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Abstract

Due to the present topics of climate change and global warming the interest and request in
CO; reduction and capturing as well as in renewable energy and energy storage methods
increased. In this work the topics of CO, capturing as well as O; reduction are discussed. Both
topics were studied electrochemically in solutions having homogeneously dissolved
anthraquinone (AQ) derivatives. AQ and its derivates were chosen as material class, as they
are known as catalysts for electrochemical as well as chemical processes.

The first part of this thesis deals with the optical characterization of the used AQs through
infrared (IR), UV-vis, as well as photoluminescence (PL) spectroscopy and approaches the
guestion if and how homogeneously dissolved AQs are able to reduce or capture CO». In order
to approach this task, the methods of electrochemical cyclic voltammetry (CV) and
spectroelectrochemistry under N, and CO; were used.

The second part covers the topic of oxygen (O;) reduction to hydrogen peroxide H,0,, again
using homogeneously dissolved AQs as electrocatalysts. Here, the methods of CV and
chronoamperometry were used to characterize the oxygen reduction and quantify the moles
of H.0; produced. The experiments were performed in aqueous as well as in non-aqueous
solution in acetonitrile (MeCN).
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1. Introduction

Since the industrial revolution the approximately 80 % of the world’s energy needs is provided
by technologies based on fossil hydrocarbons. Due to a growth in the world’s population the
required amount of energy increased. A consequence of the combustion of the fossil fuels is
the increase of greenhouse gases, especially CO; ®. The rise in the CO; concentration in the
atmosphere causes consequences like climate change and global warming, as well as further
environmental reactions 2. If the increase of CO3 is not hindered and reduced the earth crust
will heat up further and the water level will rise. Nowadays, the side effects can be clearly and
dramatically seen. For instance the heating of the earth crust as well as the following rise of
the water level 3 result in a reduction of agricultural production?, an increase of forest fires,
floods as well as in a decreasing ability for fresh water 2. However, energy has an important
role, and it is necessary to find an alternative way for renewable energy generation with less
CO; emission. Therefore, the focus is on alternative/renewable energy, as well as energy
storage %°.

Renewable energy is generated from resources again and again without/with less harmful by-
products. Main sources for renewable energy are for instance: hydropower, solar energy,
wind energy ®, and hydrogen °. A difference between renewable energy and fossil fuels is the
availability. While fossil fuels are permanent available and easy storable if they are not
needed, renewable energy has to be harvested when they are available and stored until they
were needed. Different methods of storage are available depending on the type of the to be
stored energy. Energy can be stored for instance electrochemically in batteries, or capacitors ’.
The storage of renewable energy is only possible to a certain degree. With this method, energy
cannot be stored economically enough to supply an entire city with energy. For this purpose
renewable fuels like CH4 or CO produced from CO; are a better alternative.

1.1 Role of CO;

In the last few decades a rise of pollutants was noticeable in the atmosphere. The increase of
CO; is due to industrialization and urbanization®. A further reason for the rise of the
greenhouse gas concentration of CO; in the atmosphere is attributable to the increasing use
of fossil fuels for electricity, agricultural production, and transportation °. Especially, the high
CO; emission leads to global warming as well as to climate change!. Consequences of these
are for instance low rain periods, higher temperatures, and fluctuations in season &% To
counteract the consequences of global warming and climate change the CO; emission has to
be decreased. Therefore, each country tries to reduce their CO; emission. Methods like using
renewable energy, avoiding the use of fossil fuels, and sustainable economic growth are
used?!?.

To achieve the goal of CO; reduction, Carbon Capture and Utilization (CCU) is an attractive
method. A reason for this is not only the reduction of the emission but also the creation of
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useful products. So, CO; is used as a starting material. Some processes like carbonisation of
beverage, the direct use in refrigeration systems, and fire extinguisher are already developed
and widely used. Other fields of applications are currently under development 3. In general,
it is not guaranteed that the use of CO; as starting material is environmentally friendly. Since
energy and highly energetic co-reactants were used, indirect CO; is produced in certain
processes 13,

Another method for reduce the CO; emission is Carbon Capturing and Storage (CCS). In the
industrial sector CCS is considered as the only method for reducing the CO; emission, if the
replacement of material and/or process is not possible 3. CCS includes the following four
steps: capture, conditioning, transportation, and storage. There are two possibilities for CO;
storage (geological storage and ocean storage) 1314,

To decrease the CO; percentage in the atmosphere many researches in the field of CCS, CCU,
as well as CO; reduction, and in the area of renewable energy were carried out *>3. Some LIOS
members were also working on these topics. This already existing research includes: Capture
and release of CO; in aqueous solution with an organic semiconductor electrode !¢, CO,
reduction in non-living bioanalyzed reactions with enzymes 7, or in homogeneous and
heterogeneous catalytic approach using organic and organometallic as well as bioorganic
systems '8 They also carried out experiments for a controlled capture and release in a
heterogeneous system with quinacridone ° as well as with anthraquinone 2°. Therefore, the
focus of the following study was laid upon AQs in homogenous solution in order to add to the
findings of the already existing studies from this institute. AQs in homogeneous systems have
already been discussed in existing literature, for example in Yin et al. (2018) 2%, Gurkan et al.
(2015) 22, and Tam et al. (2021) 2.

1.2 Electrochemical background of oxygen reduction

In oxygen electrochemistry there are oxygen reduction and oxygen evolution. In Oxygen
reduction reaction (ORR) a product is formed through receiving an electron while in oxygen
evolution reaction (OER) molecular oxygen is generated via oxidation of water?*. ORR is a well
studied electrochemical reaction due to its importance in energy conversion and storage 2 as
well as in practical technologies and industrial processes 24

Hydrogen peroxide (H202) which is produced in ORR can be the final product as well as an
intermediate 2°. For ORR different pathways exist. The four electron transfer reaction is the
thermodynamically favoured pathway to produce H,O at a standard potential of 1.23 V vs.
SHE 26,

0, +4H" + 4e~ - 2H,0 Eq.1

Furthermore, there is a 2 e reduction which produces H,0; as an intermediate which is then
further reduced to H,0. While the reduction to H,0> takes places at a potential of 0.67 V the
reduction to H,O takes place at 1.77 V 225,



0,+2H" + 2e~ - H,0, Eq.2
H,0, + 2H* + 2e~ - 2H,0 Eq.3

If a direct 4 e reaction to H,0 or a 2 e” reduction to H;0; is performed can depend on the
material of the electrode. While Pt electrodes tend to a the 4 e pathway, a gold and mostly
all carbon-based electrodes tend to produce H,0; 27?2, Generally, the electrochemical
production of H;0; is considered as an environmentally friendly way. Instead of hazardous
reactants a “green” reactant the electron is used. Furthermore, purification of the product is
not required %°. This method, which is used on a large-scale, is described more accurate in
chapter 1.3.

Hydrogen peroxide is not only able to accept an electron in reduction processes. It is also able
to donate electrons in oxidation processes. Through disproportionation H,O and O; are
generated. This reaction is exactly the same as it occurs in one-compartment fuel cells
containing H,0, %,

2H,0, - 2H,0 + 0, Eq.4

Here, it is important to control the reaction due to the production of gaseous oxygen and heat.
The produced heat corresponds to approximately 100.4 kJ mol?t. H,0, decomposes to H,0
and O without the production of any greenhouse gas emission 332,

1.3 Hydrogen Peroxide (H20,)

Hydrogen peroxide (H20,) is known as a strong oxidizing agent 2°, disinfectant, and as
bleaching agent 33. It is an important chemical which is used in various fields. In general, it is
used for instance in industry, medicine, and for the protection of the environment 34, It has a
wide field of applications and therefore it is also used for organic synthesis, in liquid fuel rocket
propulsion 3 as well as in disinfectants and water purification 3.

At room temperature the compound is a colourless liquid with a density of 1.44 g cm™3. H,0,
is miscible with water in any desired ratio. In aqueous solution it can also form salts with
various metals due to its weak acidity (pka=11.8). It has a boiling point of approximately
150 °C and does not form azeotropes with water. So, it can be clearly separated from each
other through distillation 3’. Due to the fact that H,0 is relatively unstable transportation gets
difficult 38. This is also a reason why distillation of H20; is hazardous.

1818 Jacques Thenard described H;0; as “oxygenated water”. Even though many other
chemists generated H,0; Thenard was the first one who identified it and defined a
procedure 3°. He added nitric acid to barium peroxide. The process was improved through
using hydrochloric acid. The resulting barium chloride was precipitated with sulfuric acid 373,
It was called “wet process” due to the production of agueous hydrogen peroxide based on
wet chemical processes. The following reaction equations describe the “wet process” ¥’.
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BaO, + 2HC!l - BaCl, + H,0, Eq.5
BaCl, + H,SO, — BaS0, + 2HCI Eq. 6

Ba0, + H,S0, —» BaSO0, + H,0, Eq. 7

After further investigations in the production of H20; one of the main industrial processes to
generate hydrogen peroxide is the anthraquinone oxidation (AO) process. Generally, this
multistep process cannot be considered as a green process due to the high energy
consumption and the production of waste which leads to less sustainability and high
production costs 32. Nevertheless, in this process H20; is produced in a large scale 32. In Figure
1 the reaction scheme of the process is shown.

0 OH 0
R R b
QO o —— QO —— QU e
0 0

OH

Figure 1: Reaction scheme of the anthraquinone oxidation process.

The first step in the AO process is the hydrogenation of the anthraquinone (AQ) derivative to
anthrahydroquinone. In the second step the product is oxidized with O; to AQ and H;0; is
formed. The whole process is performed in an organic solvent 34 and the presence of a noble-
metal catalyst. An advantage of this process is the avoidance of a direct reaction between H;
and Oz. However, there are more disadvantages of the process like the high costs of reactants
and solvents as well as the time-consuming removal of impurities and the deactivation of the
hydrogenated catalyst 33. H,0; is relatively unstable and therefore it is transported in aqueous
solution with added stabilizer in concentrations of 35 and 50 w%. Another method for
transportation is as a stable precursor like sodium perborate or sodium percarbonate which
produce H,0; only in solution 32. Nevertheless, there are further investigations in H,0>
production since a “greener” way of production is wanted. An alternative for the AO process
is the electrochemical synthesis of H,0,. The disadvantage here is the difficulty for scale up 33.
An alternative for the peroxide production is the direct reaction between H; and O; acid or
methanolic solution with a Au or Pd/Au alloy catalyst was investigated 3. Due to the high
explosion potential of the gaseous reactant mixture this method is not environmentally
friendly. To avoid fire hazards the gases have to be diluted in CO; or N2 solutions. Furthermore,
a Pd catalyst is used. Nevertheless, this process is not suitable for industrial scale-up 2. The
electrochemical method is a sustainably way of H,02 production and the target reaction of
this work.



1.4 Anthraquinone

Generally, AQ is a tricyclic aromatic organic compound. It is classified as a quinone with the
keto groups on position 9 and 10. In the solid state it is light yellow while it is colourless for
the human eye in its liquid form. It has a melting point of approximately 287 °C. The compound
is poorly soluble in water while it is better soluble in organic solvents. Generally, the solubility
gets better with increasing temperature %°. In Figure 2 the structural formular of AQ is shown.

g O 4
GO Gh
b 3

b 0 4

Figure 2: Chemical structure of AQ.

Through oxidation of anthracene with nitric acid the first AQ was prepared in 1868 by Laurent.
Then AQ was produced through oxidation of anthracene with chromic acid by Fritzsche 41. The
compound received less attention until Graebe, and Liebermann made the groundwork of the
important dye synthesis in 1838. They synthesized alizarin (1,2-Dihydroxyanthraquinone)
from anthracene. Since then new dyes and acid dyes as well as vat and disperse dyes were
discovered. Vat dyes are defined as molecules which can be reduced through an inorganic salt
(for instance sodium thionite). Through this reduction the dye becomes soluble in water. One
of the most famous vat dyes is Indigo. in general, vat dyes are used for textile colouring.
Therefore, the textile is put into the reduced dye solution. For a stable colouration the dye is
re-oxidized to its neutral insoluble form 4243, Disperse dyes belong to one of the most
important groups in dye chemistry. They are used for dying hydrophobic fibres for instance
polyester, nylon, and cellulose. #* Disperse dyes are generally characterized by their low
solubility in water 4.

In 1950 reactive AQs were introduced. Due to an anthracene shortage in 1970 new ways to
synthesize AQ were developed. Holton discovered 1977 the catalytic effect of AQ on the
alkaline pulping of wood “°. A further use of AQs is the production of H,0, via the
anthraquinone oxidation process, as mentioned in chapter 1.3. AQ and its derivatives are
important materials in industry as well as in medicine %647, They were used for instance as
laxatives or as anti-inflammatory agents “%.

Since the 18t century AQs are synthesized from anthracene. Before, this way was discovered
AQs could be found in nature. This is why AQ derivatives are considered as the larges natural
appearing quinones “°. They can be found in bacteria, fungi, and insects. Whether natural or

10



synthetic AQs are used in pharmaceuticals, food, and cosmetics. They are also used in textile
dying due to there different colours .

Besides the unsubstituted AQ (Figure 2) commercially available amino and/or hydroxy
substituted AQs were used in this work (Figure 3)

OH 0  NH;
|
O O
1-Hydroxyanthraguinone 1-Aminoanthraquinone
O OH O  NH: 0O  NH;
O OH O  NH; O OH

1,4-Dihydroxyanthraquinone 1,4.Diaminoanthraquinone  1.Amino-4Hydroxyanthragquinone

Figure 3: Used AQ derivatives.

In this internship AQs are characterized optically through Infrared spectroscopy (IR) as well as
by UV-vis spectroscopy and photoluminescence spectroscopy (PL). For the electrochemical
carbon dioxide capturing spectroelectrochemistry under N2 and under CO; were performed.

The reason why specifically using AQs for this study, was the fact that similar cyclic
voltammetry had already be carried out under Nz and CO.. Yin et al. as well as Shamsipur et
al. proposed that under N; first the radical anion and then the dianion is formed 214°,

Q+e - Q~ Eqg. 8

Q +e - Q% Eq.9

It is expected that the AQ under CO; behaves like the reduction of AQ under N, (Eq 8, Eq 9.).
The difference lays in an additional step where it is proposed that the CO; is binding itself to
the formed AQ dianion 2.

Q% +2C0, - Q(C0,)5 Eqg. 10
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Gurkan et al. supposed the following structure for the Q(C0,)3™ 2.

0
D)\U
0 o

Figure 4: Possible structure of Q(C0,)3™.

For this study the process was carried out in homogenous solution, like also done by Yin et al.
Through the use of different substituted AQs it is expected that the mechanism will be better
understood. To gain further insights in the underlying mechanism, spectroelectrochemistry
under N2 and CO; in homogenous solution were carried out.

Additionally, to the before mentioned experiments and characterization methods a
chronoamperometry under O; was performed. Here, the anthraquinones were used because
they are considered as electrocatalysts for the production of H,0, for decades. The
chronoamperometry was performed in aqueous solution as well as in non-aqueous
solution °9%°1,
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2. Experimental

2.1 Purification of the material

For all following experiments purified AQ’s were used. The materials were purified through
sublimation. All materials except the 1-Hydroxyanthraquinone as well as the
1-Aminoanthraquinone were sublimated two times by Dr. Mihai Irimia-Vladu. The before
mentioned AQ’s were only sublimated 1 time by Mihai and me.

For the sublimation two glass tubes were melted together. A “boat” aluminium foil was built.
The material was filled into the boat which was put into the glass tube and then given into the
apparatus. The apparatus was heated up. Due to the high sublimation point of the
anthraquinones, a vacuum was created in order to lower this point. On the next day, the
purification was finished, and the purified material could be used.

In Figure 5 the vacuum sublimation apparatus with the sublimated 1-Hydroxyanthraguinone
can be seen.

Figure 5: Vacuum sublimation apparatus with 1-Hydroxyanthraquinone.

2.2 Optical characterization

2.2.1 Infrared Spectroscopy

For the optical characterization through IR spectroscopy the solid and purified AQ derivative
were used. The IR measurement was performed on a Bruker VERTEX 80-ATR spectrometer in
the spectral range of 4000-500 cm?, 64 scans were averaged and a resolution of 2 cm™ was
chosen.

13



2.2.2 UV-vis spectroscopy and photoluminescence spectroscopy (PL)

For the UV-vis spectroscopy a Varian Cary 3G UV-visible spectrophotometer was used. The
measurement was performed in a wavelength range of 300 to 700 nm. For the measurements
a 1 mM AQ derivative stock solution was diluted to 100 and 50 uM. The stock solution as well
as the dilutions were prepared in acetonitrile (MeCN). Approximately 3 mL of the respective
solution was used for the measurements. Special attention was paid to the resulting
absorbance. If the absorbance was above 1, the solution was too concentrated and had to be
further diluted.

Before the PL spectrum could be recorded a UV-vis measurement had to be carried out.
Through the resulting UV-vis spectrum of the respective material the absorptions maxima
were determined. The wavelength where the absorptions maximum was found is the
excitation wavelength for the PL measurement.The Photoluminescence measurements of the
AQ derivative solutions were carried out on a PTI QuantaMaster 40 spectrofluorometer using
a dual monochromator setup on the excitation as well as the emission channel. The slit widths
in the excitation channel were set to 2 mm, while 1 mm slit widths were used in the emission
channel. Additionally, a 320 nm long-pass filter was placed in the excitation light path to block
light from lower orders of diffraction.

For the PL spectroscopy a 2 mM AQ derivative stock solution was diluted to 1 mM, 100, 10,
and 1 pM. The solution was filled into PL cuvette and put into the spectrometer. It was
measured from the lowest concentration up to the highest for each molecule except the
unsubstituted AQ. For each material a excitation spectrum as well as a further absorbance
spectrum was measured.

2.3 Preparation of the working electrode (WE)

As WE a polished and activated glassy carbon electrode (GCE) was used. Before the GCE was
used it had to be polished with different aluminium pastes to get rid of remaining films and
contaminations. It was started with a particle size of 1 um going down to 0.3 and 0.05 um. The
last polishing step was carried out with toothpaste. For polishing the GCE was moved in an 8
shape for approximately 30 s on each side. Between each polishing step the GCE was washed
and sonicated with 18 MQ water and isopropanol for 15 min. After polishing the GCE had to
be activated. Therefore, cyclic voltammetry was performed by using a 0.5M H3S04 , a
Ag/AgCl/3 M KClI reference electrode, and a Platinum wire as counter electrode were used .
The parameters for the CV are listed in Table 1.

Table 1: Parameters for GCE activation.

Potential range | Currentrange | Starting potential Scan rate Number of
/ mV / mV / mVs1 scans
/ mA
-1000 to 1500 100 0 50 30

14



2.4 Preparation of the Ag/AgCl quasi-reference electrode (RE)

For the construction of the quasi-reference electrodes a Jaissle Potentiostat-Galvanostat
1030.PCT was used. As CE a platinum wire and blade were used while a Ag/AgCl/3 M NaCl was
used as RE. Clean and sanded silver wires were used as WE. Before the Ag wires were used,
they were grinded with abrasive paper to remove the old coating. All three electrodes were
put into a beaker with 1 M HCI. The parameters for the CV are listed in Table 2.

Table 2: Parameters for the production of the quasi RE.

Potential range / mV Scan rate / mVs? Number of scans

-400 to 700 10 10

After the CV a potential of 300 mV was applied for 120 s. Then the electrodes were rinsed with
18 MQ water before a potential of 700 mV was applied for 15 min.

2.5 Electrochemistry under N; and CO;

For the electrochemical investigation under N> and CO; a one compartment cell consisting of
a 25 mL vial covered with a cap and a septum was used. The three electrodes (WE GCE, CE
Platinum wire, and RE Ag/AgCl wire) were inserted through the septum. A magnetic stirrer bar
and the according amount of AQ derivative for a 2 mM were put into the vial before it was
transferred into the glove box. In the glove box 10 mL of an 0.1 M acetonitrile solution with
tetrabutylammonium hexafluorophosphate (TBAPFs) as electrolyte salt was used. The set up
of the electrochemical cell can be seen in Figure 6 .

Figure 6: Electrochemical cell with GC as WE, Platinum wire as CE, and Ag/AgCl as RE.

All cyclic voltammetry (CV) curves were recorded with a Vertex One Ivium
potentiostat/Galvanostat. The CVs under N, were taken in a potential range of -2.0 to 1.8 V
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with a scan rate of 200 mV s. Since the reductive side was of greater interest, CVs in a
potential range of -2.0 to +0.5 V were recorded at different scan rates (400, 200, 100, 50, 20,
and 10 mV s%).

To reach a CO; saturated environment the solution was bubbled with CO, for 15 min. The CVs
under CO, were recorded in a potential range of -2.2 to +0.5 V with the same variation of scan
rates which were used for the measurements under Na.

III

For better comparison with literature the potentials were converted from “against Ag/AgC
to “against standard hydrogen electrode (SHE)”. Therefore, a Ferrocene calibration was
necessary. Ferrocene was used due to its fixed and known potential against SHE (+0.64 V vs.
SHE) 8. For the calibration the Ferrocene was added to the measured solution. After stirring
for some seconds a CV in the potential range of -0.5 to +1.0 V was recorded with a scan rate
of 50 mV s,

2.6 Gas Chromatography (GC)

For the detection of gaseous products (like CO) a gas injection gas chromatography was
performed. Therefore, 2 mL of the gas phase were taken and inserted into a Thermo Scientific
Trace GC Ultra with a Restek molecular sieve packed column and thermal conductivity
detector (TCD). Sicnce the sample was investigated for CO, He as carrier gas was used.

2.7 Spectroelectrochemistry under N> and CO;

For the spectro-electrochemical characterization a special 1 mm thin-layer-quartz glass
cuvette from Basi was used. As WE a platinum mesh was used while as CE a Platinum wire and
as RE a Ag/AgCl quasi reference electrode was used (Figure 7).

Figure 7: Spectro-electrochemical cell with Pt-mesh as WE, Pt wire as CE, and Ag/AgCl as quasi RE.
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This cuvette was filled with an 1 mM AQ derivative solution which was bubbled with CO; for
15 min. Before the reduction and the UV-vis recording was started the whole system was
bubbled with a CO2 balloon to guarantee a CO; saturated environment. The electrochemical
reduction was carried out with an Ivium potentiostat decreasing the potential from 0V
to -2.2 V. Therefore, every 37 s the potential decreased by 200 mV. While reducing the
material electrochemically UV-vis spectra were recorded. Here, the Varian Cary 3G UV-visible
spectrophotometer was used with a scan rate of 1515 nm/min. For conversion of the potential
against Ag/AgCl to the potential against SHE a calibration with ferrocene was performed.

2.8 Cyclic voltammetry (CV)

Of each material in non-aqueous solution a cyclic voltammetry (CV) was performed.
Therefore, a one compartment cell (Figure 6) was used. A platinum wire was used as CE and a
GCE was used as WE. As RE the before produced Ag/AgCl quasi-reference electrodes were
used. The CVs were recorded with a scan rate of 50 mV s in a potential range of 500
to -2200 mV under N; and O».

For the CVs in aqueous solution two-compartment cell was used. The two sides are separated
with a Nafion N-117 membrane (0.180 mm thick, > 0.90 meq/g exchange capacity). On the
one side a platinum wire was used as counter electrode (CE). On the other side a
Ag/AgCl/3 M KCl reference electrode and a GCE as working electrode were used. In both sides
a magnetic stirrer bar was placed. The CVs were recorded with a scan rate of 50 mV s in a
potential range of 0 to -1500 mV under Nz and O,.

2.9 Chronoamperometry in aqueous solution

The chronoamperometry was performed in a two-compartment cell with a platinum CE, GCE
WE, and a Ag/AgCl/3 M KCI RE. Both sides were equipped with an magnetic stirrer bar. On the
counter side the cell was filled for each experiment with 0.1 M NaOH. The liquid on the
working side was chosen accordingly to the performed experiment. It was important that the
GCE was immersed 1 cm for each experiment. Before the chronoamperometry was started
the electrolyte was purged with N2 for 40 min and then with O, for 30 min to ensure a oxygen
saturated system. To guarantee a O; saturated environment during the chronoamperometry
the head space was bubbled with O,. The chronoamperometry was recorded for 6 h at a
potential of -400 mV vs. SHE. After O, 1, 2, 4, and 6 h a 150 uL aliquot was taken from the
working electrode side for the H,0, determination.

2.10 Chronoamperometry in non-aqueous solution

The chronoamperometry in non agueous solution was performed in a one compartment cell.
As CE a platinum wire, as WE a GCE, and as WE a Ag/AgCl quasi-reference electrode was used.
The electrolysis of the 2 mM AQ derivative solution in MeCN was carried out at -1100 mV vs.
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Ag/AgCl quasi RE for 2 h. In contrast to the chronoamperometry in aqueous solution the head
space was not bubbled with O, due to the evaporation of the solvent. After 0, 30, 60, 90, and
120 min a 150 pl aliquot of the solution was taken for the H,O; determination.

2.11 H,0, determination
For the determination and quantification of H.O, UV-vis spectroscopy was used. Therefore,
the method established by Apaydin et al. at our institute was used 18°2>3,

Generally, it known that p-Nitrobenzeneboronic acid (p-NPBA) reacts with hydrogen peroxide
in an alkaline solution to a p-nitrophenolate 4. The reaction scheme is shown in Figure 8 .

HO. , _OH oM

H,0,

L J

pH = 9
NO, NO,

Figure 8: General reaction scheme of the reaction of p-NPBA with H,0; in alkaline solution.

The boronic compound has an absorbance maximum of around 294nm in a
carbonate/bicarbonate buffer system (pH 9) while the phenol derivative has a maximum at
around 405 nm >4,

For the calibration curves standard solutions containing an amount of 1, 2, 4, 10, 20, 80, and
160 nmol H;0, were prepared. A 4 mM p-NPBA solution was manufactured and mixed in 1:1
ratio with a 150 mM carbonate buffer (pH 9). This mixture was filtered with a PES 0.45 um
syringe filter. To 50 L of the respective standard solution 2 mL of the filtered mixture were
added. After a reaction time of 36 min 100 uL were used for the recording of the UV-vis
spectra. The UV-vis measurements were caried out with a Thermo Scientific Multiscan Go
spectrometer. The calibration curves for H,0; in aqueous solution as well as for H,0, in MeCN
solution can be seen in Figure 9 and 10.
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Figure 10: Calibration in MeCN.
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In the Figures above the linear behaviour between the absorbance and the produced amount
of H20; can be clearly seen. Both calibration lines have an intercept d of approximately 0.
Furthermore, it can be seen that the slope of both curves is nearly the same. The slope in

aqueous solution is steeper than in MeCN.

3. Results and Discussion

3.1 IR spectroscopy
The solid purified AQ derivatives were measured, and the results plotted in a wavenumber
range of 4000 to 500 cm™. The resulting spectra are shown in Figure 11 - 16.
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Figure 13: IR spectrum of 1-Aminoanthraquinone.
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Figure 12: IR spectrum of 1-Hydroxyanthraquinone.
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Generally, an IR spectrum provides information about the molecules IR absorbance.
Functional groups remain on the same range independent of the molecules structure . For the
used AQ derivatives the following ranges are important: 3300-3500 cm™ (Amino groups),
3000-3200 cm™ (Hydroxy groups), and 1600-1800 cm™ (Carbonyl group) >>°®°7. The exact
values for each molecule are listed in Table 3.

Table 3: Position of carbonyl, amino, and hydroxy groups.

Material Carbonyl group | Amino group | Hydroxy group
Anthraquinone 1674 - -
1-Hydroxyanthraquinone 1633, 1670 - 3033
1-Aminoanthraquinone 1635, 1662 3304, 3416 -
1,4-Dihydroxyanthraquinone 1628 - 3018
1,4-Diaminoanthraquinone 1650 3253, 3381 -
1-Amino-4-hydroxyanthraquinone 1612, 1649 3294, 3340 3061

It is noticeable that the symmetric AQ derivatives (AQ, 1,4-Dihydroxyanthraquinone, and
1,4-Daminoanthraquinone) show one carbonyl peak while the asymmetric molecules
(1-Hydroxyanthraquinone, 1-Aminoanthraquinone, and 1-Amino-4-hydroxyanthraquinone)
show two carbonyl peaks. The amino group peaks are sharp peaks and clearly visible in the
respective plots while the hydroxy group peaks are broader and less resolved.

3.2 UV-vis and PL spectroscopy
In Figure 17a all AQ derivatives are shown. In 17b the 1,4-Dihydroxyanthraquinone, the
1-Aminoanthraquinone, the 1,4-Diaminoanthraquinone, and the

1-Amino-4-hydroxyanthraquinone under a UV lamp are shown.

Figure 17a: Anthraquinone derivatives in normal light. b: AQ derivatives under UV lamp with a wavelength of 365 nm.

The absorbance as well as the PL spectra are shown in Figure 18 - 22.
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Figure 21: UV-vis and PL spectrum of
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The different emissions spectra show different shapes. So, the amino substituted AQs have
one or two peaks in the emissions spectra while the hydroxy substituted AQs have two or thee
peaks. A reason for the “shape” of the emissions peaks can be tautomers or a hydrogen
binding 89,

For all molecules the stoke shift was calculated. Therefore, the wavelength of the emission
and absorbance maximum was considered. The absorbance and emission maximum as well as
the stoke shift are listed in Table 4.

Table 4: Absorbance maxima of UV-vis and PL spectrum, and calculated Stoke Shift.

Material Mbs maxineV | Aem maxineV | Stoke shiftin eV
(UV-vis) (PL)
Anthraquinone 3.90 - -

1-Hydroxyanthraquinone 3.10 2.01 1.09
1-Aminoanthraquinone 2.60 2.17 0.43
1,4-Dihydroxyanthraquinone 2.66 2.05 0.61
1,4-Diaminoanthraquinone 2.13 1.89 0.24
1-Amino-4-hydroxyanthraquinone 2.37 1.95 0.42

In Table 4 it gets visible that the stoke shift for the 1-Hydoxy-AQ is bigger than for all others.
Basically, all used AQ derivatives with at least one hydroxy group show a bigger stoke shift
than AQ derivatives with a amino group.

3.3 Electrochemistry under N>
In Figure 23 the CV curves from all materials in a potential range of -2.0 to +1.8 V are shown.
The CVs were recorded with a scan rate of 200 mV s™.
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Figure 23: Full CV scans under N; showing oxidation and reduction of all 6 materials.

Figure 23 shows for each material except the unsubstituted AQ at least one oxidation peak.
For the anthraquinone a detection of an oxidation peak was not possible due to the fact that
the potential is too far in the anodic regime for this electrochemical setup. An irreversible
oxidation was detected for the 1-Aminoanthraquinone and the 1-Hydroxyanthraquinone. For
the 1,4-Diaminoanthraquinone and the 1-Amino-4-hydroxyanthraquinone the oxidation is
reversible.

Furthermore, in the Figure above it can be seen that each material shows two reversible one
electron reduction steps. This proves that the reduction of AQ and also its derivatives is a two-
step mechanism, as it was mentioned in chapter 1.4 . For comparison the half-step potential
of the first reduction step was calculated for each material. The potential of the unsubstituted
AQ (Ei1/2) was chosen as reference point. Upon comparison the influence of the different
substituents can be observed. Due to the electron withdrawing properties of both groups a
shift in the same direction was expected ®°. However, the measurement showed that the
amino groups shift the potentials cathodically while the hydroxy groups shift the potential
anodically 4%, The potential of the 1-Amino-4-hydroxyanthraquinone is nearly the same as
the unsubstituted AQ. To highlight the difference in location of the reduction peaks, a table
with the half-step potentials is provided.
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Table 5: Half step potentials of the materials.

Material 1%t reduction peak 2" reduction peak
Anthraquinone -0.67V -1.32V
1-Hydroxyanthraquinone -0.52Vv -1.06 'V
1-Aminoanthraquinone -0.75Vv -1.34Vv
1,4-Dihydroxyanthraquinone -0.39 Vv -0.91V
1,4-Diaminoanthraquinone -0.90 Vv -1.39Vv
1-Amino-4-hydroxyanthraquinone -0.66 V -1.17V

Furthermore, for all materials except the unsubstituted AQ the HOMO-LUMO was calculated.

Therefore, the onset of the first reduction peak as well as from the first oxidation peak under

N2 were used. The values were converted in eV and then compared to the optical HOMO-

LUMO from the UV-vis measurements. The results are listed in Table 6.

Table 6: Calculated HOMO-LUMO from CV onset and compared to the optical HOMO-LUMO transition.

Substance HOMO-LUMO A/ nm HOMO-LUMO
(calculated from f UV-vi

CVineV) {from UV-vis
in eV)
Anthraquinone - 322 3.85
1-Hydroxyanthraquinone 2.20 400 3.10
1-Aminoanthraquinone 2.09 466 2.66
1,4-Dihydroxyanthraquinone 1.79 477 2.60
1,4-Diaminoanthraquinone 1.74 582 2.13
1-Amino-4-hydroxyanthraquinone 1.71 524 2.37

In Table 6 it can be seen that the optical HOMO-LUMO is larger than those calculated from

the electrochemical investigation.

3.4 Electrochemistry under CO

To record the CVs under CO; a potential range of -2.2 to +0.5 V vs. QRE and a scan rate of

100 mV st were used (Figure 24-29).
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Figure 24: Anthraquinone in MeCN solution.
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Figure 26: 1-Aminoanthraquinone in MeCN solution.
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Figure 25: 1-HYdroxyanthraquinone in MeCN solution.
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Figure 27: 1,4-Dihydroxyanthraquinone in MeCN solution.

80

60

40

20

0

-20

I/ pA

-40

-60

-80

-100

-120

—under N,
— under CO,
20 15 10 05 00 05 10
E/Vvs. SHE

Figure 29: 1-Amino-4-hydroxyanthraquinone in MeCN.




The CVs under N2 and CO, were compared they look completely different except the
1,4-Dihydroxyanthraquinone which does not show any significant differences. The half step
potentials were also determined and listed in Table 7.

Table 7: Half step potential of all materials under CO,.

Material 1%t reduction | 2" reduction 3rd reduction
peak peak peak

Anthraquinone -0.66 'V -0.86 'V -1.50V
1-Hydroxyanthraquinone -0.49V -0.94V -

1-Aminoanthraquinone -0.73V - -1.64V
1,4-Dihydroxyanthraquinone -0.40V -0.90V -

1,4-Diaminoanthraquinone -0.89V - -1.47V
1-Amino-4-hydroxyanthraquinone -0.67V -0.96 V -

In comparison to the values under N; it can be seen that the second reduction peak is
anodically shifted while the first reduction peak remains on the same potential as under N;
(£0.02 V). It is also noticeable that all materials except the 1,4-Dihydroxyanthraquinone show
only one merged re-oxidation peak. This has been proven by integrating the curves and by
comparison of the resulting charge values.

Furthermore, all materials have a high cathodic current in the potential range between -1.5
and -2.2 V. If a closer look was taken to this current a third peak in the cathodic regime can be
observed for the unsubstituted AQ, the 1-Aminoanthraquinone, as well as for the
1,4-Diaminoanthraquinone. The two amino substituted AQs are also those in which the
second reduction peak has been anodically shifted so strongly that the reduction peaks have
merged. A reason for the strong shift could be the substituent dependent interaction of AQ
derivative with CO;. Due to the less cathodic potential which has to be used to reduce the
1-Aminoagnthraquinone, the 1,4-Diaminoanthraquinone, as well as the unsubstituted
anthraquinone to the dianion under CO; it is suggested that these materials get more reactive
in CO; saturated solutions 2.

If all CVs under CO; are considered, it is noticeable that in a potential range of -1.5t0-2.2V a
high cathodic current is appearing. To determine whether this high current is due to the
reduction of CO,, an interaction between AQ and CO;, or due to the fact that the potential
levels were too cathodic, further experiments were carried out. The high cathodic current
appears in an AQ derivative solution as well as in pure MeCN. Through this it was confirmed
that the high cathodic current is caused by the WE because the potential window was
exceeded. To prove the stability of the system over a longer period, 20 cycles of each material
in MeCN were recorded with a scan rate of 100 mV s 1. Before the experiment was started
the system was bubbled with CO; for 15 min. The CVs of the different materials are shown in
Figure 30 to 35.
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Figure 32: Cycle stability of 1-Aminoanthraquinone.
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Figure 31:Cycle stability of 1-Hydroxyn
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Figure 33: Cycle stability of 1,4-Dihydroxyanthraquinone.
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In each Figure it can be seen that the high cathodic current decrease from cycle 1 to 20. In the
case of AQ, 1-Aminoanthraquinone, as well as 1,4-Diaminoanthraquinone a smaller stable
peak appeared. In the cases of AQs which are substituted with at least one hydroxy group the
high cathodic current dissapeared completely. From this it can be concluded that some AQ
derivatives are reacting with the CO,. This is noticeable through an additional peak in the
cathodic range (-1.45 to -1.7 V). Furthermore, this is again a hint that the cathodic current is
not caused by CO; reduction.

In order to determine if a reduction of CO; is occurring a chronoamperometry under N; and
CO; is performed at a potential of -1.915 V vs. Ag/AgCl quasi RE for 30 min. In the first 10 min
the chronoamperometry was performed without stirring while the last 20 min the solution
was stirred vigorously. In Figure 36 the current vs. time plot of the chronoamperometry of a
2 mM AQ solution in MeCN is shown.
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Figure 36: Chronoamperometry of an AQ solution under N, and CO..

In Figure 36 it can be seen that in the first 10 min under CO; a higher cathodic current was
recorded. If the solution was stirred the current was equal under N, and CO,. After the
chronoamperometry 2 mL sample of the head space were taken. To analyse the gaseous
product a gas chromatography was performed. The assumption that AQ does not reduce CO;
was confirmed by the GC analysis, as no CO was detected.

Since there is only one reoxidation peak under CO; for all materials except the
1,4-Dihydroxyanthraquinone a stepwise reduction was performed according to Yin et al. 2.
The stepwise reduction of the unsubstituted AQ is shown in Figure 37.
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Figure 37: Stepwise reduction of AQ.

3.5 Spectro electrochemistry under N, and CO;

The spectro electrochemical investigation was made in order to possibly get information
about the reaction between the AQ derivative and CO,. The relevant lines of the delta
absorbance spectra under N, and CO; are shown in Figure 38-43. The UV-vis absorbance
spectra under N3 as well as under CO; can be found in the Appendix (chapter 5).
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Figure 43a) Delta absorbance spectra of 1-Amino-4-hydroxyanthraquinone under N,.

1-Amino-4-hydroxyanthraquinone under CO5.
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If the spectra are compared under N2 and CO; it is clearly visible that under CO, new peaks
are appearing or peaks are shifted. Under N3 a clear band at the low frequency range (around
600 nm) is visible for all materials. It is suggested that this band belongs to the first one

electron reduction °©%.

Furthermore, this band is only noticeable for the
1,4-Dihydroxyanthraquinone under CO>. For the unsubstituted anthraquinone and the amino
substituted anthraquinones this band above 600 nm is not visible any more in the spectra
recorded under CO,. Since the CVs of the mentioned molecules under CO; show also two
clearly one electron reduction steps this matches with the corresponding UV-vis spectra and
the appearing band in the range of 600 nm. For the molecules where in the CV under CO; the

reduction steps are merged the band at the low frequency range is not existing.

Furthermore, at least one isosbestic point is clearly and precisely seen in the spectra under N;
except in the spectra of the 1,4-Diaminoanthraquinone. In the spectra under CO; no clear and
precise isosbestic point can be seen in the spectra of the pure hydroxy substituted AQs.
Nevertheless, in the case of 1,4-Dihydroxyanthraquinone an appearing and a disappearing of
the individual bands can be observed. In the case of 1-Hydroxyanthraquinone all bands are
increasing during the reduction process, which is still not fully understood why no decreasing
bands are observed.

The following Figures (44-49) show the change in absorbance in dependence of the potential
under N2 and COa.
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Figure 44: Absorbance vs. Potential plots at corresponding wavelength given of an AQ solution a) under N2 conditions.
b) under CO2 conditions.
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Figure 45: Absorbance vs. Potential plots at corresponding wavelength given of a 1-Hydroxyanthraquinone solution
a) under N2 conditions. b) under CO2 conditions.
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Figure 46: Absorbance vs. Potential plots at corresponding wavelength given of 1-Aminoanthraquinone solution
a) under N2 conditions. b) under CO2 conditions.
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Figure 48: Absorbance vs. Potential plots at corresponding wavelength given of 1,4-Diaminoanthraquinone solution

a) under N2 conditions. b) under CO2 conditions.
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Through the Figures above the appearance and disappearance of absorbance bands get better
visible. Furthermore, if the graphs under N, and CO; are compared it is noticeable that certain
bands are appearing only under N; while others only appear under CO».

For the unsubstituted AQ (Figure 43) it is clearly visible that under N, as well as under CO; the
initial band (A=322 nm) is the only band which is decreasing in the reduction process.
Furthermore, the band at 482 nm which is not (clearly) visible in the delta absorbance spectra
(Figure 38) shows an earlier increase in absorbance under CO; than under N,. For the AQ all
absorbance bands under N, and CO; remain at the same wavelength and no additional band
under CO; is appearing. Under CO; all bands start increasing at the same potential where the
initial band is decreasing. A maximum of the bands at 389, 407, and 482 nm can be found at a
potential of approximately -1.4 V. At the end the initial peak is rising again while all the other
bands are decreasing.

For the 1-Hydroxyanthraquinone additional bands at 460 and 695 nm appear under CO,,
which were not present under N2. The bands which are also present under N2 were shifted.
It is particularly noticeable that all bands under CO2 are increasing. The band above a
A 2 600 nm is still present under CO2 which might be an indication for a radical anion but is
already too close to the edge of the recorded spectra to provide a detailed answer.

When the plots of the 1-Aminoanthraquinone are compared it is noticeable that under CO;
bands disappear completely. Under N; three initial bands (304, 467, and 495 nm) are present.
While the bands at 467 and 495 nm start decreasing at a potential of approximately -1.0 V the
band at 304 starts increasing. Under CO, the band at 467 nm is decreasing at
approximately -0.8 V while the other bands (400, 422, and 557 nm) are increasing to a clear
maximum at -1.4 V. A completely new band can be found at 422 nm under CO,.

Even though the CV of the 1,4-Dihydroxyanthraquinone under CO; and N are nearly equal
differences in the spectroelectrochemistry can be found. Under CO; two completely new
bands at 392 and 417 nm are appearing while the bands which are also present under N; are
shifted. Under N2 one band at 465 nm is present which is disappeared under CO;. In both plots
a band above 600 nm is visible which indicates the formation of the radical anion as it was also
in the case of 1-Hydroxyanthraquinone.

In the case of 1,4-Diaminoanthraquinone two bands are missing under CO,. One missing band
is at 645 nm. When this is compared to the CV this is plausible since there is only one 2 e
reduction peak. Furthermore, it noticeable that the band at 460 nm under CO; appears at a
more anodic value (approximately -0.8 V) than under N (approximately -1.5 V).

For the 1-Amino-4-hydroxyanthraquinone under N; a band at 628 nm is appearing under N;
but not under CO,. This is also the case for the unsubstituted AQ, 1-Aminoanthraquinone, and
the 1,4-Diaminoanthraquinone. In addition it is noticed that the band at 522 nm is under N;
decreasing at a potential of approximately -0.5 V while this band is under CO first increasing
and then decreasing. Furthermore, an additional band (A = 425 nm) is present under CO,.
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To sum it up, three different species regarding the oxidation state are definitely visible for the
1-Hydroxyanthraquinone as well as for the 1,4-Dihydroxyanthraquinone under CO;. Only for
these two molecules a band at a wavelength above 600 nm is visible under CO,. For the other
molecules only one species is present. This is plausible if the plots are compared to the CVs.
Furthermore, it is noticeable that in all bands which belong to the second reduction step and
therefore indicate the dianion species start increasing at more anodic potential under CO;
than they appear under N;. This is also in accordance with the before recorded CVs.

3.6 Electrolysis in aqueous solution

There were only three AQ derivatives which were sufficient soluble in aqueous solution. These
AQs have all at least one hydroxy group, which gets deprotonated and the molecule thereby
soluble. The anthraquinones with an amino group were not sufficiently soluble in basic or in
acidic solution. For electrolysis the highest possible concentration was used. In Table 8 the
concentration of the AQ derivative solution were listed.

Table 8: Used AQ derivative concentration for chronoamperometry in NaOH.

Material Solubility in NaOH / mmol L*?
1-Hydroxyaanthraquinone 0.089
1,4-Dihydroxyanthraquinone 0.208
1-Amino-4-hydroxyanthraquinone 0.067

Comparing the colour with the respective anthraquinones dissolved in MeCN a colour change
was visible due to deprotonation of the AQ derivatives in alkaline solutions. In Figure 50 the
three AQ solution in NaOH were shown.

Figure 50: Colour of 1-Hydroxyanthraquinone (left), 1,4-Dihydroxyanthraquinone (middle), and
1-Amino-4-hydroxyanthraquinone (right).

To see if the colour of the solution will disturb the detection of the H,0; peak at 411 nm UV-
vis spectra were recorded before the electrolysis was started. The respective UV-vis spectra
are shown in Figure 51-53 .
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Figure 53: UV-vis spectrum of 1-Amino-4-hydroxyanthraquinone in NaOH.

If these UV-vis spectra in aqueous solution are compared to Figure 18-22 a bathochromic shift
can be determined. This shift is related to the solvent where the AQ derivatives were
dissolved. In alkaline, aqueous solution the used derivatives are present in their deprotonated
form. In Table 9 the absorbance maxima of the molecules which are soluble in MeCN as well

as in NaOH are listed.
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Table 9: Maximum UV-vis absorbance in MeCN and NaOH.

Molecule Amax (in MeCN) / nm Amax (in NaOH) / nm
1-Hydroxyantraquinone 400 485
1,4-Dihydroxyanthraquinone 477 593
1-Amino-4-hydroxyanthraquinone 567 588

In Figure 54-56 the CVs under N; and O; of the respective material as well as of the blank GCE

can be seen.
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Figure 54: 0.089 M 1-Hydroxyanthraquinone solution vs.

blank GCE in NaOH under N, and O,.
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Figure 55: 0.208 M 1,4-Dihydroxyanthraquinone solution

vs. blank GCE in NaOH under N, and O,.

T T T T T
0.4 F B
02 _
S 00F -
£
(&)
< 02} i
£
~
T4t .
06 L —— GC under N, i
—— GC under O,
— AQ derivative under N,
08 —— AQ derivative under O,
1 1 1 1
-1.0 -0.5 0.0 0.5 1.0
E/Vvs. SHE

Figure 56: 0.067 M 1-Amino-4-hydroxyanthraquinone solution vs. blank GCE in NaOH under N, and O,.
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While the curves under N3 looks flat, a peak at a potential range of -0.2 to -0.5 V vs. SHE can
be observed under O,. This peak indicates the oxygen reduction of blank GC and that is why
at a potential of -400mV vs. SHE, where a the
chronoamperometry was At the 1-Hydroxyanthraquinone and the
1,4-Dihydroxyanthraquinone the onset of the reduction peak is earlier than at the blank GCE.
Furthermore, the peak current is bigger than for the GCE.

reductive current is present,

performed.

Before, the electrolysis with an AQ derivative solution were performed a blank electrolysis
with a 0.1 M NaOH was performed. In Figure 57 and 58 the produced amount of peroxide and

the Faraday efficiency compared to

the blank GCE are shown.
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Figure 57: Produced hydrogen peroxide over a time of 6 h

in NaOH.

In Table 10 the produced amount of H;0; after 6 h electrolysis and the average faraday
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efficiency are listed for each material as well as for the blank GCE.
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Figure 58: Faraday efficiency of each material in NaOH.

Table 10: Produced amount of hydrogen peroxide and Faraday efficiency of the used materials in NaOH.

Material Produced amount of H,0 Average faraday
/ umol efficiency / %
Blank GCE 48.4 62.5
1-Hydroxyanthraquinone 46.2 89.3
1,4-Dihydroxyanthraquinone 45.7 89.9
1-Amino-4-hydroxyanthraquinone 40.2 92.8

The blank GCE produced nearly 50 umol H,0; with an average faraday efficiency of 63 %. In

the Figures above it can be observed that all anthraquinones produce slightly less amount of

peroxide than the blank GCE but with a higher faraday efficiency. It is surprising that the

solutions containing an AQ derivative produce less amount peroxide as the blank GCE. It was
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suspected that the AQs catalyse the reaction. Even though the 1-Hydroxyanthraquinone and
the 1,4-Dihydroxyanthraquinone produce approximately as much peroxide as the blank GCE
the mixed anthraquinone produces noticeable less. Generally, it was suspected that the AQ
derivative solution will produce a higher amount of peroxide than the GCE.

During the chronoamperometry of the AQ derivative solutions in NaOH as well as of the blank
NaOH solution samples were taken after 0, 1, 2, 4, and 6 h to record the production hydrogen
peroxide over this time period. In Figure 59 the delta absorbance spectra of the H,O;
detection in a 0.089 mM 1-Hydroxyanthraquinone solution is shown. In the spectra only one
peak with a maximum at a wavelength of 413 nm is visible. This peak belongs to the
absorbance of H,0; and is increasing over the time of electrolysis. All used AQ derivatives are
not visible in the respective delta absorbance spectra.
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Figure 59: Delta absorbance spectrum of H202 detection in a 1-Hydroxyanthraquinone solution.

3.7 Electrolysis in non-aqueous solution
In Figure 60 to 65 the CVs of a 2 mM AQ derivative solution in MeCN under N2 and O; are
shown in comparison to the blank GCE.
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Figure 60: Anthraquinone vs. blank GCE in MeCN solution

60

40

20

i/ pAcm?

-100

-120

under N, and O;.

—— GC under N,
—— GC under O,
—— AQ derivative under N, |

—— AQ derivative under O,
1 1 1 1 1 1

-1.0 -0.5 0.0 0.5 1.0
E/V vs. SHE

15

Figure 62: 1-Aminoanthraquinone vs. blank GCE in MeCN
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Figure 64: 1,4-Diaminoanthraquinone vs. blank GCE in

MeCN solution under N, and O..
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The CVs of the AQ derivatives under N2 show as mentioned in chapter 1.4 the two one electron
reduction steps. While the CVs under O, show only one big peak for the oxygen reduction. In
the case of the 1-Hydroxanthraquinone and the 1,4-Dihydroxyanthraquinone a small peak is
visible before the oxygen reduction peak. This peak is from the first reduction of the AQ
derivative. Additionally, this peak show under O; a higher current as under N,. Compared to
the peak of the blank GCE (-0.65 V) it is visible that the reduction peak is shifted cathodically
(-0.72 V). If then the recorded CVs in MeCN are compared to the ones in NaOH (chapter 3.4)
it is visible that the peak which indicated the oxygen reduction is shifted to more cathodic
values. As the O; reduction was in NaOH at a potential of -0.4 V vs. SHE the reduction peak is
at a potential of approximately -0.65V vs. SHE for the blank GCE and at a potential of
approximately -0.72 V for the AQ derivatives.

In Figure 66 and 67 again the production and faraday efficiency vs. time are shown.
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Figure 66: Produced amount of hydrogen peroxide over a Figure 67: Faraday efficiency of all materials in MeCN.
time of 120 min in MeCN.

In Table 11 the produced amount of H,0; (after 120 min electrolysis) as well as the average
faraday efficiency of the materials are listed.
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Table 11: Produced amount of hydrogen peroxide and Faraday efficiency of the used materials in MeCN.

Material Produced amount of H20, | Average faraday efficiency
/ nmol /%
Blank GCE 28.8 28.7

Anthraquinone 334 -

1-Hydroxyanthraquinone 59.1 41.3
1-Aminoanthraquinone 36.5 26.0
1,4-Dihydroxyanthraquinone 59.3 43.9
1,4-Diaminoanthraquinone 42.8 25.2
1-Amino-4-hydroxyanthraquinone 23.0 19.7

The blank GCE values are used as reference value. Compared to this it is noticeable that all AQ
derivatives except the 1-Amino-4-hydroxyanthraquinone produces more pmol H;0;. The
1-Hydroxyanthraquinone and the 1,4-Dihydroxyanthraquinone produce the most, with an
amount of approximately 59 umol. The 1-Amino-4-hydroxyanthraquinone is the one with the
lowest H,0; production.

When comparing the faraday efficiency of the single materials and the blank GCE it is
noticeable that only the 1-Hydroxyanthraquinone and the 1,4-Dihydroxyanthraquinone have
a higher faraday efficiency. If the 1,4-Dihydroxyanthraquinone faraday efficiency is viewed in
Figure 64, an activation period is recognizable. With the 1-Hydroxyanthraquinone in contrast
it is remarkable that the faraday efficiency is steady increasing in the first 90 min and in the
last 30 min it is rapidly decreasing which, however, does not affect the produced amount of
H.0..

Especially, in Figure 65 the unsubstituted AQ stand out. The faraday efficiency of the AQ starts
at 80 % and then drastically decreasing towards 0. If the production is considered it is visible
that the amount of H,O; is steady increasing in the first half of the chronoamperometry. In
the second half the amount of H,0; is decreasing. This means that the produced peroxide is
decomposed in the last hour.

During the chronoamperometry of the AQ derivative solutions in MeCN as well as of the blank
MeCN solution samples were taken after 0, 30, 60, 90, and 120 min to record the production
hydrogen peroxide over this time period. In Figure 68-73 the delta absorbance spectra of the
H,0; detection in a 2 mM AQ derivative solution are shown. In the spectra the H,0, peak at
413 nm is visible. This peak increases over time which indicates a successful production of
hydrogen peroxide. Furthermore, the decreasing of the AQ derivative is also visible in Figure
70-73.
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production in a 1,4-Dihydroxyanthraquinone solution.
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Figure 70: Delta absorbance spectra of the H,0,
production in a 1-Aminoanthraquinone solution.
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Figure 72: Delta absorbance spectra of the H,0,
production in a 1,4-Diaminoanthraquinone solution.

Figure 73: Delta absorbance spectra of the H,0,

production in a 1-Amino-4-hydroxyanthraquinone solution.
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4. Conclusion

On the one hand this thesis aimed for a better understanding of the anthraquinone CO;
interaction and the underlaying mechanism. Through the high cathodic current which was
observed in the CV under CO; the question if AQ derivatives reduce or capture CO; occurred.
Since this current decreased in in each additional cycle and is also appearing in a blank MeCN
solution it was suggested that the potential window was exceed and this current was caused
by the WE. The chronoamperometry with subsequent GC analysis proved this suggestion since
there was no CO detected.

Through the comparison of the CVs under N, and CO; it was noticeable that the second
reduction peak is shifted towards more anodic potentials and merged with the first. For better
understanding of this mechanism the spectroelectrochemistry was performed under N; and
CO;. Here, it was particularly noticeable that some absorbance bands only appear under N
and some only under CO; while certain bands appear in both measurements. Especially, the
band above 600 nm which is considered as the radical anion is missing in all spectra under CO;
except the spectrum of the 1-Hydroxyanthraquinone and the 1,4-Diaminoanthraquinone. This
conforms the assumption that amino substituted AQs are more reactive under CO; than the
hydroxy substituted ones. Furthermore, it is noticed that the absorbance bands which are
indicated as the ones for the dianion appear under CO2 at more anodic potentials as under
N2. To prove this definitively, further work with spectroscopy or quantum mechanical
calculations are needed.

On the other hand of this thesis the electrochemical production of H,0, was investigated. At
the beginning of this experiment it was suspected that the AQ derivative should catalyse the
H,0, production. Nevertheless, the chronoamperometry in aqueous AQ derivative solution
did not verify this assumption. Since all derivatives produce less amount H,0; than the blank
GCE (48 umol). However, the pure hydroxy substituted derivatives produced nearly the same
amount of H20; (46 umol) while the 1-Amino-4-hydroxyanthraquinone produced significantly
less (40 umol). If the Faraday efficiency is considered all AQ derivatives show a higher
averaged FE than the blank GCE. Although less amount of H,0; was produced, the FE is
significantly higher, which can also be considered as electrocatalytic.

In non-aqueous solution all AQ derivatives except the 1-Amino-4-hydroxy produce a higher
amount of H;0,. If the Faraday efficiencies are compared it is noticed that only the pure
hydroxy substituted AQs have a higher FE in average than the GCE. Remarkable is that the
1-Hydroxyanthraquinone and the 1,4-Dihydroxyanthraquione in non-aqueous solution
produce a higher amount of hydrogen peroxide (59 umol) in 2 h than in 6 h in aqueous
solution (46 umol).

To sum it up, the amino substituted AQs are better suitable for the CO; capturing. Since they
are more reactive under CO, which is proven through the absence of the radical anion band
in the UV-vis absorbance spectrum under CO,. Furthermore, this groups and the unsubstituted
AQ show an additional peak in a potential range of -1.45 and -1.7 V which indicates an
interaction between the AQ derivative and CO.. In contrast to the CO; capturing the hydroxy
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substituted AQ derivatives are more suitable for production of H,0, due to the higher amount
of produced H;0; as well as the higher Faraday efficiency, which is in accordance to literature
reports.
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