ions 
are sometimes called dopants, and the number of charges per monomer unit 
is referred to as the doping level. 

Electron deficiencies can transfer through reorganizations, but also trans-
fer between chains through overlap between orbitals on adjacent chains, and 
the conductivity of conducting polymers is affected by molecular packing, 
length of the polymer chains, and impurities25-28. 

The origin of the conductivity also suggests that the polymers are redox 
active. Hence, conducting polymers are not only conducting, but also exhibit 
color changes, expand or contract, and can alter their conductivity by several 
orders of magnitude due to changes in the potential of the polymer. As a 
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result of this set of properties, conducting polymers have been used for a 
large variety of interesting applications such as ion extraction29,30, 
actuation31,32, electromagnetic radiation shielding33, organic light emitting 
diode (OLED) displays34,35, and sensors36,37. Considerable attention has also 
been paid to the use of conducting polymers as active material in energy 
storage applications38-41. 

4.1 Polypyrrole 
Today, a large number of conducting polymers are known and polypyrrole 
(PPy) is, along with polyaniline, polythiophene and poly(3,4-
ethylenedioxythiophene) PEDOT, one of the most studied42-45. One of the 
first studies of the electrochemical properties of PPy was presented in 1963 
by Weiss et al.46-48, but it was not until after the discovery of the conducting 
properties of polyacetylene19,20 that PPy received extensive attention. The 
reason for its popularity is likely its straightforward synthesis in water and 
its high stability in air. 

PPy consists of connected pyrrole repeating units, and can be considered 
as an analog to polyacetylene in which some of the carbon atoms in the 
chain are connected by an amine group which make the chains more rigid 
and linear. 

PPy oxidation involves removal of electrons, forming electron deficien-
cies spread out over a number of subunits on the polymer chain, and the 
positive charges are then compensated by incorporation of ions from the 
electrolyte49. PPy undergoes expansion or contraction depending on which 
ions that are incorporated during redox cycling, where the oxidation can be 
balanced by the either by incorporation of anions or by the expulsion of cati-
ons50. For some systems, a mixture of both processes occurs51-53. An addi-
tional effect arises from an osmotic effect that causes movement of solvent 
molecules induced by the redox switching54. Figure 4 shows a redox process 
for a segment of a PPy chain with charge compensation with an anionic 
counter ion. 

 
 

 

Figure 4. Redox processes of a segment of the PPy chain, with the neutral chain 
(reduced) on top and the oxidized chain with an anionic counter ion A- below. 
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A cyclic voltammogram for a PPy based composite electrode recorded with 
a three-electrode setup in a 2 M NaCl aqueous solution can be seen in Figure 
5a, where the potential of the PPy working electrode (WE) is controlled ver-
sus that of the reference electrode (RE), while the current between the WE 
and the counter electrode (CE) is measured. At low potentials PPy is reduced 
and non-conducting. No current passes until the potential reaches the onset 
of the oxidation of the polymer. After the onset potential a steep current in-
crease is observed. But each polymer chain can be oxidized more than once, 
resulting in several electron deficiencies on the same chain. Hence, PPy does 
not have a single oxidation potential, but rather a distribution of overlapping 
redox potentials, resulting in the smeared out and largely capacitive looking 
voltammogram. This is the reason why conducting polymers have capacitive 
electrochemical properties. Depending on the potential, the chains of the 
polymer will be oxidized to different extents and conducting polymers usual-
ly exhibit a large region of reversible electroactivity, i.e. close to 1 V49. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. A cyclic voltammogram (a) and a galvanostatic charge and discharge 
curve for PPy. These measurements were obtained with a composite of PPy and 
cellulose as the working electrode and the current in (a) was normalized using the 
weight of the composite. 

From a chemical perspective, PPy electrodes can be viewed as battery elec-
trodes, since the energy is stored via redox reactions throughout the bulk of 
the electrode material, but as seen in Figure 5b PPy have an electrochemical 
performance that resembles that of a capacitive electrode when charged and 
discharged with a constant current (see Figure 2a). Electrochemical cells 
utilizing conducting polymer electrodes have hence been referred to as bat-
teries41, supercapacitors12 or, merely, energy storage devices55. 

The synthesis of PPy can be achieved through polymerization of pyrrole, 
for example through electrochemical oxidation43 or addition of an oxidant56. 
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The polymerization mechanisms for conducting polymers are still not fully 
understood and remain subjects of discussion. However, it has been widely 
accepted that the pyrrole polymerization begins with the formation of pyr-
role radical cations. Two of these react to form a charged dimer, and the 
dimer deprotonates to yield the aromatic structure with alternating double 
bonds49. Further polymerization has been proposed to proceed either through 
chain propagation43 or by a series of successive dimerization steps57. At 
some critical chain length, the polymer becomes insoluble in aqueous solu-
tions and precipitates. During electrochemical polymerization the precipitate 
forms a film on the surface on the electrode, and after polymerization by 
addition of an oxidant the precipitate can be collected through filtration. 
Naturally, the properties of the conducting polymers are affected by the syn-
thesis conditions, and it is believed that the charge transport within the pol-
ymer films is dependent on the counter ions, molecular packing, impurities 
and chain length27,28. 

The combination of an oxidized PPy electrode with a less oxidized PPy 
electrode gives rise to a potential difference, and a symmetric electrochemi-
cal cell can be assembled (see Figure 6). 

 
 
 
 
 
 
 
 
 
 

Figure 6. An illustration of a symmetric device using PPy electrodes. During dis-
charge, the negative electrode is oxidized and the positive reduced and the potential 
difference between them decreases gradually. 

The cell consists of two electrodes with capacitive behavior, and the capaci-
tance of the cell (Ccell) normalized using the total electrode weight (mtot) is 
 

1
1 1  

 
where Csp is the specific capacitance [F/g] while m1 and m2 denote the mass-
es of the two electrodes. 
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5. Cellulose 

Cellulose is one of the most abundant polymers on earth, and has been used 
as an engineering material for thousands of years58. In trees, plants and algae 
it is produced through photosynthesis, providing structural support to the cell 
walls59. It is also well recognized as a part of construction materials, fabrics, 
and paper. 

Cellulose is a polymer built up by ringed glucose molecules, where the 
repeating unit consists of two anhydroglucose rings linked with an oxygen 
covalently bonded between a carbon on one glucose ring and a carbon on the 
neighboring glucose. The chemical structure of cellulose is shown in Figure 
7. Apart from the covalent bonds, there are intrachain hydrogen bonds be-
tween hydroxyl groups and oxygen, stabilizing the structure and resulting in 
a linear configuration of the cellulose chains58.  

Figure 7. The chemical structure of cellulose. 

Additionally, interchain hydrogen bonds promote parallel stacking of adja-
cent chains forming so called elementary fibrils, and aggregates of elemen-
tary fibrils make up the larger microfibrils60. The network of intra- and inter-
chain hydrogen bonding gives the fibers relatively high axial stiffness. 

Within the elementary fibrils there are regions with ordered chains in 
crystalline structures, and other regions where the chains exhibit a disordered 
amorphous-like arrangement. In cell walls, bundles of elementary fibrils are 
embedded in lignin, forming so called cellulosic fiber. Cellulosic fibers are 
natural composite materials in which the lignin constitutes a glue for the 
reinforcing elementary fibrils61. 
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Figure 8. Simplified illustration of the hierarchical organization of cellulose. 

Depending on the source of the cellulose, the size and shapes of the elemen-
tary fibrils varies58. By mechanically and chemically processing the cellu-
lose, the fibers can be extracted from its source. Methods of extraction in-
clude treatments in acids or bases and recrystallization, enabling separation 
and collection of fibers with high portions of crystalline regions. 

Materials produced from these elementary fibrils have proved to be prom-
ising for use in applications such as transparent films62, as substrates for 
flexible and transparent organic light-emitting diode screens63, membranes 
for virus removal64,65, substrates for biodegradable electrical components5, 
and substrates for flexible battery and capacitor electrodes38,66. Elementary 
fibrils extracted from Cladophora sp. algae have proved to have particularly 
high crystallinities and high aspect ratios67, and are used throughout this 
thesis as a substrate in composites also containing conducting polymers. 
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6. PPy and cellulose composites 

It has been shown that the coulombic efficiency, cycling stability, flexibility, 
mass loading, and rate performance of conducting polymer based electrodes 
can be improved by the use of composites composed of thin polymer layers 
on various structured substrates38,68-72. The Cladophora green algae used in 
the composites in this thesis were collected from the Baltic Sea, and the ele-
mentary cellulose fibrils were extracted using grinding and hydrolysis73. 

Papers I-IV, VI and VII use composites with PPy and Cladophora cellu-
lose. The synthesis procedure for the PPy/cellulose composite will only be 
described briefly, as detailed descriptions can be found in the experimental 
sections of the included papers. 

A dispersion of the cellulose in water was obtained by sonication using a 
probe sonicator. The dispersion was then mixed with a solution of pyrrole 
monomer, and the polymerization was initiated by adding a solution of iron 
(III) salt (either Fe(NO3)3 or FeCl3). The polymerization was allowed to pro-
ceed for 30 min under stirring, after which the PPy coated cellulose fibers 
were collected on a filter paper in a Büchner funnel and washed with acid, as 
washing with an acidic solution has been proven to improve the amount of 
iron removed74. Finally, the collected composite fibers were pressed and 
dried in air to form a black paper-like material. An illustration of the synthe-
sis procedure can be seen in Figure 9. 

 

Figure 9. An illustration of the synthesis of PPy/cellulose composites. 
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The resulting composite is a black and paper-like material, and as is evident 
from studying the scanning electron microscopy (SEM) micrograph in Fig-
ure 10, chemical polymerization of pyrrole in the presence of Cladophora 
sp. algae fibers makes it possible to form uniform layers of PPy, completely 
covering the individual cellulose fibers. 

Figure 10. SEM micrograph of PPy/cellulose composite. 

In Paper II, PPy-nanofibers were added to the composite prior to drying.  In 
Paper IV a mixture of EDOT acetonitrile and water was added instead of 
the pyrrole monomer solution. In Paper VI, celluloses with three different 
surface modifications were used. Detailed descriptions of the syntheses can 
be found in the experimental section of the papers. 
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7. Results and Discussion 

7.1 The resistance contributions in prototype cells 
The conducting polymer and cellulose composites were used as electrodes in 
electrochemical capacitor cells. This allows for two-electrode characteriza-
tion of the material, and this is the first step towards building prototypes that 
can be tested in real applications. The cells were assembled by stacking 
composite pieces with a cellulose separator in between, followed by soaking 
in aqueous 2 M NaNO3 solution. The composite electrodes were contacted 
with graphite foil current collectors, and the cells were sealed in laminated 
aluminum, an illustration of the prototype cell can be found in Figure 11. 

 

 

Figure 11. Symmetric two-electrode devices made with PPy/cellulose composite as 
the electrode material, graphite foils as the current collectors, cellulose as the sepa-
rator material and laminated aluminum foil as the surrounding material. 

It was previously found that the current transients during potential step 
charging of these symmetric PPy/cellulose cells were controlled by the resis-
tor-capacitor (RC) time constant, rather than by the mass transport of counter 
ions or the kinetics of the electrode reactions75. Naturally, the capacitance is 
proportional to the amount of electrode material but the origin of the cell 
resistance was not well understood. In Paper I, the objective was to investi-
gate the resistance contributions in these devices. 

When a constant current is applied to the device, a drop in potential will 
occur, as described by Ohm’s law 

 
where U is the potential drop, i is the applied current, and R is the resistance. 
If a device is charged and discharged with constant current steps, a potential 
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drop is seen when switching the polarity of the current and this can then be 
used to calculate the resistance in the device. 

The total resistance in the device is a sum of the resistance of the current 
collectors, the electrolyte resistance within the separator, the resistances of 
the electrode material itself, and the contact resistances associated with the 
current collectors. In order to distinguish between these contributions, the 
electrode and separator thicknesses were varied. The resistances were evalu-
ated from the potential drop obtained when switching the polarity of the 
current in galvanostatic measurements, as well as from electrochemical im-
pedance spectroscopy (EIS) experiments. 

A linear increase of 1.5 Ω/mm was observed when the separator thickness 
was increased, as seen in Figure 12. Bulk 1 M NaNO3 has an expected slope 
of 0.6 Ω/mm (for the same cross sectional area), and the difference is as-
cribed to the tortuosity of the cellulose filter papers used as separators. The 
tortuosity value of 2.5 is indeed within the range 1.5-3 that is typical for 
cellulose membranes76-79.  The 0 mm separator thickness intercept was 1.6 
Ω. Since graphite foils were used as current collectors, their limited conduc-
tivity gave rise to a significant contribution to the cell resistance. It is not 
trivial to calculate the exact contribution from this effect, since the current 
collectors contacted the electrodes over a large surface. However, by using 
four-point probe conductivity measurements, the contribution was estimated 
to be in the range between 0.4 and 1.1 Ω. There was no significant difference 
in the resistances for cells assembled with 0.8 mm and 1.6 mm thick elec-
trodes, suggesting that the contribution from the electrode material itself was 
negligible. The remaining resistance (i.e. 0.5 to 1.2 Ω) was attributed to the 
contact resistances between the PPy/cellulose electrodes and the current 
collectors. 

 
 
 
 
 
 
 
 
 
 
 

Figure 12. The resistance as a function of the separator thickness for symmetric 
PPy/cellulose based pouch cells. The dashed line represents a linear fit to the data. 

 

0.5 1.0 1.5

2

3

4

C
el

l r
es

is
ta

nc
e 

[
]

Separator thickness [mm]

y= 1.5x + 1.6



 29

From EIS measurements, it was evident that the radius of the semicircle in a 
Nyquist plot (commonly associated with the charge transfer resistance) was 
decreased when pressure was applied to the cells, indicating that the charge 
transfer resistance was linked to the contact resistance between the current 
collectors and the electrodes. 

Another interesting feature detected in the EIS data is that the onset of fi-
nite length diffusion took place at the same frequency regardless of the pa-
rameters varied in Paper I. In other words, a variation of the electrode or 
separator thickness had little effect on the frequency at which the vertical 
line appeared in the Nyquist plots. Finite length diffusion is seen at very low 
frequencies, for very thin samples or for large diffusion coefficients80. Since 
the onset of this behavior was observed at the same frequency for different 
electrode thicknesses, this implies that while the electrodes were made mac-
roscopically thicker, the porous nature of the composite material remained 
constant and that the ions in the electrolyte filled pores always experienced 
the same distance to travel. 

7.2 Increasing the composite PPy weight ratio 
If pyrrole is chemically polymerized in a dispersion of cellulose fibers the 
polymer precipitates on the surfaces of the cellulose fibers, and it is possible 
to form uniform layers of PPy completely covering the individual fibers. 
Although many attempts have been made, it has been difficult to increase the 
thickness of these PPy layers above ~50 nm by chemical or electrochemical 
polymerization, thereby limiting the amount of electroactive PPy in the 
composite to ~70 wt.%81. 

Paper II presents an approach to increase the PPy weight ratio in the 
composite by the addition of structured PPy-nanofibers. The PPy-nanofibers 
were synthesized separately by adding pyrrole monomer to a mixture of 
ammonium persulfate and cetrimonium bromide. The resulting washed and 
dried precipitate was a black powder consisting of ~70-90 nm thick PPy 
fibers forming loops and webs, with a Brunauer-Emmett-Teller (BET) sur-
face area of 48 m2/g. These PPy-nanofibers were added to the dispersed PPy 
coated Cladophora sp. algae fibers, dried and pressed into a paper electrode. 
Based on the dry weight of the added PPy-nanofibers and the PPy/cellulose, 
the addition resulted in an increase of the PPy concentration from 70 wt.% 
for the pure PPy/cellulose, to 90 wt.% for the PPy/cellulose/PPy-nanofibers 
composite. SEM micrographs of the PPy/cellulose, PPy-nanofibers and the 
PPy/cellulose/PPy-nanofibers composite can be found in Figure 13. 
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Figure 13. SEM micrographs of the PPy/cellulose composite (top left), PPy-
nanofibers (top right), and the PPy/cellulose/PPy-nanofibers composite (bottom). 

 
Cyclic voltammograms recorded with the PPy/cellulose/PPy-nanofibers 
composite are presented in Figure 14. The charge capacity normalized with 
the electrode weight was 220 C/g for the PPy/cellulose/PPy-nanofibers using 
a scan rate of 1 mV/s. This represents an increase compared to the 
PPy/cellulose composites which typically exhibit capacities of 200 C/g82. 

However, when normalized using the PPy weight, the capacities corre-
spond to 240 C/g for the PPy/cellulose/PPy-nanofibers and 300 C/g for 
PPy/cellulose, suggesting that the PPy is more efficiently used in the original 
PPy/cellulose composite. This is most likely related to the thickness and 
porosity of the PPy-nanofiber structures. The PPy/cellulose/PPy-nanofibers 
composite exhibited regions with thick PPy structures and few pores, most 
likely yielding less efficiently utilized PPy.  
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Figure 14. Cyclic voltammograms recorded with a PPy/cellulose/PPy-nanofibers 
composite electrodes using scan rates from 1 to 10 mV/s (a) as well as 20 to 200 
mV/s (b). 

 
Two-electrode cells with PPy/cellulose/PPy-nanofibers electrodes exhibited 
capacitances of about 36 F/g or 1.54 F/cm2 when operating between 0 and 
0.8 V. This is not a significant increase of the cell capacitance compared to 
that obtained with PPy/cellulose electrodes. As the individual electrode po-
tentials in the two-electrode device were not monitored, a slight misbalance 
could have resulted in less efficient material utilization which would have 
decreased the cell capacitance. Nevertheless, the preparation described in 
this paper constitutes a scalable method to increase the PPy mass loading 
and produce porous composites with a wide range of thicknesses. However, 
the PPy-nanofibers do not allow the PPy to be utilized to the same extent as 
in the PPy/cellulose composite, which is seen as only a 10% increase in ca-
pacity although the PPy weight ratio was increased by ~20%. To benefit 
from the increased PPy content of these electrodes, lower current densities 
must hence be used than with the PPy/cellulose.  

7.3 Asymmetric cells 
For symmetric PPy-based devices, the reversible potential window of PPy 
restricts the cell voltages due to the limited capacity at low potentials and 
limited stability at high potentials83. Recently there have been numerous 
attempts to increase the cell voltage for aqueous supercapacitors, and the 
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most common strategy is to use two different electrode materials that are 
electroactive within different potential regions. 

PPy becomes neutral and non-conducting below -0.6 V, and has limited 
capacity below -0.4 V vs. Ag/AgCl in neutral aqueous electrolytes, restrict-
ing the cell voltage when using PPy based negative electrodes. Carbon mate-
rials, such as activated carbon, are known to exhibit capacitive behavior over 
a wide potential range11. It has been shown that their specific capacitances 
are not only proportional to their surface area as they are to a large extent 
also affected by the functional groups present on the carbon surfaces12,84. 
These functional groups originate from the material from which the carbon 
was synthesized85. It has been found that nitrogen atoms that replace carbon 
in the backbone of graphitic molecular structures enhance the capacitance by 
increasing the wettability and the redox activity86. Numerous reports have 
described that heat treatment of PPy in the absence of oxygen, so called car-
bonization, results in a carbon material with nitrogen incorporated that ex-
hibits electroactivity within a wide potential region87,88. 

In Paper III, a carbonized PPy/cellulose material is presented. Carboni-
zation of the PPy/cellulose composite was conducted at 700°C under nitro-
gen gas flow. There were no significant differences in the surface morpholo-
gy before and after the carbonization observed in the SEM micrographs. 
However, the X-ray photoelectron spectroscopy (XPS) spectra of the N1s 
peak revealed significant differences in the chemical composition. The pyr-
rolic nitrogen (N-Py) that dominated the signal for the PPy/cellulose sample 
(Figure 15b) was replaced by nitrogen substituted in aromatic graphene 
structures (N-6) and by pyridinic nitrogen (N-Q) for the carbonized 
PPy/cellulose (Figure 15a). 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 15. XPS N1s spectra for the carbonized PPy/cellulose (a), and the 
PPy/cellulose (b). 
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The carbonized PPy/cellulose displayed capacitive behavior with electroac-
tivity at a potential as low as -0.9 V vs. Ag/AgCl, whereas PPy/cellulose is 
reduced at ~-0.4 V vs. Ag/AgCl, as seen in Figure 16. Hence, the cell volt-
age can be increased by replacing the negative electrode in a symmetric 
PPy/cellulose based device with a carbonized PPy/cellulose electrode. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16. Cyclic voltammograms for the carbonized PPy/cellulose, the 
PPy/cellulose, as well as the background current for the Pt-wire used to contact the 
samples in the three-electrode setup. 

 
Asymmetric cells with carbonized PPy/cellulose as the negative and 
PPy/cellulose as the positive electrode were cycled between 0 and 1.6 V 
exhibiting cell capacitances of 23 F/g for 8 mA/cm2 and 11 F/g for 156 
mA/cm2. During cycling with 20 mA/cm2, the capacitance was gradually 
decreasing from 26 F/g to 23 F/g after the 25th cycle and to 20 F/g after the 
1000th cycle. The coulombic efficiencies were 84% for the first cycle, 94% 
for the 10th cycle, and ~97% for the 25th to the 1000th cycle. Obviously the 
irreversible reaction that resulted in a coulombic efficiency less than 100% 
did not mainly consume the electrode material since this would have had a 
detrimental effect on the capacitance, for example if 3% of the material was 
consumed during each cycle only 5% of the material would be left after 100 
cycles (0.97100≈ 0.05). Results for a cell with an internal RE, showed that the 
positive electrode was cycled between +0.3 V and +0.7 V vs. Ag/AgCl, and 
the negative electrode potential was cycled between +0.3 V and -0.9 V vs. 
Ag/AgCl. The specific capacitances were 146 F/g and 59 F/g for the 
PPy/cellulose and the carbonized PPy/cellulose, respectively (as seen in Fig-
ure 17) while the cell capacitance was 21 F/g. Since irreversible oxidation of 
PPy can take place above +0.5 V vs. Ag/AgCl, this most likely contributed 
significantly to the capacitance drop during the initial cycles89. At the nega-
tive electrode another irreversible process could be seen as a flatter curve 
during reduction compared to during oxidation. This is believed to be mainly 
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due to the reduction of residual oxygen but reduction of oxygen containing 
functional groups on the surface of the carbonized PPy/cellulose most likely 
also contributed significantly. In the XPS measurements, C=O functional 
groups were indeed found in the carbonized PPy/cellulose, and several stud-
ies report that such groups can undergo reduction at these potentials11,12,90-92. 
 

 

 

 

 

 

Figure 17. Individual electrode potentials monitored versus an internal Ag/AgCl 
reference during galvanostatic discharge of the asymmetric cell containing a 
PPy/cellulose positive electrode and a carbonized PPy/cellulose negative electrode. 

In terms of energy density, the value for the asymmetric cell was between 29 
J/g and 23 J/g (normalized using the weight of both electrodes and calculated 
from the capacitance and cell voltage from the 25th and 1000th cycle, respec-
tively). This is significantly higher than for the symmetric PPy/cellulose cell, 
which typically exhibited a value of 14 J/g. Although the carbonized 
PPy/cellulose negative electrode has lower capacitance (59 F/g compared to 
146 F/g), it is electroactive at lower potentials (-0.9 V compared to -0.4 V 
vs. Ag/AgCl) which means that higher operating cell voltages can be 
achieved, resulting in a higher energy density for the asymmetric cell than 
for the symmetric PPy/cellulose cell. 

7.4 PEDOT/cellulose composite 
Although PEDOT has a lower gravimetric capacity than PPy, its stability 
and wide electroactive region make it an interesting alternative for conduct-
ing polymer-based electrodes93. The majority of the synthesis processes for 
PEDOT-based electrodes have, however, been based on relatively expensive 
or time consuming techniques such as vapor phase deposition94 or electro-
deposition93, or used expensive substrate materials such as multi-walled car-
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bon nanotubes (MWCNT)95 or reduced graphene oxide (rGO)96. These 
methods also typically yield relatively low areal capacitances, which limit 
their applicability. 

Paper IV presents flexible PEDOT and cellulose composite electrodes. 
The latter were prepared by chemical polymerization, by mixing a PEDOT 
and acetonitrile solution containing dispersed cellulose and FeClO4. The 
PEDOT/cellulose composite, which was collected in a Büchner funnel, con-
sisted of about 70 wt.% PEDOT, and featured ~15-25 nm thick PEDOT lay-
ers on the cellulose fibers. This yielded a PEDOT mass loading of 7.3 
mg/cm2. In analogy with the PPy/cellulose composites, the fibrous structure 
of the cellulose substrate provided the composite with a high porosity and a 
BET surface area of 140 m2/g. 

Symmetric devices with PEDOT/cellulose electrodes exhibited a capaci-
tance of 23 F/g with a cell voltage of 1 V in 1 M H2SO4. During 15 000 cy-
cles, the capacitance decreased by 7%, most likely due to initial irreversible 
oxidation of the positive PEDOT/cellulose electrode as for the PPy/cellulose 
composite electrodes83. Table 1 summarizes the electrochemical perfor-
mance of the PEDOT/cellulose composite as well as the PEDOT-based elec-
trochemical capacitors. To the best of our knowledge, the PEDOT/cellulose 
composite presented in Paper IV exhibits some of the best reported capaci-
tances per total electrode weight (90 F/g), total electrode volume (54 
mF/cm2), and area (920 mF/cm2). 

Table 1. Electrochemical performance of PEDOT-based electrochemical capacitors, 
abased on the weight or volume of the active material, bbased on the weight or vol-
ume of the electrode. 

Material Cg 
[F/g] 

CA 
[mF/cm2] 

CV 
[F/cm3] 

mA 
[mg/cm2] 

 
Ref. 

PEDOT/cellulose 
 

128a 
90b 

920 54b 7.3 Paper 
IV 

PEDOT-paper 
 

115a 
20b 

115 145a 
35b 

1.0 97 

PEDOT/carbon fibers 
(electrodeposited) 

181a 836 28b 7.5 98 

PEDOT/PEDOT:PSS paper 110a 242 327a 2.3 99 
PEDOT/carbon fibers 
(vapor-phase polymerized) 

175a   0.375 94 

PEDOT 
(vapor-phase polymerized) 

70a   1.9 94 

PEDOT/carbon fiber 155a 85  1.0 93 
PEDOT/MWCNT 125a  179a  95 
PEDOT/rGO  17.7   96 
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7.5 Reducing the porosity of PPy/cellulose electrodes 
The high surface areas, thin PPy layers and porous PPy/cellulose composites 
enable high charge and discharge rates. It has previously been shown that the 
porosity of these composites can be tailored between 30% and 98% by em-
ploying different drying methods and cellulose fiber lengths82,100. Together 
with the decreased porosity obtained by different drying conditions there 
was a decrease in the surface area from ~50 m2/g to below 1 m2/g as well as 
a drop in the capacity from ~320 C/g to ~215 C/g, calculated using the PPy 
weight82. This emphasizes the importance of the presence of electrolyte 
filled pores in order to utilize all the PPy efficiently. There is a distribution 
of pores present in the composite, and the pores serve both as counter ion 
reservoirs and to keep the surface accessible to the electrolyte. However, 
some of the electrolyte within the pores of the composite is redundant. As 
the porosity of the PPy/cellulose electrodes play a vital for the electrochemi-
cal performance82,100, it is of great interest to be able to manipulate the mor-
phology and the distribution of pores in these types of composites as is illus-
trated in Figure 18. 

 

Figure 18. An illustration of the pristine PPy/cellulose composite with large electro-
lyte containing pores (left) and a PPy/cellulose composite with a decreased content 
of large pores (right). 

7.5.1 Mechanically compressing the composite 
Paper V is aimed at reducing the amount of redundant electrolyte in the 
composite by decreasing the amount of large pores through mechanical 
compression. Since smaller pores are better supported, large pores and voids 
were expected to collapse prior to the smaller pores when subjected to pres-
sure. Additionally, if the small pores are maintained, the surface area should 
not decrease significantly. By applying pressure, the macroscopic thickness 
could be decreased from 650 μm, for the pristine PPy/cellulose, to 290 μm 
and 240 μm for PPy/cellulose compressed with 10 and 50 kN/cm2, respec-
tively. From the SEM micrographs it was evident that the pressure did in-
deed reduce the amount of larger voids in the composite (see Figure 19). 
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Figure 19. SEM micrographs of the pristine PPy/cellulose (a) and (b), as well as 
composites compressed with 10 kN/cm2 (c) and (d), and 50 kN/cm2 (e) and (f). 

 
N2 absorption and desorption isotherms revealed that the compression 
caused a slight decrease in the BET surface area from 53 m2/g to 39 m2/g 
and 36 m2/g. However, only minor changes in the mesopore size distribution 
could be detected, indicating that the compressed samples had well-
maintained porous structure in the range from 0 to 30 nm, see Figure 20. The 
porosity was estimated to be 74%, 38% and 26% for the pristine, 10 kN/cm2, 
50 kN/cm2 compressed samples, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 20. Pore size distribution for PPy/cellulose without compression and after 
compression with 10 kN/cm2 and 50 kN/cm2, respectively. 
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The specific capacitances at 200 mA/cm2 normalized using the dry weight of 
the electrodes were 97 F/g for the pristine electrode, 82 F/g and 61 F/g for 
the PPy/cellulose compressed with 10 kN/cm2 and 50 kN/cm2, respectively. 

This shows that the rate of the redox reactions is affected by the porosity 
of the composite, since the redox conversion require charge compensating 
ions from the electrolyte. However, the capacitances normalized using the 
volume for the compressed electrodes were significantly higher than those 
for the pristine composite, i.e. 84 F/cm3 and 75 F/cm3 for the PPy/cellulose 
compressed with 10 kN/cm2 and 50 kN/cm2, respectively, compared to 43 
F/cm3 for the pristine PPy/cellulose at 200 mA/cm2. Naturally, the differ-
ences in volumetric capacitances were even higher at 1 mA/cm2, where the 
pristine PPy/cellulose had a capacitance of 86 F/cm3, while the 10 kN/cm2 
compressed composite exhibited a value of 197 F/cm3 and the 50 kN/cm2 
compressed composite featured a value of 236 F/cm3. 

Since there is electrolyte in the pores, the capacitance using the wet elec-
trode weight was also improved for the compressed electrodes. The soaked 
pristine composite electrodes contained ~70 wt.% 2 M NaCl, while the com-
pressed contained ~50 wt.% and ~30 wt.% 2 M NaCl after compression with 
10 kN/cm2 and 50 kN/cm2, respectively. The capacitances normalized using 
the wet weight were 48 F/g, 75 F/g, and 132 F/g at 1 mA/cm2, and 24 F/g, 32 
F/g and 42 F/g at 200 mA/cm2 for the pristine PPy/cellulose, the 10 kN/cm2 
and 50 kN/cm2 compressed PPy/cellulose, respectively. A comparison of the 
performance of the pristine PPy/cellulose and the PPy/cellulose compressed 
with 10 kN/cm2 and 50 kN/cm2 can be found in Table 2. 

 

Table 2. Comparison between the capacitances of normalized using the dry weight 
of the electrodes, the weight of the electrodes soaked in the electrolyte, as well as the 
volume of the electrodes, at 1 and 200 mA/cm2, respectively. 

 Dry weight Wet weight Volume 

Pristine 
 
 

192 F/g 1 mA/cm2 

97 F/g 200 mA/cm2 

48 F/g 1 mA/cm2 
24 F/g 200 mA/cm2 

86 F/cm3 1 mA/cm2 
43 F/cm3 200 mA/cm2 

10 kN/cm2 
 
 

191 F/g 1 mA/cm2 
82 F/g 200 mA/cm2 

75 F/g 1 mA/cm2 
32 F/g 200 mA/cm2 

197 F/cm3 1 mA/cm2 

84 F/cm3 200 mA/cm2 

50 kN/cm2 192 F/g 1 mA/cm2 
61 F/g 200 mA/cm2 

132 F/g 1 mA/cm2 
42 F/g 200 mA/cm2 

236 F/cm3 1 mA/cm2 
75 F/cm3 200 mA/cm2 
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7.5.2 Chemically modified cellulose substrate 
In the PPy/cellulose composites, the cellulose fibers act as a substrate for the 
PPy and provide the porous structure of the PPy/cellulose composites. 
Hence, it is of great interest to study how surface modifications of the cellu-
lose affect the porosity. Cellulose surfaces can be modified in several ways, 
for instance to facilitate certain applications where the reactive hydroxyl 
groups present on the surface are used as a starting point to attach new func-
tionalities58,101-103. Recent progress suggests that by modifying the functional 
groups of the nanofibers in cellulose membranes, specific porosities and 
orientations of the structure can be promoted104. Modifications can be intro-
duced by etherification of the hydroxyl groups either with sodium mono-
chloroacetic or with epoxypropyltrimethylammonium chloride solution 
yielding carboxymethyl and quaternary amine groups on the fibril surfaces, 
respectively. 

Paper VI presents PPy/cellulose composites synthesized with three dif-
ferent functionalizations of the nanocellulose fiber (NCF) surfaces; one with 
the normal hydroxyl group (u-NCF), one with sodium methylcarboxylate 
groups (a-NCF), and one with trimethylammonium chloride groups (c-NCF). 
The chemical structures of the cellulose substrates are shown in Figure 21. 

Figure 21. The chemical structures of the modified nanocellulose fibers used in the 
synthesis of PPy/cellulose composites in Paper VI. 

The composites were prepared by chemical polymerization of Py in a water 
dispersion of the cellulose fibers and FeCl3·6H2O, and the composite was 
washed and collected on a filter paper in a Büchner funnel and dried under 
ambient conditions. After the drying, all three composites had a mass load-
ing of ~9 mg/cm2 with nearly identical weight ratios of PPy and cellulose 
based on thermogravimetric analysis (TGA) measurements. However, the 
modifications of the cellulose nanofibers were found to have significant im-
pact on the density of the composites, yielding densities of 0.60, 0.70, and 
0.96 g/cm3 for the PPy/cellulose, PPy/a-NCF and PPy/c-NCF, respectively. 
This difference could also be observed from the thicknesses of the compo-
sites as well as in the SEM micrographs, were PPy/c-NCF appeared to be 
more densely packed than PPy/u-NCF and PPy/a-NCF, see Figure 22. 
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Figure 22. SEM micrographs of the PPy/u-NCF, PPy/a-NCF and PPy/c-NCF. 

All three composites had nearly identical pore size distributions in the range 
from 0 nm to 30 nm and the specific surface areas were 83, 86, and 69 m2/g 
for PPy/u-NCF, PPy/a-NCF, and PPy/c-NCF, respectively. The correspond-
ing porosities were 62%, 56%, and 38%, respectively. It was concluded that 
the c-NCF substrate gave rise to a more dense aggregation of PPy/NCF 
composite fibers by mainly reducing the macropore volume. 

Previous findings with modified NCF films, showed that the modifica-
tions introduced charges on the fibers in deionized water, and that the pres-
ence of charged groups gave rise to more compact materials with smaller 
surface areas104. However, the composites in Paper VI were synthesized in 
solutions with high ionic strengths (i.e. [Cl-] = 0.6 M), in which charged 
groups on the cellulose would be screened by ions in the electrolyte. In this 
case it is hence likely that some other property of the introduced groups 
promoted the agglomeration of the composite fibers. For u-NCF, a-NCF and 
c-NCF, there is a significant size difference between the added groups, with 
the triamine groups in c-NCF being the biggest, which means that the size of 
the attached group could have affected the structural properties. While it is 
known that the drying conditions and the type and amount of cellulose affect 
the structural properties of PPy/cellulose composites82,100, further studies are 
clearly needed to understand the effect of the cellulose modification on the 
structure of the obtained composites. 

Galvanostatic charging and discharging showed that the composites had 
nearly the same specific capacitances at low current densities, which is a 
strong indicator that there were no inactive PPy regions in the composites 
regardless of the modification of the cellulose substrate. But the volumetric 
capacitance of the PPy/c-NCF electrode was higher than for the other sam-
ples, exhibiting 173 F/cm3 at 1 mA, and 122 F/cm3 at 300 mA/cm2, com-
pared to 135 F/cm3 at 1 mA/cm2 for the PPy/u-NCF. 

7.5.3 Discussion of Paper V and VI 
Paper V and VI present two different paths to reduce the porosity of 
PPy/cellulose composites by decreasing the macropore volume in the com-
posites. While the mass loadings in Paper V were ~20 mg/cm2 they were ~9 
mg/cm2 in Paper VI, which makes it complicated to make a direct compari-
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son at higher current densities. Based on the estimated porosities, pore size 
distributions, and volumetric capacitance at low current densities the PPy/c-
NCF and PPy/cellulose compressed with 10 kN/cm2 should have similar 
electrochemical performance. However, while mechanical compression of 
the composite caused the material to become hard and brittle, making it dif-
ficult to perform tensile testing, the use of c-NCF as a substrate yielded 
compact composites with high mechanical strength. The PPy/c-NCF compo-
site was flexible like a paper, with Young’s modulus of 1.3 GPa and a tensile 
strength of 14 MPa, slightly higher than that of the PPy/cellulose which ex-
hibited a Young’s modulus of 0.73 GPa and tensile strength of 6.6 MPa. The 
PPy/c-NCF composite therefore shows promise for utilization in flexible 
energy storage devices. 

7.6 Self-discharge in symmetric PPy cells 
In conducting polymers it has generally been difficult to maintain the redox 
states during open circuit conditions, an effect which often causes significant 
self-discharge of the energy storage devices. In this thesis the self-discharge 
is illustrated by the change in potential toward the discharged state, which in 
two-electrode measurements is seen as a drop in the cell potential. This po-
tential drop can be due to a change in the potential of one individual elec-
trode or a change in the potentials of both electrodes. 

Paper VII was aimed at understanding and minimizing the self-discharge 
rate and maximizing the useful cell voltage of PPy-based symmetric energy 
storage devices. By the introduction of an internal RE, the self-discharge of 
the individual electrodes could be monitored, as seen in Figure 23. Initially 
the cell was charged to 0.6 V, which can be seen as the initial potential dif-
ference between the curves. During the first two hours, the cell potential 
decreases from 0.6 V to 0.37 V. 

 
 
 

 

 

Figure 23. Self-discharge of a symmetric PPy/cellulose composite based energy 
storage device. The individual electrode potentials were monitored versus an 
internal Ag/AgCl RE. 
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It is seen that the loss of cell potential was caused by a decrease in the posi-
tive electrode potential and by an increase in the negative electrode potential. 
Since the rates and magnitudes of the potential changes were significantly 
different for the two electrodes, it is reasonable to assume that the self-
discharge of the electrodes had different origins. This also means that the 
self-discharge processes of the positive and negative electrodes can be stud-
ied separately as previously suggested105. 

7.6.1 Negative PPy/cellulose electrode 
Oxygen present in the electrolyte was believed to oxidize the PPy leading to 
an increased potential of the negative electrode with time106. The self-
discharge of a PPy/cellulose composite electrode reduced to -0.3 V or -0.5 V 
vs. Ag/AgCl, was therefore investigated prior to and after purging of the 
electrolyte with argon to remove oxygen dissolved in the electrolyte. The 
experiments, which were carried out with a three-electrode setup, demon-
strate that the self-discharge of the negative electrode reduced to -0.3 V prac-
tically disappeared if oxygen was removed. The self-discharge still seen after 
reduction to -0.5 V vs. Ag/AgCl can most likely be explained by the low 
redox buffer capacity of PPy at this potential making it sensitive even to 
trace amounts of oxygen. As shown in Figure 24, the self-discharge data 
obtained without argon purging could be readily fitted to the following equa-
tion11 for a diffusion controlled self-discharge reaction 

∙  
where t denotes time, E is the electrode potential, Ei is the initial electrode 
potential, and k and a are parameters used in the fitting process. While a 
should be equal to 0.5 in the case of planar diffusion, a value between 0.5 
and 1 can be expected for diffusion processes involving porous electrodes105. 
An excellent fit to the data was obtained with a value of 0.7. Consequently 
the self-discharge of the negative electrode can be ascribed to the oxidation 
of PPy by oxygen dissolved in the electrolyte. 
 
 

 

 

 

 

Figure 24. The self-discharge of the negative electrode studied in a three-electrode 
setup in an electrolyte before and after degassing with argon. 
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7.6.2 Positive PPy/cellulose electrode 
As seen in Figure 23, the decrease in the potential of the positive electrode 
was significantly larger than the potential increase of the negative electrode. 
It was, however, not known if the self-discharge gave rise to a loss of charge, 
i.e. a reduction of the PPy, or not. In Figure 25a, the oxidation charge prior 
to and the reduction charge after a five-hour self-discharge step are shown as 
a function of the cycle number for a PPy/cellulose composite electrode. It is 
seen that both the oxidation and reduction charges decreased with increasing 
cycle number and that the oxidation charge was always larger than the re-
duction charge. On the first cycle, the oxidation charge was 197 C/g while 
the reduction charge was 172 C/g, indicating a loss of 25 C/g (or 13% of the 
oxidation charge) during the self-discharge. However, it is also seen that the 
fraction of charge lost on each cycle decreased with increasing cycle num-
ber. On the 40th cycle the lost charge had decreased to 4 C/g (or 3% of the 
oxidation charge of 144 C/g). In the absence of the self-discharge step, there 
was, however, no significant difference between the oxidation and the reduc-
tion charges. Although these results indicate the presence of an irreversible 
loss of charge during the self-discharge step, it is immediately clear that the 
majority of the charge remained within the electrode and that this fraction 
increased with increasing cycle number. 

It should also be noted that the magnitude of the potential change as well 
as the rate decreased with increasing cycle number, but that a potential drop 
of 0.11 V still was observed on the 40th cycle (as seen in Figure 25b) even 
though only 3% of the charge was irreversibly lost on this cycle. 

 

Figure 25. The oxidation charge (red triangles) prior to, and the reduction charge 
(blue circles) after a five-hour self-discharge period at open circuit, as a function of 
cycle number (a) for a PPy/cellulose electrode in a three-electrode set-up, as well as 
the corresponding self-discharge curves (b). The oxidation from -0.8 V to 0.5 V vs. 
Ag/AgCl was carried out using a constant current of 1 mA while the reduction back 
to -0.8 V vs. Ag/AgCl after the self-discharge was made with a constant current of -1 
mA. The white squares and crosses in (a) denote the oxidation and reduction charg-
es in the absence of the self-discharge step. 
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Based on these observations it is likely that an irreversible overoxidation of 
PPy took place during the self-discharge, as this would explain the loss of 
charge during the self-discharge and the gradually decreasing oxidation 
charge with cycle number. However, since the loss of charge was smaller for 
the 40th cycle, the influence of the overoxidation decreased with increasing 
cycle number. As the final potential was higher for the 40th cycle than for the 
first, it could be suspected that the PPy film had a higher oxidation state after 
the cycling due to an increased concentration of overoxidized PPy. This was 
supported by the XPS spectra, which indicated an increase in the concentra-
tion of carbonyl groups for the PPy/cellulose sample subjected to the self-
discharge compared to for the as-synthesized PPy/cellulose. Carbonyl groups 
are well-known products of the irreversible overoxidation of PPy41,49,107-110. 

Since a potential drop of 0.11 V was still observed even though only 3% 
of the charge was lost, the results in Figure 25 indicate the presence of at 
least two different processes; an irreversible overoxidation giving rise to an 
irreversible loss of charge, and another process giving rise to a potential drop 
without any significant change in the charge of the electrode. 

To further study the reactions during the self-discharge, an EQCM set-up 
with electropolymerized PPy films was used to monitor the mass changes of 
the electrode during the self-discharge. The electropolymerized film had a 
mass of 9.8 μg, and an average thickness of about 180 nm (calculated with 
an assumed PPy density of 1.6 g/cm3). 

Galvanostatic oxidation and reduction curves between -0.5 V and +0.3 V 
vs. Ag/AgCl in a 2 M NaNO3 aqueous solution can be seen in Figure 26a. 
The oxidation and reduction charges were practically identical, about 2.9 mC 
(or 300 C/g of PPy) indicating that there was no overoxidation in this exper-
iment. Accompanied with the oxidation there was a mass increase of 0.43 
μg. This yielded an average molar mass of 14 g/mol for the charge compen-
sating anion which clearly is lower than the 62 g/mol expected for the nitrate 
ion. This is, however, not completely unexpected as the charge balancing in 
conducting polymers is known to involve movement of anions, cations, sol-
vent, as well as salt species 111,112. Note also that the change in the slope of 
the mass vs. time during the reduction which suggests a change in the charge 
compensation mechanism (e.g. ingress of cations). 

Figure 26b depicts the potential and the mass versus time curves obtained 
during galvanostatic oxidation from 0 V to +0.5 V vs. Ag/AgCl, a subse-
quent one-hour self-discharge step, and a final galvanostatic oxidation and 
reduction cycle. During the initial oxidation (from 0 V to +0.5 V vs. 
Ag/AgCl) a net mass increase of 0.33 μg was observed, whereas a net mass 
decrease of 0.27 μg accompanied the self-discharge from +0.5 V to +0.04 V 
vs. Ag/AgCl. During the subsequent reduction, a net mass increase of 0.04 
μg was found rather than the expected mass decrease (see Figure 26a). The 
mass changes during the cycling were hence significantly different in the 
absence and presence of the self-discharge step. Furthermore, the reduction 
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charge, obtained between +0.04 V and -0.5 V vs. Ag/AgCl, after the self-
discharge was 3.2 mC (~330 C/g) while the oxidation charge prior to the 
self-discharge between -0.5 V and +0.5 V vs. Ag/AgCl was 3.5 mC. Hence, 
although the potential dropped from +0.5 V to +0.04 V vs. Ag/AgCl, 90% of 
the charge was still present after the self-discharge step. The reduction 
charge obtained between +0.04 V and -0.5 V vs. Ag/AgCl during the subse-
quent cycling was 2.4 mC (~240 C/g). Since this value is significantly small-
er than the charge obtained after self-discharge, it indicates that the self-
discharge merely alters the potential of the electrode without significantly 
changing its charge. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 26. EQCM experiments involving galvanostatic oxidation and reduction (a) 
as well as during galvanostatic oxidation and reduction in the presence of an inter-
mediate open circuit self-discharge step (b). The potential is plotted with solid lines, 
while the mass changes is plotted with dashed lines. 

The EQCM results indicate that the self-discharge involves a process that 
decreases the mass of the PPy film without affecting its redox state and that 
this process changes the properties of the film so that the anion loss (i.e. the 
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mass decrease) typically seen during reduction no longer is observed. The 
ion or solvent movements are thus significantly different during the reduc-
tion after the self-discharge than during the reduction immediately after the 
oxidation. 

One possible explanation for the observations could be an exchange of the 
counter ions in the highly oxidized PPy film during the self-discharge. Such 
a replacement of Cl- or NO3

- ions could be driven by the stronger binding of 
OH- to the positively charged PPy. A spontaneous ion exchange of NO3

- for 
OH- have previously been observed113, and the reported reduction potential 
for PPy+OH- is about -0.9 V vs. Ag/AgCl113, while it is about -0.5 V vs. 
Ag/AgCl for PPy+Cl-114. The potential relaxation during the open circuit self-
discharge can consequently be explained by the difference between these 
reduction potentials as the formation of the OH- containing PPy species 
should be favored115. The observed mass decrease would then correspond to 
the mass difference between OH- (17 g/mol) and the replaced NO3

- counter 
ion (62 g/mol), whereas the different mass change during the reduction after 
the self-discharge could be explained by the fact that the OH- interacts 
stronger with the oxidized PPy so that the movement of cations becomes a 
more dominant charge compensation process. Since the salt concentration is 
high (i.e. 2 M) it can be assumed that mainly electrolyte NO3

- ions served as 
counter ions during the cycling, but that these ions were replaced by OH- 
during the self-discharge step. 

Another consequence of the ion exchange reaction is the increased risk of 
nucleophilic attack by OH- on PPy, which is known to include additions of 
hydroxide groups and carbonyl groups to the PPy. The latter is by some re-
garded as the first step in the irreversible overoxidation of PPy74,107,109,110,116. 
This hypothesis is supported by the carbonyl groups detected in the XPS 
spectra of the cycled and self-discharged PPy/cellulose composite. 

7.6.3 Symmetric PPy/cellulose devices 
To reduce the self-discharge it is clearly important to maintain the potential 
of the positive electrode as low as possible and to minimize the oxygen con-
centration in the electrolyte. For the energy density of the device it is also 
important to maximize its cell voltage. Since the self-discharge of the posi-
tive electrode increases rapidly above +0.4 V vs. Ag/AgCl105,117, this would 
require that the potential of the negative electrode is maintained as low as 
possible. In Figure 23, the potential of the negative electrode was -0.02 V vs. 
Ag/AgCl, while the PPy/cellulose exhibits electroactivity down to about -0.5 
V vs. Ag/AgCl. Thus, it should be possible to increase the cell voltage with-
out increasing the self-discharge rates by decreasing the oxygen concentra-
tion and forcing the potential of the negative electrode to lower potentials 
while keeping the potential of the positive electrode low enough to minimize 
the self-discharge. Figure 27 shows an illustration of the experimental setup 
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with a capacitance-balanced symmetric PPy/cellulose based device, in which 
the capacitance of the positive electrode was 50% higher than that of the 
negative electrode, and with the electrode potentials measured versus a ref-
erence while performing the electrochemical experiments. 

Figure 27. Illustration of a two-electrode cell, connected to a potentiostat, with 
potential monitoring of the electrodes versus a reference connected to two multime-
ters. 

Figure 28 shows the self-discharge after galvanostatic charging of the capac-
itance-balanced symmetric PPy/cellulose based device, in which the capaci-
tance of the positive electrode was 50% higher than that of the negative elec-
trode. The device was preconditioned by subjecting the negative electrode to 
a five-hour potential step in which the potential of the negative electrode was 
held at -0.45 V vs. Ag/AgCl vs. the internal Ag/AgCl reference, followed by 
a 24-hour long open circuit self-discharge step. Note that during the potential 
step, the RE was connected to the potentiostat rather than the multimeter as 
seen in Figure 27. The potential step had two purposes, to in situ generate a 
negative electrode reduced to -0.45 V vs. Ag/AgCl, and to partially overox-
idize the positive PPy/cellulose (which served as the CE) as this should be 
beneficial to the self-discharge performance (as seen in Figure 25). In Figure 
28 it is clearly seen that the self-discharge of the preconditioned device was 
dramatically smaller than that seen in Figure 23. Even though the initial cell 
voltage was higher (i.e. 0.8 V) it still took 36 hours for the preconditioned 
cell voltage to drop 0.2 V, i.e. from 0.8 V to 0.6 V, while the drop in cell 
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voltage was about 0.23 V, i.e. from 0.6 V to 0.37 V, after merely two hours 
in Figure 23. The device was cycled galvanostatically in between the self-
discharge measurements exhibiting a cell capacitance of 41 F/g. The self-
discharge of this balanced device was hence also significantly smaller than 
that of our previous reported device, which at best exhibited a cell voltage 
0.45 V after self-discharge for 28 hours after charging to 0.6 V105. 
 

 

 

 

Figure 28. Self-discharge of a preconditioned symmetric PPy/cellulose based energy 
storage device. The individual electrode potentials were monitored versus the inter-
nal Ag/AgCl RE. 
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7.7 Prototype cells 
As a part of the development of the PPy/cellulose composite material, proto-
type cells were assembled and used to power real devices as proof-of-
concepts for the present energy storage devices. Two of these prototype cells 
are depicted in Figure 29. 

Figure 29. Two examples of prototype devices consisting of five cells connected in 
series to power an electronic paper display (left) and three cells connected in series 
to power a LED-light (right). 

A prototype device assembled using five symmetric PPy/cellulose based 
cells connected in series, with graphite current collectors, cellulose separa-
tors and 2 M NaCl as the electrolyte, was used to power an electronic paper 
display. The latter spells out the word “Nyhet” which is the Swedish word 
for novelty, and these types of displays can be found in local grocery stores 
trying to catch the attention of customers. Another prototype device contain-
ing three cells containing the PPy/c-NCF composite was used to power a 
LED light (see the right hand image in Figure 29).  

A larger symmetric single cell with a total device weight of 17.5 g (as-
sembled with 3.4 g of PPy/cellulose) was also designed. The latter exhibited 
a total cell capacitance of 125 F (evaluated between 0 V and 0.64 V), a pow-
er density of 89 W/kg and an energy density of 0.41 Wh/kg, see Figure 30. 

 
 
 
 
 
 
 
 

 

 

Figure 30. A Ragone plot showing the specific power density versus the specific 
energy density, with the performance of a prototype cell using PPy/cellulose marked 
with a star. 
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As seen in Figure 30, the performance of the prototype cell normalized with 
the total weight of the device is similar to that of some of the commercially 
available devices. However, as the majority of the weight in the prototype 
cell was due to the electrolyte, it should be possible to increase the energy 
and power densities by reducing the weight of the composites by mechanical 
compression as presented in Paper V or by using c-NCF as presented in 
Paper VI. In commercial devices, a substantial amount of the weight comes 
from the aluminum current collectors and the metal casings. From a perspec-
tive of sustainability, it may be useful to normalize the data with respect to 
the energy required to produce the materials in the device and their carbon 
footprint, rather than the total weight of the device. Since, the production of 
metals require substantial amount of energy which give them high carbon 
footprint118, the PPy/cellulose based device could be an attractive alternative 
electrode material for commercial capacitors, particularly for disposable 
energy storage systems. 
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8. Conclusions and future work 

Electrochemical energy storage devices based on PPy/cellulose composites 
have been presented in this thesis. The main advantages of the presented 
devices are the simple and up-scalable methods used to produce metal-free, 
disposable and environmentally friendly energy storage systems. However, 
to improve their performance there are some key points that should be ad-
dressed. 
 
Cell resistance. The current cell design is sufficient for proof-of-concept 
devices. However, as presented in this thesis, the cell resistances can be de-
creased by proper cell design. By significantly reducing the resistance of the 
current collectors, contacts and the separator, the resistance of the 
PPy/cellulose composite will have an increased influence on the cell re-
sistance and thus also its thickness. 
 
Asymmetric cells. Even though the energy densities of the asymmetric de-
vices with PPy/cellulose and carbonized PPy/cellulose can be made higher 
than those for the symmetric PPy/cellulose devices, the devices will most 
likely self-discharge rather quickly as a consequence of the high potentials 
used on the positive electrode. However, the self-discharge of the carbonized 
PPy/cellulose is not yet known and would be interesting to study. These 
devices can also be balanced in a similar manner as used for the symmetric 
devices presented in Paper VII to lower the self-discharge. Similarly, it 
would be interesting to study the performance of asymmetric cells compris-
ing other conducting polymers than PPy, i.e. the PEDOT/cellulose compo-
site presented in Paper IV. 
 
Electrolytes. PPy can be used in a large part of the stable potential window 
of the aqueous electrolytes used in the experiments discussed in this thesis. 
The carbon materials, such as the carbonized PPy/cellulose, do however 
exhibit electroactivity at lower potentials. By replacing the aqueous electro-
lyte with alternative electrolytes, higher cell potentials can be used which 
should increase the energy densities of the devices. However, the use of or-
ganic electrolytes will affect the environmental friendliness in a negative 
way, as well as increase the resistance of the device. 
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Porosity. In the work presented in this thesis, it has been shown that the 
porosity of PPy/cellulose composites can be manipulated both by mechanical 
compression and by the use of functionalized cellulose substrates, c-NCF, 
thus, reducing the total weight of the device. The optimal porosity of the 
PPy/cellulose electrodes is a trade-off between the energy density and the 
power density. On the one hand, a high porosity provides enough counter 
ions within the pores of the composite to allow complete oxidation and re-
duction making a reservoir of counter ions in the separator redundant. This 
would make it possible to construct devices with unusually thick electrode 
materials in conjunction thin separators, i.e. a rather unconventional cell 
design for capacitors which decreases the volume and weight fractions due 
to current collectors and the separator. On the other hand, a low porosity will 
reduce the weight and the volume of the electrodes but this requires counter 
ion diffusion to and from the separator, containing the reservoir of counter 
ions needed for the charge balance. In this case, the energy and power densi-
ties will be dependent on the diffusion length for the counter ions, and hence 
the thickness of the electrodes.  
 
Cell design. As presented here, the cell design of the prototype devices used 
in this thesis can be improved by optimizing the porosity and thickness of 
the electrodes and separator, decreasing the cell resistances, and minimizing 
the self-discharge by reducing the oxygen content and balancing the capaci-
tances of the electrodes so that the electrode potentials are better controlled. 
These improvements are necessary for the devices to have the stable perfor-
mance required to be commercially viable. However, the viability of energy 
storage systems based on these PPy/cellulose devices is to a large extent 
dependent on finding an application. It is clear that by using devices based 
on these PPy/cellulose composites in conjunction with graphite and aqueous 
salt solution, it is possible that the energy storage system no longer need to 
constitute the least environmentally friendly component of electronic sys-
tems. Applications that do not involve metals and that require disposability 
would therefore be ideal. 
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Sammanfattning på svenska 

Det utvecklas allt fler tillämpningar som kräver nya sätt att lagra elektrisk 
energi. Denna utveckling har flera orsaker; t.ex. ett ökande globalt energibe-
hov, en övergång från fordon som drivs med fossila bränslen till elektriska 
fordon, utnyttjande av förnyelsebar energi (t.ex. sol- och vindkraft) som inte 
alltid kan producera energi, samt forskningsframsteg rörande organisk elekt-
ronik. 

Tillämpningarna som utnyttjar elektrisk lagrad energi blir allt mer olika 
och likaså de krav som ställs på energilagringsenheterna. Det kommer såle-
des inte att finnas endast en teknologi som används i alla system, och för 
vissa av dessa tillämpningar kommer valet av material att vara oerhört vik-
tigt. Dagens batterier och kondensatorer innehåller metaller och mineraler 
som bryts i gruvor och som kräver höga temperaturer för deras bearbetning, 
vilket ger upphov till en betydande miljöpåverkan. Ett alternativ till dessa 
material, som på senare tid har fått stor uppmärksamhet, är användandet av 
organiska föreningar för att lagra energi. En fördel med att använda orga-
niska föreningar är att det finns möjlighet att framställa dem från biomassa 
vid låga temperaturer, samt att de är lätta att återvinna då de i princip kan 
eldas upp med bildandet av vatten och koldioxid som följd. 

Denna avhandling handlar om användandet av den organiska föreningen 
polypyrrol. Polypyrrol är en polymer, det vill säga en stor molekyl bestående 
av repeterande enheter som är bundna till varandra, som är elektriskt le-
dande. Utöver att den är elektriskt ledande, kan dess kemiska reaktioner 
användas för att lagra energi, på liknande sätt som energin lagras i kemiska 
reaktioner i den positiva och negativa elektroden i batterier. Då polypyrrol 
används som elektrodmaterial i form av tunna skikt kommer de kemiska 
reaktionerna som producerar energi att ske på ytan mellan elektroderna och 
elektrolyten. För att kunna ladda upp materialet snabbt samt för att erhålla 
höga effekter vid urladdning krävs det hög ytarea, så att många reaktioner 
kan ske samtidigt på elektrodens yta. Elektrodmaterialet som främst använts 
i denna avhandling är en komposit av polypyrrol och cellulosa. Cellulosan är 
utvunnen från en grönalg, grönslick eller Cladophora sp. som den heter på 
latin, som består av tunna cellulosafibrer som bildar en porös nanostruktur. 
Genom att belägga cellulosafibrerna med polypyrrol fås ett kompositmaterial 
med hög ytarea som är elektriskt ledande och kan lagra elektrisk energi. 

Resultatet som presenteras i avhandlingen visar att kompositmaterialet av 
polypyrrol och cellulosa kan användas som elektrodmaterial i energilag-
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ringsenheter. Genom att kontaktera elektrodmaterialet med grafit och an-
vända saltvatten som elektrolyt, kan man erhålla en typ av batteri som består 
av komponenter som inte är giftiga och inte heller skulle behöva sopsorteras. 
Vidare har undersökningar av celldesignen gjorts för att fastställa vad som 
krävs för att förbättra prestandan med avseende på olika parametrar inklu-
sive t.ex. cellresistansen. Resultaten visar att viktsandelen av polypyrrol i 
kompositen kan ökas genom att addera strukturerad polypyrrol till komposit-
en liksom att cellspänningen kan ökas genom att använda ett kolmaterial 
som negativ elektrod. Även en annan typ av ledande polymer, PEDOT, kan 
beläggas på cellulosafibrerna och kan därför bli aktuell för användning som 
elektrodmaterial. Porerna i kompositen innehåller den elektrolyt bestående 
av saltvatten som krävs för de elektrokemiska reaktionerna. Porositeten för 
kompositen kan kontrolleras dels genom mekanisk kompression eller genom 
att introducera nya kemiska grupper på ytan av cellulosafibrerna innan de 
beläggs med polypyrrol. Slutligen studeras självurladdningen av energilag-
rinsenheter som använder kompositen av polypyrrol och cellulosa både som 
negativ och positiv elektrod. Den negativa elektroden självurladdas i kontakt 
med syre, vilket därför kan undvikas genom användningen av en tät för-
packning. Orsaken till självurladdning av den positiva elektroden tros vara 
ett utbyte av joner i polypyrrolens oxiderade tillstånd. Denna förståelse an-
vänds sedan för att signifikant minska självurladdningen hos dessa energi-
lagringsenheter. 



 55

Acknowledgements 

First and foremost I would like to thank my main supervisor Professor Leif 
Nyholm. I have really enjoyed working with you, and I am very grateful for 
your patience, encouragement and support throughout this period. 
 
My co-supervisor Professor Maria Strømme, your invaluable feedback, sup-
port, optimism, and hard work have truly inspired and helped me develop 
throughout this period. 
 
I would like to thank my co-supervisor Professor Martin Sjödin for the ped-
agogic and valuable literature discussions. 
 
Dr. Zhaohui Wang, your view of science is motivating and your enthusiasm 
is contagious. It has been a pleasure to work with you. 
 
My co-authors, Dr. Henrik Olsson, Dr. Daniel O. Carlsson, Dr. Sara 
Frykstrand Ångström, Mr. Peng Zhang, Dr. Kai Hua, Dr. Shruti Srivastav, 
Professor Daniel Brandell, Mr. Ruijun Pan for invaluable research contribu-
tions. 
 
For assistance with administration, computers, and chemicals, I would like to 
thank Ingrid Ringård, Per-Richard Lindgren, Farhad Zamany, Jonatan 
Bagge, Maria Melin, Maria Skoglund, Mikael Österberg, and Enrique Car-
rasco. 
 
I would like to thank my talented summer project workers Celina and Ida for 
all their help, and members of related projects, Li, Xiao, Christoffer, Lisa, 
Rikard, and Alina, for many interesting and fruitful discussions. My current 
and former colleagues at the Division of Nanotechnology and Functional 
Materials:  Natalia F., Viviana, Igor, Ken, Maria V., Jiaojiao, Cecilia, 
Ocean, Philip, Natalia K., Gabriella,  Rui, Christian, Ao. I would like to 
thank my one and only true office roommate Teresa. Without your presence 
a day at work is as interesting as watching plants slowly wither, but when 
you are by my side it is as exciting as a thai break. Let’s keep the office for-
ever! My substitute office roommates Mia should be acknowledged for 
keeping my daughter warm and Gopi for keeping me and my phone up to 
date. I would like to thank Changqing and Hao for all the long ping pong 



 56 

rallies, Simon for the innebandy battles, and Alex keeping my office chair 
warm. I would also like to thank the best “faddrar” in the world Sara F. Å. 
and Jonas Å., who introduced me to Uppsala University, the student life, the 
Chemical Engineering program, as well as guided me to the research world. 
Obviously you take your commitments very seriously, and I am eager to get 
your advice on what to do next. Mateo for giving me a ride to Västerås and 
introducing me to music that is too good for Bråvalla. Thank you Johan “jag 
måste dansa” G de la T for old-schooling me. I am also grateful that Jonas 
L. made me qualified to apply for cashier jobs at any grocery store, to Daniel 
for all the lunch trips, and that Albert always devotes time to discuss some 
football. I would like to thank my dear colleagues from neighboring depart-
ments Jinbao, Viktor, Girma, Fredrik B., Ernesto, David, Johan G., Adam, 
Gabi and Mario with special acknowledgement for my master thesis co-
supervisors Martin and Matthew R. I will remember Habtom for all the good 
times during the intense weeks we commuted to Stockholm University. I 
would like to thank my roommate abroad and my brother from another de-
partment Andreas for being an excellent travel companion. Sara M. and Matt 
for good times in Southampton as well as in Uppsala, Taha for fun chats in 
the lab, and Carl for Champions League nights at Rackis. 
 
I am blessed with my adventurous and loyal friends Fredrik, Marcus, Wille, 
Johan, and Gustaf, I will never forget you. 
 
I would like to thank my favourite Uppsala natives Kicki, Hannes, Filip, 
Oskar, Gabriel, Nils, Arya, Johan K., Olle , Ossian, Rickard, Sebastian, 
Manuel, Nils, and Alexander for being a healthy distraction from work, and 
thank Sam, for being my partner in crime throughout my studies. 
 
Thanks to my extended family, Janne, Elisabet, Rebecka and Erik for listen-
ing and showing interest in my thesis. Also a special thanks to Yousif and 
Yasin for initiating my interest in local football. My family Wafaa, Babiker, 
and Sara for your support and always lending me the car to check on my 
measurements during odd hours. I would like to thank my dear aunt Marja 
for her support, Calle for being the brother I never had, and mormor for her 
love. 
 
I would like to thank my parents and Maija for the love, support and encour-
agement throughout my life, and for letting me be the spoilt one in the fami-
ly. 
 
Last but not least I would like to thank my wife and best friend, Walaa, none 
of this would have been possible without your love and patience. And thank 
you Yara, for filling our home with your sweet laughter. 
 



 57

Appendix: Employed techniques 

Cyclic Voltammetry (CV) 
Cyclic voltammetry is one of the most commonly used techniques in electro-
chemistry. These experiments are commonly performed in a so called three-
electrode setup, containing a WE, a CE, and a RE. The WE is the electrode 
of interest (or the sample) while the RE is an electrode with a well-known 
and fixed potential. The potential of the WE is therefore measured versus 
that of the RE. The CE is a low-resistance material which is able to maintain 
high currents without degrading. When a molecule on the WE is oxidized, 
electrons move through the outer circuit and something is reduced on the 
CE. In a CV measurement the potential of the WE is swept at a constant rate 
while the current is measured. Depending on the potential range, concentra-
tion of species, scan rate and electrodes, this response can vary and give rise 
to peaks or waves. Commonly, the species under study is dissolved in the 
electrolyte, and the WE is a metal immersed in the electrolyte. As the ap-
plied the potential approaches the standard potential for a specific reaction, a 
current starts to flows. The current increases as the potential passes the 
standard potential but then becomes limited by the depletion of the active 
species at the electrode surface. This depletion will cause a flux of electroac-
tive species to the electrode which can be expressed by Fick’s diffusion laws 
giving rise to a diffusion tail in the voltammograms, i.e. the plot of the cur-
rent versus potential. The electrodes can also be made with the redox active 
material attached to the surface. If the layer is sufficiently thin and concen-
tration the species involved in the electrochemical reaction is sufficiently 
high, there will be no diffusion limitation through the film and the diffusion 
tail will be absent in the voltammogram. If, however, the layer is thick, the 
diffusion within this layer will limit the current. As discussed in this thesis, 
conducting polymers do not have a single well-defined standard potential for 
but rather exhibit a distribution of overlapping redox potentials. 

Galvanostatic charging and discharging 
In galvanostatic charge and discharge experiments, also known as chronopo-
tentiometric experiments, the potential of the WE is measured as a function 
of the time (or charge) while a controlled (often constant) current is applied. 
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This technique can be used to simulate the discharge of an energy storage 
device using different currents, corresponding to the usage of a device in 
applications with different current demands. The techniques is also often 
used to simulates the charging of different devices as most of today’s 
chargers use a constant current during the initial charging step119. In the pa-
pers included in this thesis, two-electrode cells were generally used in which 
one composite electrode served as the WE, while another composite served 
as a combined counter and reference electrode. Hence, the measured poten-
tial in the two-electrode setup corresponds to the cell voltage of the device. 

Finally, the potential can be measured versus time in the absence of an 
applied current, in a so called open circuit measurement. For an energy stor-
age device, this technique can be used to measure the rate of self-discharge, 
i.e. the drop in cell potential that occurs when the device is present in its 
charged state. 

Electrochemical Quartz Crystal Microbalance (EQCM) 
EQCM utilizes the piezoelectric effect of quartz, according to which an ap-
plied potential will cause mechanical strain in the material. By oscillating the 
potential across the quartz crystal, vibrations are produced in the crystal and 
at certain frequencies standing waves are formed. The required frequency 
changes when mass is deposited onto the crystal and this frequency change 
is related to the mass as indicated in the equation below: 
 

∆
2 ∆ ∆

 

 
which is known as the Sauerbrey equation120, where Δf is the frequency 
change upon mass deposition, f0 is the frequency of the quartz crystal before 
mass deposition, Δm is the mass change, A is the piezoelectrically active 
area, μq and pq are the shear modulus and density of quartz, respectively, and 
Cf is called the sensitivity factor of the crystal. The frequency change is 
hence directly proportional to the mass change and this effect is utilized in 
EQCM, where thin metal layers are put on both sides of a quartz crystal, and 
these layers are used as the WE and to apply the oscillating potential.120 
Thus, mass changes can be measured in situ during an electrochemical ex-
periment. However, a number of assumptions are made when using the Sau-
erbrey equation, e.g. that the films is even distributed over the electrode, the 
film is rigid, the density of the polymer is homogeneous throughout the film, 
and that the viscoelasticity is constant throughout the experiment.120 
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Scanning Electron Microscopy (SEM) 
A SEM instrument is often used to study the morphology and topography of 
samples, as it is able to provide high resolution images of the surfaces. In 
SEM, electrons are used to create the image of the sample, instead of the 
photons used in optical microscopy. A beam of electrons are focused on the 
sample, and the beam is scanned over an area so that electrons are emitted 
from the sample. The so called secondary electrons mainly provide topologi-
cal contrast, while back-scattered electrons primarily give compositional 
information. 

In order for the technique to work well, it is required that the sample is 
electronically conducting. 

Nitrogen gas adsorption 
Porous materials are often characterized using N2 gas sorption, in order to 
calculate the specific surface area, total pore volume and pore diameter dis-
tribution. The dry sample is usually evacuated of all gas and cooled to a 
temperature of 77 K, i.e. the temperature of liquid nitrogen. At this tempera-
ture nitrogen gas will physically adsorb on the surface of the sample. The 
assessment is done by comparing the amount of adsorbed gas with the rela-
tive pressure (P/P0) (= the sample pressure vs. the saturation pressure). A 
relative pressure of 1 represents a completely saturated sample, and is used 
to calculate the total pore volume. The BET surface area is calculated from 
the amount of gas molecules needed to form a monolayer on the material, 
typically between P/P0 = 0.05 to 0.3.121 Finally, capillary condensation and 
evaporation occur at different pressures, giving rise to a hysteresis effect. 
This hysteresis can be used to evaluate the pore size distribution of the mate-
rial. In this thesis the DFT model122 was used to calculate the pore size dis-
tribution. This model is a complex mathematical model involving fluid inter-
actions and pore diameters based on thermodynamic properties. In order to 
obtain the pore diameter distribution for the sample a mathematical fit of the 
theoretical isotherms is made to the experimental isotherms. 

X-Ray Photoelectron Spectroscopy (XPS) 
XPS is used to study the elemental composition and chemical state of a sam-
ple and is both a qualitative and quantitative characterization technique. The 
technique is highly surface sensitive, when using standard Al Kα radiation 
only the outermost surface layers of the sample are being analyzed. 

XPS makes use of the photoelectric effect: when X-rays are irradiated on 
a surface photoelectrons are ejected from the material. By knowing the ener-
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gy of the incoming X-ray photons (hν), the work function (Φ) (constant for 
the instrument) and by measuring the kinetic energy of the emitted photoe-
lectrons (Ekinetic), the binding energy for the electrons (Ebinding) can be deter-
mined. The equation can be written as: 

 
 

 
The output of an XPS measurement is a spectrum with intensity as a function 
of energy, generally Ebinding, where the peak positions correspond to energy 
levels in the sample. Each elements characteristic binding energy range and 
the number of detected electrons can be used to quantify a specific element 
in the sample. All elements with Z ≥ 3 can be detected by the technique. The 
exact binding energy will depend on the chemical environment of the atom, 
giving rise to chemical shifts. The chemical shifts can used to identify the 
chemical state of the elements in the sample. 

Thermogravimetric analysis (TGA) 
TGA measures the weight of the sample as a function of the temperature. If 
the constituents of the sample are known, the technique can be used to esti-
mate the chemical composition of the sample. 
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