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Preface

The present thesis was submitted in accordance with the requirements for obtaining
the Ph.D. degree at the Faculty of Engineering and Science, Aalborg University.

The thesis is based on work carried out in the period from June 2019 to November
2022, at the Department of Chemistry and Bioscience, Aalborg University Esbjerg, at
the Center for Energy and Environmental Chemistry, Jena (CEEC Jena) at Friedrich
Schiller University in Jena Germany, and the Department of Energy Conversion and
Storage at the Technical University of Denmark (DTU). The research project was
fully supported by Novo Nordisk Foundation grant no. NNF180C0034952.

During this Ph.D. project, | have been enrolled at the Department of Chemistry and
Bioscience, Faculty of Engineering and Science. To develop further scientific re-
search, | spend three months at the CEEC Jena in collaboration with Professor Dr.
Ulrich S. Schubert and Dr. Martin Hager, and one week in the laboratory of Professor
Dr. Johan Hjelm at DTU, Lyngby.
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This Ph.D. study is based on the following papers:

1.

Wilhelmsen, C.O.; Kristensen, S.B.; Nolte, O.; Volodin, I.; Christiansen,
J.V.; Isbrandt, T.; Sgrensen, T.; Petersen, C.; Sondergaard, T.E.; Nielsen,
K.L.; Larsen, T.O.; Frisvad, J.C.; Hager, M.; Schubert, U.S.; Muff, J.; Sgren-
sen, J.L. (2022) Demonstrating the use of a Fungal Synthesized Quinone in
a Redox Flow Battery.

Batteries & Supercaps, doi:10.1002/batt.202200365

Wilhelmsen, C.O.; Kavounis-Pasadakis, A.; Christiansen, J.V.; Isbrandt, T.;
Almind, M.R.; Larsen, T.O.; Hjelm, J.; Serensen, J.L., Muff, J. (2022) Four-
Electron Energy Storage in Biosynthesized Phoenicin Flow Battery
Negolyte.

Manuscript submitted to ACS Sustainable Chemistry & Engineering
Wilhelmsen, C.O.; Muff, J.; Sagrensen, J.L. (2022) Are biologically synthe-
sized electrolytes the future in green energy storage?

Manuscript submitted to Energy Storage

I have been involved in the following publication as a side project in which a model
for estimating the lifetime of an aqueous organic redox flow battery was developed.
Additionally, the study provides a guide for the power converter design considering
large-scale integration.

Tang, Z.; Sangwongwanich, A.; Yang, Y., Wilhelmsen, C.O.; Kristensen,
S.B.; Serensen, J.L.; Muff, J.; Blaabjerg, F. (2021) Lifetime Modelling and
Analysis of Aqueous Organic Redox-flow Batteries for Renewable Energy
Application.

IEEE Energy Conversion Congress and Exposition (ECCE), doi:
10.1109/ECCE47101.2021.9595507
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English summary

Most of the worldwide energy consumption is provided by fossil fuel-based energy
sources, which influence climate change due to air pollution, and with the harmful
effects of CO; emissions, the interest in using energy from renewable energy sources
has increased annually. Despite the carbon-free and inexhaustible characteristics of
renewables, the intermittent and unpredictable behavior of these sources limits them
from completely replacing the use of fossil fuels.

To overcome the intermittency of renewables and to accelerate the green energy tran-
sition, different energy storage devices are being extensively researched with one of
them being the redox flow battery. This technology offers flexible designs due to the
possibility of power and energy being scaled independently. The vanadium flow bat-
tery has been the most developed and researched until now; however, redox flow bat-
teries using agqueous organic electrolyte materials, such as quinones, have gained in-
creased attention. The quinones studied in the literature are mostly synthesized from
non-renewable feedstocks. Inspired by naturally occurring quinones, this project
aimed to investigate the potential of using fungal quinone phoenicin as an electrolyte
candidate for a redox flow battery.

In the initial study, I investigated phoenicin as the first fungal quinone to be used in a
redox flow battery. The experimental investigations of phoenicin were performed dur-
ing my external stay at Friedrich Schiller University in Jena. The experiments and
methods performed in this study worked as a foundation for future research on using
fungal quinones as electrolytes in redox flow batteries. By characterizing the electro-
chemical properties of phoenicin, produced in 95% purity by Penicillium atrosan-
guineum, it was found that phoenicin could work as a potential negolyte in a redox
flow battery, with it being redox-active and hereby being capable of participating in
two-electron redox reactions. After testing phoenicin in a volumetrically unbalanced
compositionally symmetric flow cell, in which the stability at different redox states
was investigated, it was found that phoenicin suffered from chemical degradation
when dissolved in a high alkaline supportive electrolyte. Cell-cycling test in a redox
flow battery showed that phoenicin could be charged and discharged as the negative
electrolyte for 14 days with a capacity loss below 50% in total. Therefore, the findings
in this study demonstrated the concept of using a fungal quinone to store energy, and
phoenicin hereby worked as a proof of concept for such an approach.

Next up, | evaluated the influence of phoenicin purity by investigating a mix of four
phoenicin forms, produced by Penicillium phoeniceum in higher yields. The experi-
mental investigations of the phoenicin mix were performed during my visit to the la-
boratories at the Technical University of Denmark. By using a similar approach as in
the previous study, the electrochemical properties were determined to be comparable
to the ones obtained from phoenicin in the first study. However, instead of involving
a two-electron redox reaction, | discovered that the phoenicin mix involved a four-
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electron reaction per phoenicin molecule. The ability to involve four electrons per
phoenicin molecule was also seen in the battery test. Being able to obtain 1111 charge
and discharge cycles (13 days of cycling) proved that, despite having a mix of phoe-
nicin forms, including phoenicin dimer, it could still be used as the negative electro-
lyte in a redox flow battery. Further investigations proposed that phoenicin suffered
from Michael attack on the unsubstituted carbon positions when dissolved in a highly
alkaline supportive electrolyte, and different degradation products such as the addition
of hydroxyl groups to the phoenicin molecules as well as different stages of polymer-
ization such as phoenicin dimer, trimer, quadromers, etc. were identified. The findings
in this study demonstrated that having a mix of phoenicin forms involved a four-elec-
tron reaction per phoenicin molecule, hereby utilizing the full potential of the phoe-
nicin mix by reaching capacities corresponding to two-electron reaction per benzo-
quinone group (four-electrons per phoenicin molecule).

The research made in this dissertation can be used as a guideline for future research
in using fungal quinones as electrolyte material for redox flow batteries. It clearly
illustrates the potential of using fungal quinones for renewable energy storage, and |
believe that this research subject is worth investigating in the future.

Vil
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Dansk resume

Starste delen af verdens energiforbrug stammer fra fossile braendstoffer som forurener
miljget og dermed bidrager til klimazndringer, og med de skadelige virkninger af CO;
udledning er interessen i at anvende energi fra vedvarende energikilder steget med
arene. P4 trods af at de vedvarende energikilder er CO, neutrale og er en evig kilde til
energi, sa begraenser deres uforudsigelighed deres potentiale for fuldstendigt at er-
statte brugen af fossile braendstoffer.

For at lgse udfordringen med vedvarende energikilders uforudsigelighed og dermed
accelerere den grgnne omstilling, forskes der i potentialet af forskellige teknologier
til energilagring, hvoraf en af dem er redox flowbatteri teknologien. Denne teknologi
tilbyder fleksible design grundet mulighederne for at scalere power og energi uaf-
hangigt. Vanadium redox flowbatteriet er indtil nu blevet undersggt mest, men redox
flowbatterier der anvender vandoplgselige organisk elektrolyt materialer, s& som qui-
noner, har faet mere opmaerksomhed. De quinoner der er blevet forsket i indtil nu, er
syntetisk produceret fra ikke-baeredygtige Kilder. Inspireret af naturligt fremkom-
mende quinoner, er formalet med dette projekt at undersgge potentialet af at anvende
svampe quinonen phoenicin som en elektrolyt kandidat til et redox flowbatteri.

Farst undersggte jeg phoenicin som den farste svampe quinon til at blive brugt i et
redox flowbatteri. De eksperimentelle undersggelser blev lavet under mit udlandsop-
hold ved Friedrich Schiller University i Jena. Forsggene og metoderne der blev an-
vendt i dette studie skulle danne grundlag for fremtidig forskning indenfor brugen af
svampe quinoner som elektrolytter i redox flowbatterier. Ved at karakterisere phoe-
nicins elektrokemiske egenskaber fandt jeg ud af at phoenicin, produceret af Penicil-
lium atrosanguineum med 95% renhed, var redox aktivt og i stand til at indga i rever-
sible to-elektron reaktioner og hermed have potentialet for at blive brugt negativ elek-
trolyt i et redox flowbatteri. Efter at have testet phoenicins stabilitet i forskellige redox
stadier i et symmetrisk batteri celle set up, hvor samme koncentrationer men forskel-
lige volumener blev anvendt, viste det sig at phoenicin blev kemisk nedbrudt efter at
blive oplgst i hgj basisk elektrolyt. En redox flowbatteri test viste at phoenicin, som
den negative elektrolyt, kunne lades og aflades i 14 dage med et kapacitetstab pa under
50% i alt. Disse resultater demonstrerede derfor konceptet ved at bruge en svampe
quinon til at lagre energi, og dermed er phoenicin et slags proof-of-concept.

Efterfglgende undersggte jeg hvilken rolle phoenicins renhed spiller ved at teste et
mix af fire phoenicin stadier som var produceret af Penicillium phoeniceum i stgrre
mangder. Analyserne af phoenicin mixet blev foretaget under mit besgg i laboratori-
erne pa Dansk Teknisk Universitet.

Ved at bruge samme fremgangsmade som ved det rene phoenicin i det farste studie,

viste de elektrokemiske egenskaber for phoenicin mixet at veere sammenlignelige med
det rene phoenicins. Dog viste det sig at phoenicin mixet var i stand til at indga i fire-
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elektron reaktioner per phoenicin molekyle i stedet for to. At phoenicin mixet kunne
indga i fire-elektron reaktioner blev ligeledes vist ved batteri test. | og med at det var
muligt at opna 1111 ladninger og afladninger i lgbet af en tidsperiode pa 13 dage viste
det sig at det stadig var muligt at bruge phoenicin som negativ elektrolyt i et redox
flowbatteri pa trods af at det var et mix af forskellige phoenicin former og heriblandt
phoenicin dimer. Yderligere undersggelser viste at phoenicin blev nedbrudt ved en
Michael-addition nér det oplgses i hgj base, hvori flere nedbrydningsprodukter s& som
hydroxyleret phoenicin og forskellige polymerisering produkter som phoenicin dimer,
trimer, quadromerer osv. blev identificeret. Resultaterne i dette studie viste derfor at
et mix af forskellige phoenicin former medfarte en fire-elektron reaktion for hvert
phoenicin molekyle, hvorved det fulde kapacitetspotentiale for phoenicin opnds sva-
rende til en to-elektron reaktion for hvert benzoquinon gruppe i molekylet (fire-elek-
tron reaktion for hvert phoenicin molekyle).

Indholdet af forskningen i denne thesis kan derfor blive brugt som en guideline/pro-
tokol til fremtidig forskning indenfor brugen af svampe quinoner som elektrolytter i
redox flowbatterier. Det viser klart at der er et potentiale ved at bruge svampe quino-
ner til at lagre vedvarende energi og jeg tror pa at dette forskningsomréde er verd at
forske videre pa fremtiden.
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Aim

This dissertation is a part of a multidisciplinary project involving research with the
goal of getting one step closer to being able to store renewable energy by using sus-
tainable materials. The idea of using fungal-produced natural electroactive com-
pounds to store energy made rise to a large multidisciplinary project, founded by the
Novo Nordisk foundation to develop a fungal battery.

This project relies on an already-known storage technology called the redox flow bat-
tery technology, which uses liquid electrolytes to store energy. Many different mate-
rials have already been researched as electrolytes, including e.g., inorganic and or-
ganic compounds. In this project, we developed a new electrolyte based on a quinone
compound produced by fungi and tested this in a redox flow battery.

Even though the electrolyte is one part of the puzzle in getting closer to an environ-
mentally friendly and cheap storage device, the electrolyte properties and production
itself came with lots of tasks. To develop a fungal battery, the multidisciplinary project
included several work packages to cover all aspects of electrolytes based on fungal
compounds.

Previous, initial research, also made by our group, made the foundation for the fungal
battery project, Figure 1 (denoted 0 in the figure). This included especially an exten-
sive simulation study, in which all known fungal quinones and their representative
redox potentials were identified and collected in a database. From this database, the
most promising quinone, concerning the simulated redox potential, the availability
due to production, etc. was selected for further investigation in the fungal battery pro-
ject work packages, which are illustrated in Figure 1.
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Figure 1. Overview of the fungal battery project showing the initial research performed in another project
(0) as well as work packages 1-4, which cover all aspects of the fungal battery project.

The work packages in the fungal battery project, seen in the figure, can be described
as the following:

1. Genome sequencing of fungal strains to identify the gene clusters responsible
for the production of the fungal quinones of interest.

2. Development of production and extraction procedures for producing the fun-

gal quinone of interest. This also includes further optimization to produce

and deliver the selected fungal quinone to be tested in a redox flow battery.

Genetic engineering to enhance the production of quinone production.

4. Electrochemical characterization of the selected quinone and test in a lab-
scale redox flow battery.

w

With the research in these work packages, the intention was to develop a sustainable
and cheap production of a stable and good-performing electrolyte to store renewable
energy.
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Among these work packages, my Ph.D. project aims to cover work package number
4, dealing with electrochemical characterization and battery testing of the delivered
fungal quinone. This means, that my project largely depended on the fungal quinone
production and delivering from the other work packages. Because of the novelty and
initial stage of the fungal battery project, quinone production was more time-consum-
ing than first estimated. This means that more effort was put into producing a larger
amount of one single fungal quinone. The fungal quinone that was produced and de-
livered for my Ph.D. project, was phoenicin. One reason for choosing phoenicin was
due to it being produced in a rather pure amount from the fungal culture. Since most
fungal strains can produce various amounts of compounds, we believed that phoenicin
was a good first fungal-produced quinone candidate to test in my project.

Since all of the work packages of the fungal battery project passed off in parallel, the
extent of research in my Ph.D. project was limited to the amount of phoenicin com-
pound I received. This means that my research was planned and performed due to the
limited amount of phoenicin, whereas amounts of battery tests and characterization
studies were kept to a minimum to cover and identify as much information about this
interesting compound as possible.

This Ph.D. project aimed to investigate the potential of using the naturally occurring
and biosynthesized quinone phoenicin as the active material in an electrolyte for a
redox flow battery, which can be divided into the following research questions:

e How does phoenicin electrochemically behave and is it suitable to be tested
as an electrolyte in a redox flow battery?

e How many electrons is possible to store per molecule in phoenicin?

e How can the stability of phoenicin be determined?

e Isitpossible to use phoenicin as an electrolyte in a redox flow battery? If so,
how does this biosynthesized quinone perform compared to other quinones
found in the literature?

e How do the purity and composition of phoenicin influence the potential of
phoenicin as an electrolyte candidate for a redox flow battery?

Phoenicin worked as a proof of concept of using a fungal quinone in a redox flow
battery, and the aim of this study can be summarized into the following objectives:

e Electrochemical investigations of the fungal quinone phoenicin to character-
ize the reversibility, redox potential, diffusion coefficient, and electron trans-
fer rate constant.

e  Stability study of phoenicin as an electrolyte in a redox flow battery with
respect to the capacity, chemical- and electrochemical stability, and efficien-
cies.

e Evaluation of the purity of phoenicin necessary for use as an electrolyte in a
redox flow battery.

XIvV



Chapter 1. Introduction

Chapter 1. Introduction

With the continuously growing population as well as economic growth in developing
countries and technological developments, global energy consumption and demand
increase annually[1], [2], and combined with the harmful effects of the CO emissions
on the environment, the interest in renewable energy has increased worldwide [3], [4].
The global energy demand is expected to grow by 25% in 2040 and double by 2050
[1]. Most supply of today’s energy consumption is provided by generators connected
to the grid. These are fueled by fossil fuels in most cases, which causes air pollution
and damage to the environment. The resources to fossil fuels are limited and the re-
serve levels are by the end of 2020 predicted to last 48.8 years for natural gas, 53.5
years for oil, and 139 years for coal[5], as well as these, are geographically dependent.
Despite that, more than 80% of the worldwide energy consumption is still provided
by these, as seen in Figure 2 [1].

600

B Renewables
M Hydropower
M Nuclear energy
[ Coal

B Natural gas

m Oil

World energy consumption (EJ)

2000 2005 2010 2015 2020

Year

Figure 2. Total world energy consumption divided by fuel in exajoules. The evolvement for each fuel
source can be seen from 2000 to 2021 [6].

The major parts of the total energy consumption are electricity, transport as well as
heating, and with increased use of electric vehicles and portable electronic devices,
digitalization and electrification, the electricity demand is expected to increase further
[5], [7]- To reduce carbon emissions and to meet the increasing worldwide energy
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demand, the world aims for producing clean and green electricity by using renewable
energy sources [8]. As seen in Figure 2, energy from renewables is already being em-
ployed at an annually increasing rate [2]. In 2019, 5.0% of the total annual energy
consumption was provided by energy from renewables [9]. This contribution in-
creased to 5.7% in 2020[10] and further to 6.7% in 2021 [6]. In Denmark, the amount
of energy from renewables increases too, and in 2021, the total annual energy con-
sumption provided by renewables reached 40.6% [11]. However, to further reduce the
consumption of energy generated from fossil fuels and hereby climate changes due to
pollution, the transition towards using more energy from renewables must be acceler-
ated [12]. For this to succeed, a complete paradigm shift is required when it comes to
energy production and consumption. The current global energy trade involves risks
and insecurity as these are highly affected by global pandemics and geopolitical con-
flicts. In 2019, around 25% of oil, 40% of natural gas, and 50% of coal used in the EU
were imported from Russia, and considering the current world energy crisis, becoming
independent from foreign energy suppliers has never been more important [5], [13].

Unlike fossil fuels, renewable energy sources such as solar and wind are inexhausti-
ble, have carbon-free characteristics, and are available for free. However, the availa-
bility of these sources varies in amounts at different time periods resulting in low
reliability [8], [14]. To overcome the intermittent and unpredictable behavior of re-
newables, cheap and scalable storage technologies need to be developed to ensure a
stable and sustainable energy supply for the future, that relies on renewable energy
sources [4], [15], [16]. Additionally, the technology must also offer long-duration en-
ergy storage by being flexible and capable of storing energy in durations of hours,
days, weeks, and seasons [17], [18].

1.1. Energy storage

The intermittency of renewable solar energy and wind power leads to periods with
both high and low energy production during the day, which can vary up to 80% within
time scales of minutes to hours [19]. This supports the need for storage technologies
even more since the energy demand and consumption do not match this variability of
available energy from renewables. The availability of surplus energy at the peak pro-
duction does not always match the demand, resulting in surplus energy in the peak
production periods as well as a lack of energy when the energy demand exceeds the
energy production, as seen in Figure 3 [20], [21].



Chapter 1. Introduction

Charging from
surplus solar power

# Discharge

Electricity use from
solar power

T |
12 24

Time of day

Power
| o
[e}
[)
o

Figure 3. Energy storage management in a single day, using solar power. The scenario shows the average
electricity load and solar production for a typical day in March or September in Denmark [22]. The variation
in energy load demand can be seen during the day as well as how the load can be supplied by the solar
energy available during the sunny hours. The use of an energy storage device illustrates how this can be
charged from the surplus solar power (marked as charging), which can be released at peak load times or
when the energy production from renewables is low (marked as discharge).

The electricity demand also varies during the day and so does the cost. At peak load
time, the electricity demand is high and exceeds the energy production from renewa-
bles, and the grid infrastructure needs to be designed to tolerate this peak load time
[23]-[25]. Energy storage systems should solve this by storing excess electricity from
the grid and returning it whenever the demand exceeds the energy production from
renewables, thereby making it possible to easily meet the demand without using costly
power generation plants fueled by fossil fuels [23], [26]-[28]. For the storage system
to balance the demand and renewable power generation, a fast response time to sudden
fluctuations is needed.

The traditional lithium-ion batteries used in e.g., electronics and transportation indus-
tries due to their high energy density, lightweight, low self-discharge, and high effi-
ciencies., etc., cannot work as a feasible long-duration grid-scale energy storage tech-
nology as they do not feature the possibility to cost-effectively store enough renewa-
ble energy required to facilitate the long discharge durations needed for regulating the
intermittency of renewable energy sources [23], [29]. Besides this, factors such as
their high cost[30], scarcity[31], and fire hazards from their organic solvents also limit
their use as a grid-scale storage solution [2], [3], [32]. To increase the discharge du-
ration of lithium-ion batteries, the cost would also increase since more cell packs are
required [18]. Other known storage technologies such as electrical energy storage (e.g.
capacitors) and mechanical energy storage (e.g. flywheels) are also limited to being
used for short-duration grid services because of high self-discharge ratios and they are
both cost prohibitive as examples [2], [3], [16], [33], [34].

A technology framework of high interest is the Power-to-X (P2X), which is a tech-
nology that transforms renewable electric power (P) into something else (X). In
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Denmark, it defines the process of converting electricity from renewables into hydro-
gen. This is done by an electrolyzer through the electrolysis process (split of water
into hydrogen and oxygen) using electricity from renewable energy [1]. Through this
process, surplus energy from renewables can be stored as hydrogen for future elec-
tricity uses. By sending the hydrogen through a fuel cell, hydrogen is recombined with
oxygen to produce water and electricity with low pollutant emissions [1]. It is ex-
pected that this technology will play a key role in future energy systems. Hydrogen
can be stored in large capacities for a long time and is environmentally friendly. How-
ever, this comes with high costs and concerns about safety in case of leakage [17].

Because of global differences worldwide due to local resources available, the transi-
tion to renewables might be solved differently from place to place, and it is believed
that the solution might be a combination of different approaches [26], [33]. The dif-
ferent storage technologies all come with advantages and disadvantages, and none of
them can meet all the requirements at once, when cost, performance, availability,
scalability, environment, etc., are considered [19].

The redox flow battery (RFB) is another viable, cost-effective, and safe technology
that has been recognized for large-scale stationary energy storage, and offers energy
and power to be scaled independently, as well as short response times (depending on
the electrolyte kinetics) [3], [29], [35]-[37]. The RFB technology could be used to
match the energy supply from renewables to the demand since the technology, in con-
trast to lithium-ion batteries, offers the ability of long-duration discharge e.g., due to
the ability to decouple energy and power as well as lower self-discharge ratios, which
is a result of having the electrolytes stored in separate reservoirs [29], [34], [38]-[40].
Flexibility in the energy and power ratio is an advantage as the energy density refers
to the energy possible to store per unit volume or mass whereas the power density
refers to the energy transfer rate possible per unit volume or mass, thereby making it
possible to design the RFB devise for the specific needs [16].
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1.2. Redox flow batteries

The redox flow battery technology uses rechargeable electrochemical devices to store
energy, which is converted between stored chemical energy and electrical energy [3],
[41]. The energy is stored in a pair of soluble redox-active species with disparate elec-
trochemical potentials, which is dissolved in a supportive electrolyte i.e., a salt in the
main solvent such as water. The liquid electrolytes are kept in external tanks, which
makes it possible to scale energy storage capacity (e.g. electrolyte reservoir volume
and concentration of the redox-active compounds) and power (battery size) inde-
pendently [3], [12], [41], [42]. These properties offer flexible designs to cover specific
needs and make this technology suitable for grid-scale stationary energy storage [19].
A schematic representation of an RFB can be seen in Figure 4. It consists of an elec-
trochemical cell and two separate reservoirs (which contain the electrolytes), circulat-
ing peristaltic pumps to ensure electrolyte flow, current collectors, electrodes, and a
membrane.

Current collector

Electrode

Posolyte
Negolyte

Membrane
Pump

Figure 4. Schematic of a redox flow battery cell, containing an electrochemical cell and two separate res-
ervoirs for the electrolytes. The two half-cells are separated by a membrane and the current collectors are
connected to the power source/load. Solid arrows indicate the charging process, while dashed arrows indi-
cate the discharging process. The small arrows indicate the flow direction.
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The electrolytes are pumped into their representative half-cells during operation,
where an electrochemical reaction takes place at the electrode area, which often con-
sists of porous carbon electrode material [43]. The two half-cells are separated by an
ion-selective membrane that prevents the mixing of the electrolytes while allowing
transport for charge-carrying ions to ensure charge balancing during operation [3],
[19]. The membrane needs to be mechanical and chemically stable towards the cycling
conditions and the electrolyte solvent [40]. For the electrodes, a high surface area and
good conductivity concerning the mass and electron transport are preferred. These
properties as well as the reaction kinetics of the reactive species in the electrolytes on
the electrodes influences the performance when it comes to energy and power densi-
ties, cycling stability, and energy efficiency [40].

The electrolyte with the lower redox potential function as the negative electrolyte and
is called the negolyte (or anolyte), while the electrolyte with the higher redox potential
is the positive electrolyte and is called the posolyte (or catholyte). During charging,
electrons are transferred from the posolyte (being oxidized) towards the negolyte (be-
ing reduced) as seen below, and the opposite reaction occurs during discharging [44]—
[46].

Charge
p—

Negolyte reaction At +ne- = A+ @
Discharge
. _ Charge
Posolyte reaction BY* —ne = BO+m+ @)
Discharge

With the negolyte having a lower redox potential than the posolyte, the charging pro-
cess proceeds as an unspontaneous reaction, driven by the energy from the power
supply, whereas during discharge, energy can be released spontaneously. The cell
voltage is determined by the difference between the redox potential of the active ma-
terials used in the posolyte and negolyte. A big difference between the redox poten-
tials is preferable so a high cell voltage is reached, which results in higher current
densities [47].

Stationary batteries must be able to operate for years to become a successful solution
for renewable energy storage, and the stability and performance of the electrolytes
must be well-established [48]. Besides disparate electrochemical potentials, properties
such as solubility, Kinetics, cycling stability, etc. should be considered when selecting
the redox-active compounds for the electrolytes [49]. Due to the long discharge dura-
tions, the cost of the system in kwh depends more likely on the cost of the electrolytes
rather than the cost of the electrochemical cell [3]. Therefore, electrolyte optimization
is largely investigated to lower the cost as well as reach better performance and sta-
bility.
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Many chemistries have already been investigated and studied as the active material
for RFB electrolytes. To date, the vanadium flow battery (VFB) is the most researched
and commercialized RFB system[40] since it can be operated at high concentrations,
offers long cycle life, high-power density, fast charge and discharge, quick response
times[2], [50] as well as limited electrolyte crossover due to the use of closely related
vanadium complexes as electrolytes. These consist of the VO,*/VO?* couple (V>*/V*
oxidation state) as the posolyte and the V3*/V/?* couple (V3*/VV?* oxidation state) as the
negolyte both dissolved in a sulfuric acid electrolyte [12], [41], [51], [52]. VFBs allow
a lifespan of 15,000-20,000 charge/discharge cycles[53] and the literature even sug-
gests that 270,000 charge-discharge cycles have been demonstrated [54], [55].

Challenges to commercialized implementation of the VFBs are associated with the
fact that vanadium is costly and associated with mining, and there are environmental
drawbacks due to the impact of the highly corrosive electrolyte [29], [56], [57]. To
deal with the high cost of vanadium, electrolyte recycling has been considered since
no vanadium is lost during the operation [53], [58]. Even though the cross-over is
limited, some extent of cross-over is still occurring due to the small size of the vana-
dium ions by diffusion and migration resulting in a change in electrolyte concentration
or volume and self-discharge reactions [59]-[62]. Having both redox pairs of the same
chemical element allows for the reconstruction of the original state of the electrolytes
by rebalancing/remixing the electrolyte [56], [59], [61]. Yet, some plants are built
around the world with storage capacities ranging from 0.1 — 6 MWh and are used e.g.,
for peak shaving and as backup systems, etc.[2].

Another challenge seen with the RFB technology is the restrictions due to the envi-
ronmental temperature. If the RFB should be operated in all areas of the world, the
electrolytes must be stable in all operating temperature conditions. Looking at the
VFB, the temperature needs to be above 10°C due to the instability seen for V?*, V3*,
and V# at lower temperatures [63], [64]. At temperatures below 10°C and above
40°C, the vanadium ions precipitate; however, this stability also depends on the con-
centration of the vanadium ions and the sulfonate solution [65]. For large-scale im-
plementation, this temperature dependency would require temperature control, which
comes with energy loss and further increases the overall operation cost [66].

In most cases and practical systems, the VFB electrolytes often consist of concentra-
tions of 1.6-18M vanadium, which vyields volumetric capacities of
42.9 - 48.2 Ah L [62], [67]. Nevertheless, studies have achieved higher volumetric
capacity by reaching solubilities up to 2.5 M with a mixed electrolyte of vanadium
sulfate and chloride[66] and 3.0 M by adding precipitation inhibitors [67].

Growing research and interest in aqueous organic redox flow batteries (AORFBS),
which builds on water-soluble organic molecules to be used as electrolytes, have been
seen over the past decade [40], [49]. Using organic active materials could offer the
possibilities of lower cost and environmentally friendly scalable electrolytes since
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many of them are abundant and bio-sourced, which are advantages over the vanadium
system [40], [41], [68], [69].

1.2.1. Aqueous organic redox flow batteries

The use of water-soluble organic redox couples to constitute the positive and negative
electrolyte solutions in RFBs has been investigated since the 2010s [70]-[72]. Among
some of the organic compounds researched are quinones, viologen, TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl), and ferrocenes [70]. An overview of some organic
compounds researched in the literature, their redox potential, and their volumetric ca-
pacities are provided in Figure 5. The organic compounds show comparable volumet-
ric capacities with that of the vanadium species and are even higher in some cases.
The volumetric capacity possible to obtain is directly linked to the solubility of the
compound in the used solvent [39]. For example, this is the reason for the high volu-
metric capacity that can be obtained for quinone compound 5, seen in Figure 5
(DHBQ), which shows very high solubility in 1 m KOH [73].
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Figure 5. Overview of the redox potential and volumetric capacity (based on solubility) of some organic
compounds tested in RFBs to compare with that of a VFB. Viologen: ®[(NPr),TTz]Cl,[74],
2[PyrPVICL,[75], 3R-Vi[76], *“MV[77], °BTMAP-VI[78], [79]. Quinone: !Bislawsone[68],
2PEGAQI80], °®2,6-DPPEAQ[32], “2,3-HCNQ[49], °DHBQ[73], [81], °®2,3-DHAQI[82], "1,8-
BDPAQCI,[83], ® 2,6-DBEAQ[29], ° 2,6-DHAQ[84], * DBAQI[85], ! DPivOHAQI[85], *? DCDHAQI86],
132,6-N-TSAQ[50], ** DHDMBS[87]. TEMPO: ! Pyr-TEMPO[75], > TMAACNH-TEMPO[88], * TMA-
TEMPOI77],* TMAP-TEMPO[79], ° 4-HO-TEMPO[89]. Ferrocene: * Na,[Fe'"(Dcbpy).(CN),][90], 2 Fc3
and 3 Fc4[91], * FeNCI[92], 5 (NH,).[Fe(CN)s[93], ® BTMAP-Fc[78], 7 Fc(SPr),[94]. Vanadium: t V¥/v?*
and 2 V#*/V®'[62], [67], [95], [96].
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Ferrocenes are organometallic compounds that are studied as posolyte materials for
RFB electrolytes due to their stable and reversible redox reactions [91], [94]. They are
based on low-cost materials well-suitable for large-scale production [92]. Despite this,
many of them are only soluble in organic solvents and decomposition of ferrocene
compounds has been observed when tested in RFB systems, especially degradation
has been seen for the oxidized form of ferrocene [4], [78], [91], [92], [97]. To improve
ferrocene solubility in water, different modifications have been proposed e.g., ammo-
nium-functionalization of ferrocene derivatives [92].

Viologens are established redox components offering a rapid and reversible transition
between stable oxidation states, and low reduction potentials [76]. They are re-
searched as potential negolytes, and with their good solubility in neutral pH condi-
tions, they offer high theoretical volumetric capacities, as well as low environmental
impact [98], [99]. However, they suffer from temporal capacity fade due to radical
dimerization [98].

TEMPO and its derivatives are stable and offer good chemical reversibility, fast ki-
netics, good solubility in neutral pH, and low cost [40], [77], [100]. They are promis-
ing candidates to be used as posolyte materials as they show positive redox potential.
Despite this, they suffer from decomposition and self-discharge so improvements in
the stability of the redox states are needed to ensure longer cycle life and higher effi-
ciency when used in an RFB [100], [101].

Besides the solubility of the redox-active compounds, the number of electrons in-
volved in the redox reaction influences the capacity possible to achieve in the RFB.
This has raised interest in organic compounds offering multielectron transfer reac-
tions.[102] Such compounds are quinones, which undergo two-electron reactions over
various potentials[103], [104], and with most of them having open sites on the carbon
ring, many different structural modifications are possible [105]. Most quinones have
been researched as the negolyte material due to negative redox potentials, but some
quinones have also been seen tested as posolyte material [70], [103]. As seen in Figure
5, some quinones offer high volumetric capacity due to high solubility as well as mul-
tielectron reactions. However, with the current state-of-the-art ion exchange mem-
branes, high quinone solubility is likely not practical because hydroquinones are small
molecules (100 — 200 g mol™) that can permeate these membranes [70]. Furthermore,
most quinones suffer from degradation processes influencing the stability and battery
lifetime.

In general, drawbacks of the organic species used in RFBs are low energy density,
low practical volumetric capacity, and low chemical stability as the organic molecules
are susceptible to degradation reactions such as Michael addition, disproportionation,
dimerization, etc.[29], [39]. Another cause for the low energy density seen for
AOREFB is the low operating voltage which is restricted by the stability window of the
aqueous electrolyte and limited by the oxygen evolution in high-potential and by the
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hydrogen evolution in low-potential operations [106], [107]. But taking safety, the
environment, and availability into account, water is the most optimal choice as a sol-
vent for the electrolytes in the RFB. Other advantages of using water as a solvent are
good ion solubility and conductivity [36].

On the other side, organic redox-active molecules are of high interest as they offer
many possibilities and variations in electrochemical and physical properties, which
can be tailored using chemical synthesis and/or molecular engineering [42], [49]. This
includes among others the possibility of chemical modifications and functionalization
resulting in improved performance in the terms of voltage and energy density [29].
For example, the voltage can be regulated by adding electron-donating groups, such
as hydroxyl groups (lower the redox potential of the molecule), or electron-withdraw-
ing groups, such as sulfonic acid groups (elevate the redox potential) [15], [49]. The
addition of such groups also tends to increase the solubility in aqueous solutions,
which has been seen in much research already [36], [47], [108]. These possibilities
allow for shaping the cell potential by modifying the redox-active species, as well as
obtaining higher energy density by increasing solubility. In practice, a high cell po-
tential is preferable since the opposite would provide lower stack power density and
efficiency of the battery performance resulting in increased costs [70].

Even though the capacity can be increased by simply making larger electrolyte reser-
voirs, the available space, as well as cost, must be considered. Another way of in-
creasing the volumetric capacity is by looking at the number of electrons stored per
unit volume as well as increasing the solubility [80], [109]. Therefore, especially qui-
nones are of high interest and have been one of the main candidates researched for
RFB electrolytes [108].
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1.3. Quinones (and quinone RFBs)

Benzoquinones, naphthoquinones, and anthraquinones have been explored widely as
active materials in RFB electrolytes, and the structure of the three common quinone
types can be seen in Figure 6 [47].
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Figure 6. Structures of the common quinone types and their corresponding reduction reaction in different
pH. The two carbonyl groups are placed in para-positions in the structures shown. a) 1,4-Benzoqui-
none[110]-[113], b) 1,4-naphthaquinone[68], [108], [114]-[117], c) anthraquinone [43], [50], [118]-[122].

Quinones consist of aromatic ring structures (benzene rings) linked with carbonyl
groups. They are divided according to the number of benzene rings in the backbone
structure [123], [124]. Having the simplest structure, benzoquinones consist of one
aromatic ring with two carbonyl groups placed in either ortho- or para-position, while
naphthoquinones are bis-cyclic aromatic and anthraquinones are multi-cyclic aro-
matic hydrocarbons [4], [125].

In an aqueous solution, quinones undergo reversible two-electron reactions due to
them having two carbonyl groups present in their structures [4], [126]. The redox
properties of the quinones largely depend on the operating conditions such as the sup-
portive electrolyte and pH. As seen in Figure 6, the pH impacts which protonated form
of the reduced and oxidized species that participate in the redox reaction [36]. At low
pH, the reduction reaction proceeds as a single-step two-electron two-proton process.
At high pH, the reduction reaction is a two-electron process and does not involve
protons. In a neutral pH solution, the reduction reaction is somewhere in between and
proceeds as a one-proton two-electron reaction or proceeds as seen in a high alkaline
solution [127], [128]. Furthermore, the reduction potential varies with pH and be-
comes more negative with increasing pH. Since a low reduction potential of the
negolyte is preferred to achieve high cell voltage of the RFB, alkaline supportive elec-
trolytes are often used [129].

Quinones are well-researched in this field, and some performance characteristics seen
from RFB full-cell cycling experiments in the literature with different quinones as
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electrolyte material can be seen in Table Al. As seen in the table, especially anthra-
quinone derivatives have been investigated over the years, and they show good solu-
bility in both acidic solutions through sulfonation and in alkaline solutions through
hydroxylation. Because of the low redox potentials observed for many of them, they
are good candidates for negolyte materials [47], [130]. The anthraquinones also show
better cycling stability compared to benzoquinones, which can be reasoned by greater
chemical stability due to the additional two rings. The temporary stability and theo-
retical capacity of the quinones summarized in Table Al are illustrated in Figure 7.
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Figure 7. Summary of quinone stability vs. theoretical capacity obtained from the RFB cycling conditions
shown in Table Al. 'DMBQ[131], 2 DMOBQ[131], * DHDMBS[87], * DHBQ[73], ® Bislawsone[68],
72,3-HCNQ[49], °®NQSO[129], °2,6-DBEAQ[29], °2,6-DPPEAQ[32], ™ 2,6-N-TSAQ[50],
2 pPEGAQ[80], 32,6-DHAQ[84], ¥2,3-DHAQ[82], '°1,8-BDPAQCL,[83], ' DPivOHAQ[85],
7 DBAQI[85], ** DCDHAQ[86], *° AQDP[132], % DAEAQ[133], 21,3,5,7-THAQ[134].

By using different synthetic approaches, the stability of anthraquinones has been im-
proved remarkably and research in the anthraquinones such as 2,6-DBEAQ, 2,6-
DPPEAQ, and DBAQ have shown good long-term stability with a capacity fade rate
in the range of 8x107 — 4x10%% day™ (also seen in Figure 7 and Table A1), and the
fade rate has even been reported as low as 1.8x103% day* when DPivOHAQ was
cycled against ferrocyanide [85]. Despite the good long-term stability reported for
these anthraquinones, the high synthetic cost still hinders their use in large-scale ap-
plications [50].

Lowering the cost of the electrolyte material is of huge importance for the scalability

of this technology. Most of the quinones tested as electrolytes in RFBs are syntheti-
cally produced from non-renewable feedstocks and the cost of these organic
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compounds mainly relates to the complexity and scale of the synthesis [70], [135].
Crude oil is rich in anthracene, which can be oxidized on large scale to anthraquinone.
Raw components from coal tar are also used on large scale to synthesize naphtho- and
anthraquinones [125]. But relying on the production of electrolytes from fossil-de-
rived hydrocarbon sources does not suit as a sustainable solution due to the large vol-
ume of electrolytes needed for energy storage [136]. If RFBs with quinone electrolytes
should be considered as the future storage technology for renewable energy sources,
the quinones should be highly available and of low cost. Therefore, sustainable and
cheap production with the low environmental impact of the quinones is highly pre-
ferred [20], [137]. Nevertheless, quinones, with their reversible redox activity, are also
widely distributed in nature and can be found in plants, bacteria, and fungi [123],
[138], [139].

1.3.1. Naturally quinones

The research on quinones derived from renewable feedstocks is limited in the litera-
ture. Until now, only a few examples have been demonstrated for use as active mate-
rials for RBS electrolytes. A potential renewable bio-source of precursors for quinone
production is lignin (one of the main components in wood waste) [40], [140]. From
lignin, 4-hydroxy-3-methoxybenzaldehyde (vanillin) can be extracted, which can fur-
ther be oxidized to 2-methoxy-1,4-hydroquinone (MHQ) [136]. In 2020, Schlemmer
et al. synthesized MHQ from vanillin, which can be purchased from Sigma Aldrich.
In alkaline conditions, they further oxidized MHQ to produce 2-methoxy-1,4-quinone
(MQ). The solubility of MHQ was measured to be 140 g L™ in 0.5 M phosphoric acid,
giving a volumetric capacity of 5.36 Ah L%, which is below the values seen for qui-
nones in Figure 5. Cycling of MHQ in phosphoric acid against para-benzoquinone
(pBQ), a coulombic efficiency of 97 — 99% was reported with an average capacity
loss of 0.35% cycle™. Taking the synthesis procedure into account, they calculated the
material cost to be approx. 7.5 EUR kg of MHQ [136].

Another case is 2-hydroxy-1,4-naphthoquinone (2-HNQ), known as “lawsone”,
which is found in nature by being extracted from the leaves of henna trees as well as
from the flowers of water hyacinths, resulting in a low-cost red-orange dye. Lawsone
offers the possibility of a reversible two-electron redox reaction from quinone form to
phenol form. This reaction offers a potential of -0.49 V vs. SHE and a solubility of
0.47 M in 1 M KOH giving a volumetric capacity of 25.19 Ah L* for a two-electron
reaction [49]. Poor cycling stability has been observed for lawsone when cycled
against ferrocyanide in KOH [141]. The reason for this low stability has been hypoth-
esized to be caused by a Michael attack on the open aromatic C-H position. To deal
with this issue, Tong et al. linked two lawsone units together via their open positions
hereby creating a naphthoquinone dimer (2,2’-bis(3-hydroxy-1,4-naphthoquinone)
called “bislawsone” and doubling the number of electrons possible to transfer per
molecule. This was done by a one-step radical dimerization of lawsone with the use
of inexpensive chemicals and solvents [68]. The reduction potential was decreased to
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-0.55 V vs. SHE in 1 M KOH and a higher solubility of 0.56 M was seen. With a four-
electron transfer, this solubility would yield a volumetric capacity of 60 Ah L? in
1 M KOH solution, and the cycling performance of bislawsone in an RFB can be seen
in Table Al

In another study, lawsone has been mixed with NQ-S by a nucleophilic attack in high
pH KOH solution to produce NQ-SO. This increased the solubility to 1.26 M in
1 M KOH (lawsone 0.42 M in 1 M KOH [108]. Besides the results seen in Table Al,
the authors also tested a full-cell RFB setup using a higher concentration of 1.2 M NQ-
SO against ferrocyanide. However, increasing NQ-SO concentration resulted in de-
creased cycle stability. The authors ascribed this to the suppression of NQ-SO dimer-
ization when using lower concentrations [108].

In the fungal battery project, we believe that replacing quinones synthesized from non-
renewable feedstocks with naturally occurring quinones produced by e.g., fungi offers
higher availability and a more sustainable electrolyte production for large-scale appli-
cations since they can grow in industrially scaled bioreactors on cheap substrates
[125], [142].

In research before the fungal battery project, Kristensen et al. made a simulation study
in which the reduction potential and solubility in an aqueous solution for naturally
occurring quinones were made. This screening identified the properties of 990 natu-
rally occurring quinones and worked as the foundation for exploring potential candi-
dates to be used as electrolyte material in an RFB. It also demonstrated the large po-
tential and possibilities of using natural sources to produce quinones. Among the 990
identified naturally occurring quinones, 358 are produced by fungi [135]. Filamentous
fungi produce secondary metabolites including quinones, and the production can be
up-scaled and produced for industrial needs with relatively cheap substrates and waste
products [125], [143]-[146].

Based on a systematic screening of the fungal quinones found in the simulation
study[135] as well as considering the availability and the possibilities within the pro-
duction of phoenicin, this compound was selected as the first candidate for a fungal
quinone to be tested in a redox flow battery as the active material in the negative
electrolyte.

1.3.2. Phoenicin

Phoenicin is an interesting compound with a dimeric benzoquinone structure, which
is similar to oosporein and to that of a benzoquinone dimer [147], [148]. This struc-
ture, Figure 8a, possesses the potential of a four-electron transfer per phoenicin unit,
which makes phoenicin a really interesting quinone to test as an RFB electrolyte can-
didate [149]. As reported for the structurally similar 2,2’-bis-p-benzoquinone (BBQ),
the structure also predicts a four-electron reaction per molecule [150].
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Figure 8. Structures of a) phoenicin and b) phoenicin dimer.

Phoenicin is a deep red pigment produced by several Penicillium species such as P.
atrosanguineum, P. manginii[151], and P. phoeniceum [152]. There are many possi-
bilities to improve phoenicin production, e.g. growth conditions optimization and ge-
netic engineering [125].

The phoenicin used in the following studies, Paper 1 and Paper 2 (discussed in Chapter
3), was produced by two Penicillium species; P. atrosanguineum, and P. phoeniceum
in two separate batches (produced and provided by work package 2, the Department
of Biotechnology and Biomedicine at the Technical University of Denmark, DTU).
The production, as well as composition and purity of phoenicin, varies with the
wildtype Penicillium species as well as the growing conditions, and during fungal
cultivation, phoenicin is produced and released from the mycelium into the growth
medium [143], [153].

Initially, the phoenicin used in the first study (Paper 1 [154]) of this dissertation was
produced by P. atrosanguineum. Incubation of phoenicin spores in Czapek-yeast-
broth (CY) growth media for 14 days at 25°C in darkness resulted in a dark red su-
pernatant. The supernatant was filtered, acidified (pH 2), and extracted with a three-
step liquid:liquid partitioning. These steps involved extraction with ethyl acetate, re-
dissolved in ethyl acetate and partitioning with sodium hydrogen carbonate water, and
a final step of extraction using ethyl acetate. For acidification, trifluoroacetic acid was
used. After evaporation of the organic phase and freeze-drying, without any further
modifications, the resulting extract contained a concentration of 1.24 g L* liquid me-
dia of which 95% was phoenicin, having a structure seen in Figure 8a [154].

The biosynthetic pathway of phoenicin in P. atrosanguineum has been identified, and
since it is believed that fungal quinones share common biosynthetic pathway traits,
this discovery can be used to enhance fungal quinone production by generic engineer-
ing and to modify and design the quinone structure to improve performance, stability,
etc.[154]. It was predicted that the gene cluster for phoenicin involves a polyketide
synthase (PhS1), a transcription factor (PhS3), a hydroxylase (PhS4), and a laccase
(PhS5) as seen in Figure 9a. To further validate this, a clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9 approach was used to disrupt the PhS1,
which stopped the phoenicin production, as seen in Figure 9b.
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Figure 9. The predicted gene cluster for phoenicin. a) Gene clusters involved in phoenicin biosynthesis in
P. atrosanguineum. b) Base peak chromatograms and the ion chromatogram for phoenicin in P. atrosan-
guineum wildtype (Wt) and a PhS1 disrupted transformant (APhS1) [154].

The production of phoenicin from different species has recently been studied using
different growth media [143]. When cultivating P. atrosanguineum for 11 days using
CY-based media with 90 g L sucrose, which corresponded to a carbon-to-nitrogen
ratio of 38.6. Using this media, a phoenicin production of around 1.3 g L™ was ob-
tained. However, when cultivating P. phoeniceum under the same experimental con-
ditions, a mean phoenicin production of 4.2 g L** was obtained. This was improved
even further by lowering the incubation time to seven days, giving a mean phoenicin
production of 4.9 g L [143].

This optimization of phoenicin production made phoenicin more feasible and even
more interesting to investigate. Therefore, P. phoeniceum was used to produce the
phoenicin used in the second study (Paper 2) of this dissertation, from the above-
described optimized method. In this case, ethyl acetate was used for the extraction
supernatant and hydrochloric acid was used for acidification. However, the phoenicin
produced from this optimized method consists of several forms of phoenicin, includ-
ing phoenicin dimer, Figure 8b. With this structure of two linked phoenicin units, it
can be speculated if even more electrons can be involved with the phoenicin dimer.
With the discovery of the phoenicin dimer, this phoenicin batch was investigated as
an RFB negolyte material to discover if the presence of the phoenicin dimer affects
the stability, the possible capacity to be stored per molecule, and the performance of
the battery.
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1.3.3. Quinone degradation mechanisms

Long-term capacity loss during operation would require frequent replacement of the
electrolytes to keep the total available battery capacity sufficient, resulting in higher
costs [4]. Quinones are susceptible to structural decomposition, and conversion into
redox-inactive molecules, leading to irreversible capacity loss over time[155]; there-
fore, several mechanisms have been identified and proposed as a cause for capacity
loss seen in quinone RFBs. Much effort has been put into improving the stability of
quinones when used as electrolyte active material in RFBs, especially since the annual
replacement cost of the electrolytes is inversely proportional to the electrolyte lifetime
[3]. As described earlier, quinones participate in reversible electron transfer reactions
due to their carbonyl groups. However, the electron transfer reactions can also be ir-
reversible in cases where the reaction product undergoes side reactions forming redox-
inactive compounds [156].

Many of the quinone structures consist of aromatic rings with one or more unsubsti-
tuted carbon atoms. In benzo- and naphthoquinone structures, the unsubstituted car-
bon atoms next to the carbonyl groups are prone to Michael addition when reacting
with the aqueous solvent, which is seen as one typical cause for the capacity loss [87],
[157], [158]. Figure 10a shows a case of Michael addition of water to benzoquinone.
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Figure 10. Typical degradation mechanisms found for quinones. a) Michael addition. Nucleophilic attack
of water to an unsubstituted carbon atom on benzoquinone [4], [156], [157]. b) Anthrone formation of the
reduced state of anthraquinone followed by dimerization due to oxidation [3], [50], [119], [159].

In some cases, the degradation product of Michael addition can still be redox active.
However, to further utilize the fully substituted compounds, an excess of active ma-
terial in the other electrolyte would be necessary. Moreover, the Michael addition dur-
ing cycling operation also results in lowering the redox potential, which affects the
cell voltage [160].
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The Michael addition reaction can be limited by molecular optimization of the qui-
none by adding either electron-donating groups or electron-withdrawing groups onto
the open aromatic C-H position, hereby blocking the unsubstituted carbon [68], [70].
The blocking strategy was used in a study made by Yang et al., where they tested the
DHBQ against ferrocyanide in a full-cell battery [73]. As seen in Table Al, the battery
suffered from high-capacity loss, which they attributed to degradation caused by Mi-
chael addition due to DHBQ having two unsubstituted positions in the structure. They
reduced the capacity loss from 0.24% to 0.02% cycle™ by lowering the electrolyte pH
from 14 to 12 and hereby lowering the concentration of hydroxide ions. They also
successfully improved the stability of the cell by blocking the two unsubstituted posi-
tions by polymerization of DHBQ. Battery cell cycling of polymerized DHBQ against
ferrocyanide at pH 14 resulted in an even lower capacity loss of 3.8x10%% cycle
[73].

Another degradation mechanism studied in the literature is the anthrone formation and
dimerization, which is often seen for anthraquinones, Figure 10b [4], [159], [161],
[162]. Such a case was seen for 2,6-DHAQ. To study the decomposition of 2,6-
DHAQ, Goulet et al. identified the degradation product to be 2,6-dihydroxyanthrone
(DHA) as a result of cell cycling. Further oxidation of DHA resulted in irreversible
anthrone dimerization [159]. Even though the dimers can be redox active in some
cases, this still negatively affects the cycling performance by lowering the operating
cell voltage (due to changes in redox potential) and a lower capacity due to twice the
molecular weight meanwhile maintaining the same numbers of possible electrons to
react. To limit the irreversible anthrone dimerization, they reduced the state of charge
(SOC which describes the ratio of the stored charge to the maximum possible capacity
[163]) from accessing 99.9% to only accessing around 88% of the theoretical capacity
when charging. By doing so, they decreased the amount of degradation product
formed, resulting in increased stability, and the capacity fade rate was reduced from
5.6% day to 0.14% day* [159].

Studies show that the extent of dimerization depends on the electrolyte concentration
used in the RFB cell cycling and high self-dimerization of AQDS at high concentra-
tions was reported for bisulphonated quinones [164], [165]. As a result of this, dimer-
ization prevents the full oxidation of the molecule, which means there will be unstable
redox-active species in highly concentrated electrolytes [166].

Another reason for the capacity loss is the reaction with atmospheric oxygen. Qui-
nones in the reduced state (hydroquinone) are known for their sensitivity toward mo-
lecular oxygen [167]. Oxidation of the reduced state by molecular oxygen would lead
to self-discharge if oxygen is present. The reaction with ambient air is not considered
a hindrance to the practical implementation of RFBs since the protection of the elec-
trolyte against ambient oxygen has been successfully realized in commercial-scale
VFB by purging an inert gas, such as argon, in the electrolyte reservoir headspace
[32].
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Chapter 2. Electrolyte characterization

The role of the electrolyte is to work sufficiently in a redox flow battery concerning
charge-discharge cycles, hereby storing and releasing energy. Therefore, for a new
compound to be considered as a potential electrolyte material in an RFB, several in-
vestigations and characterizations must be performed. This is typically done in a spe-
cific order, which among others includes electrochemical characterization and flow
battery cell cycling. This chapter describes how electrolytes are characterized with
respect to electrochemical properties and performance in a redox flow battery cell.

Before testing the compound as an electrolyte in a redox flow battery cell, electro-
chemical characterizations are made by using a specialized electrochemical cell setup.
To save time and effort, this is done before battery cell testing, as battery tests use a
more complex setup as well as more compound material.

2.1. Electrochemical properties

Being able to participate in redox reactions is one critical requirement for working as
an active compound in an RFB. The redox activity is related to the redox potential of
the molecule, which denotes the ability to either accept or donate electrons. The more
positive redox potential, the more likely the molecule is to be reduced (acceptance of
electrons), and the more negative redox potential, the more likely the molecule is to
be oxidized (donation of electrons). The diffusion coefficient, D, and the electron
transfer rate constant, k°, are both fundamental properties of a redox-active compound
and are essential parameters governing the performance of an RFB. The charge and
mass transfer affect the energy efficiency (ratio of energy output between discharge
and charge) and power density (power output per membrane area) of the RFB [19],
[35], [168]. With this in mind, knowing how the reactant is transported to the electrode
surface, and how the product leaves it is of high importance [169], and information
about mass transport can be extracted from the study of electron-transfer processes.

If we take a deeper look into one of the RFB half-cells, the mass transport and elec-
trode reactions are illustrated as an example in Figure 11. When power is supplied to
the battery, electrons are transferred from the active materials in the posolyte (by ox-
idation) through the positive electrode towards the negative electrode resulting in
negolyte reduction. For this to happen, the active materials in the electrolytes must be
transported, via diffusion, to the electrode to either donate or accept electrons. The
diffusion of the active material from the bulk solution towards the active electrode
area is determined by D, which is preferred to be as high as possible to ensure fast
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transfer of the molecules. The charge transfer occurs at the electrode surface; there-
fore, the faster the diffusion, the more molecules are transported to the electrode, re-
sulting in more charge being transferred [47]. When the molecules have been trans-
ported to the electrode surface, it is time for the redox reaction to take place. The k°
determines the rate of the redox reaction, which is a measure of how fast the molecule
is either oxidized or reduced. A fast cell reaction comes with a high k° allowing high
current densities. Therefore, these parameters are important to investigate when
searching for new electrolytes for RFBs.

S ¢Q ™.
%%

Figure 11. Negative half-cell example of an electrode reaction during charge and discharge of the negolyte
in a high alkaline environment. The bar indicates the charge level with green being fully charged and red
being fully discharged. The quinone is reduced during charging (accepts two electrons), while it is oxidized
during discharging (loses two electrons).
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The electrochemical properties are characterized by the measurements of voltage and
currents through the electrolyte. In the case of RFBs, measurements are typically done
through testing in a flow battery or electrochemical cells using methods such as cyclic
voltammetry (CV) or rotating disc electrodes (RDE). These are dynamic techniques
(recording of time-dependent occurrences) in which a potentiostat is used to control
the potential and the current is measured as a function of the potential [170]. Common
for the voltammetric techniques is the need for electrodes to be in direct contact with
the electrolyte solution of interest to study the charge transport/transfer in the electro-
lyte [170]. Three electrodes serve this purpose and include a working (WE), a refer-
ence (RE), and a counter electrode (CE) immersed in the electrolyte. The electrochem-
ical reaction takes place at the WE, of which electrical potential is controlled with
reference to the RE to ensure that the real potential is the same as the applied cell
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voltage [163], [171]. This is possible due to the RE having a fixed potential as no
current passes through this electrode [170]. When applying a potential to the elec-
trodes, the corresponding currents are measured, and this potential-current relation-
ship is determined by the electrochemical reaction that is investigated [172], [173].
During the electrochemical reaction at the WE, a number of electrons are transferred,
which are counter-balanced at the CE, and the voltammetric signals hereby provide
information about the electron transfer steps of a reaction [174]. To be able to deter-
mine the magnitude of the flowing current, the surface area of the WE need to be
smaller than the surface area of the CE so that the flowing current is limited by the
WE [170].

Cyclic voltammetry is a widely used technique for the characterization of electro-
chemically active systems and can be used to study everything from simple redox
processes to multielectron-transfer processes [171]. The technique is good to use as
an initial electrochemical investigation of the redox potential, reversibility, kinetics,
and diffusion coefficients of the electrolyte/redox active material [37], [42].

2.1.1. Redox potential and reversibility

Figure 12 shows a typical cyclic voltammogram (DHBQ dissolved in high pH KOH).
As the arrow indicates, the CV was obtained by scanning negatively from 0.0 V to-
ward the negative limit of -1.2 V and reversed to the upper limit of 0.0 V, at a scan
rate of 100 mV s™.
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Figure 12. Cyclic voltammogram of 1 mm DHBQ in 1 M KOH (own data). The green dot illustrates the
anodic peak for oxidation and the structure of the oxidized form of DHBQ is shown. The red dot illustrates
the cathodic peak for reduction, and the structure of DHBQ in its reduced form is shown.
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Looking at the negative scan, a cathodic peak (l,c) appeared at a peak potential (Epc)
of -0.76 V vs. SHE. At this point, the potential is sufficient for the reduction of DHBQ
to take place, resulting in an electrical current, and the DHBQ molecules around the
electrode surface are present in the reduced form (structure to the left) [175]. When
changing the scan direction, an anodic peak (l,a) appeared at a peak potential (Epa) of
-0.65 V vs. SHE. Here, the oxidation of DHBQ near the electrode surface takes place,
resulting in the oxidized form of DHBQ seen to the right in Figure 12 [176]. Along
with a continuous increase in the potential, a current drop can be observed after the
anodic peak current, which indicates the oxidation process becomes limited by the
diffusion of species to the electrode surface. This also accounts for the reduction pro-
cess [175].

The cyclic voltammogram can be used to extract information about the reversibility
of the system. In the case of a reversible process, several criteria must be fulfilled.
First of all, the term denotes a reaction that can proceed in either of the two directions,
e.g., both oxidation and reduction, through equilibrium states [169]. The surface con-
centrations of the oxidized and reduced species are related to the electrode potential
(E) following the Nernst equation, Eq. 3 [175].

_ o' | RT,  Cox
E=E" +—In Cred (3)

Where E?" is the formal potential (experimental determined), R is the universal gas
constant, T is the temperature, n is the number of electrons, F is the Faraday’s constant
(which is the charge of one mol of electrons[170]), and Cox and Crgeq are the concen-
trations of the oxidized and reduced species at the electrode surface. Relating this to
the CV, the concentrations of the oxidized and reduced species at the electrode surface
change over time during the potential scan as the redox species go through electron
transfer reactions to reach the Nernst-defined equilibrium, which is visible through
the current response in the CV [175]. This means, that when Cox = Cged, then the
measured potential of the system is the E? resulting in E = E? [177].

The average of the cathodic and anodic peak potentials denotes the half-wave poten-
tial (Ex)[178], [179], which can be found using Eq. 4 [180].

Ey =-—— (4)

When the process is reversible, Ey; can be assumed to be equal to E?'. Since E? only
accounts for reversible cases, Ey, will be used in this thesis as it also extends to quasi-
reversible cases [181]. For a reversible process with fast kinetics, the separation of the
peak potentials is about 59 mV for a one-electron reaction. A peak separation that is
larger than 0.059/n V, could indicate poor reversibility. The ratio between the two
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peak currents is equal so that I,/lpc= 1, and the closer the ratio is to 1, the better re-
versibility [182].

In most cases, electron-transfer processes are preceded and followed by a chemical
reaction [171]. Coupling chemical reactions to electron transfer reactions can lead to
changes in the peak potentials and/or the peak currents, and the effect of chemical
reactions is often expressed in terms of changes within the ratio of these, e.g., sharper
peaks in the CV means faster oxidation or reduction on the electrode surface, as well
as a smaller separation between peak potentials, indicates faster redox processes, and
vice versa [50]. The irreversible process is when the reaction only proceeds in one
direction and when the kinetics is very sluggish resulting in a slow reaction. In the
case of a quasi-reversible behavior, the process is something between reversible and
irreversible, having intermediate kinetics [169], which can be identified when the peak
split increases with an increase in scan rate [181], [183].

2.1.2. Mass transfer

Faradaic currents are generated as a result of the reduction or oxidation of molecules
when they reach the electrode surface and are proportional to the charge passing
through the electrode. For the molecules to reach the electrode surface, the following
three different mechanisms are possible: diffusion (as a result of concentration gradi-
ent), migration (as a result of an electric field/electrical potential gradient), and con-
vection (as a result of stirring or hydrodynamic transport) [170], [177]. As a result of
the reduction or oxidation reaction, a concentration gradient between the area near the
electrode and the bulk solution emerges, and diffusion-controlled mass transport oc-
curs; hence, diffusion should always be considered [169], [171], [184]. Since an RFB
is operated under forced convection, the diffusion of the active species from the elec-
trolyte interface to the active surface on the electrode has a strong influence on the
performance of the battery [42], [164].

To determine the diffusion coefficient, the influence on the mass transport by migra-
tion can be reduced or neglected by using a supportive electrolyte of a much larger
concentration compared to the one for the redox active species. The influence on mass
transport by convection can be avoided by using a stationary system with no stirring
or vibrations [177].

The scan rate controls the time scale of the experiment [171]. By increasing the scan
rate, the experimental time scale decreases, thereby also decreasing the time available
for the chemical reaction. By studying the scan rate dependency of the CV, D of the
active species can be estimated by using Randles-Sevcik analysis and hereby be di-
rectly extracted from the measured voltammograms [41], [42], [174]. For a reversible
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process, the peak currents are given by the Randles-Sevcik equation, Eq. 5 [41], [158],
[185].

i, = 2.69 X 105n3/2AD/2C /2 (5)

Where ip is the peak current (amperes), n is the number of electrons involved in the
half-reaction for the redox couple, F is the Faradays constant, C" is the bulk concen-
tration of active materials (mol L), v is the scan rate (V s2), A is the electrode area
(cm?), and D is the diffusion coefficient (cm? s2).

A linear relationship between the square root of the scan rate and the measured peak
currents indicates good chemical reversibility of the investigated redox process as well
as a diffusion-controlled process [41], [51], [180], [182], [186]. In the case of good
linearity, D can be obtained from the slope of this linear relationship.

A supplement to the CV technique is the RDE-based technique, in which a rotating
planar WE is used to creating a centrifugal force to the electrolyte near the electrode
surface so that it is continuously replaced by bulk solution. For that reason, the mass
transport rate is precisely controlled by the rotation rate of the rotating electrode,
steady-state currents are quickly obtained, and a more quantitative analysis of the ki-
netics can be obtained by using a rotating electrode compared to a stationary electrode
[175], [187]. As bulk solution moves toward the electrode surface, a thin layer called
the diffusion layer develops at the electrode surface, and the thickness of this depends
on the rotation rate of the RDE. Only diffusion takes place in this layer, and the effect
of convection can be neglected.

Figure 13 shows an example of data that can be obtained from an RDE experiment.
Here, linear sweep voltammetry (LSV) was used starting from -0.4 V where no reac-
tions occur, to -1.42 V vs. SHE using various rotation rates. To reach steady-state
conditions (no change in currents with time), the scan rate for the RDE measurements
must be low enough to allow the equilibrium to establish at the electrode surface
[187]. In the figure, it can be seen that at potentials between -1.1 to -1.42 V vs. SHE,
the current depends on the rotation rate (and weekly depends on changes in potential).
This region is defined as the mass transport limited region. At potentials more positive
than -0.75 V vs. SHE, it is seen that the current does not depend on the rotation rate;
therefore, this region is defined as the kinetic limited region. At voltages between -
1.1t0-0.75 V vs. SHE, the current is assumed to be under mixed control of both [188].
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Figure 13. Example of LSV scans from an RDE experiment of 1 mm DHBQ in 1 M KOH with a scan rate
of 5mV s, It is seen how the current response varies with the rotation rate. (Own data)

The current plateau in the resulting RDE voltammogram exhibits characteristics of
the limiting current (iim), which is the current flowing at the point where the electrode
reaction is mass transfer limited [49]. This means that the reaction is proceeding at its
maximum rate possible, so the reactants are consumed immediately when it is brought
to the electrode surface [177]. When the electrode reaction is completely controlled
by mass transport, the D can be determined by the Levich equation (Eq. 6), which
describes the relationship between the iiim to the square root of the rotation rate of the
electrode (w?) [70], [188].

liim = 0.62nFAC*D?/3y=1/6y1/2 ®)

Where w is the rotation rate (rad s), v is the kinematic viscosity (m? s?). If the rela-
tionship between the ijim and the w2 is linear, the reaction is mass transfer limited and
hereby diffusion controlled. By fitting iim Versus o2 (Levich plot), and the resulting
fitis a linear line, the slope can be used to extract D, using Eq. 7 [186], [188].

slope of levich plot = 0.620nFAC*D?/3p~1/¢ @)
To determine the rate constant of an electron transfer in the reaction, a Tafel analysis
can be used, which relies on the data obtained from the RDE experiment. k° can be

extracted from the current-potential characteristics described by the Butler-Volmer
equation, Eq. 8 [177].
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i = nFAK°[C,, (0, t)e* E-E®) _ ¢, (0, t)e (1~ E-E™)] (8)

Where i is the current, Cox is the concentration of oxidized species, Cred is the con-
centration of reduced species, a is the transfer coefficient, f is F/RT, and E-E’  is the
overpotential.

a is a measure of how the transition state of the reaction occurs and is a measure of
the symmetry of the energy barrier [177]. A system with a large k° is preferable as this
means that a faster equilibrium will be attained, whereas a smaller k° means sluggish
Kinetics.

2.2. Solubility

Besides k°, the solubility also influences the current density of the system. Solubility
is a measure of the maximum possible concentration of the active material per unit
volume of the supportive electrolyte. The higher amount of active material that can be
dissolved in the solution, the more molecules can be transported to the electrode for
the charge transfer reaction, thereby increasing the current density of the system. The
solubility of the active material is usually temperature-dependent and often increases
with increasing temperature [189]. However, in some cases, elevated temperatures
result in the decomposition and precipitations of solid material. Besides this, the con-
centration needed for the purpose should be considered as the solubility of the active
material affects the system costs. In cases with no need for high peak currents, a trade-
off could be made to lower the concentration and hereby, the system cost [47].

A common method to measure solubility is ultraviolet-visible (UV-vis) spectroscopy,
in which the concentration-dependent absorbance relationship of a solution is used to
determine the maximum concentration possible of the active material to be obtained
in a supportive electrolyte [47].

2.3. Electrolyte stability in a redox flow battery

After the redox properties of the compound have been determined, it can be tested in
a redox flow battery, as either the negolyte material or the posolyte material (depend-
ing on the identified redox potential). Some key factors governing the operation of an
organic RFB are charge transfer and mass transport processes, operating cell voltage,
efficiencies, long-term cycling/stability, etc. [72], [164].

The stability and efficiency can be characterized by flow battery cell cycling experi-

ments. An example of a lab-scale single-cell flow battery test setup can be seen in
Figure 14.
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Figure 14. Laboratory set up of flow cell battery test. a) Setup outside glovebox. To reduce the reaction
with atmospheric oxygen, the electrolyte reservoirs were submerged in water in sealed compartments (black
containers). A peristaltic pump, standing behind, is used to control the electrolyte flow through the battery
cell (left). b) The battery setup inside a glovebox to ensure no interactions with atmospheric oxygen, show-
ing the posolyte (yellow) and negolyte (red) cycling through the battery cell (right side). (Own experiment)

To avoid unwanted interactions with atmospheric oxygen leading to uncontrolled ox-
idation of the redox active material, cycling experiments are most often performed in
a glovebox, making it possible to standardize the cycling conditions no matter the
chemistry of the redox active material [155]. The efficiency, as well as the lifetime
and stability of the active material to work as the electrolyte in an RFB, can be ex-
tracted when the cell is continuously charged and discharged either at constant current
conditions while recording the corresponding voltage (galvanostatic cycling) or by
applying constant voltage conditions while recording the corresponding current (po-
tentiostatic cycling). The latter often provides faster charging and discharging. Figure
15a illustrates a typical galvanostatic cycling profile.
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Figure 15. Galvanostatic full cell cycling example of DHBQ as negolyte against ferrocyanide as posolyte.
a) A series of charge-discharge curves demonstrating the first four cycles and the last four cycles. The left
y-axis represents the measured voltage (black) during charge and discharge. The right y-axis represents the
applied constant current (red), which is positive when charging and negative when discharging. b) Voltage
vs. volumetric capacity plot of cycles 2-4 and cycle 99 for both charging and discharging. (Own data)

With galvanostatic cell cycling, the capacity can be shown as a function of the voltage,
which also illustrates the loss seen during long-term cell cycling (Figure 15b). In gal-
vanostatic cell cycling, the capacity obtained can be directly related to the polarization
resistance of the battery cell including the resistance from the electrolyte and mem-
brane as well as from changes in the electrolyte mass transport and Kkinetics [45],
[155]. Using only galvanostatic cell cycling does not allow for the determination of
electrolyte cycling stability on its own, since the capacity fade also reflects the
changes in the internal resistance of the cell, which would affect and limit the available
capacity to be accessed along with the experiment [32]. Sometimes a combination of
galvanostatic and potentiostatic cell cycling is used, also called constant-current-con-
stant-voltage cycling. In this case, a constant current is applied until the potential limit
has been reached, whereafter the voltage is kept constant until the current drops to a
pre-defined limit [190]. This is used to ensure that the full SOC range is obtained and
allows for the battery to be cycled to the extremes, which is the fully charged and fully
discharged state. Therefore, this combination of cycling is usually used to determine
the full capacity of the battery.

When testing a new compound as the electrolyte in an RFB, it should be made the
capacity limiting side so that the cycling results can mostly be ascribed to this com-
pound. This requires that an excess amount of the other electrolyte is used. The volu-
metric theoretical capacity (Qeo) defines the maximum amount of charge possible to
store due to the given electrolyte concentration and volume. This value is often given
in Ah L from Eq. 9.

mxnxF

Qtheo = ——— 9)

MXxV
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Where m is the mass of the active compound (g), M is the molar mass (g mol*) and V
is the volume (L). The RFB performance is also measured based on capacity utiliza-
tion, e.g., how close the practical capacity measured is to that of the theoretical [45].
Multiplying the volumetric capacity and the voltage (U) gives the energy density (E)
of the system in Wh L, Eq. 10.

E=QxU (10)

Another interesting measure to obtain from the cell cycling tests is the open circuit
voltage (OCV), which is a measure of the maximum voltage that can be generated by
the RFB [191]. Theoretically, the OCV is determined by the difference in redox po-
tentials between the negolyte and posolyte and hereby depends on the active materials
used for the electrolytes. That is why a big difference in redox potentials is preferable
as this results in a bigger OCV. The electrical quality of the battery is indicated by the
coulombic efficiency (CE) and voltage efficiency (VE). The CE is measured by the
ratio between the total charge released during discharge compared to the total charge
stored during charge, Eq. 11 [45].

Qdischarge
CE = ~discharge (11)

Qcharge

Factors influencing the CE are electrolyte crossover and unwanted side reactions. A
high CE is preferable as it indicates good chemical reversibility and low membrane
crossover [192]. The VE is a measure of the ratio between the average discharge volt-
age compared to the average charging voltage during a cycle, Eq. 12.

VE = Vdischarge (12)

Vcharge

The VE is found by cycling with constant current density (galvanostatic cell cycling)
and this efficiency relates to the different sources of overvoltage, i.e., kinetics, ohmic,
and mass transport losses, which all affect the VE negatively [20]. Combining the two
efficiencies result in energy efficiency (EE), which measures the extent of the energy
supplied during charge that can be extracted during discharge, Eq. 13 [46], [193].

EE = CE X VE (13)

As mentioned earlier, electrolyte precipitation, reactant crossover through the mem-
brane, unwanted reactant side reactions, and degradation reactions of the redox-active
material into redox-inactive compounds are all examples that cause the capacity to
decline resulting in a decreased performance with continuous cycling [48], [155]. The
crossover of redox species through the membrane contaminates the electrolyte and
often results in permanent losses in both the CE and the battery capacity [38]. The
issue with electrolyte crossover can be mitigated by the use of the same redox-active
material on both sides of the RFB[38], or by testing different membranes for the
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specific full-cell system [29]. Nevertheless, to develop a sustainable and eco-friendly
RFB, research suggests that the solution should be found using asymmetric chemis-
tries by using different bio-sourced organic redox-active compounds as electrolytes
because of the higher open cell potential this comes with [40].

However, one drawback of the full-cell cycling method is the lack of sufficient infor-
mation on the electrolyte stability in the individual half-cell. The flow cell cycling
method generates information about the full cell performance and stability as a unity,
whereas the method cannot be used to describe a single electrolyte and its stability.
For this, another method called symmetric cell cycling can be used [163].

2.3.1. Symmetric cell cycling test

In the symmetric cell setup, the electrolyte of interest is used in both half-cells, and
by cycling in a flow battery, the stability of this single electrolyte can be determined
under flow cell conditions avoiding any interference from other species [42]. By turn-
ing the focus on one single electrolyte, the symmetric cell cycling setup is a step to-
wards being able to differentiate between causes for capacity loss and it allows indi-
vidual electrolytes to be studied separately, which makes it well-suited to the durabil-
ity determination of the electrolyte [48], [155]. One advantage of this method is that
the impact of electrolyte crossover as a cause for capacity loss can be neglected [29],
[163]. When applying different cycling techniques, one can distinguish if the capacity
loss is caused by chemical or electrochemical decomposition [155].

In the symmetric cell setup, electrolyte solutions of identical reactant concentrations
are used in two separate electrolyte reservoirs. To address a capacity limiting side
(CLS), volume differences in the electrolyte reservoirs are utilized so that the capacity
loss seen in the test can be attributed to this, Figure 16. Having identical reactants and
concentrations in both reservoirs allows the cycling of both the oxidized and reduced
state of the active species to determine stability in either of the states [37]. Initially,
the CLS and the non-capacity limiting side (NCLS) contain the electrolyte pre-mixed
at 50% SOC making it possible to access the entire SOC range of the CLS [42].
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Figure 16. Schematic representation of a setup used for symmetric cell cycling experiments. Different
reservoir volumes represent the CLS and the NCSL. The same electrolyte is used in both half-cells. The
arrows at the tubes represent the flow direction.

The difference in volumes allows the CLS to be taken to different SOCs, and by im-
plementing cycling pauses at different SOC of the CLS, the chemical stability of the
CLS in its oxidized and reduced state can be identified, and so can the stability and
interactions of the CLS with the supporting electrolyte [29], [49], [155]. Therefore,
this technique can be used to identify if the capacity fade is caused by purely chemical
forms of degradations depending on SOCs, cycling rate, electrochemical decomposi-
tion, or a combination [155].
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Chapter 3. Summary of results and discus-
sions from papers

In this section, a summary of the results and discussions from the two research papers
that make up this dissertation will be presented.

e Paper 1. Demonstrating the Use of a Fungal Synthesized Quinone in a Redox
Flow Battery. (Published in Batteries & Supercaps)

e Paper 2. Four-Electron Energy Storage in Biosynthesized Phoenicin Flow
Battery Negolyte. (Submitted to ACS Sustainable Chemistry & Engineering)

e Paper 3. Are biologically synthesized electrolytes the future in green energy
storage? (Submitted to Energy Storage)
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3.1. Demonstrating the Use of a Fungal Synthesized Quinone in a
Redox Flow Battery

The purpose of this paper was to investigate and demonstrate the concept of using a
fungal-produced bio-quinone to store energy, Figure 17, hereby making a proof of
concept and bringing the research within electrolytes for RFBs a step closer to sus-
tainable production. Phoenicin was the first fungal-produced quinone to be tested as
an RFB electrolyte active material. The phoenicin used in this paper was produced by
P. atrosanguineum with an extract containing 95% pure phoenicin. The results dis-
cussed in the following will be centered around the function of phoenicin as the active
material in the negative electrolyte in an RFB.

Figure 17. The concept of a fungal battery illustrates the use of the fungal-produced phoenicin in an RFB
to store energy [154].

Initial voltammetric investigations by CV analysis showed that phoenicin has a half-
wave potential of -0.37 V vs. SHE when dissolved in a 1 M KOH solution. Coupling
phoenicin with ferrocyanide in a battery would give a theoretical operating voltage of
0.86 V (Figure 18a). The reversibility of phoenicin was studied through Randles-
Sevcik analysis. First, we measured the peak current from various scan rates, as seen
in Figure 18b, which visually demonstrates an increasing peak current with an in-
crease in the scan rate. Phoenicin shows the behavior of a quasi-reversible redox re-
action due to the change in peak splits with increasing scan rate [178], [180], [194],
which is also supported by the ratio between the anodic and cathodic peak current is
smaller than 1 (0.56 for a scan rate of 10 mv s'%), indicating that the reduction of phoe-
nicin is faster than the oxidation [195]. At scan rates between 5 — 500 mV s, this ratio
was independent of the scan rate; though, at the very low scan rates of 1 and 2 mV s’
1, this ratio decreased with decreasing scan rate, resulting in greater irreversibility,
which can be explained by the fact that a lower scan rate would allow more time for
degradation mechanisms to take place [175], [181].
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Figure 18. Cyclic voltammetry and Randles-Sevcik analysis of phoenicin. a) Voltammograms of phoenicin
and ferrocyanide both in 1 M KOH. b) CV of phoenicin in 1 m KOH at various scan rates. ¢) LSV of phoe-
nicin in 1 M KOH of cathodic currents at various scan rates. d) Plot of cathodic peak current vs. square root
of scan rate, obtained from the Randles-Sevcik analysis [154].

In our voltammetric investigations, we assume that the start concentration of the phoe-
nicin solution is in its fully oxidized form; therefore, the Randles-Sevcik analysis of
the peak current vs. scan rate dependency was only performed for the cathodic reac-
tion, Figure 18c. This dependency yielded a linear line, Figure 18d, and with an R?
value close to that of 1, we assume that the reduction reaction is mostly diffusion-
controlled [180].

When further investigating the Kinetic parameters by RDE experiments, | experienced
some difficulties. In the first experiment, an absence of linear dependency between
the limiting current and the square root of the rotation rate (Levich plot) occurred,
which indicated some irregularities as decreasing currents over time were observed.
Due to the linearity seen from the Randles-Sevcik analysis (Figure 18d), it should be
possible to measure kinetic parameters by RDE. Therefore, different reasons for the
absence of linearity in the Levich plot were investigated, such as the passivation of
the working electrode. A UV-vis spectrum of the test solution was taken before and
after the RDE experiment, Figure 19a. Besides this, an LSV scan was taken at the
beginning and the end of the RDE experiment using a rotation rate of 2500 rpm, Fig-
ure 19b. By comparing the difference in currents measured before and after the
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experiment with the difference in the concentration measured before and after the ex-
periment, it was demonstrated that the working electrode did not suffer from pas-
sivation by phoenicin during the experiment.

a b
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Figure 19. Supporting investigations for the RDE experiment. a) UV-vis spectra of the phoenicin solution
before and after the RDE experiment. b) LSV scans taken with a rotation rate of 2500 rpm at the beginning
and the end of the RDE experiment. The blue line represents the currents at the end of the experiment
multiplied by (Csart/Cena) [154].

Along with the sample used in the RDE experiment, a UV-vis spectrum was also taken
of a sample that was kept from the initial solution (not used in the RDE experiment).
The decay over time was nearly the same, whereas we demonstrated that the decay of
the phoenicin concentration seen in Figure 3a did not happen because of interaction
with the cell electrodes. We, therefore, ascribe the decrease in currents, Figure 19b, to
phoenicin degradation in the bulk solution. To deal with this, the average concentra-
tion of the measurements taken before and after the RDE experiment was used to
calculate the diffusion coefficient of phoenicin. Since the degradation of phoenicin
seems to depend on time, four separate RDE experiments were made. The scans for
each rotation rate from the four separate experiments were averaged and can be seen
in Figure 20.
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Figure 20. RDE experiment of phoenicin. a) LSV scans of phoenicin in 1 M KOH at different rotation rates.
The scans were made from high to low rotation rates. The plot shows the average of four separate experi-
ments. b) Levich-plot of limiting current vs. square root of rotation rates. ¢) Koutecky-Levich plot of over-
potentials from -30 to -100 mV. d) Tafel plot [154].

After optimizing the experimental procedure as described above, fitting the depend-
ency of the limiting current vs. the square root of rotation rate now results in a linear
line with a high R? value close to 1, Figure 20b. This means, that the limiting negative
current increases with increasing rotation rates, and the high R? value obtained in the
Levich-plot (Figure 20b) supports the assumption of a diffusion-controlled reduction
reaction [51]. Using the slope from the Levich-plot and the average concentration
measured by UV-vis, a diffusion coefficient of 7.71 x 10 cm? s was determined,
which is comparable to the diffusion coefficients seen for other quinones tested as
RFB electrolytes, indicating suitability for testing phoenicin as the negolyte in an RFB
[41].

In some cases, the Tafel equation is used to determine k°. To use the Tafel equation,
some experimental conditions must be fulfilled. The Tafel equation is valid for over-
potentials above 118 mV and systems with the equilibrium of oxidized and reduced
species [177]. Since the kinetically limited current region in this experiment is not
much higher than -100 mV overpotential (Figure 4c), meanwhile taking the assump-
tion of having only oxidized species in the phoenicin bulk solution, the Tafel equation
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does not suit this case. Therefore, the Butler-Volmer equation, Eq. 8, as described in
Chapter 2.1.2, was used to determine the k°.

According to RDE assumptions of constant mass transfer, the near electrode concen-
tration (C(0,t)) is equal to the bulk concentration (C*), and by also assuming only
oxidized species in the bulk solution in our experiment, the reduced related part of the
equation can be neglected as the concentration of reduced phoenicin in the bulk is
zero, rearranging the equation to Eq. 14.

i = nFAK[C5 (0, t)e~ o/ (E=E*D) (14)

Which can be converted to the logarithmic form, Eg. 15.

*(E— o
log,,(i) = —2.3a$+logw(nFAk°C5x) (15)

With a good linear fit in the Tafel plot, Figure 20d (R? is 0.99), the intercept and the
slope were used to find the value for k° to be 1.56 x 10 cm s and the value for ¢ to
be 0.6, respectively, by Eq. 16 and 17 for a two-electron reaction.

intercept = log,,(NFAK°C},) (16)
slope = —aF /2.3RT a7

Making a symmetric cell cycling test is not necessary when studying the performance
of phoenicin as an RFB electrolyte. However, due to the novelty of this compound,
this method was prioritized to obtain more information about the stability of phoenicin
as an electrolyte and how it behaves under oxidation and reduction.

The experiment was performed in the glovebox to ensure no reactions with atmos-
pheric oxygen. The experiment had a run time of around 12 days in total, and when
cycling, small overpotentials of + 300 mV with a current cutoff of 2.5 mA were used.
We implemented pauses of 24 hours duration at SOCs of 0, 5, 10, 50, 100, 95, and
90% for the CLS in this order during the experiment. The CLS was charged to specific
SOC, and then left isolated for 24 hours with the electrolytes being kept in their rep-
resentative reservoir to avoid electrolyte interactions with the cell materials i.e., mem-
brane, electrodes, etc. Det capacity measured before and after the pause was used to
determine the electrolyte stability of the different SOC states of the phoenicin.

As seen in Figure 21, phoenicin showed the best stability when being kept in its re-
duced form (high SOC), with a capacity loss of 4% day™. This is a much lower rate
than seen when phoenicin was kept at low SOC (0% SOC) in its oxidized form for 24
hours, where a loss of 18.0% day™.
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Figure 21. Symmetric cell cycling experiment of phoenicin showing the capacity loss over time both during
cycling and the pauses at different fixed SOCs [154].

The capacity loss measured during all the pauses was attributed to chemical degrada-
tion since a loss was observed when phoenicin was kept at all SOCs and no current
was applied to the system. The capacity loss observed in the pauses was larger com-
pared to the loss measured during the cell cycling in between. From this observation,
we assumed that phoenicin suffers from chemical degradation, which is time-domi-
nated as well as related to the SOC in terms of the concentration of the oxidized and
reduced forms of phoenicin, meanwhile being less related to the cycling rate [155].

The electrolytes were not investigated further after the experiment but based on the
literature[73], [196], [197], we proposed the mechanism seen in Figure 22. Due to the
unsubstituted carbon atoms in the phoenicin molecule, we believed that Michael ad-
dition of hydroxyl ions was likely to occur.

Figure 22. Proposed degradation mechanism of phoenicin. A Michael nucleophilic addition of OH" on the
unsubstituted carbon atoms in the phoenicin molecule (1), resulting in aromatization (I1). Since the reaction
is taking place in KOH, deprotonations are proposed as a cause of the high pH (111) [154].
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To test the potential of phoenicin as a negolyte in an RFB, phoenicin was paired
against ferrocyanide as the posolyte. To avoid a reaction with atmospheric oxygen,
the full-cell cycling experiment was performed inside a nitrogen-filled glove bag. An
ATR-IR device was connected to the phoenicin electrolyte to monitor the composition
by recording a spectrum every 90 seconds of the experiment. The battery was cycled
in the potentiostatic regime with holds at 1.6 V when charging and 0.6 V when dis-
charging for almost 15 days (119 cycles) and assumed that phoenicin was cycled in
its full SOC range.

With the initial capacity of 235.1 mAh in the experiment matching the theoretical one
of 214.4 mAh for a two-electron reaction, these results suggest that phoenicin in-
volves a two-electron reaction per molecule.

The full-cell cycling test showed an average capacity loss of 2.85% day* (0.35% cy-
cle’) during the full runtime of the experiment, Figure 23a.
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Figure 23. Full cell battery cycling results. a) Capacity and efficiency evolution of the full experiment. b)
Stack plot showing the changes in the ATR-IR spectra of phoenicin with respect to the SOC of one charging
half-cycle [154].

The battery test also showed good coulombic efficiency, averaging around 98.5% over
the entire runtime as well as an energy efficiency of 36.9%. The coulombic efficiency
of 98.5% indicates losses due to e.g. cross over of phoenicin or phoenicin degradation
[168]. No visible crossover was observed after the test, but due to the findings from
the symmetric cell cycling test, it can be expected that the degradation of phoenicin
could be a reasonable reason for the coulombic efficiency not being 100%.

A degradation of phoenicin during cell cycling was supported by the ATR-IR spectra
recorded during the full experiment. The stack plot in Figure 23b shows a clear dif-
ference in spectra when the SOC of phoenicin was varied during charge and discharge.
Moreover, by comparing the spectra recorded from the first charge and discharge cy-
cle to the last charge and discharge cycle, some changes in the electrolyte composition
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of both the reduced and oxidized state of phoenicin were observed, Figure 24, which
we attributed to phoenicin degradation.
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Figure 24. ATR-IR spectra recorded for the phoenicin negolyte showing the first charge and discharge
cycle as well as the last charge and discharge cycle of the full cell cycling experiment. Phoenicin? is the
oxidized form (discharged) while phoenicin* is the reduced form (charged) [154].

The investigations made in this paper illustrate the potential of phoenicin to be used
as a negative electrolyte in an RFB. The electrochemical investigations demonstrated
the quasi-reversible behavior as well as a diffusion-controlled reduction reaction of
phoenicin. With the half-wave potential of -0.37 V vs. SHE, phoenicin could work as
a potential negolyte material when paired with compounds having higher half-wave
potentials. The electrochemical investigations as well as the battery experiments made
in this paper suggest that the phoenicin batch used (produced by P. atrosanguineum
with 95% purity) involves a two-electron reaction per phoenicin molecule. These find-
ings conclude the first and second research questions.

The stability of phoenicin was demonstrated using symmetric cell cycling, which
showed that phoenicin was more stable in its reduced state, as well as using full-cell
cycling, in which a capacity loss of 2.85% day™ was observed, hereby concluding
research question three. Both cycling tests suggested that phoenicin suffers from
chemical degradation. The results demonstrated that it is possible to use the fungi-
produced quinone phoenicin to work as the negolyte in an RFB since it was both
charged and discharged over several days, answering research question number four.

41



Investigating fungal-produced phoenicin as a possible electrolyte candidate for a redox flow battery

3.2. Four-Electron Energy Storage in Biosynthesized Phoenicin
Flow Battery Negolyte

As a follow-up study to the findings in Paper 1, this paper aims to investigate the
influence of the purity and composition of phoenicin on the electrochemical behavior
as well as the stability and performance in a redox flow battery (research question
five). The phoenicin used in Paper 2 was produced by P. phoeniceum and four forms
of phoenicin were identified in the extract, Table 1. Phoenicin still made up most of
the extract with 82.7%, with a phoenicin dimer extent of 7%.

Table 1. Structures and amounts in % of the four phoenicin forms identified in the extract used in this study
[198].

Molar mass % of total

Phoenicin form Structure (g mol?) extract
(o)
H,C OH
Phoenicin 2
274.23 82.7%
C14H100s ‘
o}
HO CH,
0
o
H.C OH
Phoenicin quinol OH
276.21 9.3%
C14H1205 O
Phoenicin
diquinol 278.23 1.0%
C14H1406
Phoenicin dimer
546.38 7.0%

C2sH18012

In Paper 1, the data obtained from the cycling experiments as well as from the inves-
tigations of the diffusion coefficient and electron transfer rate suggested a two-elec-
tron reaction per phoenicin unit. The phoenicin tested in Paper 2 differed from the
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composition of the batch tested in Paper 1, so the first aspect considered in Paper 2
was the number of electrons possible to be transferred per molecule.

Phoenicin was paired against ferrocyanide in a full-cell battery and cycled galvanos-
taically between 1.6 VV and 0.5 V for 13 days (1111 cycles). The initial capacity was
measured to be 15.79 mAh, which is almost twice the theoretical capacity of
8.21 mAnh for a two-electron reaction per phoenicin unit and matches the theoretical
capacity of a four-electron reaction better, as seen in Figure 25a. From this, it was
assumed that a four-electron reaction per phoenicin unit was more likely to occur,
meaning that the carbonyl groups present in the molecule structure were fully utilized.
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Figure 25. Cell potential vs. capacity curves obtained from cell cycling tests of phoenicin against ferrocy-
anide. a) Phoenicin concentration of 1.48 x 10 M. b) Phoenicin concentration 6.36 x 10 M. Theoretical
capacity corresponds to a four-electron reaction per phoenicin molecule in both cases [198].

This observation was further supported by an additional battery test, using a higher
phoenicin concentration, in which the initial experimental capacity matched that of a
four-electron reaction per phoenicin molecule, as seen in Figure 25b.

This was also backed up by electrochemical investigations by CV and RDE studies.
The half-wave potential of phoenicin used in this study was determined to be -0.28 V
vs. SHE and from the proportional relationship between the peak current and the
square root of the scan rate as well as from the increasing peak splits with increasing
scan rate, phoenicin shows the behavior of a quasi-reversible and mostly diffusion-
controlled redox reaction. From the RDE experiment, a D of 4.93 x 105 cm? s? for
four electrons per phoenicin molecule (two electrons per benzoquinone group). To
validate this, we performed Diffusion-ordered spectroscopy (DOSY) of a sample with
low concentration (<9 x 102 m), resulting in a D of 6 x 10 cm? s, From the RDE
experiment, a k® of 6.86 x 10 cm s was determined assuming a four-electron reac-
tion per phoenicin molecule.
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The full-cell cycling test showed an average capacity loss of 6.2% day™ (0.071% cy-
cle’®) during the full runtime of the experiment, Figure 26a, and a coulombic effi-
ciency of 99.27%, Figure 26b.
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Figure 26. Stability and efficiencies from the cell cycling test of phoenicin against ferrocyanide, with a
phoenicin concentration of 1.48 x 10 M. a) Capacity loss over time. b) Efficiencies [198].

We did not observe any leaking from the experiment. Some extent of the capacity loss
was ascribed to electrolyte crossover through the membrane, since indications of
phoenicin were detected, by H-NMR, in the posolyte after the battery test.

By investigating the stability of phoenicin in an alkaline solution (KOH), a series of
'H-NMR spectra, Figure 27, showed that the ratio of protons from the benzene rings
(around & > 6 ppm) to the protons from the methyl groups (around & ~ 2 ppm) decrease
with time, indicating structural changes in phoenicin. We ascribed the disappearance
of the benzylic H peak with time to the removal of the benzylic H through Michael
addition.
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Figure 27. 'H-NMR spectra of phoenicin in 1 M KOH with increased time in the alkaline solution, indi-
cating phoenicin degradation [198].
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Liquid chromatography-mass spectrometry (LC-MS) analysis of phoenicin in KOH
after one week showed masses corresponding to phoenicin with additional hydroxyl
groups as well as different stages of polymerization. The detected degradation prod-
ucts were identified as a mixture of, phoenicin with two additional hydroxyl groups
(oosporein), phoenicin dimer, phoenicin trimer, etc.

The investigations made in this paper demonstrated that despite having a mix of phoe-
nicin forms in the extract, it can still be used as a negative electrolyte in an RFB. The
battery experiments, supported by the electrochemical investigations, suggest that the
phoenicin batch used (produced by P. phoeniceum with 7% phoenicin dimer) involves
a four-electron reaction per phoenicin molecule. Therefore, in this study, we were able
to utilize the full potential of the phoenicin mix by reaching capacities corresponding
to two-electron reactions per benzoquinone group, hereby answering research ques-
tion number five.
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3.2.1. Discussion of findings from Paper 1 and Paper 2

Based on the findings in Papers 1 and 2, we demonstrated that phoenicin, biosyntheti-
cally produced by P. atrosanguineum and P. phoeniceum, can be used as a negolyte
in an RFB. Table 2 summarizes the electrochemical properties found in the papers as
well as the stability in a full-cell battery paired against ferrocyanide.

Table 2. Summary of results obtained from Papers 1 and 2.

Electrons Cap. loss

Stud = D < (per phoenicin CE
y (V vs. SHE) (cm?s?) (cms?) perp (per cycle/ (%)
molecule) per day)
Paper 1 0.35% /
.. -0.37 7.71x 10 1.56 x 10* 2 98.5
phoenicin 2.85%
Paper 2
. 0.07%/
Phoenicin -0.28 493x10%  6.86 x 10* 4 99.3
mix 6.20%

The phoenicin used in the studies differed by the producers as well as the composition,
with Paper 2 investigating the phoenicin mix (including the phoenicin dimer). As seen
in the table, the phoenicin composition does matter as the results obtained in the pa-
pers varied. We discovered that phoenicin is prone to Michael addition when dis-
solved in KOH. This was demonstrated in Paper 2, in which the attack on the unsub-
stituted carbon positions in the phoenicin mix was measured by *H-NMR analysis.

The reduction potential of phoenicin in Paper 1 was lower compared to that of the
phoenicin mix. Due to phoenicin suffering from Michael attack when dissolved in
KOH, this difference can be explained by phoenicin having more unsubstituted carbon
positions per phoenicin molecule compared to phoenicin dimer, resulting in a lower
reduction potential due to the OH" attacks.

From the RDE experiments, a D of 4.93 x 105 cm? s for four electrons per phoenicin
molecule (two electrons per benzoquinone group) was determined in Paper 2, which
was further validated by DOSY analysis to be 6 x 10 cm? s, This is similar to the
diffusion coefficient determined in Paper 1, and the D being slightly lower in Paper 2
can be a result of the phoenicin dimer being a larger molecule that moves more slowly.
However, looking at the k°, the phoenicin mix performs better, which can also be seen
from the coulombic efficiency from the battery test being higher compared to the one
obtained in Paper 1.
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Phoenicin from Paper 1 and phoenicin mix from Paper 2 both suffered from capacity
loss during cell cycling in a full-cell battery test against ferrocyanide. Comparing the
capacity loss observed per cycle, the phoenicin mix performed better. However, when
looking at the temporal metric of capacity loss observed per day, the phoenicin in
Paper 1 performed better. From a cycling point of view, having a mix of phoenicin
forms would be preferable, as this metric is used to suggest the expected lifetime of a
system cycled daily to provide grid-scale storage. However, if the capacity loss ob-
served is related to the chemical degradation of active species, it is more appropriate
to use the capacity loss per day when comparing stability. Since we ascribed most of
the capacity loss to the chemical degradation of phoenicin in KOH, the pure phoenicin
used in Paper 1 was found to be the most stable.

Finally, when looking at the number of electrons possible to store in phoenicin, we
saw that the studies made in Paper 2 suggested a four-electron reaction for each phoe-
nicin molecule, which was double the amount seen in Paper 1. We assume that the
mix of phoenicin forms, and especially the phoenicin dimer was being utilized to its
full potential by reaching the full capacity. We explained this behavior again to the
phoenicin dimer being more resistant to Michael addition due to the fewer unsubsti-
tuted positions per molecule.

Since this study was made as a proof of concept on using fungal-produced quinones
to store energy, and because no structural modifications were made to phoenicin, |
believe that this is a good starting point to demonstrate the potential of this research
project. The investigations made in Papers 1 and 2 work as a foundation for future
research on fungal quinones to be used as electrolyte materials in RFBs.
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3.3. Are biologically synthesized electrolytes the future in green en-
ergy storage?

With the proof-of-concept of using the biologically synthesized phoenicin as the elec-
trolyte in an RFB, the challenges and prospects of using fungi to produce electrolytes
were further discussed in Paper 3. This paper relates to the results obtained in Paper 1
and discusses how phoenicin compares to chemically synthesized quinones that have
been investigated thoroughly. The kinetic parameters measured for phoenicin are
comparable to those obtained by other quinones, Table 3.

Table 3. Summary of the diffusion coefficient and electron transfer rate constant of different quinones used
for RFBs. All values are determined from RDE experiments using a glassy carbon working electrode.

Quinone Supportive D k° Electrons Ref.
electrolyte (cm?s?) (cms?) (per molecule)
BQDS 1M H,S0, 5.1x10° - 2 [164]
Bislawsone 1M KOH 454 x 10 - 4 [68]
AQ-1,6-3E-OH 1MKC 2.94 x 10 6.14 x 10 2 (80]
2,3-HCNQ 1M KOH 3.44 x 10 2.07 x 10° 2 [49]
Lawsone 1M NaCl 6.10 x 10 8.13 x 104 2 [142]
2,6-N-TSAQ 1 M NaOH 5.8 x 107 253 x 104 2 [50]
2,3-DHAQ 1M KOH 3.4x10° 1.56 x 1072 2 [82]
18-BDPAQCI, 0.5 MKCI 2.99 x 10 6.95 x 102 2 (83]
DPiVOHAQ 1 MKCl 2.4x10° 25x 103 2 [85]
DBAQ 1MKCl 25x10° 2.9x10° 2 (85]
DCDHAQ 1M KOH 1.7 x 10° 7.4x10* 2 [86]
AQDP 1M KOH 9.5 x 107 3.4 x10° 2 [132]
DHBQ 1 MKOH 3.66 x 10°° 2.12 x 103 2 [73]

DMBQ 1 MKOH 3.42 x 10 7.70 x 10° 2 [131]
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Additionally, compared to the chemically synthesized quinones tested as electrolytes
in RFBs (Table Al), the capacity loss seen for phoenicin can be placed in the lower
end of the published quinones. However, with more than 300 quinones of fungal
origin [125], [144], [199], fungi are a promising source of quinone production.

As seen for the phoenicin production, this has already been optimized from 1.24 g L
1, using P. atrosanguineum, to yields of 5 g L'* using P. phoeniceum [143]. Similar
cases have been found by the quinone bikaverin, which has been produced in yields
of 6.83 g L* by Fusarium fujikuroi. Combining this with the possibilities of overex-
pressing the quinone biosynthetic gene clusters [200]-[203], we believe that even
higher yields can be obtained.

Besides the potential of reaching higher yields with low production costs, another ad-
vantage of fungal quinones is the possibility of fungal quinone optimization. As seen
already for the chemically synthesized quinones, structural modifications and differ-
ent synthetic approaches have successfully been used to increase the stability of the
quinones, e.g., as seen for DPivOHAQ having a low capacity fade rate of 1.8x10°
306 day?, Table A1 [85]. The addition of functional groups has also successfully been
studied to increase solubility in aqueous solutions [36], [47], [108]. Based on the sim-
ulation study of naturally occurring quinones mentioned earlier in this dissertation, it
was discovered that the redox potential is affected by the side chains, which has also
been demonstrated in the literature [15], [49]. Having this in mind, further optimiza-
tion of fungal quinones can be made by adding selected side chains to fungal quinones
by using metabolic engineering.

Also, with the possibility of further production optimization and lowering the cost of
quinone production, a trade-off of quinone stability could be feasible if the production
cost is low enough. With more research within this, we believe that fungal quinones
are promising alternatives to quinones derived from non-renewable feedstocks to
work as electrolytes in RFBs.
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Chapter 4. Conclusions and perspectives

With the worldwide increasing energy production and demand, the need for cost-ef-
fective energy storage devices to store energy from renewables is critical in the green
energy transition. The redox flow battery based on aqueous organic electrolytes is one
promising solution to be used to accelerate the transition towards using more renew-
able energy, thereby reducing the consumption of energy generated from fossil fuels.
However, most electrolyte materials used have mainly been vanadium and aqueous
organic electrolyte materials synthesized from non-renewable feedstocks. This disser-
tation aimed to investigate the potential of using the naturally occurring and biosyn-
thesized quinone phoenicin as an electrolyte for an RFB, intending to get one step
closer to sustainable electrolyte production.

In the initial study, phoenicin was investigated as the first fungal quinone to be used
in a redox flow battery. Phoenicin used in Paper 1 was produced by the filamentous
fungus Penicillium atrosanguineum in an extract concentration of 1.24 g L™ of 95%
pure phoenicin. From cyclic voltammetry analysis, phoenicin showed a half-wave po-
tential of -0.37 V vs. SHE, and the electrochemical investigations demonstrated the
quasi-reversible behavior as well as a diffusion-controlled reduction reaction of phoe-
nicin. Based on rotating disc electrode experiments as well as the assumption of a two-
electron reaction per phoenicin molecule, a diffusion coefficient of 7.71 x 106 cm? s
! was determined, which is comparable to the diffusion coefficients seen for other
quinones tested as RFB electrolytes, indicating suitability for testing phoenicin as the
negolyte in an RFB when paired with compounds having more positive half-wave
potentials. An electron transfer rate of 1.56 x 10 cm s was determined, which cor-
responds to a quasi-reversible behavior of the redox reaction of phoenicin, hereby
supporting the finding from the cyclic voltammetry analysis.

Based on the symmetric cell cycling test of phoenicin, it was found that phoenicin
suffered from chemical degradation which is both time-dominated as well as related
to the state of charge, with phoenicin being more stable when kept in its reduced state.
When phoenicin was paired against ferrocyanide in a full-cell battery test, an initial
capacity of 11.75 Ah Lt in the experiment matched the theoretical one for a two-elec-
tron reaction per phoenicin molecule, which agrees with the electrochemical findings.
The cycling experiment showed a capacity fade rate of 2.85% day (0.35% cycle™)
over 14 days (119 cycles) and a coulombic efficiency of 98.5%. This capacity loss
was ascribed to the chemical degradation of phoenicin, which was supported by the
ATR-IR spectra recorded of phoenicin negolyte during cell cycling. We proposed this
degradation to be caused by Michael addition to the unsubstituted positions in the
phoenicin molecule. The findings in this study demonstrated the concept of using a
fungal quinone to store energy, and phoenicin hereby worked as a proof of concept
for such an approach.
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The influence of the purity of phoenicin was further evaluated in Paper 2, in which
the filamentous fungus Penicillium phoeniceum produced a mix of four phoenicin
forms in an extract concentration of 5 g L™, of which 82.7% was phoenicin and 7%
was phoenicin dimer. The phoenicin mix showed a half-wave potential of -0.28 V vs.
SHE, a diffusion coefficient of 4.93 x 106 cm?s* (6 x 10 cm? s from DOSY anal-
ysis), and an electron transfer rate of 6.86 x 10 cm s, based on a four-electron re-
action per phoenicin molecule in the mix. These findings also demonstrated the be-
havior of a quasi-reversible and mostly diffusion-controlled redox reaction. In a bat-
tery test against ferrocyanide as the posolyte, an initial capacity of 1.58 Ah L was
obtained matching the theoretical one for a four-electron reaction per phoenicin mol-
ecule, which agrees with the electrochemical findings. The cycling experiment
showed a capacity fade rate of 6.2% day* (0.071% cycle™?) over 13 days (1111 cycles)
and a coulombic efficiency of 99.3%. Based on the H-NMR analysis showing the
attack on the unsubstituted carbon positions in the phoenicin mix, it was discovered
that phoenicin is prone to Michael addition when dissolved in KOH. Furthermore,
degradation products such as the addition of hydroxyl groups to the phoenicin mole-
cules as well as different stages of polymerization such as phoenicin dimer, trimer,
quadromers, etc. were identified. The findings in this study demonstrated that having
a mix of phoenicin forms involved a four-electron reaction per phoenicin molecule,
hereby utilizing the full potential of the phoenicin mix by reaching capacities corre-
sponding to two-electron reaction per benzoquinone group (four-electrons per phoe-
nicin molecule).

The research made in this dissertation illustrates the potential of phoenicin to be used
as a negative electrolyte in an RFB. With more than 300 quinones described across
the fungal spectrum, fungi are a promising source for quinone production. Combining
this with the possibilities of using genetic engineering approaches to enhance quinone
production as well as modifying quinone structures to enhance properties such as sta-
bility and solubility, fungal quinones could be promising alternatives to quinones de-
rived from non-renewable feedstocks to work as electrolytes in RFBs.

Phoenicin served as the proof-of-concept of the first fungal quinone to be used as
electrolyte material in an RFB. Based on the findings in this project, | believe that
phoenicin should be further investigated. This is especially reasoned by the discovery
of phoenicin being able to involve a four-electron reaction per phoenicin molecule, as
shown in Paper 2. This was an interesting result since more electrons per molecule
would decrease the amount of material needed concerning concentration and volume,
thereby lowering the cost. Experimental conditions such as supportive electrolyte, pH,
membrane material, as well as cyclin conditions are also factors to consider in future
investigations.

Several other fungal quinones could also be investigated in future studies in the search

of finding the most optimal and sustainable electrolytes to store future renewable en-
ergy. The use of genetic engineering to modify the quinone structures should also be
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researched, and the influence of modifications in fungal quinone structures should be
further tested as potential electrolytes in RFBs by using the same approaches as used
for phoenicin.

For the fungal battery to become a potential solution, more research should be made
on phoenicin as well as other fungal quinones. For it to succeed, the fungal quinone
production should be optimized even more, as well as by using environmentally
friendly and cheap solvents and extraction procedures. It is preferable to use genetic
engineering for yield optimization and structural modification rather than making fur-
ther modifications to the compound after being produced. This would both save time
and as well as decreasing synthetic costs. Furthermore, the possibilities of producing
a fungal quinone with good electrochemical properties as well as high stability and
solubility in pH-neutral supporting electrolytes should also be investigated. Consider-
ing large-scale applications, pH-neutral electrolytes are preferred due to the risk of
leakage and spills and also for them being non-corrosive in nature from a waste point
of view.
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Appendix A. Quinone table

Table Al. Some quinone-based RFBs from the literature. The quinones are divided into benzoquinones,
naphthoquinones, and anthraquinones. The structure and the solubility belong to the quinone highlighted
in bold. The cell potential, electrolyte pH, capacity fade rate (both cycle and temporal), coulombic effi-
ciency as well as the year of publication are given as results from full-cell testing using the electrolyte
combinations shown.

Electrolytes Solu- Cell Capacity fade
o Theo. Cap. pH CE Year
(Negolyte/posolyte) bility Pot. rate

Benzoquinones

®0.1 M DMBQ/
0.1 M K4Fe(CN)s

(o]
0.12% cycleY/ 2019
HO - 53 Ah L1 13V 14 >98%
22% day* [131]
OH
(o]

@0.1 M DMOBQ/
0.1 M K4Fe(CN)s

(o]
0.19% cycle'!/ 2019
HO. O - 53AhLY 12V 14 4 >08%
35% day* [131]
\O OH
(@]

1m2,7-AQDS/
®1 M DHDMBS

OH
1.0% cycle’Y/ 2017
20M 53.6 AhL? 0.6V 0 ~100%
3.5% day* [87]
SOK
OH

@ 0.5 M DHBQ/
0.4 M KqFe(CN)s

o
OH 0.24% cycleY/ 2017
4.3 M 26.8 Ah L 1.2V 14 99%
9% day* [73]
HO
o
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Naphthoquinones

0.1 M Lawsone/
0.2 M 4-HO-TEMPO

o
oH 0.0079% cycleY/ 2019
0.7M 53AhL? 13V 97%
O‘ : [142]
o]
©®0.5 m Bislawsone/
0.4 M K4Fe(CN)s
0.038% cycle/ 2019
0.6 ™ 26.8 Ah L! 11V 99.7%
0.74% day™* [68]
0.5 M 2,3-HCNQ/
0.4 M K4Fe(CN)s
o 2018
0.053% cycle/
12m  268AhLY 1.0V ~100%  [49]
O‘ 3.4% day™*
OH
o] o)
©®0.6 M NQSO/
0.4 M KqFe(CN)s
oo o 0.01% cycle/ 2022
16™m 322 AhL? 1.0V 14 99.7%
O‘ O ‘ ) 0.70% day™ [129]
-
(+]
=] OH
Anthraquinones
©0.5 M 2,6-DBEAQ/
0.3M KiFe(CN)s
HO.C
o g 0.001% cycle’Y/ 2018
{¢] 0.6 M 26.8 Ah Lt 10V 99.9%
0.04% day™ [29]
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190.5m 2,6-DPPEAQ/
0.4 M KqFe(CN)s

HO, H OH

ooy = =

Ho' “ OH

(190.1 M 2,6-N-TSAQ/
0.1 M K4Fe(CN)s

Nao.§

SO Na 0.5M 53AhL?

O‘O

SO,Na

SO,Na

(1215 M PEGAQ/
1.5 M K4Fe(CN)s

tﬁ\/i T oom s04ANLY

(10,5 m 2,6-DHAQ/
0.5 M K4Fe(CN)s

o
O‘O OH  0.6M 26.8 Ah L!
HO
0

90.3 M 2,3-DHAQ/
0.5 M K4Fe(CN)s

Q
O‘O OH  g7m  161AhL?
OH

o)

190.4 m 1,8-BDPAQCI,/
0.9 M Fe(gly)Cl2
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