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Abstract

The rising levels of anthropogenic carbon dioxide in the atmosphere are a significant major cause
of global climate change and a threat to public health and the environment. Immediate action is
imperative to reduce carbon dioxide emissions and mitigate the long-term consequences of
climate change. This involves capturing and storing carbon dioxide preventing the release into the
atmosphere. In recent years, there have been emerging proposals for more effective carbon

capture methods that involve electrochemical processes as environmentally friendly alternatives.

In this thesis, six different anthraquinone and riboflavin-based polymers synthesized chemically
as well as electrochemically are investigated for their ability to capture and release CO-
electrochemically. Therefore, cyclic voltammetry (CV) measurements are performed in different
media, such as aqueous conventional electrolytes with varying pH values as well as ionic liquids.
The electrochemical window of the used ionic liquids, EMIM-OTf, EMIM-FSI, and BMPyrr-FSI,

was determined using CV experiments.

To quantify the released CO,, Fourier transform infrared spectroscopy (FTIR) measurements were
conducted on three of the investigated polymers, providing prove of the CO; capture and release

ability of these most promising candidates.
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1. Introduction

The increasing levels of anthropogenic carbon dioxide (CO3) in the Earth's atmosphere are a major
cause of global climate change and pose a threat to public health and the environment. ™ The
continuous increase in atmospheric CO; levels due to the use of carbon-based fuels has led to
extensive research in CO- utilization chemistry. Up to this point, carbon dioxide has emerged as a
predominant contributor to industrial carbon emissions, raising concerns about its role in causing
the greenhouse effect and leading to global climate change.® Despite some remaining
uncertainties, immediate action is needed to reduce CO. emissions, which is crucial to reduce the
long-term impacts of climate change. While ongoing research and development focus on finding
low- or zero-carbon alternatives to fossil fuels, it is imperative to find strategies to stabilize CO;

levels. This involves capturing and storing carbon preventing the release into the atmosphere. ©

The aim is to find ways to capture CO; from point sources such as power plants or directly from
the atmosphere, in order to reduce atmospheric CO2 concentrations. 78 Therefore, two different
approaches have been suggested to address the issue of carbon emissions: Carbon Capture and
Storage (CCS) and Carbon Capture and Utilization (CCU). The CCU approach aims to make use
of captured CO; by direct conversion into raw materials in various industrial processes. On the
other hand, the CCS approach is focused on storing the collected carbon dioxide rather than
utilizing it. The stored COzis injected into appropriate geological formations where it is stored as

a gas, liquid, or supercritical fluid, depending on the properties of the trapping medium. °

1.1. Carbon Capture and Storage (CCS)

CCS refers to a range of techniques that aim to selectively remove CO; from gas streams. The
captured COs; is then compressed into a supercritical state, transported and stored in geological
formations, such as exhausted oil and gas reservoirs. The CO. can be directly captured from
different power plants, industrial sites, natural gas well and even direct from the atmosphere. 2%
Currently, CCS technologies primarily use liquid sorbents, which act as solvents to dissolve carbon

dioxide, or solid sorbents to adsorb the acidic gas. '2

In conventional technologies the separation of CO2 in gas stream of different plants relies on
thermal amine scrubbing-based methods. '*'* These methods employ a chemical wet process
using aqueous amines to separate CO; from natural gas and hydrogen. Different ammonia
derivatives are used in the processes in which one or more hydrogen atoms are substituted by an
alkyl group, the most common being monoethanolamine (MEA), methyldiethanolamine (MDEA)
and diethanolamine (DEA)."® CO, capture processes using amines, so called thermal amine
scrubbing, involves directing an exhaust gas stream into a chamber filled with an aqueous amine
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solution, resulting in the removal of CO,. Regarding primary amines, such as MEA, the process is
based on chemical absorption to capture CO, through a reaction with amine in the form of a

carbamate, as shown in Figure 1.

o
\ ®
© C—NH + H-N
o\ 3U"0H
OH

0=C=0 + 2 HN_~

Figure 1. Scheme of reaction of MEA with CO2 forming a carbamate structure. 16

In the case of secondary and tertiary amines, they undergo hydrolysis to react with CO- in the
form of bicarbonate. At high temperatures, the captured CO: is released, and the amine solution
is recycled. 7 While amine scrubbing remains a proven and dependable technology extensively
tested for large-scale CO; capture from industrial power plants '® it does have several drawbacks
including high energy consumption during the regeneration process, sorbent degradation and a

relatively slow CO, adsorption rate. 18-

In addition to absorption with amines, other processes for CO, capture on an industrial scale are
present such as adsorption membrane separation and cryogenic separation, which, however,
require high energy consumption. Furthermore, the suitability of these thermal processes for
capturing CO- from dilute sources, like air and ocean, is often limited by their reliance on the
availability of thermal energy leading to a high energy consumption and costs and additionally to

the low concentration of CO». 22

1.2. Carbon Capture and Utilization (CCU)

Alongside the CCS approach, CCU is a promising method of reducing the atmospheric CO,.
Unlike CCS, CCU aims not only to decrease the number of emissions released into the
atmosphere but also to gain benefits by using CO- in various industrial processes by replacing
conventional raw material rather than storing it. 224 Furthermore, long-term impacts of
sequestration are a minor issue with CCU, however despite the considerable benefits provided by
CCU over CCS, the conversion of CO2 and its utilization in chemical reactions poses significant

challenges, primarily due to the thermodynamic stability of CO,. 5

Serving as a carbon source, CO; can be employed as a primary component in the production of
fuels and various components. On the other hand, CO, can be chemically converted into valuable
materials, including methanol, acetic acid, carbonates, and polymers. 2 Producing fuels such as

methanol, formic acid, syngas and alkanes is considered as the most important and promising

October 27, 2023 Nadine Kleinbruckner 7/90
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approach for CO; utilization. These synthetic fuels can be further utilized in diverse application like
fuel cells and power plant or in the transportation sector. 2 For the process of converting CO> into
fuels are various different methods available, whereby hydrogenation and dry reforming of
methane being the two most prominent ones. However, to achieve high fuel yields substantial heat

and catalyst are needed to be applied due to the thermodynamically stable nature of CO,. 2526

Furthermore, formic acid derived from CO; utilization has gained significant attention primarily due

to the mild reaction conditions during its hydrogenation and the absence of side products. %’

1.3. Electrochemical carbon capture

In recent years, there have been emerging proposals for more effective carbon capture methods
that involve electrochemical processes as environmentally friendly alternative. '216.21.28-30
Electrochemical processes are more energy efficient as the captured CO; is released without
external heat sources or high pressures/vacuum compared to thermal-swing and pressure-swing
adsorption processes. 222° Additionally, harsh conditions such as high temperatures and
pressures are avoided contributing to the stability and life-time of the sorbents. *' In contrast to
temperature swing techniques, electrochemical processes have the advantage of being able to
operate consistently at a constant temperature avoiding encountering the efficiency limitations of
the Carnot cycle. *? These electrochemically-mediated carbon capture (ECC) approaches include
utilizing electrochemical reactions to regenerate sorbents in existing carbon capture technologies
2833 or developing chemical complexes that can efficiently and reversibly capture and release

carbon dioxide by undergoing changes in their oxidation state. 234

ECC uses redox active organic molecules and can be divided into two main approaches,
electrochemical indirect carbon capture (EICC) and electrochemical direct carbon capture
(EDCC). 2"® The fundamental distinction between EDCC and EICC approach lies in the way how
the sorbent molecules is involved in the CO; capture and release process as illustrated in
Figure 2.
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Figure 2. Schematic pathway of a) EDCC process, where the sorbent material actively take part in the redox
reaction and in the contrast b) the EICC process in which an additive redox species engaging in the redox
reaction instead of the sorbent material is involved. Reprinted with permission from Choi et al. © 2023
Elsevier. 2!

In EDCC, sorbent molecules directly capture CO- by undergoing redox reactions altering their CO»
binding affinities. The sorbent is activated during reduction and deactivated during oxidation. On
the other hand, in EICC, sorbent molecules provide constant activated binding sites for CO., while
a secondary non-CO: reactive redox species interact with the sorbent molecules during reduction
and oxidation. During reduction, the sorbent binds to CO,, whereas during oxidation, the sorbent-
redox species binding occurs. This interaction controls CO, capture/release by competing for
binding with sorbents and CO. molecules, for example mediated pH swing methods 36,

electrochemically mediated amine regeneration process 23, and bipolar membrane electrodialysis.
21,37

1.3.1. Indirect electrochemical carbon capture
Numerous electrochemical methods are based on mediated pH swing methods as EICC method,
where CO; is captured by changing the working fluid electrochemically between acidic and alkaline
pH levels, which affects the thermodynamic equilibrium of CO. '? In acidic solution, CO; is
predominantly present in its molecular form or carbonic acid (H2CO3). The equilibrium distribution
gradually shifts from H.COs towards bicarbonate ions HCO3™ and further towards carbonate ions

COs* with increasing pH. 38

Furthermore, due to being present in molecular form at lower pH values, CO- tends to degas,
resulting in lower solubility. This relationship leads to a strong correlation between CO2 solubility
and pH, with higher pH values allowing for greater amounts of CO. to be dissolved in an aqueous
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solvent. Isothermal electrochemically mediated pH swing methods that utilize proton-storable
materials to take advantage of the varying thermodynamic equilibrium speciation of CO, at
different pH levels have gained significant attention. '2 This approach involves uses of small
molecules that perform proton-coupled electron transfer in aqueous solution. Through an
electrochemical redox reaction, these molecules can accept or release protons, respectively,
resulting in a shift in the solution pH value. If the pH change is significant, it enables a strong
absorption of CO; at high pH and a subsequent release at low pH. The maximum pH shift that can
be achieved depends on factors such as the pKa value of the reduced form of the redox couple,
as well as its solubility. *¢ In particular, organic molecules undergoing proton-coupled electron
transfer and involved in various biological energy conversion processes are investigated in detail
in electrochemical pH swing processes for CO; capture and release. 2363 Xie et al. reported the
use of riboflavin 5-monophosphate (FMN) in an alkaline aqueous solution as biological redox
proton carrier for CO, capture. “° Furthermore, different quinones derivates have been also
investigated. ' Watkins et al. employed quinone, which can undergo a proton-coupled electron

transfer creating a pH gradient to develop a functional membrane for capturing CO,. 4?

1.3.2. Direct electrochemical carbon capture
Apart from indirect methods for CO; capture, direct electro-swing of redox-responsive sorbents
has emerged as another promising approach for CO, captured processes. Organic molecules
containing redox centers capable of capturing and releasing CO- under different oxidation states
are employed in these processes.'?1621.29.30 Since 1989, when researchers firstly discovered the
electrochemical redox activity and CO; capture and release abilities of a quinone derivative 9,10-
phenanthrenequinone (PAQ)* , numerous research groups have investigated aromatic materials
with redox properties and functional groups, such as carbonyls, sulphides and amines. ' The
efficiency of both, the electrochemical reduction of organic molecules and the nucleophilic addition
reaction of CO,, depends significantly on the characteristics of the electrolyte, including the type
of electrolyte, the concentration of salts and sorbents, as well as the composition of the air-
inlet. 4445 Significant research efforts are devoted to enhance the energy efficiency and capacity
as well as stability of redox-active CO- carriers by modifying the electrolyte 4, altering the system

configuration #¢ and introducing electrolyte additives. 24’

Among these redox-responsive sorbents, quinones and derivates containing carbonyl groups
have been extensively studied and utilized.**#¢-% Gurkan et al. investigated the CO; capture and
release abilities of different naphthoquinones in various ionic liquids. This study revealed that a

EMIM based ionic liquid resulted in the most promising result as the quinone solubility is enhanced
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significantly enabling effective CO, separation by preventing back-diffusion from the anodic side
when in contact with a cathode. 4

Simeon et al. screened different substituted quinones in homogenous organic solutions for carbon

capture. In the absence of CO, all quinones showed two separated distinct reduction peaks as
illustrated in Figure 3.
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Figure 3. lllustration of CV of quinones with weak or strong binding to CO2. Reproduced with Permission
from Simeon et al. © 2022 American Chemical Society. 5

Quinones with low complexing abilities exhibited a positive shift in their second reduction peak
when CO, was present, indicating the formation of dianion quinone-CO, complexes, while
quinones with strong complexing abilities showed the merging of their second reduction peak with
the first, suggesting simultaneous transfer of two electrons at that point. Both types of quinones,

whether weakly or strongly complexing, experienced oxidation and subsequently the release of
CO,. ®

Furthermore, Schimanofsky et al. has investigated different substituted anthraquinones in
homogenous solution showing similar characteristics of weak and strong binding with CO> from
CV as shown above in Figure 3. In addition to previous studies, in-depth UV-Vis
spectroelectrochemistry and DFTB calculations were implemented by Schimanofsky et al. and an
additional case with even smaller binding compared to the one introduced by Simeon et al. was
observed. ®? An imidazolium-functionalized anthraquinone for electrochemical CO, capture was
recently reported by Lida et al. %

Wielend et. al reported the use of anthraquinone thin films prepared by evaporation for

heterogenous electrochemical CO, capture. > This quinone compound contain carbonyl groups
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that exhibit nucleophilic behaviour under reductive conditions, which enables the capture of CO-

by forming carbonate-like structures as shown in Figure 4.

OH

o o)\o

.
-

o o) 0

OH

Figure 4. Scheme of anthraquinone capturing electrochemical CO: in aqueous electrolyte.

Under saturated CO; conditions, the electrochemical response of anthraquinone was found to be
notably diminished, resulting upon further reduction in an extremely low observed current during
cyclic voltammetry. This observation is in contrast to the studies in homogeneous solution, as
illustrated in Figure 3. However, after removal of unbound CO; from the system and subsequent
oxidation, the CO: is released from the adducts and the organic reactant is regenerated. This is
indicated by the reappearance of the characteristic reversible redox peaks of anthraquinone in the

cyclic voltammogram. 75

However, reduced anthraquinone species are easily soluble leading to long-term stability issues,
therefore polyanthraquinones are investigated severely for CO, capture application to improve the
stability of the system. 54° Voskian & Hatton reported an electrochemical cell prototype device for
CO. capture application in high concentration flue gas emission by electro-swing, following the
scheme in Figure 2 a. The cell consists of polyanthraquinone-carbon nanocomposites combined
with poly(vinylferrocene)-carbon nanocomposite in ionic liquids as electrolyte. The design of the
cell ensures a maximized surface area exposed to gas, enabling easy stacking of the cells in a
parallel passage contactor bed. 3! This prototype was further optimized regarding design and
operation at low CO; concentration by the same research group for utilization in direct air capture
(DAC) of CO.. ¢

While quinone systems have been extensively studied for electrochemical carbon capture their
applicability in direct air capture is restricted due to their sensitivity towards oxygen. These
quinone-based systems tend to degrade or other chemical reactions occur when exposed to input
streams containing oxygen. This is primarily because the reduced nucleophiles within the system

react with oxygen molecules, generating superoxide. Furthermore, many quinones and derivates
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are reported simultaneously for hydrogen peroxide production by reduction of oxygen. ¢ This
results into competitive reactions leading to unproductive carrier molecules for carbon capture and

therefore restrict the use in direct air capture. #’

Besides anthraquinone thin films, our institute investigated thin films of organic pigments
specifically quinacridone as well as a derivative of naphthalene bisimide (NBIT) illustrated in

Figure 5 for the use of heterogeneous electrochemical capture and release of CO,. %7
I O O O
R—N N—R

0

ZI

Iz
@)
o

Figure 5. Structure of quinacridone (left) and NBIT (right).

This organic semiconductor NBIT was specifically designed to enable a reversible reduction
involving one electron and a quasi-reversible reduction under aqueous conditions, all while

maintaining its structural integrity without dissolution or degradation. °7

1.4. Organic redox active sorbent materials

Organic molecules containing redox centers undergoing reversible redox reaction are used as
redox active sorbent materials in electrochemical processes. Numerous research groups have
explored aromatic compounds possessing redox characteristics, along with functional groups like
carbonyls, sulphides, and amines. Among these responsive sorbents with redox properties,
quinones and their derivatives, which incorporate carbonyl groups, have been subject to extensive

investigation and utilization. 1621:2°

However, homogeneous catalytic systems encounter challenges related to their stability and the
complexities of catalyst recovery. Furthermore, a majority of catalysts exhibit restricted solubility,
which limits their effectiveness. Therefore, immobilizing the redox active units for heterogenous

catalysis can improve the stability of the electrochemical system and overall performance.5®

To address this challenge, various strategies have been investigated over the past few decades.
One possibility without involving chemical reaction is the blending of redox-active molecules with
carbon materials to enhance overall conductivity, either as composites *° or through a more
targeted method involving the non-covalent binding of redox active units to carbon nanotubes. %6
Another approach involves immobilizing redox active units in a polymer chain. For this, conductive
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polymer can be used, such as polyacetylene, polythiophenes (Pth), polypyrrole (PPy), poly(3,4-
ethylenedioxythiophene) (PEDOT) polyaninline (PANI) being the most prominent ones.

Conductive polymers demonstrate to have a high electrical conductivity due to their extensively
conjugated electronic structure along the polymer backbone. 2 The origin of these conductive
polymers can be traced back to the pioneering research in the 1970s on doping the polymer
polyacetylene conducted by Alan Heeger, Alan MacDiarmid, and Hideki Shirakawa. %* In
recognition of their contributions to the investigation of conductive polymers, they received the

Nobel Prize in Chemistry in the year 2000.

Conductive polymers can be directly electro polymerized onto the electrode such as
polythiophenes, polypyrrol and polyaniline having the advantage that they are typically insoluble
after polymerization. In addition to utilizing conductive polymers, there is a well-documented
approach involving the attachment of redox-active components to non-conductive polymer chains,

which are often used in battery applications. 586566

1.4.1. Anthraquinone and derivates
Anthraquinones represent a significant subgroup within the quinone class and are characterized
by a core structure of 9,10-dioxoanthracene. Anthraquinone and its derivates have been already
reported for the electrochemical CO; capture in different media. 4+5°2 However, reduced
anthraquinone species are easily soluble in various solvents leading to long-term stability issues
in energy storage applications. % To overcome this problem, anthraquinones, especially with an
amine as a functional group like 1-Aminoanthraquinone (1-AAQ) and 1,5-Diaminoanthraquinone
(1,5-DAAQ) can be directly polymerized onto the electrode to immobilize the redox active units

while enhancing the stability.

Poly(1-aminoanthraquinone) (PAAQ) was first prepared through anodic electrochemical
polymerization in acetonitrile on glassy carbon electrodes by Ismail et al. and later in 6 M H>SO4
by the same group. The electropolymerization of AAQ proceeds via the formation of C-N couplings

as can be seen in Figure 6, similar to the well-studied conductive polymer polyaniline. 87-6°
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Figure 6. Structure of 1-AAQ and 1-PAAQ.

Poly(1,5-diaminoanthraquinone) (P15DAAQ) was first reported by Naoi et al. ° The formation of
the polymer occurs by a sequence of coupling reactions involving radical cations and followed by
an electron transfer of an electrochemical reaction, subsequent chemical reaction and again an
electrochemical reaction. Both amino groups are oxidized and are involved in bonding mainly in
the 1,4,5 and 8 positions creating a ladder like structure. The proposed mechanism of the oxidative

electropolymerization following a four-electron process is presented in Figure 7. 7

1,5-PDAAQ

Figure 7. Proposed mechanism for the oxidative electropolymerization of 1,5-DAAQ.""
Furthermore, PAAQ, as well as P15DAAQ, are reported for several different applications such as
batteries 72, biosensors 73, and supercapacitors. ° Wielend et al. investigated oxygen reduction

reaction (ORR) to hydrogen peroxide using different anthraquinone-based polymers. 8
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1.4.2. Riboflavin and derivates
Riboflavin, also known as vitamin B2, is a yellow, water-soluble pigment that was first isolated
from milk in the 1870s. Its chemical structure comprises a heterocyclic isoalloxazine and ribitol

side chain, as illustrated in Figure 8.

Figure 8. Structure of riboflavin.

Riboflavin plays a crucial role as a precursor to the coenzymes flavin monophosphate (FMN) and
flavin adenine dinucleotide (FAD) in biological systems. ’* These coenzymes FMN and FAD are
essential components of the active sites of flavoenzymes, which are involved in various biological
processes such as dehydrogenation reactions, dioxide activation as well as electron transfer
reaction. " Due to its aromatic nature, functionality, and redox properties, riboflavin exhibits an
electroactive behaviour, making it suitable for use in various electrochemical applications,
including electrochemical sensors 78”7 and as redox mediator. "® Furthermore, FMN has been

reported as redox proton carrier for CO. capture by Xie et al. 4°

Riboflavin can be adsorbed physically from saturated solutions onto different electrodes such as
carbon-based electrodes "® and platin electrodes & or is incorporated in carbon nanomaterials ©'
for different applications and to study the electrochemical behaviour. Wang et al. used a riboflavin-
anthraquinone hybrid molecule and incorporated the substance in carbon black as an organic
catalyst for oxygen reduction to H.O,. 8' Furthermore, riboflavin was reported by Leeb et al. from
our institute as an electrocatalyst for oxygen reduction reaction in homogeneous solution at

various pH values. &

As heterogenized structures are preferred, the oxidative electropolymerization of riboflavin was
firstly reported by Ivanova and Karyakin, who performed the electropolymerization of different
flavins on glassy carbon electrodes. ® Additionally, Radzevi et al. investigated the
electropolymerization of riboflavin in different aqueous media by cyclic voltammetry to receive an
optimized stable electroactive polymerized riboflavin film. 8 A possible structure of the
electropolymerized polyriboflavin (PRF) according to Radzevi et al. is depicted in Figure 9

showing possible N-C as well as N-N bonds between the monomer molecules. However, the N-N
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interaction is less likely than the C-N bonds which were confirmed by Raman as well as IR-

spectroscopy in literature. &

Figure 9. Proposed structure for polyriboflavin. R = ribitol side chain. 8

As reported for the monomer also PREF is utilized as a biosensor for various biological molecules
85,86

1.5. lonic liquids

lonic liquids (ILs) are generally described as substances consisting entirely of ions mainly organic,
which have a melting point that is lower than 100°C. 888 This characteristic is due to the presence
of hydrogen and van der Waals bonds, as well as the symmetry of the ions within the liquid. &
They are unique liquids with outstanding properties, such as low volatility, negligible vapor
pressure, high thermal stability, high electric conductivity and designability. *® Therefore, they are
used as solvents, electrolytes and reaction media in numerous chemical processes. Due to their
exceptional properties and stabilization of reaction intermediates, ionic liquids have attracted
significant attention in various fields, including electrochemistry, catalysis, and materials science
and are considered suitable substitutes for volatile organic solvents. %2 The electrochemical
stability of aqueous electrolytes is restricted by the occurrence of water splitting at 1.23 V. %
Similarly, traditional non-aqueous electrolytes such as acetonitrile-based  with
tetraethylammonium or triethylmethylammonium tetrafluoroborate salts also have limited potential
windows due to the decomposition of the solvent. ®* Therefore, ILs have gained importance
especially in the field of electrochemistry, since they offer a wider electrochemical window and no

solvent evaporation loss compared to conventional electrolytes in particular aqueous solutions. *'
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The electrochemical window of a solvent is a crucial factor in designing electrochemical
applications. It refers to the voltage range within which the solvent can operate without undergoing

reduction or oxidation. %

Furthermore, ionic liquids have been demonstrated to have greater solubility for carbon dioxide
compared to traditional organic solvents at various temperature and pressure ranges. Carbon
capture in ionic liquids is achieved by either chemical or physical absorption, however, the specific
mechanism of absorption depends on the functional groups being present in the particular ionic
liquid. °6°7 In terms of physisorption, the interactions between CO. and the anion, as well as those
between the cation and the anion are important factors in CO; solubility. Whereby, concerning
chemisorption, the reactivity with CO, can be adjusted by the basicity of the anion, while the
stability of the ionic liquid can be improved by tuning the cation. ® In general, the employed anion
in the IL has a significant impact on the solubility of CO,. In addition, increasing the cation alkyl
chain length is reported to enhance the solubility of CO; even further. *° This is primarily attributed
to van der Waals forces, with a greater hydrophobicity of the cation leading to stronger attraction
between the cation and CO-, This also applies regarding the anion as a more hydrophobic anion
prevents the IL moiety attacking water molecules resulting in the formation of a strong bond with
the molecule. Specifically, longer alkyl chains and the use of fluorinated anions have been
observed to be more likely to improve CO; capture process. ' The relationship between the
properties high conductivity and low viscosity are crucial characteristics of ionic liquids for the
application in carbon capture. 9" |n many carbon capture processes, high viscosity is an
inhibiting element and it is preferred to keep it to a minimum in most processes. This is due to a
high viscosity can lead to the formation of solids or gels due to the formation of hydrogen bonds,

which has a negative impact on the mass transfer of CO,. %2

lonic liquids are reported as suitable electrolytes for carbon capture due to their wide
electrochemical range, remarkable CO, solubility, and no losses from evaporation. 4 Therefore in
this thesis, ionic liquids are utilized with the mentioned polymer to investigate an improvement of
the capture ability of the used polymers. The lonic liquids used in this thesis as well as their

physical properties are depicted in Table 1.
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lonic Liquid Abb. Structure n/imPas
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. EMIM-OTf =/ o 43108
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1-Ethyl-3-methylimidazolium e No _ 0
=y yimie EMIM-FSI \—/ \ g 20w
bis(fluorosulfonyl)imide e \\o 0// g
>0
1-Butyl-1-methylpyrrolidinium NS
BMPyrr-FSI 5310
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(o] _ (o]
\\S/N\S//

~ ~N
F \\oo// F

The IL presented in Table 1 are considered as room temperature ionic liquids (RTIL) being in a

liquid state at room temperature as indicated by their name. Imidazolium-based ionic liquids, such

as 1-ethyl-3-methylimidazolium (EMIM), are extensively studied due to low viscosity, low cost and

ease of synthesis allowing the customization of imidazolium-based ILs to suit specific applications.

These ILs have shown great promise in electrochemical applications, such as energy storage and

conversion, due to their remarkable stability under oxidative and reductive conditions as well as

efficient mass transfer capabilities. % In particular, Pardal et al. has reported the use of an

electrolyte consisting of a mixture of water and EMIM-OTf to achieve efficient electrochemical

reduction of CO- to syngas under high pressure. 1%
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1.6. Objective

In this master thesis six different anthraquinone and riboflavin-based polymers presented in
Figure 10 are investigated for the electrochemical carbon capture in different media, such as

aqueous conventional electrolyte as well as ionic liquids.

o) NH, o NH, o)
N
o) NH, O

PAAQ P15DAAQ PRF

PDAA-FMN

Figure 10. Used Polymers.

Poly-1-Aminoanthraquinone  (PAAQ), poly-1,5-diaminoanthraquinone (P15DAAQ) and
polyriboflavin (PRF) are electrochemically synthesized, while poly(allyamine anthraquinone),
(PAA-AQ), polyanthraquinone (P14AQ) and poly(diallyldimethyl ammonium flavin mono nucleotid)
(PDAA-FMN) are chemically prepared. The used polymers are characterized by Scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy and
contact angle measurements. In addition, with the most promising polymers also quantification of

released CO; via FTIR and potentiodynamic electro-swing experiments were performed.
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2. Experimental

1-Aminoantraquinone (1-AAQ) and 1,5-Diaminoanthraquinone (1,5-DAAQ) were purified by train
sublimation performed twice by Dr. Mihai Irimia-Vladu. All other chemicals were used as received
without further purification. Electrochemical measurements were performed either with an IPS
Jaissle Potentiostat / Galvanostat PGU 10 V - 100 mA, a Jaissle Potentiostat / Galvanostat 1030
PC or Ivium.Vertex One. All potentials mentioned are recalculated and stated versus the standard

hydrogen electrode (SHE).

2.1. Electrode preparation

2.1.1. Glassy Carbon (GC)
The glassy carbon electrode was polished with different alumina pastes, with decreasing particle
sizes (1 ym, 0.3 pym, 0.05 um). In order to remove residual aluminum particles, the GC was
polished with toothpaste as the last step. After each polishing step, the electrode was sonicated
for approximately 15 min in 18 MQ water followed by isopropanol (IPA) for an additional 15 min.
The polished GC was connected to a copper wire using silver paste and fixed with Teflon tape.
The electrode was activated in 0.5 M H.SO4in a one-compartment cell like in Figure 11 using the
electrochemical parameters depicted in Table 2. As the reference electrode an Ag/AgCl (3 M KCI)

electrode and for the counter electrode a Pt electrode was used.

Table 2. Electrochemical parameter for the activation.

1stPotential /V 2"YPotential /V Scanrate/ mVs' Current Range/ mA Nr. of Cycles

1.65 -0.85 50 100 30

2.1.2. Carbon Paper (CP)
The Carbon Paper (Alfa Aesar, Toray Carbon Paper, TGP-H-60) was cut into 1x3 cm rectangles
and used without further activation. The CP was contacted to a copper wire by a silver crocodile

clip fixed with Teflon tape.

2.1.3. Cr-Au electrodes
For FTIR and Raman-spectroscopy measurements of the electropolymerized polymer films, Cr-Au
electrodes on glass substrates were prepared. Therefore, glass substrates were cut into 0.7 cm
times 6 cm rectangles. The glass substrates were cleaned by sonication for 15 min in acetone, 15
min in 2% Hellmanex solution, and 15 min in deionized water followed by IPA for additional 15 min.

Further treatment was performed in a Plasma ETCH P25 plasma oven under O, at 100 W for
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2 min. In a thermal metal evaporation chamber, 5 nm of chromium with a current of 1.5 A and a
rate of 0.04 nm s™' were deposited onto the glass substrate, followed by gold with a current of 3 A

at approximately 10 mbar until a film thickness of 100 nm was reached.

2.2. Electropolymerization

Electropolymerizations of 1-AAQ and 1,5-DAAQ were performed on GC, CP, and Platin (Pt)
electrodes as well as Cr-Au electrodes. Riboflavin was polymerized only at GC and CP electrodes
since a high potential is required to cause oxidation of riboflavin. All electropolymerizations were

performed in a one compartment cell as depicted in Figure 11.

Working

electrode
Counter Reference
electrode electrode

i

Figure 11. Setup for electropolymerization in a one-compartment cell.

The optimisation of the electrochemical polymerizations of PAAQ, P15DAAQ and PRF together
with their applicability as electrocatalyst for the electrochemical oxygen to hydrogen peroxide
reduction is summarized in a journal publication by Kleinbruckner et al. and currently under

revision. 108

2.2.1. Electropolymerization of 1-Aminoantraquinone
The electropolymerization of 1-AQQ leading to poly(1-aminoanthraquinone) (PAAQ) was
performed following the procedure of Badawy et al. ® Therefore, for the oxidative
electropolymerization of 1-AAQ a 5 mM solution of 1-AQQ in 6 M H.SO4 was purged for
approximately 30 min with N.. A saturated calomel electrode (SCE) was used as the reference
electrode and a platinum foil electrode as the counter electrode. The electrochemical
polymerization of 1-AAQ was performed either on GC or CP. Additionally, polymerization on

platinum as well as on Cr-Au was carried out in order to characterize the polymer films via FTIR
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and Raman spectroscopy. (Compare with Chapter 2.6. ). After the polymerization, the modified
electrodes with PAAQ were washed with 18 MQ water. The electrochemical parameter used for
the potentiodynamic polymerization are shown in Table 3. However, the number of cycles was
decreased to 20 cycles for the polymerization on Cr-Au to avoid the oxidation of chromium leading
to detachment of gold from the glass substrate. Furthermore, for FTIR and Raman spectroscopy

measurements a thinner film is desired.

Table 3. Electrochemical parameter versus SCE for the electropolymerization of 1-AAQ.

1st Potential / V 2"dPotential /V  Scanrate / mV s Current Range / mA Nr. of Cycles

0 1.3 100 100 40

2.2.2. Electropolymerization of 1,5-Diaminoantraquinone
The electropolymerization of 1,5-DAQQ to obtain poly(1,5-diaminoanthraquinone) (P15DAAQ)
was performed nearly analogous to the electropolymerization of 1-AAQ based on the procedure
of Badawy et al. ® However, the procedure was slightly modified to suit 1,5-DAQQ. Therefore, for
the oxidative electropolymerization of 1,5-DAAQ a 2.5 mM solution of 1,5-DAAQ in 6 M H>SO,
was prepared and purged for approximately 30 min with N2 prior polymerization. An SCE was
used as the reference electrode and a platinum foil electrode as the counter electrode. The
oxidative electrochemical polymerization of 1,5-DAAQ was performed either on GC or CP as well
as on Cr-Au for spectroscopic characterization purposes. Compared to the electrochemical
parameters for 1-AQQ, the oxidative vertex potential was increased in order to achieve oxidation
of 1,5-DAAQ. Afterwards the obtained P15DAAQ film was washed with 18 MQ water. The exact
electrochemical parameters used for the polymerization are shown in Table 4. Regarding the

polymerization of P15DAAQ on Cr-Au, the number of cycles was again decreased to 20 cycles.

Table 4. Electrochemical parameter versus SCE for the electropolymerization of 1-AAQ.

1st Potential / V 2" potential / V Scanrate / mV s Current Range / mA Nr. of Cycles

0 1.6 50 100 40

2.2.3. Electropolymerization of riboflavin
The electropolymerization of riboflavin was performed according to lvanova et al. 8 and
Radzevic et al. ® and further optimized. The synthesis was performed in a 0.1 M H.SO4 solution
containing 1 mM of riboflavin. Prior to the polymerization the cell was purged for approximately

30 min with N2. An Ag/AgCI (3M KCI) was used as the reference electrode and a platinum foil
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electrode as the counter electrode. As a working electrode GC or CP was used. Afterwards, the
obtained polyriboflavin film was washed with 18 MQ water. The used electrochemical parameters

for the polymerization are listed in Table 5.

Table 5. Electrochemical parameter versus SHE for the electropolymerization of riboflavin.

1st Potential / V 2"dPotential /V  Scanrate / mV s Current Range / mA Nr. of Cycles

-0.55 1.95 50 100 60

2.3. Synthesis of chemically synthesized polymers

2.3.1. Synthesis of P14AQ
The synthesis of poly-(1,4-anthraquinone) (P14AQ) was performed according to Wielend et al. %8,
originally reported by Yamamoto et al. ' and further optimized by Song et al. '"® To produce
P14AQ by organometallic condensation reaction, 1,4-dichloroanthraquinone (0.9 mmol, 1 eq.)
was weighed in a round flask and flushed with N.. The flask was transferred into a glovebox, where
6 mL DMF are added and the mixture is stirred for approximately 2h. Subsequently, under inert
atmosphere bis(1,5-cyclooctadiene)nickel(0) (1.2 mmol, 1.3 eq.), 2,2 -bipyridine (1.2 mmol, 1.3
eq.) and cyclooctadiene (0.9 mmol, 1eq.) are weighed into a separate flask and dissolved in 9 mL
DMF. The previously prepared 1,4-dichloroanthraquinone solution was added to the reaction
mixture and sealed. Under argon, the mixture was heated to 60 °C under stirring. After the reaction
time of 48 h the solution was cooled to room temperature and neutralized with HCI (30 mL, 0.5M),
resulting in the precipitation of the polymer. The precipitate was filtered off and washed with DMF,
HCI and subsequently with 18 MQ water and finally with methanol. The washed product was dried
overnight. The polymer was dissolved in chloroform and again precipitated with methanol (15 mL)
followed by filtration under vacuum and washing with methanol. The final purified polymer was
dried under vacuum at room temperature. The reaction scheme is depicted in Figure 12 where

1,4-Dichloroanthraquinone reacts via organometallic condensation to P14AQ.
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DMF, 60 °C, 48 h
>
2,2'-bipyridine (1.3 eq.)

bis(1,5-cyclooctadiene)nickel(0) (1.3 eq.)
1,5-cyclooctadiene (1 eq.) o n
o Cl

1eq.

Figure 12. Reaction Scheme of the synthesis of P14AQ.
"H-NMR (300 MHz, CDCls, &/ppm): 8.31 (br,1H), 8.11 (br,1H), 7.92 (br,2H), 7.73 (br,2H).

2.3.2. Synthesis of PDDA-FMN

The synthesis of poly(diallyldimethyl ammonium flavin mono nucleotid) (PDDA-FMN) was
performed according to a reported procedure for an analogous polymer. "' For the synthesis, a
50 mM solution of FMN was prepared by dissolving 1.25 mmol of FMN (0.846 g, 76%) in 25 mL
18 MQ water. Subsequently, 500 uyL solution of poly(diallydimethylammonium chloride)
(PDADMAC, 0.062 mmol, 20 wt% in H,O, 200 000-350 000 g mol') was diluted with 500 pL
18 MQ water to receive a 10 wt% solution. Over a period of 20 min the aqueous FMN solution was
added dropwise under vigorous stirring. During the anion exchange, the soluble PDADMAC is
transformed into insoluble PDAA-FMN. The solution was stirred overnight and let sit for another
3h to complete the reaction. The precipitated polymer was filtered off, washed with 18 MQ water
and dried at room temperature overnight. The reaction scheme is depicted in Figure 13, where
FMN reacts with PDADMAC resulting in the ionic polymer PDDA-FMN.

o o

/Ko /K
\WOH n H,0,6 h WOH
+ T 4 X + NaCl
@®
WOH S} WOH

HO * /N\Cl HO'

20 eq. 1eq.

Figure 13. Reaction Scheme of PDDA-FMN.
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2.3.3. Synthesis of Polyallylamine-anthraquinone (PAA-AQ)
The synthesis of poly-allylamine-anthraquinone (PAA-AQ) was performed according to the
procedure reported by Oka et al. ®° Therefore, 2-bromoanthraquinone (1.3 mmol) was added to a
polyallylamine solution (0.65 mmol, 20 wt% in H.O, p = 1.02 g mL™", 17 000 g mol") in a flask and
flushed with N2. Subsequently, the reaction mixture was transferred into a glove box, where
10 mL DMF were added and the mixture is stirred for 30 min. Under argon, the mixture was heated
to 100 °C under stirring, resulting in a violet solution. With increasing reaction time, a colour
change to bright red was observed. After a reaction time of 6h, the solution was cooled to room
temperature, resulting in the precipitation of the polymer which was further promoted through
addition of diethyl ether. The polymer was filtered of under vacuum, washed with acetone and

diethyl ether and dried under vacuum at room temperature for 6h. The reaction scheme of the

synthesis of PAA-AQ is depicted in Figure 14.
Wﬂl
NH NH,

%
-

v

NH,

(0]
Br
+
n DMF
(0]

2 eq. 1eq.

Figure 14. Reaction scheme of the synthesis of PAA-AQ.

2.4. Electrochemical Characterization

For electrochemical characterization in aqueous solution a one compartment cell was used as
presented in Figure 11, where the WE was either the modified GC plate, CP or GC disc. As CE a
Pt plate and as RE a commercial Ag/AgCl (3M KCI) was employed. Prior each CV measurement
the cell was purged for 1h with N2 to obtain an oxygen free environment. For CO, capture and
release experiments the cell was purged for 30 min with CO, and subsequently the cell was

purged with N2 for 2h to remove the dissolved CO-to investigate the CO; release.

The CV measurements were performed with a scanrate of 50 mV s in a potential range of
approximately -1200 mV to 1000 mV adjusted to the pH value of the used electrolyte for 2 — 5
cycles. As electrolyte phosphate buffers were used at the pH values 2, 7 and 12. Additional, CV

was conducted in 0.1 M NaOH at pH 13. Besides aqueous electrolyte solutions, ionic liquids were
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used either pure or as a 5mol% solution with 18 MQ water. Furthermore, a 1 M NaCl in
0.1 M NaOH electrolyte solution was prepared to investigate the influence of a higher ionic

strength.

Prior using ILs as an electrolyte, the electrochemical window of the ILs was determined under inert
conditions in a glove box. A three-electrode setup was employed, where a commercial Ag/AgCl
electrode (3M KCI) was used as the RE, a platinum plate served as the CE and a glassy carbon

disc was utilized as the WE.

CV measurements in pure ionic liquids were performed in a one-compartment cell inside a glove
box purged with N.. Before each measurement the solution was stirred for 2h to ensure efficient
ion exchange and transfer between electrolyte and electrode. For capture and release
experiments the electrolyte solution was purged with CO; for 15 min and subsequently with N, for

a period of 2h to remove the dissolved CO; again.

For electrochemical characterization of the chemically synthesized polymer PAA-AQ and PDDA-
FMN, 10 mg polymer was suspended in 1 mL DMSO and DMF, respectively and of this
suspension 5 yL were drop casted onto a GC disc. In the case of P14AQ the polymer was

dissolved in chloroform as a 10 mg mL" solution and drop casted onto a GC disc.

Additional electrolysis was performed to investigate the CO; reduction ability in aqueous solution
to CO of the modified electrodes. Therefore, a two-compartment setup separated by a nafion
membrane (117) as presented in Figure 15 was used. The modified GC or CP electrodes were
used as the working electrode, which were situated in the same compartment as the Ag/AgClI (3M
KCI) reference electrode and was equipped with a stirrer. In the second compartment, a Pt acting

as a counter electrode was placed.
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Figure 15. Two compartment cell setup for electrolysis.
2.5. CO: capture and release quantification by FTIR spectroscopy

To quantify the amount of CO, captured and released by the different polymers a FTIR Bruker
VERTEX 80 FTIR spectrometer with an IR gas cell from Thermofisher were used. Before the
experiments an external calibration curve was created by injecting with a Hamilton syringe a
specific quantity of pure CO2 (5% in N2) into the gas cell and measuring the integrated area of the
asymmetric stretching band of COy, located at 2350 cm™'. The spectrometer chamber was purged
with nitrogen during the measurements to prevent interference from atmospheric CO,. For the
CO; capture and release experiments, a three-electrode setup in a one compartment cell was
used as depicted in Figure 11. Prior measurements, the electrochemical cell was again purged
with CO. for 30 min. For the quantification, CO> was captured electrochemically using three CV
cycles. After capturing, the cell was purged for 2h with N2 to get rid of uncaptured CO: in the
atmosphere as well as solution and subsequently three CV cycles was again performed resulting
in the release of the captured CO.. After the release and stirring the solution, 2 mL headspace
gas sample was taken and analysed in the IR gas cell to generate the corresponding IR spectrum
of CO..

In addition, electro-swing experiments were conducted using P14AQ, where instead of CV a
constant potential capture and for release in a time for each purpose was applied.
2.6. Characterization Methods

Spectroscopic characterization of the obtained polymer-coated electrodes was done using
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) and Raman

spectroscopy. ATR-FTIR was performed on a Bruker VERTEX 80-ATR spectrometer in the
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spectral range of 4000-400 cm™ averaging 64 scans at a resolution of 4 cm™. Raman spectroscopy
was performed on a Bruker MultiRAM using an excitation wavelength of 1064 nm in the spectral

shift range between 3600 and 5 cm™.

The morphology of the prepared electrodes was analyzed by scanning electron microscopy
(SEM). A JEOL JSM-6360LV scanning electron microscope was operated under high vacuum

settings and an acceleration voltage of 7.0 kV.

"H-NMR spectra were recorded by dissolving the polymer in CDCIs; on a Bruker® Advance 300
spectrometer at 300 MHz.

To analyse CO as reduction product after electrolysis, gas injection chromatography was
employed. Therefore, 2 mL of the headspace were injected into a Thermo Scientific Trace GC
Ultra with He as carrier gas to detect CO with a thermal conductivity detector (TCD). As column a
Restek molecular sieve packed column was used. The applied temperature ramp for the GC is
depicted in Table 6.

Table 6. Applied temperature ramp.

Settings Temperature / °C
Hold for 2 min 30

10 °C / min 30-130

Hold for 10 min 130

The contact angle of electropolymerized polymers on glassy carbon as well as drop-casted
polymer films was measured using an Ossila Angle Goniometer. The measurements were
conducted at room temperature using 18 MQ water, and the contact angle was determined using
the integrated Ossila Contact Angle v.3.0.4.0 software enabling fitting to accurately determine the

contact angle.
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3. Results and Discussion

3.1. Poly-(1-Aminoanthraquinone)

3.1.1. Electropolymerization of 1-AQQ
The electropolymerization of 1-AAQ was performed in 6M HSO4, since only via the complete
protonation of the amino group, the monomer is dissolved at a concentration of 5 mM. % No
polymer growth was observed when lower concentrated H.SO4 was chosen as the electrolyte.
The electropolymerization was performed by sweeping between 0 and +1.3 V. The upper limit was
chosen to induce oxidation of the monomer, while the lower limit was selected to avoid reduction
of the quinone group. The CV of the electropolymerization of 1-AQQ on a platinum foil electrode

is depicted in Figure 16.

4 T T T T T T T
—— 1% Cycle
3t 2-29" Cycle _
20" Cycle
5| ——30" Cycle _ J i
< i
E 1} .
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02 00 02 04 06 08 10 12 14
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Figure 16. Oxidative polymerization of 5 mM 1-AAQ in 6M H>SO4 solution by sweeping between 0.0 V
and 1.3 V at a scanrate of 100 mV s-! for 30 cycles on Pt. The first, twentieth and last cycle are highlighted

in blue, green and red respectively.

As can be seen in Figure 16, the 1-AQQ is irreversibly oxidized at approximately 1.1 V, resulting
in a gradual decrease of the anodic peak. This peak can be assigned to the oxidation of the amino
side group leading to a radical cation and dication and subsequently to the rapid formation of a
polymeric chain. Since no reversible cathodic peak is observed in Figure 16, this indicates a
subsequent chemical reaction of the electrochemically generated monocation as well as the
dication radicals leading to the formation of a polymer film on the corresponding electrode. ©8
Furthermore, the increase of the peak current at approximately +0.6 V and +0.75 V is clearly
visible with increasing cycle number, which is characteristic for the deposition of electroactive
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substance onto the surface of the electrode. However, only an increase until the 20" cycle,
highlighted green in Figure 16, can be noticed, after that a slight decrease and shift towards more
anodic potential is observed of the peaks. Electropolymerization on GC and CP was carried out
for electrochemical characterization. Additionally, for enabling IR and Raman measurements,
electropolymerization on Cr-Au electrodes were performed. The optical appearance of each

electrode can be seen in Figure 17.

a)
\

Figure 17. PAAQ film on a) Pt foil b) CP and ¢) Cr- Au electrodes.

As can be seen in Figure 17 a, PAAQ appears on platinum as a greyish golden polymer film, while
the polymer film of PAAQ on CP appears nearly in black greyish colour (Figure 17 b).
Furthermore, the polymerization performed on Cr-Au shows also a brownish-darkish appearance
as shown in Figure 17 c.

3.1.2. Characterization

In Figure 18 the IR of the polymer PAAQ is shown in comparison with the monomer AAQ.
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Figure 18. FTIR of the polymer PAAQ and the corresponding monomer AAQ for comparison.

In Figure 18 can be seen that the monomer shows two peaks at 3416 and 3300 cm
corresponding to -NH2 group stretching vibration. Comparing the spectrum of the polymer and the
monomer, these peaks are disappearing as the -NH. groups are converted to -NH- groups during
the polymerization process resulting in a broad peak as shown in Figure 18. In addition, the
spectra of the polymer exhibit significantly wider and less distinct peaks compared to those of the
monomers, providing additional evidence of a successful polymerization process. Furthermore, a
peak can be observed at 1635 cm™ and 1633 cm™" due to C=0 stretching vibration of the quinone
group, which can be seen in the monomer AAQ as well as in the polymer PAAQ, respectively. The
peak assigned to the C=0 broadens significantly, as already observed concerning the peak due
to -NH- stretching. Furthermore, the peaks at 1584 cm™ and 1498 cm™ in the polymer spectrum
can be assigned to stretching of quinoid and benzenoid rings, respectively. The same bands can
be observed regarding the monomer at 1582 cm™ and 1540 cm™. The peak at 1261 cm™ regarding
PAAQ and the peak at 1278 cm™' concerning the monomer can be assigned to stretching vibrations
of the C-N bond. The FTIR spectrum of PAAQ as well as the monomer AAQ is in accordance to

the literature. 5967.112

Besides FTIR, Raman spectroscopy was performed as characterization method. The results of

the Raman measurements of P15DAAQ and 1,5-DAAQ in comparison are presented in Figure 19.
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Figure 19. Raman spectroscopy of PAAQ and the corresponding monomer AAQ for comparison.

The vibration peaks at 1644 cm™ regarding PAAQ corresponds to the C=0 stretching, which can
also be observed for the monomer AAQ with a wavenumber of 1658 cm™. However, when
comparing with the monomer AAQ a bathochromic shift can be observed regarding the C=0
vibration of PAAQ due to resonance effects of amines weakening the C=0 bond vibration. 13114
The peak at 1569 cm™ can be assigned to C=C bond stretching vibration, while the peak at

1288 cm™' corresponds to C-N stretching vibrations.

To investigate the morphology of the coated electrodes SEM was performed. In Figure 20 the

SEM images of PAAQ on GC as well as CP in different magnitudes are presented.
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h Figure 20. PAAQon GC a) on CP b‘)‘witr:ﬁcreésing magnitudes.
As can be observed in Figure 20, PAAQ appears as a sponge-like polymeric film covering the
majority of the GC surface. However, comparing PAAQ on CP, better coverage with spongy like
structures can be noticed. The structure consists of individual crosslinked fibers, similar to the
structure of PANI. ©°

3.1.3. Electrochemical characterization
The capability of PAAQ to capture CO; was first examined using polymer-modified GC electrodes

and the results are presented in Figure 21.
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Figure 21. CV of GC coated electrodes with PAAQ in phosphate buffer with pH value of a) pH 2 b) pH 7
as well as ¢) in 0.1 M NaOH with pH value of 13.

As depicted in Figure 21 a, CV measurements conducted in pH 2 reveal that PAAQ shows nearly
no current response indicating its limited electrochemical activity under acidic conditions in
comparison to other pH levels. Furthermore, at saturated CO, conditions no alteration in the CV
can be observed indicating no reactivity towards CO, at low pH values. However, in pH 7,
presented in Figure 21 b, the response of PAAQ is more pronounced, displaying a half-potential
of -0.45 V. Nevertheless, even in the presence of saturated CO- conditions, there is no significant

for CO, capture.

Notably, at a pH of 13 in Figure 21 ¢, PAAQ demonstrates a distinct peak with the highest current
density of 1.75 mA cm, characterized by a half-potential of -0.67 V under saturated N> conditions.
After CO. purging, remarkable changes in the cyclic voltammograms can be observed. The current
density of the reductive peak shows a significant decline, accompanied by a shift in the half-
potential to -0.43 V, alongside the emergence of a reversible oxidative peak at +0.55 V. Upon

eliminating the unbound CO; through re-purging the system with N2, a shift towards more cathodic
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potentials and the change of the oxidative peak is observable. While these changes and shifts
within the CV are suggestive of CO, capture, they must be interpreted with caution due to the

changes in pH from 13 to approximately 7 resulting from CO, purging.

As PAAQ showed promising results in alkaline solution, further experiments with modified CP
electrodes were conducted. In addition to measurements in 0.1 M NaOH, CV in phosphate buffer
adjusted to pH value 12 in order to avoid fluctuation of the pH value when purging with CO,. The

results of the CV measurements are depicted in Figure 22.
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Figure 22. CV of CP coated electrodes with PAAQ in phosphate buffer with pH value of a) pH 12 and in b)
0.1 M NaOH at pH 13.

As can be seen in Figure 22 and Figure 20 c, consistent half-potential values for PAAQ were
obtained across different alkaline solutions, ranging from -0.64 V to -0.70 V operating under
saturated N> conditions. However, an intriguing observation emerges with respect to
measurements performed in pH 12 wherein a larger current density was obtained for the reductive

peak characterized by a half-potential of -0.64 V.

Upon closer examination of the pH 13 conditions with PAAQ-CP shown in Figure 22 b, quite a
difference to the other pH values and electrode material can be observed. Normally, the current
declines significantly under CO2 when CO, capture occurs, however in this instance, the current
not only exceeds the peak under N2 but also demonstrates a substantial anodic shift in potential
from -0.7 V to -0.18 V. Under saturated N> conditions a quasi-reversible reductive peak can be
observed, while in the CV under CO. the reductive peak and the oxidative peak are highly
separated. Upon reversion to N2 purging, a shift towards more cathodic potential becomes evident,
registering a half-potential of -0.40 V. The resulting peaks remains separated and exhibit a lower
current density. Although the potential influence of pH fluctuations must not be disregarded, given
36/90
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the potential drop to approximately pH 7 during CO; purging, the magnitude of the observed shift

exceeds what can be attributed to pH changes alone.

The CV performed in pH 12 using PAAQ-CP yields similar results akin to those obtained in pH 13
with GC electrodes. However, when subjected to saturated CO, conditions a second reductive
peak emerges with a half potential of 0.05 V accompanied by an oxidative peak at 0.57 V similar
to the results of the CV with GC in pH 13. The current density of this peak decreases upon re-
purging with N2, whereas the current density of the other peak remains nearly unaltered. This

observation strongly suggests the release of CO..

Additional to measurements in electrolyte with different pH values, the influence of the ionic
strength was examined by adding NaCl or an ionic liquid to the 0.1 M NaOH solution. Only
EMIM-OTf was investigated since this is the only ionic liquid miscible in this concentration with
aqueous solutions. The results in comparison with the CV measured in the pure 0.1 M NaOH are

presented in Figure 23.
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Figure 23. CV measurements of a) PAAQ-CP in 0.1 M NaOH as well as addition of b) 1 M EMIM-OTf and
c) 1 M NacCl.

As shown in Figure 23 both the addition of EMIM-OTf and NaCl resulted in notable enhancements
in the current density, whereby the introduction of NaCl improved the response of PAAQ to an
even greater extent. Moreover, upon comparing the half-potential of measurements conducted in
0.1 M NaOH with those involving NaCl and EMIM-OTT, a shift towards a more anodic potential
becomes evident. However, for both NaCl and EMIM-OTf an identical half potential of -0.59 V
under saturated N» conditions as well as under saturated CO, a half potential of -0.37 V was
achieved. However, a notable divergence emerges when examining the CV during the re-purging
phase. As the focus of this thesis lies on finding optimum polymers and conditions, mechanistic
studies on the origins of these aforementioned differences are subject to further studies.

Besides measurements with the addition of EMIM-OTF to 0.1 M NaOH, experiments in pure ionic
liquids were conducted and the results are presented in Figure 24.
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Figure 24. CV measurements of P14AQ on GC disc in pure ionic liquids being a) EMIM-OTf b) EMIM-FSI
as well as ¢) BymPyrr-FSI.

PAAQ on CP, depicted in Figure 24, shows electrochemical activity in all ionic liquids, with the
most pronounced peaks occurring when using the ionic liquid EMIM-FSI. The half-potential values
obtained under N2 conditions quit vary within the different ionic liquids, ranging from -0.57 V to
0.16 V. However, as depicted in Figure 24 a, it becomes evident that the stability of PAAQ is
compromised within the ionic liquid as the current density declines significantly over the course of
the CV measurements. Furthermore, detachment from the electrode is observed, which can be

seen directly by the naked eye.

In the measurements conducted in EMIM-FSI illustrated in Figure 24 b, a reduction in current
density is evident under saturated CO, conditions compared to measurements under N,. This
decline does not exhibit the same rapid progression observed in subsequent CV measurements,
as seen with EMIM-OTf. This suggests the potential occurrence of carbon capture, although
detachment from the electrode was still observed, it was not as pronounced as in the case of
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EMIM-OTf and BMPyrr-FSI. Nevertheless, to investigate whether this decrease in current density
results from carbon capture effects or the instability of the polymer in the ionic liquid, further

experiments are necessary.

Regarding the measurements conducted in BMPyrr-FSI, as illustrated in Figure 24 c, clear
detachment of the electrode, visible to the naked eye was observed. Consequently, no additional

CV measurements were carried out after exposure to CO- conditions.

3.2. Poly-(1,5-Diaminoanthraquinone)

3.21. Electropolymerization of 1,5-DAAQ
In analogy to the electropolymerization of 1-AAQ, also a 6 M H.SO4 solution was used as an
electrolyte solution to ensure the dissolution of 1,5-DAQQ. However, only 2.5 mM of 1,5-DAAQ
could be dissolved instead of 5 mM as achieved for 1-AAQ. Compared to the method of
electropolymerization of 1-AAQ, the oxidative vertex had to be increased to +1.6 V, otherwise
oxidation of the monomer 1,5-DAAQ did not occur. The CV of a representative polymerization of

1,5-DAAQ performed on platinum foil is shown in Figure 25.
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Figure 25. CV of the potentiodynamic oxidative polymerization of 2.5 mM 1,5-DAAQ in 6 M H2SO4 in a

potential range between 0.0 V and 1.6 V at a scanrate of 50 mV s for 40 cycles deposited on Pt.

In Figure 25 an anodic peak corresponding to the oxidation of to the monomer 1,5-DAAQ can be
observed at a potential of approximately +1.4 V, leading to a radical cation and dication and
subsequently to the formation of oligomers. Furthermore, it can be seen that the gradual decrease

of the peak current with increasing cycles is indicating the polymer growth as the monomer is
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oxidized. The electropolymerization of 1,5-DAAQ was also performed on CP, GC and Cr-Au for

characterization purposes. The appearance of the different modified electrodes is depicted in

a) b
|

Figure 26. P15DAAQ on a) Pt foil b) CP and ¢) Cr-Au electrode.

Figure 26.

c)

Although no real peak growth is observed in the CV of the electropolymerization in Figure 25 as
compared to the one regarding 1-AAQ, a golden film is clearly visible by the bare eye on the
platinum electrode in Figure 26 a. On the Cr-Au electrode the P15DAAQ film also appears as a

gold yellowish film, while on the carbon paper the polymer appears in dark-greyish colours.

3.2.2. Characterization
To investigate the structure of P15DAAQ, IR spectroscopy was performed and the results of

P15DAAQ as well as the monomer DAAQ in comparison are presented in Figure 27.
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Figure 27. FTIR of the polymer P15DAAQ and the corresponding monomer DAAQ for comparison.

Two bands at 3419 and 3312 cm™ corresponding to -NH; stretching vibrations of the monomer
can be seen in Figure 27. These peaks of DAAQ merge into one broad band at approximately
3040 cm™ due to polymerization of P15DAAQ. Bands at 1604 cm” and 1640 cm™ are
corresponding to the C=0 stretching vibration of the quinone group for both the monomer and the
polymer, respectively. However, a much broader peak is observed for the polymer. In general, the
polymer spectra display broader and less well-defined peaks in comparison to the monomer
spectra, which serves as further confirmation of a successful polymerization process. The peak
observed at 1507 cm™ can be assigned additionally to the quinone group. On the other hand, the
absorption band at 1176 cm™ is attributed to the stretching of the C—N bond in aromatic amines.

The FTIR spectras are in accordance to examples in literature. 7'112

To investigate the morphology of DAAQ, SEM measurements were carried out. When DAAQ is
polymerised on Pt, a distinct golden film forms, which is easily noticeable without the need for any
magnification. Therefore, additional measurements were conducted of Pt coated P15DAAQ

plates, where the results can be seen in Figure 28.
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Figure 28. SEM images of P15DAAQ on Pt.

Figure 28 a clearly depicts the interface between pure platinum on the left and its corresponding
grain boundaries, while on the right, the platinum surface coated with P15DAAQ can be seen.
P15DAAQ appears as a homogeneous film covering the platinum plate fully. Upon further

magnification, as shown in Figure 28 ¢, small islands or dots in the polymer are visible.

In addition, SEM of P15DAAQ covered GC and CP as well as blank GC and CP for comparison

are presented in Figure 29.

a)

Figure 29. a) Blank GC b) GC covered with P15DAAQ c¢) blank CP and d) CP covered with P15DAAQ.

In Figure 29 b) dots of P15DAAQ are visible on the GC similar to the observation regarding the
polymerization of DAAQ on the Pt plate. Comparing Figure 29 c) to d) only minor differences can
be observed, as P15DAAQ is a homogenous and apparently thin film. However, a knob-like

structure can be seen.

3.2.3. Electrochemical characterization
CV experiments were performed in phosphate buffers with pH value 2 ,7 as well as in a 0.1 M
NaOH solution with a pH value of 13 of coated electrodes with P15DAAQ and the results are

presented in Figure 30.
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Figure 30. CV of GC coated electrodes with P15DAAQ in phosphate buffer with pH value of a) pH 2 b) pH
13 ¢) pH 7 as well as d) CV of P15DAAQ coated CP electrodes in pH 7.

The capability of P15DAAQ to capture CO2 was first examined using polymer-modified GC
electrodes. As illustrated in Figure 30 a, P15DAAQ under N displays two small reversible
reductive peaks with a half potential of -0.16 and +0.15. However, when exposed to CO- purging,
only negligible changes were observed, indicating that there is no tendency for CO, capture.
Notably, regarding the CV measurement in alkaline solution depicted in Figure 30 b, disparities
between CV under N2 and CO; can be seen. Nevertheless, these disparities are more likely

attributed to pH value changes to a lower pH during CO; purging rather than interactions with CO».

Furthermore, Figure 30 ¢ demonstrates clear discrepancies between N2 and CO2 CV results at
pH 7. Under N2, an anodic peak with a half potential of -0.51 is observed. However, similar to
polyanthraquinone and the monomer anthraquinone 4, the electrochemical response of this

reductive peak of P15DAAQ under CO- diminished, resulting in low current density. Consequently,
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additional CV experiments were conducted using CP-coated P15DAAQ electrodes, as the
electrochemical response of the polymer is typically enhanced and higher currents are obtained
with CP as the electrode material, aiming to further investigate its potential for carbon capture in
pH 7. However, as illustrated in Figure 30 d, only minimal changes in the CV were observed
contradicting the results obtained at pH 7 with the GC electrode. To clarify, whether this
disappearance of the peak under CO; in Figure 30 c is attributed to instability of the polymer or

inactivation, further investigations are required.

Since no substantial indication of CO, capture ability was observed, no further experiments were

carried out in other electrolyte media.

3.3. Polyriboflavin

3.3.1. Electropolymerization of riboflavin
The electrochemical polymerization of riboflavin was performed in acidic, basic and neutral
conditions, whereby the electropolymerization in acidic medium (0.1 M H2SO4) showed the most
satisfying results. However, this result is in contradiction to Radzevic et al., where the best
polymeric film of polyriboflavin was reported in neutral conditions. 8 Although the synthetic
procedure was inspired by previous work by Radzevic et al. 3 and Ivanova et al. 3 some
optimization steps of the electropolymerization were performed. The electropolymerization was
only performed on GC and CP, as on Cr-Au the polymerization was not possible due to too high
potential for the oxidation of the monomer to enable formation of the polymer. The high potential
caused the oxidation of the chromium leading to the detachment of the Au film. The resulting CV
of the polymerization of riboflavin on GC can be seen in Figure 31. The electropolymerization in

neutral and basic conditions are depicted in Figure 32.
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Figure 31. CV of the potentiodynamic oxidative polymerization of 1 mM riboflavin in 0.1 M H2S0O4 in a
potential range between -0.55 V and 1.95 V at a scanrate of 50 mV s-' for 60 cycles deposited on GC. The

first and last cycle are highlighted in blue and red respectively.

In 0.1 M H>SOy4 the riboflavin is fully protonated due to having a pKa of about 10.5 depending on
the ionic strength of the solution. 8''® In Figure 31, an anodic peak at 1.9 V can be seen caused

by the formation of radicals. The current of the oxidative peak increases with the cycling number.

At 0.13 V and -0.03 V an anodic and cathodic peak can be seen, respectively. The increase of the
peak current of these peaks is clearly visible with increasing cycle number, indicating the
deposition of polymer onto the surface of the electrode. Furthermore, a current increase at 1.9 V

can be observed which was caused by the formation of radicals. 84

The electropolymerization of riboflavin performed in phosphate buffer adjusted to pH 7 and in a

0.1 M NaOH solution (pH 13) are depicted in Figure 32, respectively.
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Figure 32. CV of the potentiodynamic oxidative polymerization of 1 mM riboflavin in a) 0.1 M phosphate
buffer with ph7 and b) in 0.1 M NaOH in a potential range between -0.55V and +1.95 V at a scan rate of
50 mV s for 60 cycles deposited on GC. The first and last cycle are highlighted in blue and red respectively.

In Figure 32 a an increase of the cathodic peak at -0.3 V can be observed, while for the anodic
peak a decrease of -0.2 V can be noticed. Furthermore, an increasing oxidative peak at +1.9 V as

already observed for the electropolymerization in acidic conditions can be seen.

As can be seen in Figure 32 b no significant current increase indicating the polymer growth can

be observed. However, a decrease in current at approximately -0.47 V can be noticed.
In Figure 33 a and b are the polymeric film of riboflavin on CP and GC depicted, respectively.

a) b)

Figure 33. PRF on a) CP and b) GC polymerized in 0.1 M H2SOa.

Polyriboflavin appears on GC as a shimmery film, which can easily be seen by the bare eye. On

the contrary, the polymer film of polyriboflavin polymerized on CP is not visible by the bare eye.
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3.3.2. Characterization
Unfortunately, as a wide electrochemical range is necessary for the polymerization of PRF, no
polymerization occurred on an electrode that was not carbon-based, and consequently, no FTIR
or Raman spectra could be measured. Nevertheless, both the visible film formation and the CV
results, confirmed successful polymerization which is further discussed in the next chapter.
Additionally, SEM images provided further supporting evidence of a successful polymerization and

the results can be seen in Figure 34.

10 pm

50 uym

Figure 34. SEM images of a) bare GC b) PRF on GC c) PRF on GC after CV measurements, as well as d)
bare CP e) PRF on CP and f) with increased magnitude.

As depicted in the Figure 34, while PRF is visible as a reflective thin film on GC when observed
with the naked eye, SEM images do not reveal a distinct contrast between bare GC and GC coated
with PRF. However, after performing CV measurements, cracks and tendrils become apparent on
the PREF thin film, making it distinguishable from the electrode, as illustrated in Figure 34 c. In
contrast, on CP electrodes, as illustrated in Figure 34 e,f, PRF shows the appearance of a knob-

like film.

3.3.3. Electrochemical characterization
The capability of PRF to capture CO; was first examined using polymer-modified GC electrodes
in phosphate buffer with pH value of 7 as well as in 0.1 M NaOH with pH 13 and the results are
presented in Figure 35.
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Figure 35. CV of modified GC with PRF performed in phsopahte buffer with pH value a) 7 as well as b) in
0.1 M NaOH with pH value of 13.

As depicted in Figure 35 when using the GC electrode material, the response of PRF is rather

subtle, particularly evident in measurements conducted at pH 7. However, concerning the results

for pH 13, a decrease in current during CO. exposure, followed by a subsequent increase upon

re-purging with N2, suggests CO capture and release.

Even though the PRF response on the electrode material GC remains relatively minor, potential

indications of CO; capture can be observed by a decreased current response under CO; which

was again rising after N2 re-purge. To further explore this, measurements were also performed

using CP electrodes, and their results are presented in Figure 36.
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Figure 36. CV of CP coated electrodes with PRF in phosphate buffer with pH value of a) pH 2 b)
pH 7 d) pH 12 as well as in ¢) 0.1 M NaOH with pH value of 13.

The electroactivity of PRF is significantly more pronounced when utilizing CP as opposed to GC
electrodes. This is particularly evident in the presence of distinct quasi-reversible peaks observed
under saturated N conditions at various pH levels. The shape of the CV is in accordance with
literature. In Figure 36 a the measurement conducted in pH 2 is displayed, where no changes in
the CV under saturated CO, conditions can be observed. Similarly, Figure 36 b representing
measurements at pH 7, reveals a comparable behaviour, although with a slight observable shift
likely attributable to minor pH fluctuations resulting from CO; purging.

When examining Figure 36 c, which presents measurements conducted at pH 13, distinct
changes in the CV become evident. A noticeable shift occurs, accompanied by a significant
reduction in current density under saturated CO. conditions. The shift in potential is most likely
due to the strong shift in pH upon CO2 saturation, as also previously mentioned for Figure 21.
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Furthermore, under N2 saturated conditions the peak respond is very sharp and pronounced with
a half potential of -0.7 V and a second small peak can be seen in contrast to the observations at
lower pH values. This secondary peak with a half potential of -0.51 V disappears however under
saturated CO; conditions. Furthermore, the peak separation is more pronounced during CO-

exposure compared to when re-purging with Na.

Regarding to measurements performed in pH 12 displayed in Figure 36 d, the CV results under
saturated N» conditions closely resemble those obtained at pH 13. However, upon purging with
COz notable differences become apparent. In the case of pH 12, there is no significant reduction
in current density, but a substantial shift towards more anodic potential is observed. Moreover,

unlike the situation at pH 13, the secondary peak persists upon exposure to COo.
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Figure 37. Observation on influence of increase in ionic strength a) 0.1 M NaOH without addition of b) 1 M
EMIM-Otf and ¢) addition of 1 M NaCl.
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As observed in Figure 37, there is no increase in current density with higher ionic strength,
contrary to the typical expectation where higher ionic strength often leads to enhanced
electroactivity. Furthermore, a titled CV shape and undefined peak emerges, resulting in the
conclusion that the addition of EMIM-Otf or NaCl is not improving the electroactivity of PRF. This
might be seen as a hint, that in PRF different redox mechanisms might be present compared to

anthraquinone-based polymers, where the justification of this would require further studies.

Additionally, CV measurements in pure ionic liquids were performed and the results are presented

in Figure 38.
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Figure 38. CV measurements of P14AQ on GC disc in pure ionic liquids being a) EMIM-OTf b) EMIM-FSI
as well as ¢) BymPyrr-FSI.

Similar to the results observed for 1 M EMIM-OTF in a 0.1 M NaOH solution, the pure ionic liquids

did not enhance the electrochemical response of PRF-CP as can be seen in Figure 38. In general,
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the peaks are only minimally observable, and there are no significant changes in the CV under

saturated CO; conditions expect smaller or diminishing peak response.

3.4. Polyallylamine-anthraquinone (PAA-AQ)

PAA-AQ consist of a hydrophilic backbone due to amine group with partially substituted

anthraquinone units as presented in Figure 39.

Wm
NH NH;

%
-

Figure 39. Structure of PAA-AQ.

The synthesis of PAA-AQ through the nucleophilic substitution was performed similiar to Oka et
al. %, with small changes in the procedure. The polymer should be dissolved in methanol for work
up according to the literature and again be precipitated in diethyl ether, however the product was
not soluble in methanol. Therefore, acetone was used for washing to remove unreacted monomer,
while the polymer was not dissolved. Furthermore, no NMR in solution could be performed as the
polymer was not soluble in DMSO either, although reported in literature. Therefore, only FTIR and
SEM were performed as characterization method. Probably, a higher substitution degree was
achieved in this work, which decreased the hydrophilicity of the polymer and therefore affecting
the solubility. In addition, a polyallylamine with a higher molecular mass was used than in the

literature which also contribute to the decreased solubility.

3.4.1. Characterization of the Polymer
To study the structure of PAA-AQ, FTIR measurements of the polymer was performed and the

results are depicted in Figure 40.
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Figure 40. FTIR of 2-bromoanthraquinone, polyallyamine and PAA-AQ in comparison.

In Figure 40 the FTIR spectra of PAA-AQ in comparison with 2-bromoanthraquinone (Br-AQ) and
polyallylamine (PAA) is shown, which are in accordance to literature. ® In the spectra of PAA the
stretching vibrations of the N-H bound can be observed at bands of 3349 cm™ and 3268 cm™.
Regarding PAA-AQ, the band assigned to N-H vibration can be seen at 3240 cm™ in the PAA-AQ
spectrum, however compared to PAA the peak is broader and less defined. Furthermore, when
comparing the spectra of PAA and PAA-AQ an additional peak at 1652 cm™ is visible
corresponding to the carbonyl group of anthraquinone, confirming the successful substitution of
anthraquinone into the polymer PAA. However, when comparing the monomer Br-AQ and the
polymer PAA-AQ a slight shift of the carbonyl group peaks can be seen. Furthermore, aliphatic
C-H stretching vibrations band at 2907 and 2916 cm™ can be observed in PAA as well as in the
polymer PAA-AQ, respectively. Additionally, bands at 1596 cm™ and 1531 cm™ attributed to N-H
stretching band due amine deformation in PAA as well as PAA-AQ can be observed respectively.
Furthermore, the peak at 1448 cm™ can be assigned to stretching vibrations of the C-N bond.
Regarding PAA, a broad peak at 889 cm™ can be noticed, which fully disappears in the spectrum
of PAA-AQ. %

To investigate the morphology and structure of the polymer, SEM measurements were performed

of the PAA-AQ drop casted onto to a GC disc presented in Figure 41.
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Figure 41. SEM images of different areas a) and b) of PAA-AQ drop casted onto glassy carbon disc with
increasing magnification as well as ¢) an image of the GC disc with PAA-AQ sample used.

Figure 41 depicts two different areas of the measured GC disc with PAA-AQ. In Figure 41 a
homogeneous thin film with needle-like small island structures is observed. These needle-like
structures are likely attributed to the presence of substituted anthraquinone units in PAA-AQ, as
the structure bears similarity to evaporated anthraquinone thin films reported in the literature.
Additionally, Figure 41 c indicates that PAA-AQ can be visually identified as a transparent and
uniform thin film. In the SEM images illustrated in Figure 41 b, cracks can be observed, which are

likely a result of the drying process during drop-casting of the polymer onto the electrode.

3.4.2. Electrochemical characterization
CV were performed in phosphate buffers with pH value of 2,7 and 12, of which the results are

presented in Figure 42.
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Figure 42. CV von PAA-AQ on GC disc under N2 and CO:in a phosphate buffer with pH value of a) 2 b) 7
c) 12 at scanrate of 50 mV s-'. d) 5 cycles of PAA- AQ in pH 12 and e) dissolution of PAA-AQ in pH 12.

Under acidic conditions, depicted in Figure 42 a, the polymer exhibits distinct and quasi-reversible
peaks, with a half potential of -0.14 regarding the reductive peak under N.. The polymer
demonstrates remarkable stability in acidic environments, as evidenced by the absence of any
decrease in current density over the course of five CV cycles, which is also in accordance to the
literature. % However, as the pH value is increased to neutral or alkaline conditions, the stability
of the polymer significantly decreases, as clearly shown in Figure 42 b and Figure 42 c,
respectively. Half potentials under N of -0.31 and -0.51 were obtained for pH 7 and pH 12,
respectively. The instability of the polymer in alkaline solutions is particularly evident in Figure
42 d, where a rapid decrease in current is observed within five cycles under N2. Notably, even
though the polymer is unstable at pH 12, it exhibits the highest current density of approximately
12 mA cm™'. However, visible dissolution of the polymer into the electrolyte solution, as illustrated
in Figure 42 e, is observed. Furthermore, a slight shift in the half potential can be observed at
pH 12 being a potential sign for capturing CO., however it is more likely to be attributed to changes
in the pH value when purging the solution with CO». Unfortunately, no indication of carbon capture

behaviour is observed, despite the great stability of the polymer in acidic conditions.
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In general, due to the lack of signs for the ability of carbon capture and the instability of the polymer
in neutral and alkaline solutions, no further cyclic voltammetry experiments were conducted in
other electrolyte media.

3.5. Poly(diallyldimethyl flavin mono nucleotid) PDDA-FMN

PDDA-FMN is an ionic polymer consisting of poly(diallydimethyl) and flavin mono nucleotide

(FMN), which appears as yellow-brownish flaky powder as presented in Figure 43.
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Figure 43. Structure of PDDA-FMN.

3.5.1. Characterization
For characterization FTIR spectroscopy was performed and the results in comparison with the
monomer FMN and educt PDAMAC are presented in Figure 44.
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Figure 44. FTIR of PDDA-FMN as well as of the monomers FMN and PDAMAC for comparison.

In FTIR spectra of the monomer FMN, two prominent bands at 1723 cm™ and 1645 cm! are
assigned to the C=0 bonds present in the flavin structure. Bands detected at 1577 cm™ and
1531 cm™" correspond to CN and CC stretches and bends within the isoalloxazine ring of FMN.
Additionally, a broad band observed at 1015 cm™ can be attributed to the asymmetric phosphate

vibrations. 116

Regarding PDAMAC, characteristic bands of the pyrrolidinium backbone at 1474 cm™ due to the
CHs bending vibration and 3050 cm™ from the CH. stretching vibrations of the pendant methyl
units can be observed. Furthermore, the band at 946 cm™' can be assigned to CH, bonded to the

quaternary ammonium group. "7

The FTIR spectra of PDAA-FMN is composed of the spectra of the educts FMN and PDAMAC,
especially the characteristics-sharp bands of FMN are visible.

To investigate the morphology of PDDA-FMN, SEM images were recorded and the results are
presented in Figure 45.
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Figure 45. a) and b) SEM images of P15DAAQ drop casted on GC disc with different magnitudes as well
as c) the PDDA-FMN coated GC disc.

In Figure 45 a the border between the bare GC disc on the left and the drop casted film of
PDDA-FMN is clearly visible. PDDA-FMN seems to form a uniform thin film with small dots, which
are most probably not fully dissolved polymer particles. Furthermore, as shown in Figure 45 b,

the film has a brownish-orange appearance.

3.5.2. Electrochemical characterization of PDDA-FMN
CV experiments were performed in phosphate buffers with pH value 2 ,7 as well as ina 0.1 M
NaOH solution with a pH value of 13 of drop casted GC disc electrodes with PDDA-FMN and the

results are presented in Figure 46.
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Figure 46. CV of PDDA-FMN AQ on GC disc under N2 and CO:zin a phosphate buffer with pH value of a) 2
b) 13 ¢) 7 at scan rate of 50 mV s-'. d) 3 cycles of PDAA- AQ in pH 7 and e) dissolution of PAA-AQ in pH 7
into the electrolyte.

Figure 46 presents the CV results obtained at various pH values, presenting distinct reversible
redox couples in each CV. However, the polymer exhibits significant instability under N2 in both
neutral and alkaline solutions shown in Figure ¢ and b, respectively. This was also observed for a
similar polymer in literature. °® In Figure 46 d and e, the instability of PDDA-FMN in pH 7 is further
emphasized, as clear indications of a decrease in peak current with increasing cycle number and
detachment of the polymer are observed. Similar trends are observed in literature with the
analogous polymer PDDA-SAQ, which shows also stability issues in neutral and alkaline
solution. 58 In addition, in Figure 46 b, a noticeable shift of the half potential from -0.50 under N
to -0.23 under CO: is observed. However, this change is likely attributed to changes in the pH
value from the purging process with COg, rather than due to the effects of CO, capture as already
observed for the other investigated polymers in this work. After the CV, the pH value was found to
be significantly reduced to 8, approaching neutral conditions. Moreover, in Figure 46 b, the
measured half potential under CO; of -0.24 V closely resembles the value obtained under CO;
conditions in Figure 46 ¢, where a potential of -0.23 V was recorded at pH 7. This similarity further
reinforces the assumptions that the shift in the electrochemical response is primarily due to pH

fluctuations rather than being attributed to CO, capture effects.
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Examining Figure 46 a, where the CV was performed at pH 2, only one peak with a half-potential
of 0.01 V under N2 is observed. Despite observing a decrease in the peak current with increasing
cycle number under N, similar to pH 7 and pH 13, a clear difference within the results in the other
electrolytes can be found. Notably, upon purging the system with CO, at pH 2, an additional redox
couple appeared, showing a half-potential of +0.42 V. Furthermore, when the electrolyte solution
was re-purged with N2, no changes in the CV were observed. This observation could be attributed
to two possible reasons. Firstly, it might be due to CO: capture effects, where the CO: is strongly
bonded to the polymer and not released during N2 purging or due to the degradation of the
polymer. Addressing the questions of possible CO, capture and potential polymer degradation

requires further investigation.

Due to the polymer's instability, no additional experiments were conducted using ionic liquids, as
the increased ionic strength would accelerate the dissolution process even further. Despite
obtaining interesting initial results at pH 2 suggesting promising indications for CO, capture, it was
decided not to pursue additional experiments for quantification of CO; capture within the
framework of this master's thesis. The primary reason for this decision was the chosen
quantification method, which relies on measuring the released CO; after the capturing process.
Given the suggestion that PDDA-FMN strongly bonds with CO, and no significant release occurs,
the selected measurement method would not be suitable for accurately quantifying the captured
CO..

3.6. Poly-1,4-anthraquinone

Poly-1,4-anthraquoninone (P14AQ) was successfully synthesized by an organometallic
polycondensation reaction as depicted in Figure 12, confirmed by NMR and FTIR spectroscopy.
P14AQ is composed of covalently linked anthraquinone repeating units, as illustrated in Figure 47.
The resulting polymer was obtained as a yellow powder that demonstrates good solubility in
chloroform. Furthermore, upon drying, the polymer forms a self-supporting film with an intense

yellow colour.

Figure 47. Structure of P14AQ.
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To investigate the structure of P14AQ "H-NMR in CDCI; were recorded.

3.6.1.

Characterization of P14AQ

of P14AQ are presented in Figure 48.
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Figure 48. a) "TH-NMR spectrum of P14AQ as well as b) a zoomed section recorded in CDCls. The solvent

is marked as * and the occurrence of water is highlighted with #, respectively.

As can be seen in Figure 48, the H atoms of anthraquinone are assigned to the corresponding

peak in the spectra, which is in accordance to literature. ''® In the spectra of P14AQ, 4 broad

singlet peaks can be seen. Broad peaks are usually observed for polymers.

Besides 'H-NMR, FTIR spectroscopy was performed to investigate the structure of P14AQ. The

obtained FTIR spectra of P14AQ as well as of the monomer DiCI-AQ for comparison is displayed

in Figure 49.
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Figure 49. FTIR spectra of the monomer DiCI-AQ and P14AQ in comparison.

The FTIR spectra of P14AQ with the most prominent peaks marked, presented in Figure 49 is in
good accordance to literature. 5811118 The strong peaks observed at 1671 cm™ and 1589 cm™ in
the spectrum of DiCI-AQ can be assigned to stretching vibrations of the prominent C=0 and
adjacent aromatic ring C=C bonds, respectively. These peaks are also observed in the spectra of
P14AQ at 1667 cm™ and 1592 cm™, indicating that the anthraquinone rings remain intact after the
polymerization process. Generally, the polymer exhibited less, however more uniform and well-
defined peaks than the monomer, which aligns with the general trend observed in polymeric

structures.

3.6.2. Electrochemical characterization
CV measurements were performed in phosphate buffer with pH value 7 and 12 as wellasin 0.1 M
NaOH at pH 13. As known from previously reported literature, P14AQ shows no current response
in low pH values, therefore measurements in phosphate buffer pH 2 were not performed. °® The

results of the CVs are depicted in Figure 50.
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Figure 50. CV of P14AQ on GC disc under N2 and COz2 in phosphate buffer with a pH value of a) pH 7 b)
pH 13 and ¢) pH 12.

In Figure 50 the CV analysis of P14AQ under N, saturated conditions intriguing behaviour at
different pH values is shown. At pH 13 and pH 12 depicted in Figure 50 b and ¢, a quasi-reversible
reduction is observed, with half potentials of -0.77 VV and -0.6 V, respectively. However, in the case
of pH 7 (Figure 50 a), small differences become apparent. The quasi-reversible reductive peak is
less pronounced, and the peak current response is notably lower compared to pH 12 and pH 13.
Upon purging the system with CO., the electrochemical response of P14AQ almost vanishes, and
only a minimal current is observed during further reduction for all pH conditions. However, upon
removing the unbound CO. from the solution and saturating it with N2 again, a small oxidation
peak emerges during electrochemical oxidation, which is attributed to the release of CO,. The
phenomenon of reductive peaks vanishing has been already previously reported in literature for

evaporated anthraquinone thin films as well as various pigments containing carbonyl groups.®+557
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As promising results for CO, capture on GC electrodes was obtained, P14AQ was further drop

casted onto CP electrodes and the results are shown Figure 51.
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Figure 51. CV of P14AQ on CP in phosphate buffer with pH value a) 7 and b) 12.

When comparing the results achieved on GC electrode with those on a CP, depicted in
Figure 51 a at pH 7, it becomes evident that the reductive peak of P14AQ is notably more
prominent and well-defined when utilizing the CP electrode as opposed to GC. However, this
characteristic peak vanishing trend under saturated conditions with CO, is less pronounced
compared to using GC as electrode material. Regarding the measurement conducted at pH 12,
shown in Figure 51 b the same half potential of -0.60 V was obtained using CP, the current density
recorded with the CP electrode surpasses that achieved with GC, as is commonly observed.
Furthermore, under saturated CO- conditions, a substantial decrease in current density, along with
an oxidative shift to a more anodic potential, was observed, featuring a half potential of -0.35 V.
This aligns with observation by Voskian & Hatton investigating P14AQ in an electrochemical cell
with pure ionic liquids. *' Upon re-saturating the system with Nz, the characteristic peak under N

was nearly restored, although with a significantly lower current.

Additional to measurements in electrolyte with different pH values, the influence of the ionic
strength was examined by adding NaCl or an ionic liquid to the 0.1 M NaOH solution. Gurkan et al.
“and Lui et al. *® investigated already the addition of different ionic liquids and salts to various
quinone for carbon capture, respectively. The results in comparison with the CV measured in the

pure 0.1 M NaOH are presented in Figure 52.
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Figure 52. Observation on influence of increase in ionic strength a) 0.1 M NaOH without addition as well as
with the addition of b) 1 M EMIM-Otf and ¢) of 1 M NaCl.

As illustrated in Figure 52, the addition of both EMIM-OTF, as well as NaCl, significantly enhanced
the electrochemical response of P14AQ compared to a 0.1 M NaOH, resulting in more prominent
and sharp peaks. Specifically, when EMIM-OTF is introduced, there is an increase of
approximately 5 times in current density, while NaCl induces an impressive 15 times magnification.
Minor deviations can be observed in the half-potential of the reductive peak, which shifts toward
to more anodic potentials under N2 conditions for both additions when comparing with the pure
0.1 M NaOH. Moreover, in both cases, as already observed for different pH values, a significant
decrease the electrochemical response of P14AQ under saturated CO; conditions can be seen.
Subsequently, after removing the unbound CO. from the solution by saturating it with N> again and
cycling of the system to negative potentials once more partially restores the characteristic quasi-
reversible reductive feature of P14AQ. However, as depicted in Figure 52 b, the reappearance of
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the peak is more pronounced when using EMIM-OTF as an additive compared to addition of NaCl
into 0.1 M NaOH.

Besides measurements with the addition of EMIM-OTF to 0.1 M NaOH, experiments in pure ionic

liquids were conducted and the results are presented in Figure 53.
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Figure 53. CV measurements of P14AQ on GC disc in pure ionic liquids being a) EMIM-Otf b) EMIM-FSI
as well as ¢) BymPyrr-FSI.

Interestingly, when EMIM-Otf is used as additive in an aqueous solution, there is a significant
enhancement in the electrochemical response of P14AQ as shown in Figure 51 a. However, in
contrast, when pure EMIM-OTF is employed depicted in Figure 53 a, the opposite effect is
observed. The electroactivity of P14AQ is even supressed. This reduction in electroactivity is likely
attributed to inefficient mass transfer between the electrode and electrolyte, despite the electrode
being immersed in the ionic liquid for 2 hours prior the measurement to ensure efficient mass

transfer.
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When using pure EMIM-FSI as an electrolyte depicted in Figure 53 b, the current density of
P14AQ is significantly enhanced compared to measurements conducted in an aqueous solution.
Under an N2 atmosphere, two distinct reductive peaks with half potentials of -1.10 V and -0.82 V
are observed. This is in contrast to measurements in aqueous solution, where only a single
reductive peak is observed as in aqueous solution the two-electron quinone reduction occurs in a
concerted manner. Upon saturating the system with CO,, the current density decreases
significantly, and the two redox couples merge into one, featuring a potential of -0.81 V, which
matches the first reductive peak observed under N.. Additionally, the current density of the
oxidative peak almost disappears. When the system is again saturated with N, the peak
characteristic is nearly fully restored, although with a potential shift. Only one redox couple can be
observed, with a potential of -0.91 V, which is in between the first and the second reductive peak

observed under Na.

In Figure 53 c, the CV measurement conducted in BMPyrr-FSi is presented. Similar to the
observations made for EMIM-Off, it is evident that the electrochemical response of P14AQ is
comparatively lower to CV conducted in aqueous solution. Nonetheless, a distinct peak with a
shoulder, featuring a half potential of -0.97 V, can be observed. Upon saturation of the system
with CO,, there is a further reduction in current density, leading to the disappearance of the
characteristic peaks, a phenomenon already observed with prior measurements. However, upon
re-saturation of the system with N2, the reappearance of the P14AQ peaks does not occur,
inconsistent with observations in other electrolyte media. In general, P14AQ exhibits the lowest
electroactivity in BMPyrr-FSI, likely due to the high viscosity of BMPyrr-FSI. High viscosity is an
unfavourable property for the carbon capture application investigated by Gurkan et al., who

screened various ionic liquids for carbon capture using different quinones. 4

Overall, CV measurements conducted in pure EMIM-FSI received the best results.

3.7. Determination of electrochemical window ionic liquids

The determination of the electrochemical window of ionic liquids is a crucial factor for use in
electrochemical applications, as it defines the operational range where the electrolyte remains
unaffected by oxidation or reduction processes. Prior to determination, a specific level of current
density referred to as the cut-off current needs to be selected. This cut-off current is essential for
assessing the potentials at which oxidation and reduction processes occur. The range within which
the electrochemical window is defined relies on the cathodic limiting potential (Ec.) and the anodic
limiting potential (Ea), which are influenced by the selection of the cut-off current density.

Typically, within the realm of various research studies, this cut-off current density is commonly set
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within the range of 0.1 to 1.0 mA cm. %% |n the context of this thesis, a cut-off current of
0.5 mA cm? was selected to define the electrochemical window. This determination was
accomplished through cyclic voltammetry using GC disc as WE, as illustrated in Figure 54 and

the results are summarized in Table 7.

a) EMIM-Otf
1.0 —~ N
o

15
b) J—— c) s} BMPyr-FSl

o
I
0—s—cF;

o

Figure 54. CV of a) EMIM-Otf b) EMIM-FSI and ¢) BMPyrr-FSI.

As depicted in Figure 54, a comparison between EMIM-OTf and EMIM-FSI reveals a similar
reduction potential of approximately 2.1 V but different oxidative limits, supporting the hypothesis
that altering the anion does have more impact on the oxidative limit. This observation is consistent
with previous research, which proposes that the observed cathodic and anodic limits in ionic liquids
is due to the oxidation of anions and the reduction of cations, respectively. " Interestingly,
considering BMPyrr-FSI, despite employing the same anion as EMIM-FSI, the oxidative limit
remains higher. Remarkably, BMPyrr-FSI exhibits the most substantial electrochemical window,
spanning almost 5.4 V. However, minor peaks are observed in the cyclic voltammograms of the
assessed electrochemical windows, but these peaks are neglected due to their currents falling
below the predetermined cut-off current density of 0.5 mA cm™. These peaks may be attributed to
processes such as double layer charging or the presence of impurities within the ionic liquids. 912

Table 7. Electrochemical window (EW), as well as cathodic limiting potential and anodic limiting potential of
each IL.

lonic Liquid Ec ./ V EalV EW/V
EMIM-Otf -2.05 1.71 3.76
EMIM-FSI -2.10 2.06 4.16
BMPyrr-FSI -2.75 2.62 5.37

October 27, 2023 Nadine Kleinbruckner 69/90



JXU

JOHANNES KEPLER
UNIVERSITY LINZ

3.8. Contact angle measurements

Contact angle measurements were conducted to provide additional information about surface
properties of the polymer film atop a GC electrode. The chemically synthesized polymers P14AQ,
PAA-AQ as well as PDDA-FMN were drop casted onto a GC plate and their contact angles with
18 MQ water drops were examined. These measurements were then compared to those of the

bare GC surface, and the results are presented in Figure 55.

ﬂ
; 77.4° i i 71.7° i

51.3°

PN

Figure 55. Contact angle measurements using 18 MQ water droplet on a) bare GC, b) P14AQ ¢)
PAA-AQ, and d) PDDA-FMN.

The contact angle of the uncoated GC surface shown in Figure 55 a was relatively high, with 77.4°
which is in accordance with literature. 582" P14AQ exhibits a slightly reduced hydrophobicity,
measuring at 71.7°, in comparison to the uncoated GC surface. However, when compared to
PAA-AQ and PDDA-FMN, P14AQ emerges as the most hydrophobic polymer. In contrast, PDDA-
FMN demonstrates a relatively hydrophilic character with a contact angle of 51.3°, similar to its
analogous PDDA-SAQ. %8 Furthermore, PAA-AQ displays the highest level of hydrophilicity with a
measured angle of 44.5° due to its hydrophilic backbone featuring amine groups and incomplete

substitution of anthraquinone units.

Furthermore, contact angle measurements were performed using GC electrodes coated with
electrochemically polymerized PAAQ, P15DAAQ as well as PRF. As the GC electrode prior
electropolymerization is activated, the activated bare GC serve as comparison and the results are

presented in Figure 56.

October 27, 2023 Nadine Kleinbruckner 70/90



JXU

JOHANNES KEPLER
UNIVERSITY LINZ

a) b)
26.2° 19.5°

c) d)
37.8° 46.8°

P

Figure 56. Contact angle measurements using 18 MQ water droplet on a) bare activated GC, b) PAAQ c)
P15DAAQ, and d) PRF.

As depicted in Figure 56 a, the bare activated GC surface demonstrates a remarkably high level
of hydrophilicity, with a contact angle measuring 26.2° attributed to the electrochemical activation
process, in contrast to the untreated GC in Figure 55 a. Interestingly, PAAQ displays an even
elevated hydrophilicity compared to the bare GC, registering a contact angle of 19.5°. This low
contact angle could also be related due to the uneven sponge-like structure of PAAQ. In contrast,
P15AAQ exhibits lower hydrophilicity compared to PAAQ, with a contact angle of 33.4°. In
comparison PRF demonstrate the highest hydrophobicity among the electropolymerized polymers
with a contact angle of 46.8°, close the other flavin analogue of PDDA-FMN in Figure 55 d. Overall
P14AQ is the most hydrophobic polymer and PAAQ the most hydrophilic.

3.9. CO: reduction experiments

To investigate if the captured CO: is reduced to CO, electrolysis and subsequent GC analysis
were performed using CP electrodes coated with PAAQ and PRF. For the investigation a certain
potential for 1 or 2h in a two-compartment electrochemical cell as illustrated in Figure 15 was
applied and subsequently 2 mL from the gas headspace was analysed. The exact parameters
used during the electrolysis as well as the amount of CO measured using GC are presented in
Table 8.
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Table 8. Potentials vs Ag/AgCI (3M KCI) and time applied during electrolysis as well as the measured CO
amount.

Polymer EIV t/h CO /L
-0.6 1 0.0
PAAQ
-0.7 2 0.0
-0.2 2 0.0
PRF -0.3 2 0.0
-0.4 2 0.0

As can be seen in Table 8, no amount of CO could be detected using PAAQ and PRF coated CP

electrodes with GC analysis.

3.10. CO: capture and release experiments

In addition to conducting experiments involving the capture and release of CO2 using only CV,
experiments were performed involving an additional constant potential was applied for a specific
duration to initiate the release of CO;, utilizing P14AQ. Before each experiment, standard CV
measurements were carried out under both N2 and CO: conditions followed by oxidative
chronoamperometry. The objective in employing chronoamperometry was to assess whether it
could induce the CO; release process, which was evaluated by a third CV measurement under
saturated N conditions after the constant positive potential was applied. For these investigations,
P14AQ drop-casted onto a GC disc was used, as this specific polymer demonstrated the most

promising results in terms of CO, capture and release.

In order to systematically study this oxidative release, firstly the influence of the applied potential

was investigated for 15 minutes and the results are depicted in Figure 57.
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Figure 57. Investigation on influence of potential by applying a constant potential for 15 minutes of a)
1200 mV and b) 1500 mV.

As can be seen in Figure 57, applying of a constant potential of 1500 mV notably enhances the
CO: release. Moreover, a potential of 1200 mV also demonstrates an improvement in release
compared to solely relying on CV measurements in Figure 51. However, the impact is significantly
greater when a potential of 1500 mV is applied where after the release process nearly the initial

peak current density was achieved.

Besides the applied potential, also the influence of time was investigated and the results are

presented in Figure 58.
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Figure 58. Investigation on influence of time by applying a constant potential of 1500 mV for a) 5 min, b)
10 min and ¢) 15 min.

As can be seen in Figure 58, the current density of P14AQ after CO, release initiated by
chronoamperometry under N2 displays a notable increase as the duration of time increases.
Consequently, the most favourable results were achieved when applying a potential of 1500 mV

for 15 minutes.

To quantify the released CO2, FTIR measurements were conducted. The procedure involved
standard CV experiments conducted under N2 and COz conditions, followed by a third CV under
saturated N.. Subsequently, 2 mL of the headspace were extracted and injected into an FTIR gas
cell for analysis. For this experiment, PAAQ, PRF, and P14AQ were used, as they had previously
shown major indications of carbon capture and release, as evaluated in prior chapters.
Furthermore, it has to be mentioned that with this quantification method only the released CO- can

be measured instead of the captured CO: itself. In addition, only CP electrodes were used to
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increase the electrode surface in order to enhance the CO; release. Moreover, only experiments

were conducted in aqueous solution as this method relies on quantifying the released CO: in the

headspace. In ionic liquids, CO, tends to be highly soluble, making it even more challenging to

detect in the headspace.

Prior measurements a calibration curve with known amount of CO; in a N, atmosphere was

performed and the results are depicted in Figure 59.
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Figure 59. a) IR Spectra of calibration of CO2 as well as b) calibration curve.

30

In addition to conducting a standard CV, an electro swing experiments were performed utilizing

P14AQ. This involved applying -1 V for a duration of 15 minutes to induce carbon capture, followed

by a subsequent application of +1.5 V for 15 minutes in N2 atmosphere to trigger the release of

CO..

The results of the FTIR measurements showing the characteristic peak of CO; are presented in

Figure 60.
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Figure 60. CO:2 release quantified by FTIR.

As depicted in Figure 60, measurable quantities of released CO, were observed for all polymers.
Notably, P14AQ exhibited the highest release of CO,, particularly at pH 12, surpassing the
quantities released by PAAQ and PRF.

Furthermore, conducting CV experiments in an alkaline environment (pH 12) regarding P14AQ
led to a notable improvement in the release of CO, compared to experiments conducted at pH 7.
Additionally, substituting the standard CV with electrochemical swing techniques further enhanced

the release of CO..

Despite the calibration curve not showing perfect linearity, an estimation of the quantity CO
released was calculated and the results are presented in Table 9 regarding the experiments using

CV and Table 10 concerning the electro swing measurement utilizing P14AQ.
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Table 9. Calculated quantities during CO: release by CV.

Polymer Condition CO2released ML~ CO2 released / pmol e/ yumol n(Coy) /%
n(e”)
pH 7 1.34 0.060 0.111 54
P14AQ
pH 12 1.71 0.077 0.204 38
PAAQ pH 12 1.54 0.069 0.148 46
PRF pH 12 1.62 0.072 0.082 88

As shown in Table 9 , the detected CO; release quantities ranged from 1.3 to 1.7 uL. The ratio
between moles of CO; and moles of electrons was calculated to represent the efficiency of moles

CO.released per mol electron, where PRF obtained the most promising results with 88 %.

Based on the assumption that 2 moles of CO, are captured per mole of repeating unit
anthraquinone and the use of 0.5 mg P14AQ corresponding to a value of 2.5 ymol, the theoretical

uptake was calculated to be 5 ymol CO- per 0.5 mg of P14AQ.

Table 10. Calculated quantities during COz2 release by electro swing.

Polymer Condition CO2released ML CO2 released / pmol e/ ymol n(Co,) 1 %
n(e™)
Capture - - 16.8 -
P14AQ
Release 2.63 0.117 262.3 0.04

As observed in Table 10, a higher quantity of released CO, was detected in comparison to
experiments utilizing standard CV in Table 9. Nonetheless, a substantial larger amount of
electrons was detected compared to the moles of CO2 and P14AQ, suggesting the possibility of
various side reactions taking place during the release process. This is particularly evident given
the significantly higher amount of electrons involved in the oxidative release process. However, it

should be noted that further investigations are required to substantiate these assumptions.

Overall, despite the considerable errors resulting from measuring released CO- in the headspace
above an aqueous solution and from the calibration curve, these results are clear evidence of
capture and release of CO- including qualitative trends when using the polymers P14AQ, PAAQ
and PRF.
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4. Conclusion

In summary, in this thesis six polymers were successfully synthesised electrochemically or
chemically and comprehensively characterized, offering valuable insights into their
electrochemical behaviour and their potential use in CO, capture applications. For characterization
a range of analytical techniques, such as ATR-FTIR, Raman spectroscopy, SEM, NMR and
contact angle measurements was employed, except for PRF only SEM and contact angle
characterizations were possible due to being unable to polymerize the polymer onto a material

suitable for spectroscopy measurements.

Furthermore, of all polymers the electrochemical behaviour was investigated under saturated N
as well as CO; conditions using CV measurements in aqueous solutions with different pH values.
Significantly, P14AQ, PRF, and PAAQ have shown notable CO; capture and release capabilities
during CV measurements in aqueous solutions, especially in alkaline solutions. Furthermore, the
ionic polymer PDDA-FMN showed as well possible signs of carbon capture, however further
experiments are necessary to evaluate this assumption. Therefore, for further experiments only
PRF, PAAQ and P14AQ were used.

Additional to measurements in electrolyte with different pH values, the influence of the ionic
strength was examined by adding NaCl or an ionic liquid to the 0.1 M NaOH solution. Regarding
the polymer PAAQ, both additives enhanced the current density, with NaCl showing a more
significant improvement. However, during the re-purging phase, differences in cyclic voltammetry
emerged, suggesting that further mechanistic studies are required to understand these variations.
Contrary to results of PAAQ, higher ionic strength did not lead to increased electroactivity of PRF
and an unusual CV shape appeared. Moreover, the addition of EMIM-OTF and NacCl significantly
enhanced the electrochemical response of P14AQ compared to a 0.1 M NaOH reference. EMIM-
OTF increased the current density by approximately 5 times, while NaCl induced a remarkable
15-fold rise. There were minor shifts in the half-potential of the reductive peak, particularly under
N2 conditions, and a significant decrease in electrochemical response under saturated CO:
conditions as already observed in other electrolytes. Cycling the system and removing unbound
CO, partially restored the characteristic reductive feature of P14AQ, with EMIM-OTF being more
effective in this regard than NaCl when added to 0.1 M NaOH.

The electrochemical window of the selected ionic liquids was successfully determined, yielding
values of 3.8 V for EMIM-OTf and 4.2 V for EMIM-FSI. BMPyrr-FSI, exhibits a significantly higher
oxidative limit and an impressive electrochemical window extending almost 5.4 V. EMIM-OTf and

EMIM-FSI demonstrates a similar reduction potential at around 2.1 V but differing oxidative limits,
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suggesting that changing the anion does indeed influence the oxidative limit, in line with prior

research findings.

When subjected to CV measurements in pure ionic liquids, the electrochemical behaviour of
PAAQ, RRF and P14AQ exhibited interesting variations. PAAQ displayed electrochemical activity
in all ionic liquids, with the most pronounced peaks observed in EMIM-FSI. However, the stability
of PAAQ within these ionic liquids was compromised, leading to a significant decline in current
density and visible detachment from the electrode. Regarding PRF, only minor electrochemical
responses of the polymer can be seen within in the pure ionic liquids, whereas in EMIM-Oftf the
best result were obtained. Particularly, P14AQ demonstrated enhanced electroactivity when used
in combination with the ionic liquid EMIM-FSI. Pure EMIM-FSI as an electrolyte significantly
enhanced electrochemical response of P14AQ, with distinct reductive peaks, and the response
changed upon CO, saturation. BMPyrr-FSI showed comparatively lower electroactivity for P14AQ,
attributed to its high viscosity. Interestingly, using pure EMIM-OTF suppressed the electroactivity
of P14AQ, whereas EMIM-OTf in an aqueous solution did enhance the electroactivity likely due to
inefficient mass transfer. Overall, P14AQ in pure EMIM-FSI yielded the most promising results

among the tested conditions.

Additionally, the assessment of potential CO. reduction performance of PRF and PAAQ via gas
chromatography yielded no detectable CO production, suggesting that CO, was not reduced to
CO in the examined conditions. To check whether other reduction products were formed, further

measurements are required, as our analysis only focused on CO detection using GC.

To quantify the released CO,, FTIR measurements were conducted. For this experiment, PAAQ,
PRF, and P14AQ were used, as they had shown indications of carbon capture and release.
Despite the considerable error resulting from the calibration curve, this could be interpreted as
evidence supporting the capture and release of CO2when using the polymers P14AQ, PAAQ and
PRF. However, using this quantification method only the released CO, can be measured instead

of the captured CO:; itself.

In conclusion, this thesis has presented an investigation into the electrochemical properties and
CO. capture abilities of six synthesized polymers. The findings reveal promising potential for
P14AQ, PRF, and PAAQ in the realm of CO, capture and release, although the specific
mechanisms require further elucidation. Future research should focus on investigating the
electrochemical CO, capture processes of the polymers and optimizing the quantification of

captured CO..
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