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with low weight capacity. Quinones, on the other hand, are low weight molecules that participate
in electron transport in both animals and plants. They could provide batteries with high capacity
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and is found to mainly be governed by band transport. Other properties such as packing,
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electronics.
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1. Motivation

A more environmentally friendly society is necessary to ensure a tolerable
future for generations to come. One major issue today is the use of fossil
fuels for energy production. Combustion of fossil fuels emits large amounts
of carbon dioxide into the atmosphere which contribute to global warming.
We are using more and more energy on this planet, and to ensure a more
sustainable society the energy needs to be produced from renewable energy
sources instead, such as wind and solar power. The drawback of these methods is that they do not produce energy on demand since the wind does not
always wine and the sun does not always shine. Batteries can stabilize the
energy output by working as a buffer between the energy production and
energy users.
Most commercial batteries contain different kind of metals that are nonrenewable and leave a large carbon footprint with their mining and refining
processes. To find more sustainable energy storage materials one can instead
look toward biomass and will find a wealth of organic molecules used for
charge storage in different systems.
Organic materials for energy storage can have several advantages over inorganic materials:1-2 the basic building blocks (H, C, O, N, and S) are abundant and accessible in nature from biomass, they can easily be recycled, they
can be more light-weight than metals, and their properties can be fine-tuned
by substitution to fit various applications. The electrolyte used for batteries
based on organic materials can be water based, something that does not work
for lithium batteries due to lithium’s instability in water. Using water as electrolyte instead provides improved safety of the batteries since they are nonflammable. Organic batteries can also be used for applications that lithiumbased batteries are not suitable for, e.g. in flexible electronics, for applications in smart fabric that can be washed without a safety risk, and in applications were the battery cannot easily be regained but instead can be combusted with its device.
Batteries continue to be the limiting factor when developing portable electronics and new systems that have the potential to provide increased stability, higher specific capacity, and increased safety etc. need to be found. Organic batteries have the possibility for new ground breaking discoveries that
could move the field of batteries forward faster and make a big leap towards
a more environmentally friendly society.
13

2. Aim of Thesis

The overall aim of this thesis has been to investigate the fundamental properties of conducting redox polymers. Focus has been on the redox reactions of
the polymer backbone and the pendant group as well as possible interaction
between them. This is of importance for conducting redox polymers since
separate properties of the backbone and the pendant group are desired, and
they should not have a negative impact on each other.
Polypyrrole has previously been studied as backbone for conducting redox polymers but was found to twist and loose conductivity during the redox
reaction of the pendant group.3 This work has instead focused on the conducting polymer PEDOT that is often used for its stability and rigidity. The
work has been focused towards materials for battery applications and two
battery systems have also been tested.
The specific aims of this work are as follows:
• To study the redox process of the quinone pendant group with regards to kinetics, pH dependence, and mass changes during the redox reaction (Paper I and III).
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•

To investigate the charge transport mechanism through the polymer
backbone (Paper I and III).

•

To investigate the relationship between the pendant group and the
backbone with regards to redox matching and the pendant groups influence on conductivity (Paper I, II and III).

•

To understand the mechanisms occurring during post-deposition
polymerization of trimers (Paper IV).

•

To analyze the effect of packing in trimer solids (Paper IV).

•

To use conducting redox polymers as active material in both the positive and the negative electrode in all-organic batteries (Paper II).

3. Redox Active Organic Materials for Battery
Applications

There is much research on organic materials for lithium ion batteries (LIBs)
to replace the heavy metals currently used in the positive electrode.1, 4-6
There are also some attempts at constructing all-organic batteries, which do
not include any metals.7-9 There are several different categories of organic
materials for battery applications,10 both for LIBs and all-organic batteries,
including radicals,11-12 conducting polymers (CPs),13-15carbonyl compounds,6,
16-17
and organosulfur compounds.18-20 The energy storage mechanism differ
between the different categories and they have different strengths and weaknesses. Radicals usually have a high redox potential, which is beneficial for
the positive side of a battery and show a rapid charge transport through the
material, but can be chemically unstable.10, 21-22 One of the most studied radicals for battery applications is 2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO). TEMPO has a robust radical which can be both oxidized and reduced,
allowing it to be used both as p- and n-type materials.23 CPs have high conductivity but low capacity and will be discussed in detail in Section 3.2. Carbonyl compounds have high charge storage capacity, by the redox reaction
of carbonyls, and they can be tuned to different potentials and can therefore
be used as both negative and positive electrode.10, 24-25 A commonly studied
class of carbonyl compounds is quinones, which will be discussed further in
Section 3.4. The last category of organic materials for battery applications is
organosulfur compounds. They utilizes the breaking and reforming of disulfide bonds which is a slow reaction, but organosulfur compounds can have a
high energy density.10

3.1 Redox Reaction
The main requirement for materials applied in rechargeable batteries is to be
reversibly redox active, i.e. to be oxidized and reduced repeatedly, without
major losses in capacity. The redox reaction occurring in a battery material
is:
+

⇌

(1)

15

where Ox is the oxidized species, Red the reduced species, and z the number
of electrons involved in the reaction. The potential of a half-cell reaction is
defined as the reduction potential and the potential of a full cell reaction is
calculated as the reduction potential of the species being reduced minus the
reduction potential of the species being oxidized. The potential of a redox
reaction is always measured against a reference electrode (RE) and is defined against the standard hydrogen electrode (SHE), which is the reduction
of hydrogen on a platinum electrode. A Ag/AgCl electrode, with a known
potential vs. SHE, is normally used in water electrolytes and the potential is
then recalculated to give a value vs. SHE. In organic electrolytes the potential is instead reported vs. the ferrocene redox potential (Fc0/+).
The Gibbs free energy (ΔG) of a reaction is related to the potential (E) by:
=−

(2)

where F is the Faraday constant. A higher reduction potential means a higher
driving force for the reducing reaction since ΔG gets more negative. The
standard potential (E0) of a reversible redox reaction is defined at standard
conditions as the potential where the activity of all reactants is 1. E0 is compared to the SHE at the same temperature. When standard conditions are not
met, the potential can be calculated by Nernst equation:26
=

+

×

(3)

where R is the gas constant, T the temperature, F the Faraday constant, and
Cox and Cred the concentration of oxidized and reduced forms respectively.

3.2 Conducting Polymers
Most organic materials are insulators and require conducting additives for
electrons to be able to move through the whole material.27 This is of importance for battery applications in order to utilize the entire capacity of the
material. No conducting additives are required when using CPs, since they
can be made conducting on their own. CPs are used in a wide range of applications including organic light emitting diodes,28 sensors,29-30 and solar
cells.31
Polymers consist of many small units, called monomers, which are covalently bonded together forming a repetitive chain. Most CPs have a conjugated backbone, i.e. a continued π-system. This can be achieved by double
bonds between carbon atoms and with heteroatoms such as N, O, and S.
Non-conjugated polymers can have charge transport only through hopping, a
16

mechanism discussed in Section 3.2.2. The fact that polymers can be conducting was first discovered in 197732 and was awarded a Nobel Prize in
Chemistry 2000.33

3.2.1 Polymerization
The simplest CP is polyacetylene (PAc) which is built from the monomer
acetylene (Ac), H-C≡C-H, and consists of a long chain of sp2 hybridized
carbon atoms with one hydrogen bonded to each carbon. Molecular orbitals
(MOs) of PAc can be constructed by doing a linear combination of atomic
orbitals.34 The orbitals of interest for PAc are the π-orbitals and the π*orbitals since they are the ones forming the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), and
only these orbitals will be considered further on (the σ-orbitals are lower in
energy and the σ*-orbitals are higher in energy). Two MOs are formed when
combining two atomic orbitals, one filled having lower energy and one empty having higher energy, Figure 1a. The sp-hybridized carbons in Ac contribute with two p-orbitals each, but the py- orbitals will be hybridized in the
dimer, forming σ-bonds between Ac-units. This leaves only the pz-orbitals
which will contribute to the π-orbitals in the polymer, and thus only the pzorbitals are depicted in Figure 1. When Ac is dimerized, the two MOs of
each Ac unit combine into four new MOs with two filled π-orbitals, Figure
1b. The dimers then combine to form tetramers, Figure 1c, and so on, with a
narrowing of the HOMO-LUMO gap when longer and longer chains are
formed. Theoretically, HOMO and LUMO would therefore have no energy
difference in an infinite long polymer, forming a continuous band of energy
levels that is half-filled. The polymer would then have metallic conductivity
since no energy is required for electrons to move to higher energy levels.35
For this to be true, the electrons would have to be delocalized over the whole
polymer. However, the π-electrons are actually localized over the double
bond, creating alternating single and double bonds in the polymer. This is
due to the Peierls distortion in which a localization of π-electrons stabilizes
the π-orbitals.34-35 Even though the energy of the filled σ-orbitals increase,
the total energy of the system decreases. The MOs have now generated two
bands, one filled band that is called the valence band (VB) and one empty
band called the conduction band (CB), Figure 1d. These bands have a band
gap (BG) between them and the polymer is an insulator, or in some cases a
semiconductor.35 The method used for making the polymers conducting is
discussed in Section 3.2.2.
One common way of polymerizing CPs is by oxidation.36-39 There are two
major techniques for oxidative polymerization from a monomer solution.
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Figure 1. The polymerization steps of PAc with π-orbitals, showing the formation of
two bands with a BG narrower than the HOMO-LUMO gap in Ac a) The pz-orbitals
from the carbons in Ac combine to form two MOs. b) Dimerization of Ac forming
four new π-orbitals. c) Two dimers combine to a tetramer with four filled and four
empty π-orbitals. d) Two bands are formed for the polymer, one filled and one empty.

One is to add a chemical oxidant to the monomers and allowing the reaction
to continue until the radical becomes stable or the polymer becomes large
enough to precipitate. The other technique is to remove the electrons by applying an oxidative potential through an electrode to the monomer solution
and stop it when the desired degree of polymerization is reached. This will
form a polymer on the electrode surface.

3.2.2 Conductivity
The conductivity of polymers is defined as the ease of which electrons (or
holes) can move through it. Polymers are insulators in their natural state and
charges need to be introduced in a polymer in order to achieve
conductivity.34 This can be accomplished by electrochemical methods or by
adding a chemical oxidant or reductant. Charges can be formed by either
adding or removing electrons, creating a negatively doped (n-doped) or positively doped (p-doped) polymer respectively and conductivity is achieved
after a threshold doping level is reached. In this thesis only p-doping is discussed.
When an electron is removed from the polymer, a polaron is formed, i.e. a
positive charge together with a radical that is delocalized over several monomer units, as depicted in Scheme 1b. Polaron formation results in sp3 hybridized carbons on the chain and the bonds in the polymer can change character to minimize the energy of the system. This distortion causes the introduction of new energy levels in the BG that are taken from the VB and CB,
Figure 3b, of which the lower one is half-filled.
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Scheme 1. P-doping of PEDOT. a) Un-doped PEDOT. b) Polarons are formed by
oxidation of PEDOT. The structure of the backbone changes to a quinoide structure
between the positive charge and the radical. c) Upon further doping, two polarons can
combine into a bipolaron.

Additional polarons are formed by removing more electrons from the polymer and two polarons can combine to form a bipolaron, a species with two
positive charges and no unpaired electrons, as seen in Scheme 1c. The
charge repulsion between the two positive charges in a bipolaron will favor
the polaron state. But the distortion will be almost the same for two polarons
and one bipolaron which will favor the formation of bipolarons. The new
energy levels in the BG are empty for bipolarons, Figure 3c.
The conductivity is dependent on the number of charge carriers and their
mobility. The number of charge carriers can be controlled by the extent of
oxidation but has a maximum value due to charge repulsion. The mobility of
positive charge carriers always move in the direction of the applied electrical
field and can be affected by different variables depending on which charge
transport mechanism occur. There are two major conductivity mechanisms
for CPs, band transport and hopping.34 The band transport only transpires in
conjugated polymers and consists of charge carriers moving along the polymer chain over the delocalized orbitals, Figure 2a. Lattice vibrations, also
known as phonons, disrupt the charge transport and causes a lower mobility.
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Figure 2. Charge transport mechanisms with the electric field direction marked. Examples of a) band transport, b) interchain hopping, and c) intrachain hopping.

The number of phonons increases with temperature and the mobility is thus
proportional to the inverse temperature. When the polymer chain ends, is not
parallel to the applied electrical field, or has a kink so that the charge gets
trapped, the charge carriers have to jump to another polymer strand. This
jumping is a process called interchain hopping, Figure 2b. Hopping, i.e.
thermally activated tunneling, requires an activation energy to move from
one orbital to the next. The activation energy is easier to overcome at higher
temperatures and charge transport through hopping displays a positive temperature dependence. Interchain hopping occurs between neighboring closely packed polymer chains which makes the polymer morphology important.
Hopping can also occur intrachain when the polymer has kinks or other defects, Figure 2c, or for non-conjugated polymers with aromatic pendant
groups (PGs). The more localized charge carriers in a polymer, the more
hopping will occur, resulting in lower mobility.
Charge neutrality needs to be restored when positive charges, both polarons and bipolarons, are introduced in the polymer. This can be accomplished
by incorporation of anions from the electrolyte and/or expulsion of cations.
The polymer can be forced to cycle cations if the anion is covalently attached to the polymer, or is too bulky and thus immobile. Solvent molecules
can follow the ions which will lead to a swelling or shrinking of the polymer
film.

3.2.2.1 Spectroscopic Transitions
A CP in the un-doped state has one major spectral transition, i.e. the BG
transition, Figure 3a. The BG transition, called transition 1 in Figure 3, is
typically between 1.5 eV and 4 eV for conjugated polymers40 which allows it
to be investigated by UV-visible (UV-vis) spectroscopy. The new energy
levels that are created when polarons are formed, Figure 3b, are taken from
the orbitals closest to the BG in the VB and CB. This results in a slightly
larger BG and a blueshift in the spectrum. The polaron energy levels also
20

Figure 3. Possible spectral transitions for CPs for a) un-doped polymer, b) polaron
states, and c) bipolaron states.

allows for two new transitions, one from the VB to the lower polaron state,
transition 2 in Figure 3, and one between the two in-gap states, transition 3
in Figure 3. These transitions will both lie at lower energies than the BG in a
spectrum, so for polymers with a low BG energy these transitions might be
outside the UV-vis spectral window. Transition 3 disappears for bipolarons,
since the lower in-gap state is now empty, and only transition 1 and 2 are
possible.

3.2.3 PEDOT
Poly(3,4-ethylenedioxythiophene) (PEDOT) is a CP that was first reported
in 1991 by Jonas et al.41 It is widely studied due to its stability, rigidity, and
high electrical conductivity.34, 42-44 PEDOT consists of repeating units of
EDOT, Scheme 2, that are connected at the α-carbons and forming a πconjugated system containing C-C double bonds and sulfur atoms.
21

Scheme 2. Polymerization of EDOT through radical formation. Two radicals combine
with the expulsion of two electrons and two protons. After multiple steps, this process
eventually leads to the formation of a PEDOT polymer.

Polymerization of PEDOT starts with the oxidation of shorter segments,
usually monomers, to form radicals, Scheme 2. Two radical monomer segments then combine to form a dimer. This process continues, with larger and
larger segments (dimers combine to tetramers, tetramers combine to octamers, etc.) with the expulsion of two protons in each step, until the polymerization process stops, as described in Section 3.2.1.
The polymerization process of PEDOT is in principal without defects
(side reaction that does not form the desired polymer) due to carbon 3 and 4
being substituted, in contrast to thiophene.43
The amount of charges that are introduced in a polymer is called doping
level. The maximum number of charges introduced in PEDOT has been reported to one charge per three monomer units, i.e. a doping level of 0.33, but
this can be affected by the environment around the polymer.44-46
PEDOT is insoluble in aqueous solutions but can be mixed with polystyrene sulfonate (PSS) to improve processability. PSS consists of immobilized
anions that can counteract the charges formed on PEDOT during p-doping.
PEDOT:PSS is the most successful CP in practical applications due to a high
electrical conductivity and stability42, e.g. in solar cells,47-48 capacitors,49-50
and thermoelectric materials.51-52

3.3 Conducting Redox Polymers
For some applications a specific property is wanted, e.g. light absorption,
catalysis, or charge storage, and a specific molecular structure is required to
gain that property. The desired structure can be incorporated in the CP back22

bone, but this could alter the conjugation of the backbone and reduce the
conductivity.53
Instead of changing the conducting backbone of the polymer to fit the requirements, a PG with the desired property can be covalently attached to it.
If the PG is redox active the combination can be called a conducting redox
polymer (CRP). The PG can be added to give different properties to the
CRP, such as electrochromism, electrical energy storage, or photosensitizing
effects. To preserve the individual properties of the backbone and CP, the
PG should not be in conjugation with the backbone as it could disturb the
conductivity of the backbone or change the properties of the PG.3 This is
controlled by the choice of linker between PG and backbone. A longer and
more flexible linker have been shown to best make use of the separate properties of the PG and backbone since a stiff linker can cause a twist in the
backbone upon oxidation which will result in a loss of conductivity due to a
loss in conjugation. The linker can also affect the redox potential of the PG
since a substitution on a redox system can alter its energy levels.
An important concept for CRPs is redox matching, i.e. that at the redox
potential of the PG, the polymer backbone has to be conducting. This needs
to be considered when choosing what PG and backbone to use.
Polypyrrole with a quinone PG has previously been investigated as CRP
for energy storage3 but the redox chemistry of the PG was found to negatively influence the conductivity of the polymer. A PEDOT backbone will be
used in this thesis instead, since it has high stability.
CRPs can be used for e.g. different types of sensors with an organometallic PG54-55, batteries with a terephthalate56 or quinone57-59 PG, electrochromic
devices with a naphthalene diimide PG60, and photochromic devices with a
diarylethene PG.61
This thesis will focus on CRPs for energy storage. In CRPs for battery
applications the CP is responsible for the conductivity while the small PG
gives the high charge storage capacity and the constant redox potential needed for a stable battery voltage.

3.4 Quinones
Quinones belong to the carbonyl compounds category of organic battery
materials and have been used as redox active species for the CRPs in this
thesis. A wide range of quinones have previously been studied for different
battery applications.62-64 Quinones are naturally occurring and can be found
in both the photosynthesis of plants and bacteria65-67 and the respiratory system in animals68-69 as charge transport units.
The simplest quinone, a benzoquinone (BQ), can be seen in Scheme 3.
The BQ can, in protic electrolytes, be reduced to a hydroquinone (HQ) by
the addition of two electrons and two protons.
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Scheme 3. BQ to HQ redox conversion, a 2e2H reaction.

The reduction of BQ to HQ can take several routes depending on experimental conditions. The square scheme of the proton coupled BQ/HQ redox
reaction, Figure 4, shows the different routes, with proton transfer in horizontal direction and electron transfer in vertical direction. The semiquinone
(SQ) is unstable and will disproportionate into BQ, named Q in Figure 4, and
HQ, named QH2 in Figure 4, since two SQs have a higher total energy than
one Q and one QH2.
Quinones can store two charges, or in some cases more, which give them
a high charge storage capacity, ranging from 100 mAh/g to 600 mAh/g.62
Other quinones can be constructed by adding substituents to the benzene
ring, which will change the energy levels of the quinone and thus giving it a
different redox potential. The redox potential of the quinone is also dependent on the cation coordinating to the negatively charged oxygens in the

Figure 4. Square scheme of the quinone redox reaction from Q to QH2. H+ denotes
proton reactions and e- denotes redox reactions. (For the sake of simplicity, BQ is
denoted Q and HQ is denoted QH2 when talking about the square scheme).
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Table 1. E0 of selected quinones in 1 M p-TsOH70 and the electronic properties of
the substituents.71
Structure

E0 (V vs. SHE)

Electronic properties
of substituents

0.64

-

0.60

EDG

0.57

EDG

0.09

EDG

0.71

EWG

0.70

EWG

reduced state. The redox potentials of quinones cycling lithium and sodium
can, as an example, range from 2.0 to 3.3 V vs. Li+/Li in organic solvents.62
The substituents can be electron withdrawing groups (EWGs) or electron
donating groups (EDGs) to the aromatic system of the quinone, compared to
a proton. A more EWG will make the oxygen electron poor and thus making
the oxy group more prone to accepting electrons, i.e. giving the quinone a
higher redox potential. An EDG group will have the opposite effect and lower the redox potential of the quinone. A study of quinones in 1 M p-TsOH70
shows the impact of substituents on the redox potential. Selected quinones
are listed in Table 1.

3.4.1 Proton Activity
The potential at which the BQ to HQ process occurs is dependent on the
proton activity in the electrolyte. A higher proton activity, i.e. a lower pH in
a water electrolyte, will make the reduction reaction from BQ to HQ, forward reaction in Scheme 3, easier and thus giving it a higher potential, i.e. a
lower energy. The pH dependence of the 2e2H quinone reaction can be explained by the Nernst equation, Equation (3), with the insertion of the reactants and product in Scheme 3:
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E0 ´=E0 +

RT
ln
2F

=E0 +

RT
2 ln( H + ) =E0 -59mV∙pH
2F

(4)

where E0´ is the formal potential, i.e. the apparent standard potential that
applies when pH differ from 0. The quotient of BQ and HQ are 1 at E0´ and
with the temperature set to room temperature (25 °C) the pH dependence of
the potential is -59 mV per pH unit.
The pH dependence applies in aqueous solutions but protons can also be
provided by other molecules. Many organic electrolytes are non-protic and a
protic salt that can provide both a proton donor and a proton acceptor is required if a battery cycling protons are sought. Quinones can also cycle other
cations such as lithium and sodium, but in this thesis only proton cycling is
considered, since it opens for a metal free battery.
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4. Electrochemical Methods

A three electrode setup is used in all the electrochemical experiments in this
thesis, except for the battery tests. The three electrodes are 1) a working
electrode (WE) on which the redox reactions of interest occur after application of a controlled potential and whose current response is monitored; 2) a
counter electrode (CE) that counteracts the charges formed on the WE; and
3) a RE, which is a half cell with known redox potential, used in order to
ensure that the correct potential is applied to the WE. The potential of the
WE is given as a potential vs. the RE but can after the measurement be converted to a different reference system. The potentials in this thesis will be
reported vs. SHE for all characterization experiments which are conducted in
water electrolytes and vs. ferrocene (Fc0/+) for polymerizations done in acetonitrile (MeCN) for easy comparison to other research.

4.1 Cyclic Voltammetry
One of the most frequently used characterization methods in electrochemistry is cyclic voltammetry. In cyclic voltammetry the potential is scanned
between a lower potential and a higher potential at a fixed scan rate while
the current is monitored. Oxidation occur at the WE when the potential is
swept towards higher potentials, and when the potential is reversed (going
back to lower potentials), reduction takes place. Cyclic voltammetry allows
for information about the redox processes occurring at different potentials
for both monomers and polymers. Cyclic voltammetry is also a common
method of polymerization.
The current response differs between a diffusion limited reaction and a
surface bound entity.26 A narrow and reversible redox peak is seen in the
cyclic voltammogram (CV) for a surface bound material. The peak current
(ip) for this type of reaction is directly proportional to the scan rate (ν), and a
plot of ln(ip) vs. ln(ν) will give a slope of 1.
The oxidation and reduction peaks move apart when the scan rate is increased since there is a potential gradient in the material and the outer layers
feel the applied potential later than the inner layers.
The back reaction can be ignored when the peaks have moved 200 mV
apart and the reaction can then be viewed as a surface bound irreversible
reaction and the peak potential (Ep) is given by:
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=E0 ´ +

RT
ln
αF

∙

(5)

where α is the transfer coefficient and k0 the rate constant. The apparent rate
constant can be calculated by measuring Ep at different scan rates.
A fully reversible surface bound reaction where the whole material can
feel the same potential is called a Nernstian system. The potential is then
defined by the Nernst equation, Equation (3), and the peak split is zero, Figure 5a. A surface bound reaction with a peak split up to 100 mV is called a
semi-reversible reaction. For species in solution, the redox reaction is limited
by diffusion of reactants to the electrode. For this system ip is proportional to
ν½, and a plot of ln(ip) vs. ln(ν) will give a slope of 0.5. The peak in the CV,
Figure 5b, is usually broad with a diffusion tail and with a large peak split.
The peak split and the diffusion tail appears due to that the reactants close to
the electrode surface are used up and it takes time for new molecules to diffuse to the electrode.
The activation energy (Ea) for the rate determining step of the redox reaction can be calculated by determining the rate constant at different temperatures with the Arrhenius equation:

=A

/(

)

(5)

where A is a constant.
CRPs for battery applications show two different current responses in different areas of a CV, Figure 5c. The constant potential before and after the
large peak comes from the capacitive behavior of the conducting backbone,
even though the reaction is faradaic in nature. The capacitive behavior arises
when each new charge that is being introduced in the material can feel the
other charges by columbic interactions and a gradually increasing potential

Figure 5. Simulated CVs of a) a surface bound material without diffusion limitation (a
Nernstian system) and b) a dissolved redox molecule with diffusion limitation. c) CV
of a CRP, showing current responses from both the backbone and PG.
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is needed to overcome the columbic repulsion. This applies for all CPs. The
peak in Figure 5c arises from a faradaic process, a semi-reversible surface
bound reaction, occurring at the PG, where the pendant molecules have a
specific redox potential and the different redox sites do not influence each
other.
All the following methods, except in situ EPR, utilize cyclic voltammetry
for characterization.

4.2 In Situ Methods
The phrase “in situ” is Latin for “on site” and in electrochemistry it means
that a change in potential or current is applied while at the same time another
parameter is measured such as mass changes, conductivity changes, changes
in spin characteristics, or spectral changes. This allows for direct and accurate measurements without the risk of a change in potential that could otherwise occur if there is a time delay between the change in potential and the
measurement.

4.2.1 In Situ EQCM
The mass changes occurring in a material can be monitored with an electrochemical quartz crystal microbalance (EQCM). The EQCM works by the
piezoelectric effect (more precisely, the converse piezoelectric effect) which
creates a motion (vibration) in the quartz crystal when an electric current is
applied to it.72 The vibrational frequency is dependent on the mass on the
crystal. A higher mass loading will make the crystal move with a lower frequency. This relationship was described by Sauerbrey in 1959 and gave rise
to the Sauerbrey equation:73
∆

= −∆

×
2(

/

)

(6)

where Δm is the mass change, Δf the frequency change, Fq the reference
frequency, A the area, ρq the quartz crystal density, and μq the AT-cut quartz
constant. The Sauerbrey equation is only valid for a thin and rigid film that
do not deform when a force is applied to it.72 The best EQCM devices can
determine amounts down to ng/cm2.
Information about which species are moving in and out of the film during
polymerization and characterization can be gained from EQCM experiments.
These measurements will more specifically provide information about e.g.
how much solvent is gained or expelled during polymerization and during
characterization and which ions are cycled to counteract the charges formed
when applying a potential to the material.
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4.2.2 In Situ IDA
An interdigitated array (IDA) electrode can be used to measure the conductivity of a material and consists of two gold electrodes with bands in comblike structures that are interdigitated. The many bands in the interdigitated
structure form a large surface area which allows for more current to run
through the material than in an electrode with only two bands. The sensitivity to conductivity changes is thus increased. Figure 6 illustrates the conductance measurement setup with the IDA electrode, RE, and CE connected to a
bipotentiostat. Included is also a simplified circuit diagram for the currents
involved. The polymer covers both WEs and a voltage bias (Ebias) is applied
between the two sides of the IDA electrode. A current will flow between the
two electrodes when the polymer starts to conduct, i.e. the resistance is lowered. The bias current (Ibias) is determined by the resistance through the material (Rpol) and the applied Ebias according to ohms law:
=

(7)

The sum of all currents in a point is zero according to Kirchhoff´s law.74
This law for point A and B in Figure 6 is used together with Equation (7) to
calculate the conductance:
Point A:

+

=

(8)

Point B:

=

+

(9)

where IC1 and IC2 are the convection currents from the faradaic reaction.
Equation (8) and (9) can be combined to:
−( +

)=

+

−

(10)

and with ΔI = I2 – I1 and ΔIC = IC2 – IC1 the expression can be written as:
=2

+ ΔI

(11)

The bias current can thus be calculated by the following equation (with the
assumption that IC2 and IC1 are identical or negligible compared to the bias
current):
I

=

2

(12)

The conductance (G) of the material is the inverse of the resistance and can
be calculated by combining Equations (7) and (12) to:
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Figure 6. Schematic image of an IDA electrode in a three electrode setup. A circuit
diagram is also included.

G=

1

=

I

=

2∙

(13)

The current for the CV (Itot) is calculated by adding I1 and I2 together.

4.2.3 In Situ EPR
Electron paramagnetic resonance (EPR) is a technique that can observe spins
(un-paired electrons) in a material. This is of interest for CRPs, and CPs in
general, since the polarons formed upon doping has a spin whereas the doubly charged bipolarons formed upon further doping does not. For EPR
measurements, a platinum wire was coated with polymer and subsequently
immersed in a thin EPR cell filled with electrolyte. Potential steps were applied to the polymer during an EPR measurement, instead of using cyclic
voltammetry, due to the long sampling time of the EPR.

4.2.4 In Situ UV-vis
The spectral changes occurring in a CP when going from a non-doped state
to a polaron state and further into a bipolaron state are seen in Figure 3 and
the possible spectral transitions have been discussed in Section 3.2.2.1. The
spectral changes occurring during polymerization and characterization can
be monitored by in situ UV-vis spectroscopy when the polymer is applied to
a conducting and UV-vis-transparent indium tin oxide coated quartz (ITO)
electrode. The electrochemical experiments were conducted in a quartz cuvette.
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5. Quinone Based CRPs and Post-Deposition
Polymerization

In this thesis, PEDOT, Figure 7a, and two PEDOT-HQ CRPs, Figure 7b and
c, is characterized in aqueous solutions. The different characterization techniques results in a better understanding of how charge transport occur in
CRP-systems and compare the CRPs to pristine PEDOT. Three EDOT-units
is combined into a trimer which allows for polymerization from a deposited
layer. This polymer is compared to PEDOT formed by EDOT monomers
and the packing of the trimer is also investigated. PEDOT≡HQ, Figure 7b, is
also used for a pH battery where the electrolytes on the positive side and the
negative side have different pH and thus the redox potential of PEDOT≡HQ
is different for the two electrodes. An all-organic battery is also studied. This
battery utilizes PEDOT-O-C=O-HQ, Figure 7c, as the positive electrode and
an anthraquinone (AQ) as PG connected to PEDOT as the negative electrode. This battery utilizes an organic protic electrolyte since PEDOT-AQ
cannot be cycled in water electrolytes.

Figure 7. Structure of a) PEDOT, b) PEDOT≡HQ, c) PEDOT-O-C=O-HQ, and d)
EEE.
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5.1 Polymerization
5.1.1 Electrochemical Polymerization
Electrochemical polymerization from a monomer solution is the polymerization method used for most experiments in this thesis. In this method, an electrode is immersed in a monomer solution and the potential is changed by
cyclic voltammetry, Figure 8. Radicals can start to form when the potential
reaches a certain value, around 0.8 V vs Fc0/+ in Figure 8, and polymerization is initialized. The polymerization continues until the potential is swept
below the radical formation potential. The current response increases for
every consecutive sweep, indicated by arrows in Figure 8, which is due to
the increasing amount of polymer on the electrode and associated increase in
doping currents and accessible quinones.

Figure 8. Polymerization of EDOT≡HQ in TBAPF6/MeCN at a scan rate of 100
mV/s.

5.1.2 Post-Deposition Polymerization
One problem with many CPs is the processability of the formed polymer,
which is important when increasing the scale of production. PEDOT:PSS,
see Section 3.2.3, is one example of increased processability by allowing
PEDOT to be used in aqueous suspensions. Another approached is to increase the solubility of the polymer by adding functional groups, either polar
groups for use in water solvents or non-polar groups for organic solvents.
These approaches are targeted towards specific solvents and a more general
approach would benefit the CP community.
Post-deposition polymerization is a technique employed in our group that
enables polymerization from a deposited layer, Paper IV. The layer can be
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deposited and polymerized on the substrate directly, avoiding the problem
with polymer processing altogether.
The principles behind the method is to dissolve the building blocks in one
solvent, make a layer on a substrate and let it dry, then finally polymerize the
layer in a solvent that does not dissolve the building blocks. The monomers
that are normally used for polymerization would not work with this method
since they dissolves in most solvents and have no conductivity. Trimers were
instead chosen as building blocks in Paper IV, since they are insoluble in
some solvents but soluble in others, and could have inherent conductivity.
DMSO was used for dissolving the trimers and the polymerization was conducted by cyclic voltammetry in sulfuric acid (0.5 M).
Since PEDOT displays good electrochemical properties, see Section
3.2.3, a trimer with three EDOT units, named EEE, was made, Figure 7d.
During post-deposition polymerization of EEE, a large increase in conductivity can be seen at 0.7 V, Figure 9a, which coincide with the oxidation
peak in the CV and the beginning of the spectral changes in the UV-vis spectra, Figure 9b.
In order to hinder polymerization, methyl groups were added at the αposition of EEE, forming MeEEEMe. This was done to investigate if the
trimer was conducting on its own and not only after polymerization. The
trimer shows no indication of polymerization from the UV-vis spectra, Figure 9d, where a probable reorganization occur instead during the first scan.

Figure 9. a) Conductance and CV and b) Uv-vis spectra during post-deposition
polymerization of EEE in H2SO4 (0.5M). c) Conductance and CV and d) Uv-vis
spectra during cycling of MeEEEMe in H2SO4 (0.5M). Both trimers were dissolved
in DMSO prior to deposition on the IDA and ITO electrodes.
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A small conductance can be seen above 0.7 V, Figure 9c, showing that the
trimer is slightly conducting when doped which could be an explanation why
post-deposition polymerization works and is completed after only one cyclic
voltammetry cycle.
The mass change during post-deposition was also studied for EEE, Figure
10a and c. The trimer mass loading on the electrode can be measured precisely since the trimer is dissolved in DMSO at a certain concentration without any additives and then dried under vacuum. This is harder to do with
polymerization from a monomer solution, since the material on the electrode
being weighed is already a polymer with solvent and ions incorporated. The
mass loading was confirmed with the EQCM where the electrode was
weighed before and after addition of the trimer. The mass loading of EEE
was 22 µg which is 102 % of the theoretically calculated value. The number
of water molecules per trimer that was incorporated in the polymer film during post-deposition polymerization was calculated from the mass changes at
0 V after the first cycle, Figure 10c, and charges extracted from Figure 10a,

Figure 10. a) CV and c) mass change during post-deposition polymerization of EEE.
b) CV and d) mass change during characterization of pEEE.
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and was found to be 14 molecules per trimer unit, which indicated a significant swelling of the polymer film (the number of water molecules per trimer
is an overestimate since the polymer film cannot be completely de-doped in
the electrolyte and some counter ions are still in the film at this potential).
The doping level was calculated from the total trimer mass and from characterization of the 10th scan following polymerization, Figure 10b and d. The
doping was 1.9 trimers per polaron, i.e. a doping level of 0.2 polarons per
EDOT unit, which is close to the value of 0.3 polarons per EDOT discussed
in Section 3.2.3.

5.2 Characterizations
CRPs have two different current responses, see section 4.1. One comes from
the capacitive behavior of the conducting backbone, dark colors in Figure
11a, and the other comes from the faradaic response of the PG redox reaction, bright colors in Figure 11a. The capacity originating from the redox

Figure 11. a) CV of PEDOT-O-C=O-HQ in nitrate buffer at 30 mV/s with a peak split
of 17 mV, showing the different current responses. Dark blue corresponds to doping of
the PEDOT backbone, bright blue corresponds to oxidation of the quinone PG, dark
green corresponds to the de-doping of the PEDOT backbone, and bright green corresponds to the reduction of the quinone PG. b) CVs at scan rates between 10 mV/s
(black line) and 30 V/s (brightest gray line). c) Peak potential vs. scan rate. d) Logarithmic graph of peak current vs. scan rate with a slope of 1.
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reaction of the quinone is 83 % for PEDOT-O-C=O-HQ at 30mV/s and the
remaining capacity of 17 % originates from the PEDOT backbone. Figure
11b shows CVs at scan rates between 10 mV/s and 30 V/s. The peak split is
increasing with increasing scan rate, Figure 11c, and above 3 V/s the peak
split is over 200 mV and Equation (5) is valid. The apparent rate constant
can then be calculated and is 20 s-1 for the oxidation of PEDOT-O-C=O-HQ
and 27 s-1 for the reduction. Figure 11d displays the linear relationship between ln(Ip) and ln(ν) and the slope is 1 which says that the quinone redox
reaction is a surface reaction without diffusion contributions. There is no
diffusion tail even at high scan rates in the CVs in Figure 11b which
strengthen the statement that the reaction is not diffusion limited.

5.2.1 Substitution Effect
The linker connecting the PG to the backbone can affect the redox potential
of the PG, Paper I. There is a 60 mV shift in redox potential when comparing PEDOT≡HQ, containing an alkyne linker, and PEDOT-O-C=O-HQ,
containing an ester linker with aliphatic groups closest to the quinone, Figure
12. The alkyne is directly connected to the quinone and forces the quinone
redox reaction to a higher potential due to its electron withdrawing ability.

Figure 12. Substitution effect. CVs in nitrate buffer (pH 0), showing the difference
of an alkyne linker (black line) and an ester linker with alkane groups closest to the
quinone (gray line) in PEDOT-HQ CRPs.

5.2.2 pH-Dependence
The pH of the electrolyte can be changed to determine the pH dependence of
the quinone, Paper I. The slope in Figure 13b shows a -61 mV behavior for
PEDOT≡HQ which is close to the -59 mV per pH calculated for a quinone
reaction, Equation (4). The formal potential was calculated to 0.70 V, which
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Figure 13. pH dependence of PEDOT≡HQ in nitrate buffer (pH 0). The potential
show a linear dependence with respect to pH and the slope was calculated to -61 mV
per pH and the standard potential to 0.70 V. (The CV at pH 3 was measured after the
polymer had been immersed in pH 10.)

is slightly higher than the 0.67 V for an unsubstituted BQ.75 The quinone
displays one reversible redox reaction in the whole pH-interval measured.

5.2.3 Mass Changes
The mass change, Figure 14, displays three distinct regions during oxidation
of PEDOT≡HQ, Paper I. The first and third regions, dark grey in Figure 14,
display a mass increase during polymer doping while the middle region,
light grey in Figure 14, displays a mass decrease during oxidation of HQ.
The average molecular weight of the species causing the mass changes is
calculated from linear regions in a plot of mass change vs. charge. The average molecular weight for the polymer doping regions is 22 g per mol charge
and corresponds to a combination of influx and outflux of ions and solvent

Figure 14. Mass changes (solid line) and current response (dashed line) during cyclic
voltammetry for PEDOT≡HQ in nitrate buffer (pH 0). Dark grey regions correspond
to backbone doping and light grey region corresponds to quinone redox reaction.
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molecules since 22 g/mol does not correspond to any of the involved cations
or anions. The quinone PG region instead has an average mass decrease of 3
g/mol, which corresponds to the proton expulsion originating from the proton release during oxidation of HQ to BQ. Only a small amount of solvent
molecules move with the proton since 3 g/mol is close to the proton molar
mass of 1 g/mol. The protons thus move through the polymer without the
company of water molecules, which is possible due to the Grotthuss mechanism76 where a proton binds to a water molecule and forces another proton in
that water molecule to leave. This proton binds to the next water and so on.

5.2.4 Conductance
The current responses of PEDOT≡HQ, Paper III, from the two WEs in the
IDA electrode are shown in Figure 15a. The currents move apart after -0.1 V
which is a result of the polymer starting to get conducting, see Section 4.2.2.
The quinone peak is visible on both electrodes and is equal in size, making
Equation (12) valid and thus the conductance and total current, Figure 15b,
can be calculated in accordance with Section 4.2.2. The conductivity rises
quickly until a stable plateau is reached at around 0.1 V. The conductance
stays at the same value before, during, and after the quinone redox reaction,
which shows that the quinone redox reaction does not alter the conductivity
of the backbone, as it did for the polypyrrole/quinone combination.3
The importance of redox matching is apparent in Paper II where nonredox matched systems results in loss of faradaic current from the quinone
PG. Redox matching in PEDOT≡HQ is evident in Figure 15b where the
redox reaction of the PG is well above the conductivity onset of the polymer.
PEDOT have a similar conductance value to PEDOT≡HQ, Paper III, but
displays constant current responses during the whole potential region tested.

Figure 15. a) Current response of WE1 and WE2 in an IDA electrode in H2SO4 (0.5
M) and b) calculated conductance (solid line) and CV (dashed line) of PEDOT≡HQ. A
10 mV bias was applied between WE1 and WE2.
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This shows that the PG in PEDOT≡HQ has not affected the mobility or
number of charge carriers in the PEDOT backbone but the conductivity onset is however affected, which could be due to morphology changes induced
by the PG.

5.2.5 Temperature Dependence
The conductance can be measured at different temperatures which will give
information on the charge transport mechanism through the material, Paper
III. A negative temperature dependence is seen for both PEDOT≡HQ, Figure 16, and PEDOT. This indicates that band transport is a major contributor
to the charge transport at these temperatures since the increased number of
phonons at higher temperatures will cause increased scattering of the charge
carriers and thus a lowered conductivity, see Section 3.2.2. A positive temperature dependence would be seen if hopping was the dominant part, unless
the activation energy required for hopping was significantly smaller than the
thermal energy around room temperature (26 meV), in which case the conductance would be temperature independent. Interchain hopping is usually
involved when band transport occurs and the activation energy for this hopping is probably small for PEDOT and PEDOT≡HQ since it does not counteract the negative temperature dependence of the band transport.
The rate constant for the quinone redox reaction was also determined at
different temperatures, Figure 17, and the activation energy, Equation (5),
was calculated to 0.3 eV. The rate determining step for the quinone redox
reaction is thus an activated process while the charge transport is a nonactivated process. The charge transport through the backbone is thus not the
rate determining step in the quinone redox conversion.

Figure 16. Temperature dependent conductance for PEDOT≡HQ. Showing a negative temperature dependence.
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Figure 17. Temperature dependence of the backbone conductance and the redox reaction of the PG for PEDOT≡HQ in H2SO4 (0.5M).

5.2.6 In Situ Spectroscopy
The EPR spectra of PEDOT≡HQ, Figure 18a, displays one peak with a Lorentzian line shape, Paper III. Only one peak indicates that only one radical
species is present in the material. The possible radicals in a PEDOT/quinone
CRP are polarons and the semiquinone. The same EPR signal as for PEDOT≡HQ was seen for pristine PEDOT, Paper III, which rules out the semiquinone. This is expected since the semiquinone rapidly disproportionate to
BQ and HQ. The EPR signal then comes from polarons. The spin concentration, Figure 18b, is proportional to the area under the integrated peak and is a
measurement of the number of polarons in the polymer. It shows a slight
decline at higher doping potentials which is in agreement with the combina-

Figure 18. a) EPR spectra and b) spin concentration (black squares) and signal width
(gray circles) at different potentials for PEDOT≡HQ in H2SO4 (0.5M). Recorded in
situ during potential steps.
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tion of polarons into spinless bipolarons. The width of the EPR signal, Figure 18b, increases with potential and has been connected to a decrease in
mobility of the radical.77 The conductance, Figure 15b, stays at a plateau
value at high doping levels while the number of polarons decline. Since the
polarons at the same time become less mobile this is interpreted as bipolarons also being charge carriers.
The UV-vis absorption spectra of PEDOT≡HQ, Figure 19a, that were
recorded during the oxidative sweep of cyclic voltammetry show a peak at
2.0 eV that are blueshifted and loses intensity upon doping. This peak corresponds to the BG transition of the polymer backbone, transition 1 in Figure
3. The peak at lower energy, 1.3 eV, also decreases in intensity upon doping
and corresponds to polarons, transition 3 in Figure 3b, since it shows a similar trend as the EPR results, Figure 18b. These peaks are also present in PEDOT, Paper III, and all peaks go back to its original intensity after a reduction to 0 V which show that all visible reactions are reversible. Transition 2
for polarons and bipolarons, Figure 3b and c, are at lower energy and outside
the monitored spectral window. The spectra were subtracted with the spectrum at 1 V for easier analysis of the peaks at higher energy, at 3.3 eV and

Figure 19. a) Absorption spectra and b) relative absorption (spectra are subtracted
with the 1 V spectrum) of PEDOT≡HQ in H2SO4 (0.5M), recorded in situ during cyclic voltammetry.
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3.8 eV in Figure 19b. These two peaks show changes in absorption intensity
after 0.6 V, the peak at 3.3 eV increases in intensity with increasing potential
and thus corresponds to the BQ absorption while the peak at 3.8 eV decreases in intensity with increasing potential and corresponds to the HQ absorption.

5.2.7 Trimer Packing
The EEE trimer that was used for post-deposition polymerization was characterized by UV-vis and fluorescence (FS) spectroscopy, Paper IV. The
trimer was studied both in solution and in solid form. The results are displayed in Figure 20 and show an extra peak at 2.2 eV in the UV-vis spectrum for the solid trimer, Figure 20a, compared to the trimer in solution,
Figure 20b. This peak comes from a more packed region that only exists for
the solid trimer. This region has increased orbital overlap, which decreases
the energy difference between the HOMO and LUMO, thus forming a peak
at lower energy in the UV-vis absorption spectrum.
In Figure 21, an energy level diagram displays the different transitions
that give rise to the spectra for solid EEE. The absorption from the lowest
vibrational state of the ground state to the lowest vibrational state in the first
excited state is called the 0-0 transition. This is the absorption with lowest
energy and reversely, the emission with the highest energy. The energy of
this transition can be calculated by taking the interception between the absorption spectra and the FS emission spectra. The energy of the 0-0 transition is 3.0 eV for the trimer in solution and 2.8 eV for the large peak in the
solid trimer spectrum. A small redshift, i.e. a lowered energy, is seen for the
solid trimer in both the UV-vis and FS spectrum compared to the trimer in

Figure 20. a) UV-vis absorption spectrum (red line) and FS emission spectra (with
excitation at 3.3 eV (yellow line), and with excitation at 2.2 eV (brown line)) for
solid EEE. b) UV-vis absorption spectrum (blue line) and FS emission spectrum
(with excitation at 3.1 eV (teal line)) for EEE in DMSO.
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Figure 21. Energy level diagram of transitions in amorphous and more packed regions of EEE. The colors are corresponding to the absorptions and emissions displayed in Figure 20. The black wavy lines show the vibrational relaxation to the
lowest vibrational level.

solution. This shows that also in the more amorphous regions, the solid trimer has a slightly decreased energy gap between the ground state and the
first excited state. The 0-0 transition for the packed region is 2.1 eV.
The trimer thus contains amorphous regions and more crystalline regions
when in solid form. This is beneficial for charge transport since a more overlapped orbital system can transport charges faster.
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6. Batteries

The CRPs studied in this thesis have been targeted toward battery applications. In this respect, two different battery types have been tested with CRPs
at both electrodes. One in aqueous electrolyte, using PEDOT≡HQ as both
positive and negative electrode, achieving a cell potential due to the shift in
the quinone redox potential arising from a difference in pH of the electrolytes. The other utilizes two different CRPs that have different redox potentials due to the substitution effect of quinones. This battery is using an organic electrolyte slurry with both a proton acceptor and a proton donor.

6.1 Battery Basics
A battery consists of two electrodes separated by a membrane and an electrolyte that can transport ions between the electrodes, Figure 22. An external
circuit can be connected to the electrodes and thus allowing electrons to
move between the electrodes. When the battery is charged, Figure 22a, the
positive electrode material is oxidized and electrons move through the circuit
to the negative electrode where the negative electrode material is reduced.
Counterions simultaneously move through the membrane to counteract the
charges formed by the electron movement. The battery works as an electrolytic cell during charging and the process requires energy to push the electrons to the negative electrode and storing the electrical energy as chemical
energy. This energy is then regained when the polarity is switched and electrons spontaneously move back to the positive side, Figure 22b. The battery
now operates as a galvanic cell where the chemical energy stored at the electrodes is released and converted into electrical energy.
The redox potentials at which the redox reactions occur for the two electrode materials differ and the difference in potential gives the cell voltage.
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Figure 22. Schematic picture of a battery with quinones as charge storage units. a)
charge and b) discharge.

6.1.1 Testing a Battery
A common way to test secondary batteries is by galvanostatic charging and
discharging. In this method a constant current is applied that alternates in
sign and the voltage of the cell is monitored. The cell voltage is plotted vs.
time as in Figure 24c and d. The injection of current in a material will result
in a rapid increase of the potential if no faradaic processes occur. This will
transpire during the doping of the CP backbone since it displays a capacitive
response in a CV, see Section 4.1. The potential change will decrease when
the current have polarized the electrode to a potential where a faradaic process occurs. The potential will now be given by the Nernst equation instead.
A plateau will be seen in the voltage vs. time graph when both materials in
the battery have reached the potential where a faradaic response occurs. A
long plateau represents a high charge storage capacity at a constant voltage
output.

6.2 pH Battery
Since the redox potential of quinones is changing with pH, a battery utilizing
the same quinone on both the positive and negative electrode can be made
with a concentration cell, i.e. different electrolytes in the two sides of the
battery with a semipermeable membrane in between, Figure 23. The membrane used when the two electrolytes have different pH is an anion exchange
membrane that only lets anions through and does not permit protons.
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Figure 23. Schematic picture of the pH battery setup.

Figure 24. a) Glassy carbon electrodes with PEDOT≡HQ in pH 5 (black line) and
pH 0 (grey line) before cycling, b) Capacity vs. cycle number, and c) Cell potential
of the pH battery for the first three cycles. A plateau is seen at 0.3 V, corresponding
to the potential difference of the two electrodes. d) Cell potential of the pH battery
for the last three cycles. A plateau is seen around 0.23 V.
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PEDOT≡HQ was electrochemically polymerized from a monomer solution
onto two glassy carbon electrodes with five scans using the same conditions
as in Figure 8.
The open cell battery in Figure 23 was tested for 168 charge and discharge cycles. The electrolyte for both sides of the battery was a sulfate
buffer. The pH was set to 5 for the negative electrode side and to 0 for the
positive electrode side, resulting in a theoretical voltage of 0.3 V for the
battery, Figure 24a. This is consistent with Equation (4), where a 59 mVdifference is expected per pH unit. A small plateau is visible around 0.3 V in
the cell voltage vs. time graph for the first three cycles, Figure 24c. This is
consistent with the theoretical voltage value, and proves that the battery setup works. The capacity is calculated from the time of one cycle and first
decreases rapidly but then stabilizes after 30 cycles, Figure 24b. The last
three cycles, Figure 24d, display a shorter plateau at a lower voltage compared to the first three cycles. The lower voltage is partially due to a decrease in pH at the negative electrode (pH was about 3.5 after 168 cycles) as
a result of leakage of protons through the membrane.

6.3 All-Organic Proton Battery
This far, only aqueous electrolytes have been discussed. An AQ as PG was
wanted in order to construct a battery with a higher voltage output, since the
EWGs on the AQ is causing a dramatic decrease in its redox potential, Table
1. The redox potential for AQ is however close to the reduction potential of
protons. This was solved by using an organic salt slurry, a concept built on
the “water-in-salt” electrolyte78 where hydrogen reduction is suppressed by
the high salt concentration. The quinone reaction requires a protic electrolyte
to shuttle protons in and out of the material. Most organic solvents are nonprotic so a protic salt is required. An all-organic battery based on PEDOT/quinone CRPs has been made, Paper II, utilizing an electrolyte slurry
containing a mixture of a protonated pyridine and a pyridine, which contribute with both a proton donor and a proton acceptor. This allows for a reversible proton coupled redox conversion of the quinone also in non-aqueous
electrolytes.79 Pyridines can have different pKa values and the formal potential of a quinone is shifted depending on the proton donor/acceptor strength
in the electrolyte. The formal potential shows a pKa dependence similar to
the pH dependence in aqueous electrolytes, although the pKa dependence has
a different origin.
The two quinones used as PGs in the CRPs are an AQ on the negative
side and a BQ on the positive side, Figure 25a. The AQ/BQ combination
gives a theoretical battery voltage of 0.5 V, based on Equation (4). The experimental battery voltage is seen in Figure 25c and is indeed 0.5 V.
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Figure 25. a) Schematic of the all-organic battery. b) CVs of PEDOT-AQ and
PEDOT-O-C=O-HQ. c) A charge and discharge curve from the battery test and d) a
differential capacity plot made from the data in c). Reprinted with permission from
Emanuelsson, R. et. al. J. Am. Chem. Soc. 2017, 139 (13), 4828-4834. Copyright
(2017) American Chemical Society.
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7. Concluding Remarks

The overall aim of this work was to understand the fundamental properties
of CRPs with organic battery applications as a target. Organic batteries can
provide safer batteries compared to batteries based on metals and can be
used for new applications, such as in flexible electronics or in fabrics. The
CRP approach provides a material with both high conductivity and high
specific capacity. The rigidity of the backbone is of great importance since a
twist in the conjugation could lower the conductivity. It was found that PEDOT was not affected by the redox reaction of the PG as was previously
seen for polypyrrole CRPs, which is an indication of a more stable backbone. Other properties of the CRP system were also investigated by various
in situ methods and compared to the properties of PEDOT:
Firstly, the redox reaction of quinone PG was studied with regards to substitution effect, pH dependence, and kinetics. The choice of linker affected
the redox potential of the quinone due to the different electronic properties
of the part of the linker that was closest to the quinone. The potential of the
quinone shifted with close to the characteristic -59 mV per pH and the quinone showed a fast and reversible redox reaction in the whole pH range
measured. The apparent rate constant was approximately 25 s-1 and the peak
current at different scan rates provided evidence of a surface reaction without diffusion limitations. This means that the quinones are connected to the
electrode by the conducting backbone and that the CRP concept works.
The mass changes during redox cycling displayed different responses during the doping of the backbone and during the redox reaction of the PG. An
average mass change of 22 g per mol charge occurred during the backbone
doping and an average mass change of 3 g per mol charge was seen during
the redox reaction of the PG. The small mass change during the PG redox
reaction is seen as proton cycling, without the accompanying of many water
molecules.
The similar conductance value between pristine PEDOT and PEDOT≡HQ
indicates that the number of charges and their mobility are equivalent. The
conductivity onset on the other hand is at lower potentials for PEDOT,
which could be caused by morphology differences between PEDOT and
PEDOT≡HQ. The good conductivity for all polymers eliminates the need for
conducting additives otherwise common in organic electrode materials. The
in situ conductance measurements also provided evidence of redox matching
between the chosen quinone and the PEDOT backbone.
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The charge transport mechanism through the CRP material was measured
with in situ conductance at different temperatures and was found to be mostly consisting of a band transport, since it displayed a non-activated process at
the measured temperatures. Some contribution of hopping with low activation energy is also likely to occur. The apparent rate constant of the quinone
redox reaction was also calculated at different temperatures and the rate limiting step was found to be an activated process with an activation energy of
0.3 eV. The rate limiting step can thus not be the charge transport through
the polymer backbone since it had a non-activated process.
The spectral changes that occurred during redox cycling indicated that
both polarons and bipolarons act as charge carriers in PEDOT and PEDOT≡HQ. This was concluded since the number of polarons and their mobility decreased, while at the same time the conductivity stayed at a constant
value. Overall the PG does not seem to affect the properties of the backbone
in any major way.
The trimer solid was found to consist of two different regions where one
had an increased packing and thus spectral transitions with lower energy
than the more amorphous region.
The post-deposition polymerization method provides a way of polymerization that increases the processability of CPs. The method is successful due
to the use of trimers as polymer building blocks. The inherent conductivity
of the trimers facilitates charge transport throughout the layer and allows the
polymerization to reach the whole material. The exact mass loading can be
calculated by knowing the concentration and amount of the deposited trimer
layer, which allows for calculations of doping levels. The doping level of the
polymer formed from EEE was calculated to 0.2 polarons per EDOT unit.
Lastly, two different all-organic battery types were demonstrated utilizing
CRPs at both electrodes. The difference in redox potential for the two electrodes gave the battery voltage and was consistent with the theoretical calculations for both battery types. The protic organic salt slurry used in one of
the batteries was successful in hindering the proton reduction that would
have been present in an electrolyte with a lower salt concentration.
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8. Sammanfattning på svenska

Ett mer miljövänligt samhälle behövs för att säkerställa en acceptabel framtid för kommande generationer. Ett stort problem idag är användningen av
fossila bränslen för energiproduktion som avger stora mängder koldioxid till
atmosfären. För att säkerställa ett mer hållbart samhälle måste energi produceras från förnybara energikällor, som vind- och solkraft. Nackdelen med
dessa metoder är att de inte producerar energi kontinuerlig, eftersom vinden
inte alltid viner och solen inte alltid skiner. Batterier kan agera som en buffert mellan energiproduktion och energianvändning genom att förvara energin som produceras fram tills den behövs.
Kommersiella batterier innehåller metaller som inte kan återanvändas och
kräver mycket resurser för att framställas. Mer hållbara energilagringsmaterial kan hittas med inspiration från naturen och kallas organiska material vilket betyder att de består till mesta del av grundämnena väte, kol, syre,
kväve och svavel, vilka alla finns tillgängligt på ytan av jorden. Batterier
som baseras på dessa organiska material skulle även kunna användas till
andra applikationer än vad vanliga litiumjonbatterier används till, såsom i
böjbar elektronik och inbyggda i kläder.
De organiska materialen som passar till batteriapplikationer kan också
fungera i andra system, som i solceller, katalysatorer och som färgförändrande material. Materialen som undersökts i denna avhandling är polymerer,
d.v.s. en lång rad av likadana smådelar, monomerer, som sitter ihop kemiskt.
Polymerer leder vanligtvis inte ström, plaster är t.ex. uppbyggda av polymerer, men kan göras ledande genom att man för in laddningar som kan röra sig
fram och tillbaka genom polymeren. Ledningsförmågan är viktig för batteriapplikationer, eftersom elektroner måste kunna nå ut till hela materialet för
att så mycket energi som möjligt ska sparas i batteriet. De ledande polymererna tar inte upp särskilt många elektroner jämfört med sin vikt, d.v.s. de
har dålig kapacitet. Det finns dock andra organiska material som är små och
kan ta upp och avge flera elektroner. Dessa processer kallas reducering och
oxidering och materialen kallas redoxmaterial. Dessa små grupper kan bindas in med en länk till de ledande polymererna och på så sätt bilda ett
material som både har hög ledningsförmåga och hög kapacitet, så kallade
ledande redoxpolymerer, se Figur A. De redoxaktiva grupperna som har
använts i denna avhandling kallas kinoner och de finns i olika former överallt i naturen, i fotosyntesen hos växter och i andningssystemet hos djur.
Kinonerna lagrar energi genom att reduceras och oxideras, samtidigt som de
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Figur A. En schematisk bild av en ledande redoxpolymer som har undersökts i denna
avhandling

skickar protoner in och ut ur materialet. Protoner är positivt laddade partiklar
och motverkar de laddningar som de negativa elektronerna för med sig.
Huvudsyftet med avhandlingen var att ta reda på hur elektroner rör sig i
materialen och hur redoxgrupperna och den ledande polymerbasen interagerar med varandra. Det finns olika mekanismer för hur elektronerna rör sig
genom ledande polymerer. För att ta reda på vilken mekanism som dominerar i de undersökta materialen testades ledningsförmågan vid olika temperaturer. Resultatet blev att ledningsförmågan blir lägre vid högre temperaturer;
detta fenomen syns också i metaller där elektronerna rör sig nästintill obehindrat genom materialet. De ledande polymererna kan sägas ha metallliknande ledningsförmåga. Orsaken till att ledningsförmågan blir sämre vid
högre temperaturer är att atomerna i materialet då kan röra sig mer och stör
elektronernas rörelse.
För ledande redoxpolymerer som tidigare undersökts har reaktioner som
skett på redoxgruppen stört ledningsförmågan hos polymeren, men i denna
avhandling har en stabilare polymerbas valts, och ledningsförmågan höll sig
på en konstant nivå oavsett vad som skedde på redoxgruppen. Det visades
också att redoxgrupperna, kinonerna, kan reagera snabbt med att ta upp och
ge ifrån sig elektroner, vilket är en fördel för batterier och andra applikationer. Protonerna, som motverkar de negativa laddningarna från elektronerna,
rör sig in i materialet utan att ta med sig stora mängder vatten, något som
annars är vanligt när joner (laddade partiklar) rör sig.
En metod för att tillverka polymerer har också undersökts. I denna metod
används en bas av tre monomerer i rad, vilka läggs på önskat material och
polymeriseras sedan direkt på materialet. I vanliga fall polymeriseras monomerer från en lösning, men nackdelen med denna metod är att det är svårt
att få den att fungera i större skala i en fabrik. Den nya metoden gör det lättare att tillverka många batterier på kort tid.
Till sist testades också två olika sorters batterier. Till den första användes
samma ledande redoxpolymer till både plus- och minussidan i batteriet. Kinonernas redoxreaktion sker vid olika potentialer beroende på vilket pH som
är i lösningen runtomkring. Den spänningsskillnad som behövs i ett batteri
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uppstår genom att den ena sidan har lägre pH än den andra, d.v.s. är surare.
Detta batteri visar att kinonernas kemi fungerar bra i de ledande redoxpolymererna. Hittills har alla experiment gjorts i vattenlösningar, men den andra
sortens batteri använder organiska lösningsmedel (alkoholer och oljor är
exempel på organiska lösningsmedel) med salter i som gör att kinonerna kan
reagera ungefär som när de är i vatten. Fördelen med organiska lösningsmedel är att man kan ha högre spänning än i vattenbaserade batterier. Spänning
i det organiska batteriet uppstår då två olika kinoner används, och dessa har
olika potential där deras redoxreaktion sker.
Avhandlingen ökar kunskapen om hur ledande redoxpolymerer fungerar
och banar väg för framtiden inom organisk elektronik.
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