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About the cover

The cover depicts the painting Wanderer above the sea of fog by the German
artist Caspar David Friedrich. This painting is considered one of the most de-
fining works during the romantic art period.(1) You may be wondering why I
used romantic artwork for the cover of this thesis. Let me explain. In the novel
Zen and the art of motorcycle maintenance, Robert Pirsig distinguishes be-
tween classical and romantic knowledge. In this context, romantic thinking is
associated with words such as “imaginative, creative and intuitional”, whereas
classical thinking is governed by the laws, reasonings and understandings of
the underlying mechanisms of a phenomenon.(2) By this definition, the con-
tent of this thesis is classical, providing precise definitions on how organic
batteries can be composed and how they perform. Importantly, this thesis is a
result of almost four years of my work. If I were to describe the work that
resulted in this thesis, it would be romantic in nature, i.e., creative and with a
large portion of intuition. In my opinion, this thesis is the conclusion of my
work and is therefore best summarized by a cover associated with the romantic
way of acting and thinking, despite its classical content.



List of papers

This thesis is based on the following papers, referred to in the text by
their Roman numerals. Reprints were made with permission from the
respective publishers. Questions regarding permissions related to the
material excerpted should be directed to the respective publisher.

|

1T

I

v

Karlsson, C.; Strietzel, C.; Huang, H.; Sjodin, M.; Jannasch, P.,
Nonstoichiometric Triazolium Protic lonic Liquids for All-Organic
Batteries. ACS Applied Energy Materials 2018, 1 (11), 6451-6462.
Doi: 10.1021/acsaem.8b01389

Oka, K.; Strietzel, C.; Emanuelsson, R.; Nishide, H.; Oyaizu, K.;
Stremme, M.; Sjodin, M., Characterization of PEDOT-Quinone
conducting redox polymers in water-in-salt electrolytes for safe and

high-energy Li-ion batteries. Electrochemistry Communications
2019, 105, 106489. Doi: 10.1016/j.elecom.2019.106489

Strietzel, C.; Sterby, M.; Huang, H.; Stremme, M.; Emanuelsson, R.;
Sjodin, M., An Aqueous Conducting Redox-Polymer-Based Proton
Battery that Can Withstand Rapid Constant-Voltage Charging and
Sub-Zero Temperatures. Angewandte Chemie International Edition
2020, 59 (24), 9631-9638. Doi: 10.1002/anie.202001191

Oka, K.; Strietzel, C.; Emanuelsson, R.; Nishide, H.; Oyaizu, K.;
Stremme, M.; Sjodin, M., Conducting Redox Polymer as a Robust
Organic Electrode-Active Material in Acidic Aqueous Electrolyte
towards Polymer—Air Secondary Batteries. ChemSusChem 2020, 13
(9), 2280-2285. Doi: 10.1002/cssc.202000627

Strietzel, C.; Oka, K.; Streomme, M.; Emanuelsson, R.; Sjédin, M.,
An Alternative to Carbon Additives: The Fabrication of Conductive
Layers Enabled by Soluble Conducting Polymer Precursors — A
Case Study for Organic Batteries. ACS Applied Materials &
Interfaces 2021, 13 (4), 5349-5356. Doi: 10.1021/acsami.0c22578




My contribution to the included papers

Paper L. I performed all experiments on the individual electrodes and full bat-
tery. The synthesis of the material was not done by me. I contributed to the
data analysis and to the writing process.

Paper II. I performed all experiments on the anode material and the battery
and advised on the choice of electrolyte to be used. The synthesis was not done
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is the basis of this study. I performed most of the experiments and most of the
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initial manuscript and contributed to the continued writing process.

Paper IV. I codeveloped the method of polymerization that is partly the basis
for this study. I codesigned the study and supplied the anode material for the
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Redox-active organic electrode materials used
in this thesis

Since I will repeatedly refer to different redox-active organic electrode
materials that I used in the research presented herein, below is an over-
view of the chemical structures of these materials and the abbreviations
I use for them in this thesis.
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1 Motivation

One of the most important challenges of our time is to meet the sustainability
goals set forth by the UN. In particular, man-made climate change needs to be
addressed with technologies that enable a high standard of living without the
emission of more carbon dioxide into the atmosphere.(3)

Energy storage systems, in particular batteries, are crucial for society to
become “carbon-free” while maintaining a high standard of living. Batteries
are central not only for replacing fossil fuels in the transport sector but also as
ameans of storing energy in the electrical energy sector. Electricity production
from solar and wind is intermittent, i.e., the production is not constant; thus,
energy might not be available during peak demand. Therefore, storing the en-
ergy produced over periods of low demand is necessary for utilizing an in-
creasing amount of renewable energy in the electrical grid.

Although lead acid battery systems are still very common, lithium-ion bat-
tery technology is at the heart of future electrical storage and is used both in
transport and as grid storage. Unfortunately, lithium-ion batteries require ac-
cess to minerals that are only available in certain parts of the world, e.g., co-
balt, a key component in lithium-ion battery cathodes, is mostly mined in
Congo. Additionally, refining the minerals for ready-to-use battery materials
requires considerable energy. Furthermore, recycling of these materials is still
in its infancy.(4) In short, lithium-ion battery technologies have their own
shortcomings in regard to sustainability and a “carbon-free” society.

To achieve a sustainable battery life cycle, the use of organic battery mate-
rials has been proposed.(5) Organic battery materials are made from abundant
and readily available elements, i.e., carbon, oxygen, nitrogen and sulfur, and
this type of active battery material can theoretically be sustainable in regard
to production and recycling. Therefore, there has been recent research interest
in hybrid-organic batteries, i.e., batteries with a lithium anode and an organic
cathode, and all-organic batteries. Apart from being sustainable, these types
of batteries reveal new and exciting battery designs, ranging from flexible bat-
teries to application-specific designs.

The work comprised in this thesis aims to further research on hybrid-or-
ganic and all-organic batteries, with a special emphasis on water-based sys-
tems, which are of particular interest from a sustainability point of view.
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2 Aims of this thesis

The overall aim of this thesis was to design different quinone-based organic
batteries utilizing electrode materials that use a conducting polymer as a
means of charge transport. In most studies presented herein, the redox-active
pendant group has been directly attached to the conducting polymer, forming
a conducting redox polymer. I have also explored how a conducting polymer
mixed with a redox polymer compares to conducting redox polymer-based
electrode materials. Several important aspects of these types of batteries have
been studied:

¢ Different electrolytes have been evaluated, including ionic liquid (Pa-
per I), water-in-salt (Paper II) and aqueous (Papers IIL, IV and V)
electrolytes

e Different ways of processing and coating the electrodes, including
electropolymerization (Papers I and II), chemical polymerization
(Paper IV), and a novel so-called postdeposition polymerization (Pa-
pers III and V)

e Different modes of charging (Paper III)

¢ Different electrode configurations including all-organic batteries (Pa-
pers I and III) and hybrid-organic batteries (Papers II, IV and V)

14



3 Batteries

3.1 General considerations and methods of evaluating
electrode materials

3.1.1 The battery

In its simplest form, a battery can be defined as a device converting chemical
energy into electrical energy. This conversion is driven by an electrochemical
redox (reduction-oxidation) reaction. This process is irreversible in a primary
battery; however, in a secondary battery, this reaction can be reversed.”

I will treat the battery as a two-component system, with the electrodes, anode
and cathode, on the one hand and the electrolyte on the other hand.

Battery operation can be illustrated as follows: During discharge, the an-
ode, or negative electrode (-), is oxidized, thus supplying electrons to the ex-
ternal circuit. Simultaneously, the cathode, or positive electrode (+), is re-
duced, accepting electrons from the external circuit. Importantly, the ions in
the electrolyte, which have to be electrically insulating to prevent a short cir-
cuit, counterbalance the reactions occurring at the electrodes. In secondary
batteries, as mentioned earlier, the electrode reactions can be reversed through
a charging process. (Figure 1)

For most practical purposes, the most important aspects of a battery are its
energy content (per weight or per volume) and rate capability, and to a lesser
degree, the safety and environmental aspects of the battery. The energy con-
tent is a function of the respective electrode materials, depending on their re-
dox chemistry, that is, the voltage difference (potential) between the reaction
at the anode and the cathode and the number of electrons participating in the
reactions (capacity). The rate capability is an interplay between the kinetics of
the redox reactions and mass transport, both in the electrodes and through the
electrolyte. In the following chapters, I will discuss how electrode materials
can be designed and studied, which kind of electrolytes can be used and how
these components can be used to build (secondary) organic batteries.

* To be precise, instead of using the term battery, the term cell should be used as several elec-
trochemical cells often make up a battery. In this thesis, I will ignore this fact and will use cell
and battery interchangeably, with both terms referring to a single battery cell.
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Figure 1. Battery operation during discharge (left) and charge (right).

3.1.2 The redox reaction

As mentioned earlier, the redox reactions occurring in the electrode material
are at the heart of the battery. In the simplest form, a half-cell reaction can be
written as follows:

Ox + ze~ 2 Red

where z is the number of electrons participating in the reaction. The change,
i.e., the decrease in Gibbs free energy (4G"), is related to the standard potential
(E”) as follows:

AG® = —zFE° (1)

where F is the Faraday constant and z is the number of electrons. The standard
potential (E”) only applies under standard conditions, and all species have an
activity of 1. The Nernst equation can be used to calculate the potential under
nonstandard conditions (E):

RT a
E=E"+—In—=
ZF  Qreq

2

Here, R is the gas constant, 7 is the temperature, a,, denotes the activity of the
oxidized species, and a,.q is the activity of the reduced species. The potential
at which the redox reaction takes place is important since the difference be-
tween the reaction occurring at the anode and the cathode determines the cell
potential of the battery, which is directly proportional to the energy content of
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the cell. Furthermore, when using a redox-active material as an electrode ma-
terial in a secondary battery, it is important that the redox reaction is reversi-
ble. This reversibility requires that both the oxidized and reduced forms of the
material are stable and that no side reactions occur during the redox reaction.
Different methods of evaluating the redox reactions of electrode materials, to-
gether with the mass transport, will be discussed in the following sections.

3.1.3 Evaluating individual electrodes: The three-electrode
setup

When studying the redox reaction of an electrode, there are two signals of
interest, the current consumed by the reaction and the potential where the re-
action occurs on the electrode versus some kind of reference. The setup (Fig-
ure 2) for studying an electrode material therefore preferably consists of a
working electrode (WE), which is the electrode to be studied, a reference elec-
trode (RE) with a known and constant potential and a counter electrode (CE)
through which the current generated or consumed at the WE flows (Figure 2).
In principle, there are several different REs and CEs to choose from. In aque-
ous electrolytes, Ag/AgCl is often used as an RE, while a platinum wire is
used as a CE. In organic electrolytes Ag/AgCl cannot be used as an RE. In-
stead of Ag/Ag" or a quasi-reference, a platinum wire can be used. Both are
then calibrated with an internal reference using the Fc/Fc' redox pair.

Current (A)
Potential (V)

® =

Ll
WE RE CE

Electrolyte

Figure 2. The three-electrode setup. The WE and RE are connected to provide the
potential (V), and the WE and CE are connected to provide the current (4).

3.1.4 Basic electrochemical techniques

Cyclic voltammetry
Cyclic voltammetry (CV) is a popular method for electrochemical characteri-
zation and can reveal considerable information to a trained eye. During the
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measurement, the potential is changed in a constant manner, i.e., a certain
number of volts per second (V/s), which is denoted as the scan rate (v). If any
redox-active species are present, either on the surface bound to the WE or in
the solution in contact with the WE, a redox reaction will produce a current
response. The response of current versus potential, which I will explain in
more detail below, is of interest when performing a CV experiment.

In principle, one can categorize the CV response into three different cases:
1) the thermodynamic equilibrium for a dissolved redox species at the elec-
trode, 2) the thermodynamic equilibrium for a surface-bound species and 3)
the apparent irreversible redox reaction for a surface-bound species.

1) In the case of a dissolved redox species with a reversible redox reac-
tion, the reaction is diffusion limited, and importantly, the peak cur-
rent i, is proportional to v/v, i.e., In(i,) versus In(v) will have a slope
of 0.5. Furthermore, the peak potential E; is provided by:

E,=FE,,,+1.109 RT
p = F12 T 1107 —p 3)
where, in most cases, Ei/ is equal to the formal potential E°.

2) In the thermodynamic equilibrium for a surface-bound species, the
peak current (ip) is proportional to the scan rate (v). Notably, the peak
potential (E,)is the same as the formal potential (E"). Often, this case
is valid for thin layers on an electrode with a low to moderate scan
rate (v).

3) At high scan rates, in the case of a surface-bound species, the peak
current can still be directly proportional to the scan rate if the reaction
is not limited by diffusion, although the system is no longer in ther-
modynamic equilibrium. It is important to note that in thick layers,
due to the internal resistance of the material, a lower than expected
peak current can be observed at the same time as the peak considera-
bly broadens. This result can be attributed to the inner resistance of
the material. Furthermore, the oxidation and reduction peaks will sep-
arate, and the current of the respective back-reaction decreases expo-
nentially with an increasing overpotential, 1| (E,-E°). Therefore, when
the peak separation is high enough, i.e., more than 200 mV, the CV
response can be treated as an irreversible reaction, and the peak po-
tential is provided by:
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o o o BT RT k°
e P (4)

where a is the transfer coefficient and & is the exchange rate constant.
This equation is useful when determining the exchange rate constant,
which provides information on the kinetics of the system. An E, ver-
sus In(v) plot will yield the exchange rate constant.

Galvanostatic measurements

Another popular method for electrochemical characterization is the galvanos-
tatic measurement method. Instead of a potential sweep, in this method, a con-
stant current is applied, and the potential is monitored. Apart from resembling
common battery charge-discharge cycles, this method is also useful to identify
side reactions that might occur. As mentioned earlier, in a secondary battery,
the complete chemical reversibility of all redox reactions is important for the
battery to withstand subsequent charge-discharge cycles. The reversibility of
the redox reactions, also called the columbic efficiency, can be easily probed
using constant-current measurements, i.e., galvanostatic measurements. In a
special case of this method, the current can be set to zero, which is of special
interest when studying the self-discharge of an electrode material.

Since cyclic voltammetry is a very popular method for evaluating data, gal-
vanostatic measurements can be visualized by deriving the amount of charge
with respect to the potential, which results in a so-called d—Q plot. This plot
resembles a typical CV experiment response, although the cfata are acquired
by a galvanostatic experiment.

Amperometric measurements

In amperometric measurements, a constant voltage, or potential step, is ap-
plied, and the current response as a function of time is recorded. In many ex-
periments, the current (i) response with respect to time (¢) can be described
with the Cottrell equation:

~ zFAcVD
| =——
vrt

where 4 is the area of the electrode, c is the concentration of the redox species
and D is the diffusion coefficient. It is important to mention that this equation
only applies to planar electrodes (such as a glassy carbon disc) in a system
under diffusion control. Therefore, this equation can be used to determine
whether the redox reaction that is studied with the potential step is limited by
diffusion, i.e., plotting i vs. t'? provides a linear curve.

)
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Potential step measurements can also be used to acquire a Tafel plot, which
contains information about the kinetics and exchange current density (jo) of a
redox reaction. [ will only briefly explain this procedure. In a Tafel plot, log i
is plotted versus the overpotential (1), and the slope contains information
about jy. The different overpotentials and currents are acquired through differ-
ent potential steps (which results in overpotentials) and the initial current ob-
served as a result of the potential step is recorded. It is important that the ki-
netics are rather simple, and the overpotential is sufficient so the back-reaction
can be neglected; additionally, it is important that the kinetics dominate the
current response, i.€., the reaction is not limited by mass transfer.

3.1.5 Insitu EQCM

Another aspect that is interesting to study when evaluating electrode materials
is the mass change that occurs during an electrochemical experiment, as de-
scribed above. This can be done by using a quartz crystal microbalance
(QCM), which can also work as an electrode, resulting in an electrochemical
quartz crystal microbalance (EQCM). EQCM employs the piezoelectric ef-
fect, in which an electric current results in vibrations in the quartz crystal.(6)
Depending on the mass of the crystal, the crystal will change its vibration fre-
quency; during EQCM, the electrode mass includes any deposited material. A
high mass results in a low frequency; in contrast, a low mass results in a high
vibrational frequency. The relationship between the mass change and change
in frequency was described by Sauerbrey in 1959:(7)

1/2
2(Fq?)
where 4m is the mass change, Af'is the change in frequency, 4 is the area, F,

is the reference frequency, p, is the quartz crystal density and pq is the AT-cut
quartz constant.

Am = —Af

It is important to mention that the Sauerbrey equation is valid only for thin
and rigid electrodes. Since good EQCM devices can determine mass changes
down to a few ng/cm?, EQCM is a valuable method when studying the move-
ment of ion and solvent molecules during the oxidation or reduction of an
electrode material.

3.1.6 Evaluating batteries: The two-electrode setup

All of the methods described above can also be used to evaluate a battery. For
example, the battery can be galvanostatically charged, and the potential can
be monitored; moreover, through a potential step, the current response can be
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monitored (Figure 3). In Paper III, for example, we describe how an all-or-
ganic proton battery can be charged using both a constant current (CC) and a
constant potential (CV) followed by a constant-current discharge.

When batteries are evaluated, oftentimes there is extra emphasis on the rate
at which the battery can be charged and discharged. In principle, determining
the rate capabilities of a battery only consists of galvanostatic measurements
at different currents; thus, the battery community often refers to C-rates. In
this case, /C is defined by the current in a galvanostatic experiment necessary
to charge or discharge the battery in one hour.

Potential step b Galvanostatic
'?a(! Charge Discharge 70 Charge Discharge
/ N ;
6.51 F\ 6.5
Zeor o 6.0 +
Eos] % 051
3oof 0.0-
ik
0.5 \ 054
10 10
A
c d
0.6 e 0.6
E 05 \\ 054
;E 0.44 \ 0.4
[:F] b
‘g’ 0.3 § 0.34
3 0.2 \ 0.24
0.1 ok 0.1-
B
0.0 e + + 0.0 T 7 T T T
0 500 1000 0 500 1000 1500 2000
Time (s) Time (s)

Figure 3. Comparison between the galvanostatic charge and potential step charge
in a two-electrode setup. The graphs at the top (a and b) show the current response,
whereas the graphs at the bottom (c and d) show the potential response.

3.2 Organic electrodes

In this section, different types of organic electrode materials and their use in
electrodes will be discussed. A more extensive discussion on conducting re-
dox polymer electrodes, which have been the focus of this thesis, will be pre-
sented in chapter 4. Several organic electrode materials have been studied.
One approach is to simply use an organic molecule that is redox active; thus,
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it can work as an electrode material in the battery, which was reported by Ar-
mand in 2009.(8) One major challenge with the use of organic battery materi-
als is inhibiting their dissolution, so recently, an increasing number of organic
battery concepts have focused on redox polymers, where the redox-active
group is attached to or incorporated into a polymer backbone to inhibit disso-
lution.(9) From the pioneering work of Nishide(10-12), the immobilization of
a wide range of different redox-active groups on a polymer have been studied.
These include carbonyl-based(13), organosulfur-based(14) and radical-
based(15) redox polymers. In most of these battery concepts, only one elec-
trode, usually the cathode, has been organic, while the other electrode usually
contains metals in the form of lithium or sodium. This setup results in a rather
high potential and establishes organic electrodes as substitutes for cathode ma-
terials that are often considered the most problematic for conventional battery
sustainability. Interestingly, some all-organic batteries, in which both the an-
ode and cathode are organic electrode materials, have been shown.(16, 17)

Apart from the dissolution problem of redox-active group in an electrolyte,
another challenge for organic electrode materials is to provide electrical con-
ductivity. Electrical conductivity is important for transporting electrons gen-
erated or consumed by the redox reaction at an electrode to or from current
collectors. In most of the abovementioned battery concepts, many carbon ad-
ditives have to be used (usually between 20% - 80%), which considerably de-
creases the amount of redox-active material in the electrode composition. In
chapter 4, I will discuss how this can be addressed using conducting redox
polymers. In the coming section, I will provide a short overview of how elec-
trodes can be coated and formulated together with binders and carbon addi-
tives in conventional redox polymers.

Coating electrode surfaces and carbon additives
In conventional redox polymer electrodes, both the binder for adhesion and
the carbon additive that supplies conductivity have to be used in the electrode
formulation. There are several carbon additives (carbon particles) available,
such as SuperP, mesoporous carbon, vapor-grown carbon fibers and carbon
nanotubes. The binder poly(vinylidene difluoride) (PVDF) is most commonly
used because it has dissolution properties similar to those of typically used
redox polymers. Since PVDF requires N-methyl-2-pyrrolidone (NMP) as the
solvent, which is toxic, water-based slurries containing carboxylmethylcellu-
lose (CMC) have recently been explored. Several options exist for processing
additives together with redox polymers; common in all these procedures is the
goal to achieve a homogenous mixture and an electrode coating that is porous
enough to allow electrolyte penetration, i.e., ion transport.

In its simplest form, all components of electrodes can be mixed in their
solid form, e.g., using ball milling. This method can lead to a uniform distri-
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bution for certain redox polymers but can also result in nonhomogenous elec-
trodes, especially if the particle size of the redox polymer is too large. In many
contexts, the dissolution of both the polymer and binder, e.g., in NMP, results
in a better distribution and larger contact area between the redox polymer and
carbon additive. For this method, the drying process is crucial, and when not
optimized, the electrode composition can be brittle and easily cracks. Another
option for processing is to use water-based slurries, i.e., the use of water-sus-
pended CMC as the binder. In that case, all components are in their solid form,
but good mixing and homogenous electrodes are achieved by suspending the
components in water, followed by a drying step. Another, more exotic method
that can be used for certain polymers is to perform in situ polymerization to-
gether with carbon and binder additives.(9)

3.3 Quinones as a redox-active group

As mentioned earlier, the aim of this thesis is to study organic batteries using
quinones as the redox-active group in electrode materials. In principle, the
quinone redox reaction is shown in Schematic 1. Here, para-benzoquinone
(Q) reacts with two electrons and two cations, either metal ions or protons, to
result in a hydroquinone (QH>) or a metal-quinone (QM,).

oM

reduction
oxidation

+2e+2M*

O oM
Q QM,/QH,

Schematic 1. Quinone reaction scheme

There has been considerable research on using quinones as electrode materials
in hybrid-organic batteries, which primarily cycle lithium ions in organic elec-
trolytes.(13, 18-21) Quinones in aqueous systems and particularly all-organic
aqueous quinone batteries are much rarer. Table 1 provides a short overview
of different quinone electrodes that have been studied in aqueous electrolytes.
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Table 1. Different quinone-based electrode materials that have been studied in
aqueous electrolytes

Name Quinone pendent  Electrolyte Poten- Discharge ca- Refer-
group structure tial vs pacity based ences
SHE on the whole
V) electrode

composition
(mAh/g)
EP(Q)E o] 0.5M 0.67 80 This
. \¢ H2SO; (aq) work*
o]
EP(NQ)E y © 0.5M 027 68 This
N ‘ 0 H»S04 (aq) work*
o
PTO o o 44 M 0.51 198 (22)*,(23,
. H,S0; (aq) 24)
0] (o]
Alizarin o o 1M 1.05 48 (25)*
NG § O S
o
Alizarin O OH 1M 0 48 (25)*
"ooooT
0
Anthra- o 30 wt% -0.6 217 (26)*,(22,
quinone ‘.O NaOH(aq) 27-29)
o]

* Reference for the electrolyte, capacity and potential values

As shown in Table 1, the potential of different quinones that have been studied
can vary considerably. In most cases, the potential of quinone can be tuned by
either using electron withdrawing groups (EWGs) or electron donating groups
(EDGs). EWGs increase the formal potential of the quinone redox reaction
since the oxygen is electron poor and consequently will be easier to reduce.
The opposite is of course true for EDGs. Furthermore, annulation will stabilize
the oxidized quinone form, further reducing its potential. In Table 2, different
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quinones with their corresponding formal potentials are listed. It is important
to mention that these are calculated values and might differ from experimen-
tally obtained values. In particular, the electrolyte that is used can affect how
functional groups affect the quinone potential. When substituting hydroquin-
oids with fluorides as an EWG in aqueous electrolytes, the electron donating
effect of the water molecules counteracts the effect of the fluoride substitution
on the benzene ring. (30)
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Table 2. Quinone structure, formal potential and electronic properties of

substituents(31)

Name Quinone structure E’ vs SHE Electronic
properties of
substituents

1,4-benzoquinone @] 0.64

0
2-methyl-1,4-benzo- O 0.60 EDG
quinone i p
o]
1,4-naphthoquinone o] 0.38 EDG
0]
9,10-Anthraquinone 0 0.09 EDG
o]
2-chloro-1,4-benzo- 0] 0.68 EWG
quinone /I\; Cl
O
Tetrachloro-1,4-ben- 0.70 EWG

zoquinone Cl

I Cl

o o
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Effect of proton activity on the formal potentials of quinone in
aqueous electrolytes

The redox reaction from Q to QH; involves two electrons and two protons.
According to the Nernst equation (Equation 7), the formal potential is there-
fore dependent on proton activity. When standard conditions exist while pro-
ton activity is #1, the formal potential of the redox reaction is dependent on
the pH according to Equation 7. For example, a high proton activity or low pH
results in a high formal potential, since the reduction of Q to QH: is easier.

S

= E° —59mV X pH

= E°+ E21n([H+])

2F (7

The change in the formal potential as a function of pH is important when de-
signing an electrode material. The formal potential needs to fall within the
potential window of the electrolyte and, if used with a conducting polymer
backbone, needs to be redox matched with the conducting polymer. Both of
these aspects will be further discussed later in the thesis.
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3.4 Electrolytes

An important aspect of a battery system is the electrolyte, which conducts the
ions necessary to counterbalance the redox reactions at the respective elec-
trodes. Most importantly, there are two electrolyte properties that must be con-
sidered when choosing one for organic batteries. First, and most importantly,
the electrolyte has to be stable at potentials where redox reactions at the elec-
trodes occur. Figure 4 shows a comparison of the stability window for the
different electrolytes used in this thesis when measured with a glassy carbon
electrode. Second, the ion conduction has to be high, i.e., the solution re-
sistance, as measured by electrical impedance spectroscopy (EIS), has to be
low. Table 3 shows an overview of electrolytes and their conductivity. In the
coming sections, the electrolytes used in the different studies for this thesis
are discussed in more detail.

Water-in-salt, 21 M LiTSFI (aq)

10.5M HpS04 (aq)
| |

lonic liquid, MeTriHTFSI
| |
| 1

45 10 05 00 05 10 15 20

Potential vs SHE (V)

Figure 4. Stability window of different electrolytes vs SHE as reference; 21 M
LiTSFI (aq), 0.5 M H>SO,4 and MeTriHTFSI.

Table 3. Conductivities of different electrolytes that were used in the quinone-based
organic batteries in this thesis.

Electrolyte Conductivity = Reference
Aqueous, 0.5 M H>SO4 200 mS cm’! (32)
Water-in-salt, 21 M LiTSFI (aq) 10 mS cm’! (33)
Nonstoichiometric ionic liquid, triazole 25 mS cm’! (34)

based, MeTriHTFSI

3.4.1 Aqueous electrolytes

Due to its abundance, one of the simplest electrolytes to consider when de-
signing a battery is using aqueous solutions. One major advantage of aqueous
electrolytes is their very low solution resistance, which is an order of magni-
tude lower than that of other electrolytes (Table 3). Furthermore, aqueous
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electrolytes are generally abundant and inexpensive. On the other hand, the
potential window of aqueous electrolytes is limited by the oxygen reduction
reaction at 1.23 V vs. SHE and the hydrogen evolution reaction at 0 V SHE,
resulting in an effective stability window of 1.23 V.(35) In practice, these val-
ues can differ slightly due to kinetic effects. For different WEs, e.g., platinum,
glassy carbon or gold, the actual potential for hydrogen and oxygen evolution
will be different due to these kinetic effects.

3.4.2 Ionic liquids

Another class of electrolytes is ionic liquids (ILs). This type of electrolyte
consists of a salt that has a melting point below 100 °C(36), and in certain
cases, can even be in liquid form at room temperature, i.e., room-temperature
ionic liquids. Most importantly, ILs are free from solvent molecules, which
provides them with interesting properties, most importantly in regard to elec-
trochemical stability.(37) Ideally, in the case of polymers that can cycle pro-
tons, the ionic liquid also enables proton transport. In Paper II, we therefore
explored nonstoichiometric protic ionic liquids, which have a slightly differ-
ent charge transfer mechanism than the mechanism exhibited by conventional
ionic liquids, namely, vehicular diffusion (as also observed in conventional
ionic liquids), proton hopping and structure diffusion (both of which only oc-
cur in protic ionic liquids). The different mechanisms are illustrated in Figure
5.
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Figure 5. Different charge transfer mechanisms that are exhibited by protic ionic
liquids. Vehicular diffusion, proton hopping and structure diffusion. Reproduced
from Paper I © 2018 American Chemical Society.

3.4.3 Commercial lithium electrolytes

Apart from all-organic batteries, organic battery materials can also be used as
cathode materials together with a commercial lithium-ion anode. In this hy-
brid-organic battery design, commercial lithium-ion battery electrolytes are of
interest. Again, properties such as the electrochemical window and conduc-
tivity are important. However, instead of only relying on the electrochemical
stability window of the electrolyte, the operating potential can be increased by
forming an interface at not only the electrode that is an ionic conductor but
also an electrical insulator, thus shielding the electrolyte from the actual po-
tential at the electrodes. This layer, formed at the anode, is called the solid
electrolyte interface (SEI), and its formation largely depends on the choice of
electrolyte. To achieve all the desired properties, a mixture of different elec-
trolyte solvents is often used.(38)
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3.44 Water-in-salt electrolytes

To increase the stability window of aqueous electrolytes, a high salt concen-
tration can be used. In lithium-ion batteries, Xu’s group first described the use
of a water-in-salt electrolyte. Here, LiTFSI was chosen as the salt due to its
high solubility in water. Using a concentration of 21 M LiTFSI, an electro-
chemical window of 3 volts was achieved.(33) Later, several other water-in-
salt concepts were shown. (39-41) Apart from using only LiTSFI as the salt,
the electrochemical window can be further increased to over 4 volts by adding
organic components that form an SEI layer on the anode, i.e., mixing LiTSFI
(aq) with a highly fluorinated ether.(42) Another such concept uses a hybrid
organic, aqueous electrolyte, 15 M LiTFSI water/dimethyl carbonate (DMC),
which works well with a LisTisO;2 (LTO) anode.(40) This concept inspired
the work presented in Paper II.
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4 Conducting redox polymer electrodes

As mentioned earlier, organic electrodes need to fulfil several requirements to
work properly. The charge has to be stored, electron transfer between the re-
dox-active group and the current collector has to be facilitated, and the disso-
lution of active material into the electrolyte has to be prohibited. Instead of
addressing all these properties by different means, as done with conducting
additives, binders and polymer electrodes, all can be achieved by using a con-
ducting redox polymer (CRP) that is comprised of a conducting polymer back-
bone, which supplies electron transfer and inhibits dissolution, and a pendant
group, which supplies the capacity in a battery. In the following chapter, I will
discuss CRPs in more detail.

4.1 General considerations and methods of evaluating
CRPs

4.2 Conducting polymers and their history

Normally, when one thinks of polymers, one imagines materials that are elec-
trically insulating at room temperature. For a certain type of conjugated poly-
mer, this is not entirely true, as they can be made to conduct under ambient
conditions. Although both polyaniline and polypyrrole have been known as
conducting polymers, a large breakthrough in the field of conducting polymers
came in 1977 when Heeger, McDiarmid and Shirakawa showed that the con-
ductivity of polyacetylene, a conjugated polymer, could be significantly in-
creased by doping, i.e., oxidizing or reducing the material. Since this discov-
ery, there has been considerable scientific progress, resulting in many differ-
ent conducting polymers and visions for possible applications of this type of
material in several fields. Soon though it became obvious that among most of
the conducting polymers studied, polypyrrole, polythiophene and polyaniline,
suffered from degradation and low conductivities over time, under both humid
air and inert conditions. In the 1980s, an important step in the evolution of
conducting polymers was achieved, in which thiophene moieties were substi-
tuted by oxygen at the 3- and 4-positions, giving rise to poly(3,4-ethylenedi-
oxythiophene) (PEDOT). PEDOT is very stable in its doped form, resulting
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in high conductivities, and this material can also be transparent, which is cru-
cial for several envisioned applications that are mentioned below. Further-
more, by polymerizing in the presence of polystyrene sulfonate (PSS), PSS
will act as a polyanion dopant forming PEDOT:PSS, which results in a stable
suspension in water and enables easy industrial processing.(43) Today, con-
ducting polymers, especially PEDOT:PSS, are used in a wide range of appli-
cations, ranging from energy storage(44, 45), sensors(46, 47), and OLEDS(48,
49) to neuromorphic devices(50, 51) and photovoltaics(52, 53).

Understanding doping using polyacetylene as a model (54)

To further understand why conducting polymers are only electrically conduct-
ing in their doped form, polyacetylene, the simplest conducting polymer, can
be used as a model compound. Polyacetylene consists of CH units connected
in a conjugated fashion. If one assumes equal bond lengths, polyacetylene is
a quasi-1D metal with an electron band that is half filled (Figure 6a). Since
this system is unstable due to the Peierls instability, CH groups move toward
each other, thereby resulting in alternating double and single bonds and caus-
ing an energy gap at the Fermi level (Figure 6b). Importantly, the band gap is
too large to allow thermal electron excitation at room temperature, thus yield-
ing a nonconducting polymer under ambient conditions. Interestingly, polya-
cetylene can be doped, through the introduction of an anion (p-doping) or a
cation (n-doping) that diffuses to the polymer chain. In the case of p-doping,
the polymer acts as a polycation, whereas after n-doping, the polymer can be
considered a polyanion. In both cases, doping introduces localized energy
states within the energy gap created by the Peierls instability. Here, the differ-
ence in energy between the valance band and the doping-induced band is small
enough to result in a conducting polymer at room temperature (Figure 6c¢).
Importantly, doping affects only the m-electrons in the polymer, leaving o-
bonds intact, which are crucial for the structural integrity of the polymer.
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Figure 6. Polyacetylene model of conducting polymers. Assuming equal bond
lengths (a). Alternating bonds due to the Peierls instability (b) and the resulting
interbond states created from either p- or n-doping (c).

4.3 From conducting polymers to conducting redox
polymers: The introduction of a pendant group

As mentioned earlier, the aim of this work is to study organic batteries. Since
conducting polymers (CPs) in their “naked” form only result in a capacitive
response, it is of interest to introduce and attach a high capacity pendent group
to the CP backbone.

Potential matching

It is important to mention that although there is considerable freedom in
changing the pendant group to tune the potential that will be achieved by in-
dividual electrodes, there is a limitation stemming from the conductivity re-
gion supplied by the CP backbone. If the CP backbone is outside its conduct-
ing region, i.e., is completely undoped, the crucial conductivity for charge
transport through the material is lost. Therefore, the potential of the pendant
group has to be matched with the conductivity region of the CP backbone,
known as potential matching. Regarding p-doped PEDOT, the conductivity
onset is approximately 0.05 V vs SHE (Figure 7); consequently, pendant
groups with a potential higher than 0.05 V vs SHE can be used if p-doped
PEDOT is utilized. However, it is important to mention, that the pendant
group or the polymer mixed with PEDOT might influence the onset potential,
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as shown in Paper V. Other influences on the onset potential, such as the
electrolyte and length of the conducting polymer, also exist.
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Figure 7. In situ conductance of PEDOT.

4.4 [In situ conductance measurements using an
interdigitated array(55)

There are several ways of measuring conductance. When studying conducting
polymers to be used in electrochemical applications, their in situ conductance
response at different applied potentials, along with other responses, are of in-
terest to match the potential of the pendant group to the conductivity region of
the CP backbone, which I will explain later. In principle, regarding in situ
conductance measurements, the CP covers two WEs connected to a bipoten-
tiostat. By applying a voltage bias (Euias) and recording the current difference
(A1) between the two WEs, the conductance can be recorded according to
Equation 8.

c Ai
=50 8
2 X Ebias ( )

To increase the signal-to-noise ratio during the measurement, a so-called in-
terdigitated array (IDA) electrode is used, which has many bands in a comb-
like structure. Figure 8 shows a schematic of the experimental setup for an in
situ conductance measurement using a bipotentiostat and an IDA electrode.
Below, I will briefly explain how Equation 8 is derived from the experimental
setup.

The conductance (G) is inversely proportional to the resistance (R); further-
more, using Ohm’s law, the bias current (inias) can be related to the voltage
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bias (Epias) and the resistance in the polymer film between WE1 and WE2 (R;)
according to Equation 9:

G = l — ibias (9)
R Ebias

Ebias is known from the experimental setup, and iias can be calculated in the
following way. Since the sum of all currents in a point is zero according to
Kirchhoff’s law, for points A and B in Figure 8, the following equations can
be written:

0 =1 —ipjgs — i1 (10)
0=1; =i+ ipias (11)
where i1 and ic; are the currents generated by the redox reaction. By subtract-

ing Equation 11 from Equation 10 and converting Ai=i;-i» and Ai=ici-ico, the
following expression is obtained:

Ai = 2ip;q + Al (12)

Assuming that Ai. is close to 0, i.e., ic; and ic; are identical or ipias >> itor, Which
is achieved by a small scan rate, the bias current can be calculated by:

) Ai
lpias = Pl (13)

Inserting Equation 13 into Equation 9 results in Equation 8§, i.e., the expression
for the conductance of the polymer coated on an IDA.
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Figure 8. Biopotentiostat setup. Here, 2 working electrodes are used (WE1, WE2)
along with an RE and a CE.

4.5 Processing of CRPs

Conducting polymers in general and conducting redox polymers in particular
are known for their insolubility in common solvents when being processed.
Although this insolubility is an advantage in regard to electrode stability, as
CRPs will not dissolve in an electrolyte, this insolubility is a major drawback
during the processing of electrode materials. In the following section, different
means of processing and depositing active material on electrodes are dis-
cussed.

Electrochemical polymerization

During electrochemical polymerization, a potential is applied so that the pre-
cursor is oxidized and thus polymerized. (Schematic 2) In this way, the poly-
mer slowly builds on the electrode surface. This method for processing the
electrode material is used in Paper I and Paper I1. Although this method pro-
vides good control over the polymerization process, it has several drawbacks.
First, the exact amount of material polymerized is difficult, if not impossible
to determine. Second, and more importantly, when polymerizing electrodes to
be used in batteries, the amount of material that can be coated on the surface
by this method is rather limited.
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Schematic 2. Oxidative polymerization of EDOT. Once oxidized, a radical is formed,
which together with another radical forms a dimer. This process is repeated until a
polymer (PEDOT) is formed.

Chemical oxidation forming a suspension

Another common way to supply an oxidative environment that results in the
polymerization of EDOT forming PEDOT is to use a chemical oxidant such
as iron(III) salts. One drawback with this method of polymerization is that the
oxidant has to be washed out. This can be circumvented by using an oxidant
that will evaporate along with the solvent of the suspension. For example, in
Paper IV, we showed that when an oxoammonium cation (TEMPO") was
used as an oxidant, no washing step was necessary. In principle, the TEMPO-
oxidation process has three steps: (1) the trimer precursor and oxidant are dis-
solved, and subsequently, CRP is formed by adding the oxidant solution to the
trimer solution. (2). This forms a stable suspension containing redox-active
black polymer particles, which can easily be cast onto a current collector (3).
Finally, the drop-cast film is dried (Figure 9). It is important to note, however,
that the oxidation potential of TEMPO" is 0.84 V vs SHE(11), which is too
low to oxidize EDOT-based precursors. Instead, a trimeric precursor, EEE or
EPE, has to be used.

1 Addltlon of oxidant to trimer 2. Coatlng 3. Drying/Evaporation of oxidant

. . .‘ »' ??2
[ Currentcollector | [ Current collector

Trimer ~ Oxidant Polymer

Figure 9. Chemical oxidation using TEMPO+. First, the trimer and oxidant are dis-
solved, and then the oxidant is added to the trimer solution, which forms a stable
suspension of CRP; subsequently, the suspension can be coated onto a current col-
lector. In the third and last step, the coated material is dried. Reproduced from Pa-
per IV © 2020 Wiley-VCH GmbH.
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Postdeposition polymerization

Postdeposition polymerization is a processing method designed to address the
drawbacks of both electrochemical polymerization and chemical oxidation for
polymerization. In this process, a terthiophene trimer is dissolved in a solvent,
for example, N-methyl-2-pyrrolidone, then drop-cast and dried, followed by
electrochemical polymerization or oxidative polymerization (Figure 10). This
method works since the drop-cast and dried trimer is not soluble in the solvent,
which is chosen during polymerization. Since the exact drop-cast amount is
known, the exact amount of material that is applied to the electrode is also
known. As we show in Paper III, this method allows for rather high mass
loadings of several mg/cm?.

Pobymerization in H,O using
Adding selvent Drop casting Drying FeCl OR electropolymerization
X%

- o e

Trimer powder Trimer solution Dropcast trimer solution Trimer film Polytrimer film

b e

Figure 10. Postdeposition procedure with all steps from the trimer powder to a
finished polymer film. Reproduced from Paper III © 2020 Wiley-VCH GmbH.

Apart from using CRP-precursors such as EP(NQ)E, one can also use the post-
deposition method with a trimeric CP precursor, EPE, and mix it with a redox
polymer with naphthoquinone (NQ) redox-active groups to form PNQ@pEPE
upon postdeposition polymerization of the trimeric precursor (Figure 11).
This method was explored in Paper V. As we show in this paper, this method
provides a simple synthesis method for a variety of redox polymers that can
be paired with pEPE as conducting and binder additives.
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Polymerization in

Mixing EPE and PNQ 1M p-teluenesulfonic acid (aq)
I>'<OH at different ratios 0.6 V until 1<0.1 mA
————— —_—

Materials 1. PNQ@EPE 2. PNQ@pEPE

Figure 11. Postdeposition polymerization of EPE together with a redox polymer
(PNQ), resulting in PNOQ@pEPE. Reproduced from Paper V © 2021 American
Chemical Society.
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5 Design criteria for quinone organic batteries

The aims of this thesis have been to study different quinone organic battery
materials and, to some extent, to formulate design criteria for this type of elec-
trode material, which is important when moving forward toward designing
application-specific batteries. Below are several important aspects that have
been addressed throughout this thesis.

The quinone redox-active groups provides a well-defined potential
For a redox-active group to be used as a battery material, it preferably provides
a well-defined potential. In this way, the potential of the battery itself will be
well defined as opposed to being dependent on the state of charge of the bat-
tery, which is undesirable as a device characteristic.

The quinone redox-active group is well matched with the potential
window of the solvent

As previously mentioned, the potential stability window of the solvent gov-
erns which material can be used in the battery so that no side reactions occur
because the electrolyte is degraded. Therefore, the quinone redox potential has
to be within the stability window of the electrolyte.

Efficient charge transport

For the material to be accessed efficiently, charge transport to the redox sites
has to be effective. In many organic battery designs, this transport can be fa-
cilitated by mixing with a carbon-based additive, such as carbon black or car-
bon nanotubes. The focus of this thesis has been to utilize CPs for charge
transport. Regarding this type of material, it is important that the pendant
group is potential matched, i.e., the potential of the redox reaction is within
the potential region where the CP is oxidized and thus conductive.
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Processability

The electrode material has to be easy to process, especially in an industrial
setting. Regarding the methods used in this thesis, it entails that the CRP or
redox polymer and CP are sufficiently soluble in an available solvent and that
it can be applied to the electrode as one would apply a paint.

Efficient ion transport

Apart from electron transport, ion transport must also be efficient to counter-
balance the redox reaction. For example, the hydrophobicity of the quinone
pendant group in aqueous battery systems is one parameter to keep in mind.
This parameter has not been studied as extensively in this thesis as other as-
pects, but it is nevertheless important and further exploration of this topic
might be of interest.

Easy synthesis

Another aspect that has not been discussed in this thesis, but which is also
important for a battery to be commercialized, is that the synthesis of the ma-
terials is fairly easy. The synthesis does not require many steps and can be
accomplished with green solvents.

42



6 Characteristics of quinone-based organic
batteries

In the course of my research for this thesis, I have designed several organic
batteries based on quinone redox-active groups. The full manuscripts describ-
ing these batteries can be found at the end of this thesis. In this chapter, I want
to provide a short overview of the key characteristics of these battery designs,
which in principle are represented in one paper each. (Table 4)

Table 4. Overview of the different batteries designed in this study.

Paper Anode Cathode Electrolyte Cell
material material voltage (V)
I pE(NQ) pE(HQ) MeTriHTFSI 0.45
11 LTO pE(HQ) 15 M LiTFSI 1.35
111 pEP(NQ)E  pEP(QH2)E 0.5 M H»SOs(aq) 0.4
v pEP(NQ)E  Oxygen 0.5 M H2SO04(aq) 0.5
catalyst
\% PNQ@pEPE MnO; 0.05 M H2SO4(aq) + 0.95
1 M MnSOg4
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6.1 All-organic battery using a nonstoichiometric ionic
liquid, Paper I

In this study, an all-organic battery was designed. Monomeric precursors
(EDOT with functionalized quinone groups) were used, which were electro-
polymerized on small glassy carbon electrodes and resulted in pE(NQ) as the
anode and pE(QH,) as the cathode; these results were in accordance with an
earlier work by this group.(55, 56) This design was similar to an all-organic
battery design with pE(QH>) as the cathode and EDOT, with an anthraquinone
pendent group, as the anode, resulting in a battery that cycled protons in a
rocking chair fashion.(57) By choosing pE(NQ), it could be ensured that the
redox reaction of the anode was within the electrochemical stability window
of the electrolyte, which had been an issue in the previous design. Further-
more, the electrolyte was changed from the previous design to consist of a
nonstoichiometric protic ionic liquid (NSPIL). Earlier, a pyridine-pyridinium
slurry was used as the electrolyte, which was both toxic and very aggressive
chemically. The NSPIL was designed with a low melting point to yield a high
conductivity even at room temperature (58), which was reflected by the high
C-rates that could be achieved (Figure 12a). Importantly, the pKa of the elec-
trolyte was tuned to 2.45 to enable potential matching, as previously discussed
in this thesis. The battery had a cell voltage of approximately 0.45 V, as pre-
viously mentioned, fast rate capabilities and moderate cycling stability (Figure
12). Since electropolymerization was used as a means of coating the elec-
trodes, no exact mass loading could be calculated. While there were many
limitations of this approach, especially resulting from the use of electropoly-
merization as the method for making the electrodes, the study was an im-
portant step for building an all-organic proton battery.
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Figure 12. Electrochemical performance of an all-organic proton battery with an
electropolymerized CRP electrode material. (a) CVs at different scan rates, 14C

(green) to 700C (red) and the (b) cycling stability for the first 100 cycles. Repro-

duced from Paper I © 2018 American Chemical Society.
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6.2 Hybrid-organic battery using LTO as the anode and
HQ-PEDQOT as the cathode, Paper 11

Recently, in the lithium-ion battery field, there was a push to create batteries
using an aqueous electrolyte, which would make these batteries both fast and
safe.(59) Inspired by this development, we aimed to build a hybrid-organic
battery, which would cycle lithium ions and result in a substantially higher
cell voltage than our all-organic battery discussed in Paper 1. From previous
work (60), we hypothesized that the quinone pendent group could cycle lith-
ium if the concentration of lithium ions in the electrolyte was high enough. A
water-in-salt electrolyte (15 M LiTFSI water/DMC) was therefore chosen,
which was similar to inorganic battery concepts, and LisTisO;, (LTO) was
used as the anode material, which had been studied with this electrolyte.(40)
This electrolyte did indeed exhibit lithium-ion cycling, as shown in Paper II.
Similar to the study in Paper I, in this study, a monomeric CRP precursor
(EQH;) was electropolymerized on an electrode and used as the cathode. Im-
portantly, the resulting CRP was potential matched, although the potential of
the redox reaction with lithium ions was downshifted compared to a proton
cycling analog under acidic conditions. Together, these two-electrode materi-
als resulted in a cell voltage of 1.35 V, which was much higher than that in the
all-organic battery designs. This cell voltage was lower than other inorganic
water-in-salt concepts, which, for example, reported 3.2 V using an LTO an-
ode and lithium manganese nickel oxide as the cathode.(40) Unfortunately,
the cycling stability was rather poor (Figure 13), which we attributed to self-
discharge on the LTO anode and resulted in a shift in potential that was cycled
at the cathode. This result was in contrast to data previously reported, where
the LTO anode could provide a stable potential over time, but which we were
not able to reproduce.(40) Importantly, this study showed how versatile qui-
none materials could be when used as electrode materials; in this case, these
quinone materials successfully cycling lithium in a hybrid-organic battery.
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Figure 13. Battery performance of a HO-PEDOT, LTO hybrid-organic battery using
15 M LiTFSI water/DMC as the electrolyte. Charge (black) and discharge (red)
curves (a) and cycling stability (b). Both were measured at 30C. Reproduced from
Paper I1 © 2019 Elsevier
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6.3 All-organic aqueous proton battery, Paper 111

This study was in several aspects different from previous studies. For pro-
cessing, we used a trimeric precursor, EP(NQ)E and EP(QH>)E, instead of
monomeric precursors. It was established that longer oligomer chains resulted
in a lower oxidation potential, (61, 62) which we envisioned would result in
milder polymerization conditions resulting in a better polymer. We further de-
veloped a method, postdeposition polymerization, as previously described in
this thesis, which allowed the trimer to be deposited on the electrode and pol-
ymerized after drying. In this way, a precise mass loading of up to 10 mg/cm?
could be achieved, and specific capacities could be calculated, which was in
stark contrast to previous work where only rough estimates of the amount of
deposited material could be made. Furthermore, this method yielded thicker
layers and shows promise for large-scale processing. When evaluating the bat-
tery, two different types of charging were used. Constant-potential charging
followed by constant-current discharge and traditional galvanostatic cycling,
i.e., constant-current charge and discharge. As shown in Figure 14, a battery
with a voltage of 0.4 V was realized. During the potential step, 50% of the
battery was charged in less than 10 s (Figure 14a), and after a full charge, an
initial capacity of 60 mAh/g was realized (Figure 14b), which was approxi-
mately 80% of the theoretical capacity (75 mAh/g). Considering the cycling
stability of this battery, 85% of the initial capacity was retained after 500 cy-
cles. (Figure 14b). When cycling galvanostatically, a similar initial capacity
was achieved, 60 mAh/g (Figure 14d); however, only 50% of the initial ca-
pacity was retained after 500 cycles (Figure 14d). We also tested the battery
at subzero temperatures, i.e., -24 °C. The battery retained almost all of its ca-
pacity and rate capabilities (Figure 14e and Figure 14f) and, interestingly, was
much more stable, retaining approximately 95% of its initial capacity after 500
cycles (Figure 14f).
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Figure 14. Evaluation of the all-organic battery at room temperature (RT) (a-d) and
at -24 °C (e-f). Current profile (a) resulting from constant-voltage charging. Here,
50% of the capacity is reached after approximately 6.5 s; voltage profiles with the
same charging type for the first (cyan) and 500th (gray) cycles (b). Study of the rate
capability at RT (c) with C-rates corresponding to 0.6 A/g (cyan) and 5.5 A/g
(black). Voltage profile (d) for the first cycle (cyan) and 500th cycle (gray) using
galvanostatic charging and discharging. Similarly, rate capabilities (e) and voltage
profiles for the first cycle (cyan) and 500th cycle (gray) at -24 °C. Reproduced from
Paper III © 2020 Wiley-VCH GmbH.

Since an aqueous electrolyte based on sulfuric acid was used in the battery, an
important step to a more sustainable organic battery was taken, which is in
line with other aqueous organic batteries that are currently developed.(16, 25)
This study and battery clearly showed how an all-organic aqueous battery was
designed and its favorable characteristics in regard to its rate capability and
low-temperature operation. As we showed in this study, powering a small sen-
sor or direct charging from solar cells without typically required charging
electronics (Figure 15) could make for interesting applications. However, it is
important to mention that the energy content of this battery would need to be
improved for commercial viability, which could be done by replacing the cath-
ode material with material having a higher redox potential that is closer to the
oxygen evolution potential.
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Figure 15. (a) Charging the all-organic battery with a solar cell. (b) Discharge
curve after the charging step. Reproduced from Paper III © 2020 Wiley-VCH GmbH

48



6.4 Hybrid-organic battery with pEP(NQ)E as the
anode and an oxygen catalyst as the cathode, Paper
10Y

In this work, we focused on building an organic-air battery. There is consid-
erable research concerning secondary metal-air batteries (63), and primary
zinc-air batteries are widely used in hearing aids.(64) Recently, an organic-air
battery using a hydroquinone redox group was reported (65), and we were
curious whether CRPs could provide equal performance with a better cell volt-
age by choosing an NQ redox group, i.e., pEP(NQ)E. We further aimed to
improve the polymerization and electrode coating method used in Paper II1.
Here, we designed a process where the trimer was oxidized by TEMPO" in-
stead of undergoing postdeposition polymerization, which might be difficult
to conduct as a large-scale industrial process. This oxidation process yielded
a suspension that could enable printing of the electrode material and thus
marked another method for coating electrodes, as previously discussed in this
thesis. TEMPO" was especially interesting as an oxidant since the product,
TEMPO, sublimated at low temperatures (66); consequently, no washing step
was necessary to remove the oxidation product. We further showed that the
trimer precursor was pivotal for the oxidation by TEMPO" since a monomer,
e.g., E(NQ), would not be polymerized by this mild oxidant. The resulting
battery, with pEP(NQ)E as the anode and an oxygen catalyst as the cathode,
showed a stable discharge voltage of 0.5 V and exhibited very good rate ca-
pabilities (Figure 16). In regard to the cell voltage, there was still considerable
potential for improvement. However, this had to occur at the oxygen catalyst
cathode since pEP(NQ)E was already close to the hydrogen reduction poten-
tial discussed earlier, and most of the overpotentials, as shown in the voltage
profile of Figure 16a, stemmed from the cathode.
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Figure 16. Operation of an organic-air battery. (a) Charge (black) and discharge
(red) potential profile curves at 5C with the cycling stability as an inset. (b) Rate ca-
pability at different C-rates. Reproduced from Paper IV © 2020 Wiley-VCH GmbH.
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6.5 Hybrid-organic battery with PNQ@pEPE as the
anode and MnOQ; as the cathode, Paper V

The aim of this study was twofold. First, we wanted to evaluate how a trimer,
EPE, could be a soluble precursor to form a conducting and binder additive in
organic batteries. Here, we chose a nonconducting redox polymer (PNQ) as
the redox material, which would provide a good comparison to our well-es-
tablished pEP(NQ)E. Second, we wanted to create a battery close to the max-
imum voltage that could be achieved within the water stability window. Since
we lacked an organic cathode with a potential close to the oxygen evolution
potential, we chose carbon felt coated with MnQO,, as demonstrated earlier in
an inorganic aqueous battery design.(67)

Previously, the mixing of a conducting polymer with a redox polymer was
extensively studied by Inganés et al.(68-70) However, importantly, the con-
ducting polymer or its precursor could not be solution processed with the dis-
solved redox-active material. We aimed to solve this problem by using EPE
as a precursor and forming a composite, NQ@pEPE, after polymerization. We
further envisioned this method as a way to easily screen redox polymers, since
mixing and polymerization are easy and provide initial information on the per-
formances of redox polymers. In this study, we also found that when using
pEPE as a conducting additive, wetting of the redox polymer improved, which
could be a challenge in regard to hydrophobic redox polymers. The use of
hydrophobic anthraquinone as a redox group on a polyvinyl polymer, for ex-
ample, cycling under acidic conditions, had previously been reported to be
challenging.(26) In our study, pEPE as a conducting additive outperformed
both the hydrophobic carbon BP2000 and its hydrophilic analog PBX51,
which is used in aqueous lead acid batteries when used with PNQ.

The battery was nearly optimal in regard to its utilization of the electro-
chemical stability window of water, yielding a potential of 0.95 V with a spe-
cific capacity of 63 mAh/g (Figure 17a). The capacity was retained well, with
a value of 93% during the first 500 cycles at 1C. (Figure 17b). Furthermore,
the rate capabilities were favorable, and even at 10C, a specific capacity close
to 50 mAh/g was achieved (Figure 17). This study demonstrated my view
quite nicely, i.e., the potential of an aqueous organic battery. In future work,
a suitable candidate to exchange the MnO; cathode with organic redox mate-
rials should be identified. This exchange would result in a similar battery as
the one presented here in regard to performance, which is crucial for commer-
cial relevance, but with all-organic electrode materials.
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Figure 17. Electrochemical performance of the PNOQ@pEPE MnQO; battery. Voltage
profile with charge and discharge curves (a). Cycling stability at 1C for the first 500
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thereby showing the rate capabilities of this battery from 0.3C (20 mA/g) to 10C
(corresponding to 750 mA/g). Reproduced from Paper V © 2021 American Chemi-
cal Society.
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7 Concluding remarks and future work

In this work, I have shown different types of quinone-based organic batteries.
Special emphasis has been placed on using CRPs as active materials in differ-
ent battery designs. Using these different designs, I have shown the versatility
of these types of materials in regard to creating innovative batteries. For ex-
ample, I have shown how all-organic quinone batteries can withstand fast
charging, which would enable their direct integration with an organic solar
cell, and how, by adjusting the electrolyte, quinone organic batteries are well
suited for operation at low temperature.

Importantly, I have formulated several design criteria for quinone organic
batteries in general and CRP-based batteries in particular. Here, the right
choice of electrolyte, together with the right redox-active pendant groups, is
paramount.

Furthermore, in regard to using CRPs as electrode materials, I have studied
and developed different methods of processing these types of materials, which
is especially important if these types of batteries are to be commercialized.
Here, the development from electropolymerized electrode materials to post-
deposition polymerization and the TEMPO oxidation of trimeric precursors
has provided important results to enable the further application of these types
of materials.

In future development, there are three major research questions to be an-
swered. First, one could explore the fundamental aspects of the postdeposition
method and its interaction with the pendent group or redox polymer that the
CP is blended with. It would also be interesting to further understand how the
polymerization occurs and what governs the limiting aspects, such as mass
loading. Second, one could further explore different battery designs with new
pendant groups or new redox polymers. Furthermore, different types of hy-
brid-organic battery designs could be researched. These studies could open up
new designs and batteries with improved capabilities in regard to capacity,
cycling stability and cycling rate. Third, one could look beyond batteries and
employ conducting polymers and the postdeposition method for other appli-
cations, such as catalysis.
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8 Sammanfattning pd svenska

En av vér tids stora utmaningar &r att uppné de globala hallbarhetsméalen som
har definierats av FN. Dessa mal dr viktiga i var strdvan att minska
koldioxidutslapp och bekdmpa den globala uppviarmningen som var
ekonomiska vélfdrd resulterat i.

For att skapa ett koldioxidneutralt samhille kridvs nya teknologier bade for
produktion av energi och dess lagring. Manga av de fornybara energislagen,
sa som solel eller vindkraft, &r sé kallad intermittent energi. Det betyder att
energin bara dr tillginglig vissa tider pa dygnet och inte alltid samtidigt som
elforbrukningen adr som hogst. Detta &r ett av skélen till att energilagrings
kravs och ett bra sitt att lagra energin pa &r i batterier. En annan sektor som ar
i stort behov av billig energilagring dr fordonssektorn som till f6ljd av den
okade elektrifieringen kriaver bade effektiv och billig energilagring.

En av de mognaste teknologierna nér det géller energilagring ar Litium jon
batterier. Dessa har en hdg energitithet och priset for denna typ av
energilagring har minskat stort de senaste aren. Tyvérr har denna typ av
energilagring sina nackdelar nidr det géiller héllbarhet. Tillverkning kriver
mycket energi, teknologi for atervinning finns endast pa konceptstadiet och
mycket av de metaller som krdvs for batteriet framstélls pa etiska och
miljomassigt tveksamma sétt. Kobolt anvénds ofta som del i katodmaterialet
i Litium-jonbatterier och bryts till exempel under véldigt enkla foérhéllanden i
Kongo.

En ny typ av batterier, baserad pa organiska material, forsoker att adressera
dessa problem. Genom organisk syntes kan en uppsjo av molekyler skapas av
grunddmnen som ér léttillgidngliga. Inom forskningen har ett stort antal av
olika batterikoncept baserat pd organiska molekyler och polymerer
undersokts. Fokus for denna avhandling har varit batterier som anvénder sig
av molekylgruppen kinoner for att lagra energi. Forutom sjélva redoxgruppen
som lagrar energi krivs ocksé ett sétt att leda elektronerna som frigors eller
konsumeras av redoxreaktionen genom materialet och ut i batteriets poler. I
de flesta batterikoncept som har presenterats i forskningen hittills har kol eller
kolliknande tillsatser anvénts. Fokus i denna avhandling har ddremot varit att
anvénda s kallade ledande polymer som laddningsbérare. Redoxgruppen har
antingen direkt fasts pd den ledande polymeren, vilket ger en ledande
redoxpolymer, eller en redoxpolymer som blandats med en ledande polymer.
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P4 detta sétt har viktiga aspekter nédr det géller kinonbaserade organiska
batterier undersokts.

Elektrolyten, som innehéller jonerna som balanserar redox reaktionen pé
elektroden har varierats fran vattenbaserade elektrolyter, till jonvatskor och en
sé kallad “water-in-salt” elektrolyt, dir saltkoncentrationen ar sd& hog att
odnskade sidoreaktioner inte sker. Kinoner cyklade beroende pa elektrolyt
bade protoner (vattenbaserad och jonvitska) eller lithiumjoner (“water-in-
salt”). Detta visar hur versatilt kinoner som redoxgrupp ar ndr det géller
elektrolyt och cyklingsjon.

Material pa anod och katod har varierats for att dels skapa hel-organiska
(bade anod och katod bestér av kinoner som redoxgrupp) och dels hybrid-
organiska batterier (en elektrod dr organisk, den andra dr metallbaserad). Har
ar det viktigt att framhidva de Onskade egenskaper hos kinonen som
redoxgrupp. Det ar 6nskvérd att kinonen ger en tydlig redoxpotential vilket i
sin tur ger en véldefinierad potential i batteriet. Det dr ocksd viktigt att
redoxgruppen &r vad som kallas for “redox-matched”. Detta krav &r ett resultat
av att den ledande polymeren endast dr ledande inom vissa potentialintervall.
Det ar saledes viktigt att redoxgruppen befinner sig inom detta intervall for att
elektroden ska fungera som den ska.

I detta arbete har dven processbarheten av elektrodmaterialen undersokts.
Elektropolymerisering, ddr man applicerar en oxidativ potential i en 16sning
av monomerer for den ledande redoxpolymeren man vill beldgga, for att pa sa
sétt beldgga elektroden har anvints i tva av de studier som presenteras i denna
avhandling. Denna metod tillater bra kontroll over
polymeriseringsforhallanden. Samtidigt &r det svért att exakt kunna bestimma
mingden material som har belagds och att beldgga mycket material. Metoden
ar darfor inte industriellt gdngbart. I ramen for denna avhandling har det dérfor
utvecklats en ny metod dér man istéllet for en monomer som polymeriseras
anviander sig av en oligomer, till exempel en trimer. Detta mojliggor att ett
lager av trimer beldggs pa elektroden som sedan polymeriseras. Pé sé sitt har
man véldigt bra kontroll 6ver polymeriseringsforhéllanden och det gar att
beldgga relativ mycket material pa elektroden. Intressant nog kan denna metod
inte bara anvindas pa ledande redoxpolymerer utan det gar ocksa att blanda
en redoxpolymer med ett utgangsmaterial till en ledande polymer, vilket efter
polymerisering skapar en redoxpolymer som ar ihopblandat med en ledande
polymer.

Sammanfattningsvis presenterar materialet i denna avhandling hur kinoner
kan anvindas som aktivt material i batterier och hur dessa kan utformas pa
olika satt. Utdver att vidare undersoka de grundliggande mekanismer bakom
dessa batterier kan arbetet som beskrivs i denna avhandling utgéra en bra
grund for att undersdka andra tillimpningar som exempelvis material for
katalys eller organiska sensorer.
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