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Chapter 1. Introduction

This conscious universe in which we live has always been a subject matter of study
due to the inquisitive nature of mankind. Its Creator has embodied His signs in it
such a way that curious people throughout the history connected the dots and
discovered physical phenomena of nature. One of them was an energy source for
the welfare of mankind. The irresponsible human activities throughout history have
spoiled the sacred environment and now we are about to run out of fossil fuels. In
this postmodern era with increasing demands for energy sources, we are in dire

need of renewable and environmentally friendly energy sources.

Among the renewable energy sources, we have hydroelectric, biomass,
geothermal, solar, and wind energies. The principle of solar energy is the utilization
of electromagnetic radiation coming from the Sun naturally by converting and
storing this energy using solar cells, solar vacuum tubes, artificial photosynthesis,
and other convenient methods and devices. Several chemical compounds have been
investigated and developed throughout the development of solar cells and energy
storing devices. Benzoquinone derivatives are some of those compounds. They

have their application from biological to physical processes.

We know that solar cells convert sunlight into electric energy by the
photovoltaic effect, which is a physical and chemical phenomenon. But storing this
converted energy with high efficiency and achieving higher energy density and
retaining this potential for longer period, are the real ongoing research problems in
the development of energy storing devices.1? In recent years, there has been an
increasing trend to develop so-called “Organic Flow Batteries” that involve
quinones as dissolved charge carrier of the electrolyte. The energy generation is
based on photocatalyzed quinone redox couple ions conversion. The suitability of
quinones in these systems is because they are involved in reversible redox reactions,
are soluble in water, and the physical and the chemical properties of their system
can be altered easily by varying the substituents on these quinones. Quinones

containing these organic flow rechargeable batteries take advantage of this



reversible redox reaction and thus are an excellent way of converting photo-energy

into electric energy.

This thesis presents my research for my bachelor’s thesis aiming at the
possible utilization of solar energy by derivatives of photo-sensible 1,4-
benzoquinone (BQ) molecule. The main purpose is to figure out whether the
concerned substituted quinone is a right fit or not for the generation of
photochemical energy that will ultimately be converted into electric energy. This
can be achieved by investigation of photodissociation, kinetic and redox properties

of these quinone derivatives.

It can be anticipated that by using appropriate quinone derivatives and right
intensity of irradiation, we can increase the energy density, voltage and hence the
efficiency of the cell. For my thesis, I have investigated hydroxy derivative of BQ
which has not been investigated before for such specific redox, kinetic, and
photochemical properties. This derivative is 2,5-dihydroxy-1,4-benzoquinone
(BQ(OH).). Its photo-decomposed redox system was investigated by irradiating it
with UV-Vis light on a diode-array spectrophotometer. The instrument photo-
decomposed and measured the absorbance changes at the same time. Irradiations
went hourly long so it makes it possible to derive some kinetic properties too. In
parallel to spectrophotometric measurements to observe absorbance changes, cyclic
voltammetry (CV) was done on each step of experiment to see any decomposition
electro analytically. Both techniques helped to analyse reaction intermediates and
final products of quinones photo-decomposition. The iron-copper redox couple was
also investigated using CV as a comparison redox model for photo-decomposed BQ
redox system. From the previously published research results we can anticipate that
the possibility of using BQs, as redox charge carrier and in other various
applications, is influenced by several properties of the given derivative. The
properties derived already also encourage us to measure and systematize
information about quinones containing as many different substituents as possible

to find the optimal derivative.



1.1. Properties and derivatives of 1,4-benzoquinones

Quinones are organic compounds which are usually derived from aromatic
compounds by doing necessary rearrangements in their structures to get fully
conjugated cyclic diones. They themselves are not aromatic compounds but
conjugated cyclic diketones. The substituted benzoquinone family compounds are
primarily based on 1,4-benzoquinone (BQ) which is oxidized derivative of 1,4-
hydroquinone (H2Q). They can also be obtained from other aromatic compounds
e.g., from phenol by hydroxylation followed by oxidation. Natural occurrences of
BQs are plants, lichens, fungi, and bacteria. From biological point of view, many BQ
derivatives play important functions in biological systems like oxidative

phosphorylation and photosynthetic electron transport chain.34

A variety of quinone-like compounds have been known, the most common
of them are in Scheme 1. Ortho-benzoquinones are difficult to prepare and are more
reactive than para-benzoquinones. Among BQs, m-benzoquinone does not exist
because its structure would be nonplanar, highly strained, and unstable, although
some of its derivatives are known. In some quinones, arrangement of quinone ring

extends over more than one ring called polycyclic quinones (Scheme 2).
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Scheme 1: Most common benzoquinones.
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Scheme 2: Polycyclic quinones with two or more rings.

BQs have multifunctional properties of behaving in chemical environment
like a ketone by forming oximes, an oxidant by forming dihydroxy derivatives, and
an alkene by undergoing addition reactions.5 Strongly oxidizing agents among BQs
include chloranil and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, also known as

DDQ which is used for dehydrogenation of steroid ketones, alcohols, and phenols.

2,5-Dihydroxy-1,4-benzoquinone BQ(OH)2, is one of the seven hydroxy
derivatives of BQ. It is yellow orange solid having planer geometry and shows
ferroelectric properties.® It shows weak acid properties in solutions and its anions
(e.g., CeH2O42~ pKaz = 4.87) can form variety of metal complexes by functioning as
a binucleating ligand.” It is the compound of investigation for this thesis regarding
its photochemistry and redox properties. It is a compound of interest for scientists

developing solar cells and charge carriers for flow batteries.

Some of the BQ derivatives have importance for their application as a charge
carrier in metal-free redox flow batteries (RFB) such as 9,10-anthraquinone-2,7-
disulfonic acid (AQDS) whose precursor can be found naturally in rhubarb, a spring
vegetable.® An AQDS aqueous RFB with inexpensive glassy carbon electrodes can
yields a peak power density exceeding 0.6 W cm2 at 1.3A cm? with > 99% storage
capacity retention per cycle which is very competitive in comparison to lithium ion
batteries.® These organic anthraquinone species can be synthesized from

inexpensive chemicals easily and they are also free from metal toxicity.



Scheme 3: 9,10-anthraquinone-2,7-disulfonic acid (AQDS), a flow battery charge carrier.

1.2. Photochemistry of 1,4-benzoquinones

Quinones are sensitive to light and their photo-decomposition takes place easily
upon illumination. They are found widely both in biological and environmental
systems as chromophores. Possible occurrences of quinone in environment which

involve photo-degradation are lignin or microbial organic matter.

BQs and their derivatives contain conjugated pi-bond system such as C = C
and C = O bonds. These bonds are responsible for o, m and n type molecular
transitions in these molecules. Up on illumination, these molecular orbitals go to
excited states and electron transitions take place according to the incident
wavelength. In the vacuum UV range (100-200 nm) o—11*, in the UV range (200-400
nm) n—1*, and in the visible light range (400-800 nm), the n—m1 * transitions are
typical transitions for quinones. In the UV spectra, the aqueous solutions of BQs
corresponds to three absorption bands n— n*, n— o*, and n — o* transitions.’ The
wavelengths of these transitions depend on the solvent and substitutions present
on the BQ ring. After irradiation with UV, the ground state BQ molecules will be
first excited to a singlet state and follow relaxation to the lowest excited singlet state.
After this relaxation, it has been reported that most of BQs undergo rapid
intersystem crossing to the excited triplet state. That is why due to their high
intersystem crossing efficiency, it is accepted that BQ photochemistry originates

from triplet state generally.10

The photolysis of BQ in the aqueous solution has already been identified long

ago by chromatographic and spectrophotometric methods. From these studies, it



was discovered that the photo-decomposed products of BQ after irradiating it with
UV-Vis light includes: benzene-1,2,4-triol, semiquinone, hydroquinone, and

hydroxylated quinone (Scheme 4).
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Scheme 4: Benzoquinone photoproducts.

In theory, four distinct mechanisms have been proposed that can produce
these same products. These mechanisms are named as: the OH mechanism, direct
triplet mechanism, intermediate product conversion mechanism, and quinone-
quinone or electron transfer (at high quinone concentrations) mechanism. The study
of these mechanisms has shown that when the aqueous BQ is illuminated with UV
light, hydroquinone can be isolated partially as main product of the photo-
decomposition and partially via intermediate benzene-1,2,4-triol and 2-hydroxy-
1,4-benzoquinone. These intermediates get further converted directly or indirectly
into suitable products that can yield energy. Theoretically, the triplet quinones by
having strong oxidizing power, are capable of removing two hydrogen atoms from
water molecule, and thus converting quinone to hydroquinone by releasing

oxygen.11.12

Because the final products for all these four mechanisms are identical, so
product analysis cannot be a determining step to differentiate these reaction

mechanisms. One of possible way is to distinguish between these mechanisms is to
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test for the presence of a reaction intermediates. For this research gap, I proposed to
conduct CV measurements to figure out peak potentials of reaction intermediates
and  photo-decomposed  products. For my research goals, the
quinone/hydroquinone conversion by releasing oxygen is also a favourable

reaction in terms of solar energy utilization.

1.3. Cyclic Voltammetry and electrochemistry of 1,4-benzoquinones

The main part of my thesis results comprises cyclic voltammetry (CV)
measurements for different solutions of quinones, and Fe/Cu solutions. So, I will
describe briefly its concepts and applications in relation to quinones. CV is a very
important potentiodynamic electrochemical technique widely wused for
electroanalytical analysis and sometimes it is called as ,electrochemical
spectroscopy”.13 It is mostly used in analysing redox processes to determine the
stability of reaction products, finding intermediates in redox reactions,'* electron
transfer kinetics,> the reversibility of a redox reaction,'® corrosion measurements,
and reduction potential range of the ions present in electrolyte which can be used

for qualitative purpose and characterization of new compounds.!”

The experimental setup consists of a potentiostat, computer, and three
electrode system (working, reference, and counter electrode). The working
electrode’s potential is ramped linearly versus time and driven between two limits
(upper and lower limit) at a constant rate while the reference electrode remains at a
constant potential. When the set limit is reached, the potential is reversed back at
the same rate. The current is sampled at the end of each potential step. The upper
and lower potential limits depend upon the choice of the solvent and the electrolyte.
The current measured during the scan is plotted as a function of the potential of the

working electrode to obtain the voltammogram.

The parameters that can influence voltammogram are scan rate, and applied
potential range. Applied potential range also called as ,potential window”,

depends upon the analyte under study and decides the resolution of the scan while
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the scan rate influences the redox activity at the working electrode (WE). Changing
parameters like current threshold, concentration, and temperature also influence
voltammogram indirectly. Altering these parameters will give us different set of

data that can be used for analytical purposes for our analyte.

Oxidation occurs during the positive half of the scan, and an anodic current
(ipa) is measured. Similarly, reduction occurs during the negative half of the scan,
and a cathodic current (ipc) is measured. If the redox couple is reversible, the
reduced analyte will begin to re-oxidize during the reverse scan, resulting in a
reverse polarity current (anodic current). The more reversible the redox couple is,
the more similar the oxidation peak will be in shape to the reduction peak. In this
way, we can have information about redox potentials, reaction intermediates, and

electrochemical kinetics for our analyte.

The electrochemistry of quinones has received a lot of attention due to their
application for energy conversion and storage. One such example that I have
mentioned previously is AQDS, a charge carrier for flow batteries (see Scheme 3).
The reduction of BQ in aqueous solution has already been studied extensively by a
lot of works and the mechanism of such reduction in aqueous solution can
summarized in Scheme 5.8 Reduction occurs via two successive one-electron
transfers. In the first electron transfer, a single charge quinone radical-anion is
formed which is further reduced and then second electron transfer happens which

is followed by reduction to form hydroquinone finally.

Q+e =Q~
Q +H" = QH
QH +e = QH-
QH "+ H" = QH:>

Scheme 5: Mechanism for the reduction of benzoquinone in an aprotic solvent.
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1.4. Redox Flow Battery

All over the world, the transition to renewable sources is flourishing at full pace and
this makes stationary energy storage devices a pivotal to guaranteeing a reliable
power source. Redox flow batteries (RFB) have become one of the priority topics of
development by scientists and entrepreneurs in comparison to traditional lithium-
ion batteries for storing solar and wind energy. This is because RFB are cost
effective, environmentally friendly (free of toxic metal ions), durable, non-
combustible, and can be used to store large amounts of energy over prolonged
periods. Their response time is in the millisecond range, so they can be used in
parallel circuits to manage energy quality and management efficiently and can even

be incorporated into to electric grid.

RFBs are electrochemical energy storage systems (rechargeable battery)
which provides direct conversion between chemical and electrical energy. Chemical
energy is driven by two chemical species dissolved in liquids as charge carrier that

are pumped through the system on separate sides of a ion exchange membrane.

The concept RFB is almost half a century old but only the vanadium RFB
invented by Skyllas-Kazacos et al. has been commercially available so far.1® From
inorganic metal ions to organic quinones, a lot of RFBs with different charge carriers
have already been developed. So, I have chosen to draw the critical review of iron-
copper RFB and benzoquinone organic RFB in relation to my thesis. For their
diversity of applications, acceptability by consumers for being cost effective, and
environmental safety, we can anticipate their commercialization in near future at a
large scale because more and more people are installing solar energy systems in

houses.

1.4.1. Iron-Copper Redox Flow Battery

The first all-iron redox flow battery (Fe RFB) was invented by Hruska and Savinell
in 1981.20 It involved Fe3*/Fe?* and Fe?* /Fe redox couples in positive and negative

electrolytes, respectively. Due to many limitations, it did not get succeeded to be
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developed further. Recently, a new model has been developed that involve
Fe?* /Fe3* and Cu*/Cu as the positive and negative electrolytes, respectively (see
Scheme 6). A standard cell voltage of 0.25 V was produced. During the charging
cycle, Fe?* are oxidized to Fe3* in the positive half of cell, while Cu* are reduced to

Cu? in the negative half of cell. When the battery is in the discharge cycle, reverse

«4@ 2
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Scheme 6: Illustration of a typical Fe/Cu RFB. 2!

reactions happen.

apouy

Cathode

The main challenge in the development of the Fe/Cu RFB is its relatively low
cell voltage and thus energy density. The cell voltage is significantly less than those
of other RFB systems. However, by increasing the concentration of active charge
carriers in the electrolyte, this issue can be resolved. The cost and abundance of both
metals along with less toxicity than other metal RFBs (e.g., vanadium RFB) makes

Fe/Cu RFB a topic of interest for further development.

1.4.2. Benzoquinone Organic Redox Flow Battery

The history of the development of quinone based flow batteries have gone through
a lot of phases. Researchers have resolved a lot of challenges in their development

not only about their design but also trying a lot of charge carriers and that is why
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now we can see a list of BQ derivatives developed already for RFBs with varying
characteristics. Some of RFBs are good for their output voltage and lag in energy
density and response time while others have good energy density but not suitable
due to low voltage. We must find middle ground in which we can have all optimal

characteristics in a single model.

RFBs with quinones as redox active reactants, are potentially much less
expensive than their vanadium RFBs counterpart. In addition, the chemical
environment of these RFBs can be modified easily through selective
functionalization. So, we can modify their aspects of performance such as voltage,

energy conversion rate, and energy density according to the need.

Negative Electrolyte Positive Electrolyte
Cell stack

—

[S Porous carbon electrode
Pump @ 3 Pump

ilon-oxdmngv membrane

Scheme 7: Schematic diagram of a typical Organic RFB. 22

An organic-inorganic RFB based on 9,10-anthraquinone-2,7-disulfonic acid
(AQDS) and HBr as electrolyte chemical species has already been developed. But
the all-organic RFB gets preference over other types because it does not involve
metals at all and its charge carriers are cheaper and easy to get from natural
resources. One such example is all-organic AQDS-BQDS RFBs that involve quinone
based redox couples at both electrodes.? The positive electrode in this RFB, is
treated with 4,5-dihydroxybenzene-1,3-disulfonic acid (BQDS) and the negative
electrode with anthraquinone-2,6-disulfonic acid (AQDS) separated by a proton

permeable polymer membrane.

Some of the reported drawbacks of organic RFBs include a very complex

system that makes it hard to maintain and low chemical stability because of the fact
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that some organic molecules are prone to degradation reactions like nucleophilic
substitution, and self-polymerization. These challenges can be resolved by deriving
new properties, and investigating more and more substituents, and systematizing

information about these quinones and their derivatives.

1.5. Diode-Array Spectrophotometer as a Photoreactor

The use of modern spectrophotometers is a quality standard criterion in chemical
trade and it stretch across various scientific fields from materials science, chemistry,
and chemical engineering to biochemistry, and molecular biology. In the field of
chemistry, spectrophotometers are mostly used for qualitative and quantitative

determination, characterizing spectrum of compounds, and reaction kinetics etc.

However, some spectrophotometers can cause unexpected phenomena in
solutions of photo-sensitive compounds as they can induce photochemical reactions
due to absorption of light by the solution. These photo-induced processes must have
to be taken into account otherwise we will get false observations for the analyte. It
may sometimes lead to thermally induced reactions as well.2* Alternatively, this
property of spectrophotometers offers a number of new possibilities to study the
kinetics of such photoreactions. For these measurements, a spectrophotometer acts
as a photo-reactor and analysing unit at the same time. The basic concept of using
these techniques works for both gas and liquid phases.?> I have performed my
photochemical experiments of BQ(OH)2 in aqueous medium, so I found diode-array
spectrophotometer as the right tool for testing my hypothesis in relation to quinones

photo-decomposition and their kinetics.

Diode-array spectrophotometers are primarily based on the idea of a typical
UV/Vis spectrophotometer but with the difference that diode-array
spectrophotometers are optimized for rapid and simultaneous acquisition of a full
band of UV /Vis spectrum.?¢ This is achieved by designing the instrument in a way
that polychromatic light is not dispersed until it passes the analyte, i.e., the
monochromator is placed after the cell holder. In a diode-array spectrophotometer

an intense polychromatic light passes through the analyte with enough energy for
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inducing a photo-reaction. Commonly, in most of the instruments a deuterium and
a halogen lamp are used and can cover 190-1100 nm of spectrum. After the precise
experimental determination of the photon flux, the extent of the photoreaction can
be quantified. But remember that there is no way in this experimental setup to
monitor primary photo-reactions such as the formation of excited species, because
the lifetime of such primary reactions are orders of magnitude shorter than the data
acquisition rate of the spectrophotometer, but we can still excellently study the

progress of photochemically induced reactions.

Lente et al. have already studied this phenomenon for 2,6-dichloro-1,4-
benzoquinone (DCQ).25% In their experiments, they proved that diode-array
spectrophotometer can be used as a photoreactor. The photo-induced chemical
reactions in the aqueous solution of DCQ studied by Lente et al. are an excellent
relevant example to my compound of study, BQ(OH)2. For DCQ, photo-dissociation
consists of the combination of two processes: the first is a water-assisted

disproportionation of DCQ and second is the photo-reduction of DCQ by water.

0 0 OH
Cl Cl h Cl Cl Cl Cl
2 +H,0 1V % O
OH
(@) O OH
O OH
Cl Cl B Cl Cl
2 + 2H20 2 + 02
@] OH

Scheme 8: Photochemical splitting of DCQ on diode-array spectrophotometer. First is water

assisted disproportionation reaction and second is photo-reduction of DCQ by water.
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Chapter 2. Materials and methods

2.1. Materials used

A solution was prepared by dissolving 0.0845 g of solid Ks[Fe(CN)g], and 0.1056 g
K4[Fe(CN)¢] 3H20 in 50.0 cm? of distilled H2O in a volumetric flask. Each of solute
in the solution has a molarity of 5.0 mM. The solute mixture solution was prepared
on purpose to have a solution with oxidized and reduced species (Fe3*, FeZ*) at the
same time so that it can serve as a redox system. Analytical grade 0.1 M CuSO4 and
0.1 M FeCl; and their mixture solutions in different concentrations were prepared
according to the need of each experiment. They were all obtained from Sigma-
Aldrich. Doubly distilled water was used wherever dilution needed.

Solid 2,5-dihydroxy-1,4-benzoquinone (C¢HsOs) 98% (hereinafter as
BQ(OH)2) of analytical grade purity was used as a hydroxy derivative of 1,4-
benzoquinone (BQ). It was purchased from Alfa Aesar company (Product: A11442).
It was yellow orange in powdered state and when dissolved in water, it turned into
a light red-orange solution. It was soluble in water but needed to be prepared on a
magnetic stirrer because the solubility of BQ derivatives is affected by the type of
substituents present on them. Those containing electron withdrawing groups takes
longer to dissolve than those containing the electron donating group as their
substituents.28 BQ(OH)2 contains electron withdrawing groups, so I accelerated the
dissolution process using a magnetic stirrer. The concentration of stock solution of
BQ(OH)2 prepared was 1.0 mM. It was calculated from weight of BQ(OH)2, and
volume of the solution prepared. Due to photo-sensitive in nature, the stock
solution was stored in a dark cabin to prevent any photoactivity.

H>O:> obtained from Szkarabeusz Laboratériumi, Vegyipari és Kereskedelmi Kft.
was used to oxidize the BQ(OH)2 solution. Different concentrations like 3%, 10%,
20%, and 30% w/w were tried to figure out the right concentration of HxO; for
oxidation of BQ(OH): solution. Due to degradability of H2O», new solution from

stock bottle was used in each measurement.
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2.2. Measurement methods used
2.2.1. Cyclic Voltammetry

For the cyclic voltametric (CV) measurements, 1.0 M NaCl was used as
supporting electrolyte. The potentiostat eDAQ ER466 used, was an integrated
potentiostat with three electrode system to acquire electroanalytical data from our
analytes. The 1.0 mm (OD 3 mm) glassy carbon disk electrode eDAQ ET074 was
used as working electrode (WE) and it was polished with alumina slurry before
every measurement to get good peak results. Ag/AgCl electrode with 3.50 M KCl
as electrode filling solution, was used as a reference electrode (RE). A third platinum
wire electrode was used as counter electrode (CE). All these instruments for
electroanalytical measurements were supplied by eDAQ Pty. Ltd. Australia. The
parameters in each experiment are stated in the description of the given

measurement results.

2.2.2. UV-Vis Spectrophotometry

Spectral changes were recorded for BQ(OH): solutions before, during and
after the reactions. The instrument used was double beam scanning UV-Vis
spectrophotometer A590 (S/N: UTC15J0010) supplied by AOE Instruments Shanghai
Co., Ltd. The pathlength of the cuvette used was 1.00 cm and it was made up of
quartz. The spectrums were recorded between 190-1000 nm wavelength.

Photochemical decomposition of BQ(OH): into hydroxybenzoquinone and
hydroquinone (hereinafter as BQ(OH) and H>Q), respectively), was investigated by
passing high intensity polychromatic UV-Vis light through the BQ(OH)2 solution
sample on a diode-array spectrophotometer acting as a photo-reactor and analysing
unit at the same time. The instrument used was Analytik Jena SPECORD S600 with
two light sources, a deuterium lamp, and a halogen lamp operating in parallel. The
host software controlling the instrument was WinASPECT. Kinetic and spectral
measurements were performed at 24 +1 °C. The cuvette used in measurements was
made up of quartz having a pathlength of 1.00 cm. It was placed in the cuvette

holder with built-in magnetic stirrer to homogenize the solution. The spectrum was

19



recorded at 180-1100 nm, although it is sufficient to consider the spectrum range
from 180-600 nm in the evaluation process because after 600 nm, there is almost zero
absorbance. To pre-decompose the BQ(OH)2 solution, a 6-watt UVP UVGL-58 UV
lamp capable of emitting 254/365 nm wavelengths was used. The emitted photon
flux of the lamp has a total photon energy of ) E =2.98x10]/s and the total number
of photons emitted were: ' N photon = 7.72x104 photon/s.?? BQ(OH)2 solution was
irradiated for 1 hour that gave the possibility to study the kinetics of the photo-

decomposition.

2.2.3. Chemical equilibriums drawn in MEDUSA

It was necessary to interpret the equilibrium of iron-copper redox couple
theoretically, especially in the presence of iron cyanide complexes, to see how the
complexation situation changes between iron and copper when two solutions get
mixed. Second, we mixed the solutions of iron and copper with Fe3*, Fe2* and Cu?*
oxidation states in varying concentrations (1-10 and 10-1 V/V) in a series of
measurements. So, in order to fully understand how cyanide ion will distribute
itself among iron and copper during the redox process, we have simulated the
equilibrium diagram of different possible soluble and insoluble chemical species
formed in the solution using an algorithmic software called MEDUSA (making
equilibrium diagrams using sophisticated algorithms) developed by KTH Royal
Institute of Technology, Stockholm, Sweden.30 I have made the equilibrium distribution
diagram using this software which is based on literature data acquired through

extensive experimentation.

2.3. Processing of data

The voltammograms of CV measurements were plotted in Microsoft Excel
from the data files acquired from host controlling software application of the
potentiostat. Similarly, spectrophotometric measurements graphs and comparative

diagrams throughout this thesis were also made using Microsoft Excel.
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Chapter 3. Results and discussion

3.1. Investigation of redox properties of Iron-Copper redox couple

For all cyclic voltammetry (CV) measurements, three electrode setup was used: 0.1
mm (OD 3 mm) glassy carbon disk working electrode (WE), platinum wire counter
electrode (CE) and Ag/AgCl reference electrode (RE) having a standard reduction
potential of 0.22 V vs SHE. Unbuffered 1.0 M NaCl solution was used as background
electrolyte. The scan rates and potential ranges are given in caption of each
voltammogram. The purpose of doing CV measurements for iron-copper redox
couple was to study multicomponent redox system in comparison to redox system
of benzoquinones.

From Figure 1, we can see the voltammogram of mixture solution of 5 mM
Ks[Fe(CN)¢] and 5 mM Ks[Fe(CN)s]. The peak potentials do not change despite
changing the scan rate. Only peak current values are increased with increase in scan
rate. It is concluded that there is direct relationship between scan rate and peak
current values (see Figure 2). It also implies that if the sample concentration is too
low, then by increasing the scan rate, we can increase the intensities of peaks and it
will make peaks more visible in CV. The voltammogram looks reversible, well
measurable, and Fe3*/Fe?* redox couple seems having one electron transition.

From Figure 2, we can infer an almost linear relationship between scan rates
and peak current values. But, the plot starts a bit steeply and then saturates and
becomes constant. It means that after a given scan rate, there is no point to increase
it further because after a given value of scan rate, the intensity of the peak current
will not increase anymore.

Figure 3 depicts the voltammogram for 0.1 M CuSOs. The cathodic and
anodic peaks are very distant from each other. We can see here again the direct
relationship between scan rates and peak current values. The voltammogram looks
reversible, well measurable, and redox couple seems having two electron transition
in a single jump. However, the slower scan rate is more accurate in comparison to
higher scan rate because we can see peaks at very end of the potential window. In

the case of higher scan rates, it becomes less precise.

21



1.5E-05

1.0E-05

)
o1
o
es]
&

0.0E+00

Current I (A

-5.0E-06
-1.0E-05

-1.5E-05
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Potential E (V vs Ag/AgCl)

0.8 0.9

—25mV/s 50mV/s —=——100mV/s 200 mV/s —=———250mV/s

Figure 1: Cyclic voltammogram of solution containing 5 mM Ks[Fe(CN)s] and 5 mM Ky[Fe(CN)s].
Scan is ramped from 0 to 0.8 V vs RE in positive direction. The Fe3*/Fe?* redox couple contains

single electron transition. Scan rates (given in the figure legend) varied from 25 to 250 mV/s with

20pA current sensitivity range at 25 °C.
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Figure 2: Peak potentials of Fe3*/Fe?* redox couple (from Figure 1) plotted versus scan rates.
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Figure 3: Cyclic voltammogram of 0.1 M CuSOy. Scan is ramped from -1 V to +1 V vs RE in positive

direction. Scan rates varied between 100 to 250 mV /s with 1 mA current sensitivity range at 25 °C.

The Cu?*/Cus) redox couple seems having a two-electron transition in single jump

as inferred from standard redox potentials calculated in Table 1.

Fe3* + e~ = Fe2* +0.772 V
Cu?*t+e =2Cut +0.167 V
Cu?* +2e = Cup +0.337V

Table 1: Standard redox potentials calculated from peak potentials.

Scan (mV/s) Ks[Fe(CN)s] + K4[Fe(CN)¢] CuSOq4
- Epa (V) Epc (V) | Epa(V) | Epc(V)
25 0.352 0.434
50 0.348 0.430
100 0.352 0.428 -0.375 0.558
200 0.354 0.420 -0.542 0.692
250 0.348 0.424 -0.620 0.780
Average 0.351 0.427 -0.512 0.677
E1/2 (V) 0.389 0.082
Eo (V) 0.609 0.302
Literature value (V) 0.772 0.337
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We have used the peak potential values to calculate the half-potential and
then the standard reduction potential for Fe3*/Fe2* and Cu?*/Cuss) redox couples.
(See Table 1). The experimental values are 0.609 V and 0.302 V in the case of
Fe3*/Fe?* and Cu?*/Cus) redox couples, respectively. These small variations in
redox potentials with respect to literature values may be caused by impurity in
analyte or some instrumental or experimental error.

The voltammogram of mixture solution (1:1 v/v) of 0.1 M CuSOs with 0.5
mM Ks[Fe(CN)s] + Ky[Fe(CN)e¢] solution (Figure 4) looks like the addition of
previous two voltammograms (Figure 1 and Figure 3). We can clearly see somewhat
distorted Cu2*/Cu) redox pair voltammogram in it. This distortion is caused by the
presence of Fe3*/Fe?* ions in the solution. But mainly the copper is dominant in the
measured voltammogram.

Figure 5 summarizes all the three voltammograms of iron, copper, and
mixture solution in a comparative way. It can be seen that the mixture solution
voltammogram is more similar to copper than iron solution voltammogram. Peak
intensities for the mixture solution are low and somewhat between the peaks of the

others two voltammograms.
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Figure 4: Cyclic voltammogram of mixture solution (1:1 v/v) of 0.1 M CuSO4 and 0.5 mM
Ks[Fe(CN)g] + Ka[Fe(CN)e] solution. Scan is ramped from -1 V to +1 V vs RE in positive direction.
Scan rates varied between 100 to 250 mV /s with 500 pA current sensitivity range at 25 °C.
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25



From Figure 6 we can infer that as we increase the concentration of the
copper solution, the shape of CV becomes more and more similar to the pure copper
solution and if we start increasing the iron concentration, then the CV of the mixture
solution tends to look more like the iron one.

To understand more deeply the equilibrium processes in the mixture
solution, a distribution diagram was calculated using literature stability constant

and solubility constant data. The results are shown on Figure 7:
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Figure 7: Equilibrium distribution diagram of CN- ions in solution mixture of 0.1 M CuSO4 and 5
mM Ks[Fe(CN)g] + K4[Fe(CN)s].3H20 solution. (Plotted with MEDUSA)

Here the concentration values for the different components were plotted on
an algorithmic software (MEDUSA) to see the change in complexation situation of
CN- ions among different iron and copper ions as soon as we added CuSOs into the
iron-complexes solution. The distribution of different soluble and insoluble species

can be seen in the figure. In the beginning, CN- is in high concentration with the
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Fe?* in form of [Fe(CN)s¢]* and some other complexes. By increasing the Cu?*
concentration, CN- gets replaced from Fe?* and we have Cu(CN) copper(I) complex
which is a solid but its concentration is low (not that Cu?* is reduced by cyanide
ions into the lower oxidation state of +1). It can cause precipitation if it appears in
solution in high concentration. Then, Cu(CN)s disappears and we can see
crystalline Cu become the dominant component. Then, in the end we have all Cu?*
but we still have Cu* in small amount. We can infer from it that when Cu?*
concentration is in excess, we usually have Cu?*/Cu* redox system and some of the
very little copper in CuOH* form as hard as traceable.

From the point of voltammetry, we can conclude from this ions distribution
that in case of Fe3*/Fe2* redox system, the other ions present in the solution can
substantially affect the redox potential and the shape of the voltammogram. Both
the Fe3* and Fe?* ions like to be in a complexed form in the solution depending on
which complexing agents are available. It is also a known fact that when we are
measuring redox potentials, then only the free Fe3* and Fe?* ion concentrations are
measured. Hence, redox potentials will be affected substantially by the ligands even

if we keep the metal ions or metal ion pairs (two different oxidation states) the same.
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Figure 8: Cyclic voltammogram of 0.1 M FeCls. Scan is ramped from -1 V to +1 V vs RE in positive

direction. Scan rates varied from 100 to 250 mV /s with 100 pA current sensitivity range at 25 °C.
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FeCl; with CuSO4 was investigated as an alternative model to copper with
iron-cyanide complexes model. Figure 8 depicts the voltammogram of 0.1 M FeCls.
We can see an intense anodic peak at 0.05 V but the cathodic peak is blunt and not
well visible. The voltammogram of CuSOs has already be described previously (see
Figure 3).

From Figures 9 and 10, we can see the comparison of voltammograms of 0.1
M FeCls, 0.1 M CuSOy and their mixture solution (1:1 v/v). We can see that there is
an intense positive peak from copper at 0.6 V and an intense negative peak of iron
at 0.06 V in very close positions. If we add these two peaks mathematically, then it
will get double peak at 0.13 V and 0.4 V (mixture solution) somewhere in between
the other two. If the concentration of the Fe would be increased, it will go towards
Fe negative peak. And if the concentration of Cu is increased, then, towards the

positive Cu peak.
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Figure 9: Cyclic voltammogram of mixture solution (1:1 v/v) of 0.1 M FeCl3 and 0.1 M CuSOs. Scan
is ramped from -1 V to +1 V vs RE in positive direction. Scan rates varied between 100 to 250 mV/s

with 500 pA current sensitivity range at 25 °C.
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Figure 10: Comparison of voltammograms (Figures 3, 8, 9) for 0.1 M FeCls, 0.1 M CuSOy, and their

mixture solution (1:1 v/v).

3.2. Investigation of photo-decomposition of 2,5-dihydroxy-1,4-benzoquinone

The absorption spectrum of a freshly prepared 1.0 mM aqueous solution of
BQ(OH)2 was recorded by a scanning UV-Vis spectrophotometer before and
immediately after irradiation for one hour on a diode-array UV-Vis
spectrophotometer with the aperture shutter always open. A slight absorption band
was observed at 477.5 nm. (see Figure 11) Based on the measured spectra, it can be
stated that the diode-array spectrophotometer acted as photoreactor and photo-
decomposed the BQ(OH)z sample. However, the conversion of the reaction is low

even after an hour-long irradiation
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Figure 11: Irradiation spectrum of 1.0 mM BQ(OH): solution illuminated for 1 hour using Analytik
Jena SPECORD S600 diode-array spectrophotometer with 6-watt 365 nm UV lamp. Absorption
band at 477.5 nm depicts slight photo-decomposition.

From the kinetic plot (Figure 12), i.e., the absorbances observed at 477.5 nm
throughout one hour of illumination it can also be seen that the photo-
decomposition reaction was quite slow. That means there is no substantial
decomposition in BQ(OH)2 solution under these conditions. Absorbance before
irradiation was 1.31 and the final is 1.26 which means only 3.8% absorbance

decrease after 1 hour of illumination which is not a big change.
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Figure 12: Kinetic plot of absorbance by BQ(OH), at 477.5 nm
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The absorbance decreases as well when the sample is illuminated by a 6-watt
UVP UVGL-58 UV lamp. This lamp has a similar photon flux than the
polychromatic light sources of the diode array spectrophotometer, however, the UV
light of this lamp is more capable to drive the reaction because the absorption of the

BQ(OH): solution is much higher in the UV range than in the Vis.
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Figure 13: Absorption spectra of 1.0 mM BQ(OH): solution before and after one hour of
illumination by a 6-watt UVP UVGL-58 UV lamp.

For full decomposition, it will require much longer time for illumination, and
an even more intense UV lamp. A higher value of absorbance means that the
quinone will have higher chance for photochemical decomposition. Our idea is to
charge the flow batteries from sunlight by capturing photons as much as possible.
By combining the idea of quinones as photons capturers and charge carrier at the
same time can increase the efficiency exponentially for RFB system. However, to
use quinones for such purposes, not only the photochemical properties but also the

redox properties of these solutions should be investigated.

3.3. Investigation of redox properties of 2,5-dihydroxy-1,4-benzoquinone

The cyclic voltammetry of BQ(OH): was studied in its 0.1 mM aqueous solution.

First, 1 performed CV measurement, then irradiated it on diode-array
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spectrophotometer and finally conducted CV measurement again in order to derive
some redox information due to photo-decomposition.

Figure 14 illustrates the voltammograms before and after irradiation. We can
observe some concentration changes by comparing the two voltammograms.
Concentration change means the amount of the original compound is decreased in
the photoreaction. Before the illumination, we have a big peak at 0.2 V. After the
illumination, the appearance of new peaks is observed at -0.18 V and 0.40 V in the
forward scan. The forward peak at 0.40 V probably belongs to one of the products
of the photo-decomposition reaction. The literature suggests this product should be
hydroxyquinone and the -0.18 V peak belongs to quinone/hydroquinone. The
quinone/hydroquinone are redox pair and just differs in some electrons. They can
be interconverted by oxidation and reduction due to the presence of protons in the
aqueous solution.

It would be a great idea to use oxidizing compound like H2Oz in right amount
to produce hydroxyquinone with well visible peaks. Then, we can measure its pure
CV voltammogram and say with certainty that the newly appeared peak belongs to
hydroxyquinone. This could be a good step forward.

From Figure 15, we can infer that there is no effect of changing scan rate on
the voltammogram of BQ(OH).. Just the intensities of the peaks are increased that
we have already observed in the case of iron-copper redox couple CV
measurements (see Figures 1-3). Similarly, in the case of increasing current
sensitivity range, we see no effect on CV measurement (Figure 16).

Figure 17 illustrates the effect of changing concentration by diluting the
BQ(OH): solution. I started from 0.1 mM stock solution and measured its CV, then
kept it diluting to decrease its concentrations and measuring CVs. After 0.09 mM
concentration, the signal disappeared. It is because dilution reaches the micromolar
range. The sensitivity of CV measurements is not so high for such low concentration
ranges of quinone solutions. It becomes unreliable to measure CV. Figures 19-21 in
Appendix A, are the voltammograms for H>O,. We have observed no change by

changing the scan rate or current sensitivity range.
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Figure 14: Cyclic voltammograms of 0.1 mM BQ(OH)2 before and after irradiation on diode-array
spectrophotometer. Scan is ramped from -1 to +1 V vs RE in positive direction with 100 mV /s scan

rates and 10pA current sensitivity range at 25 °C.
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Figure 15: Effect of change in scan rate on CV of 0.1 mM BQ(OH)>. Scan is ramped from -1 to +1 V

vs RE in positive direction with 5pA current sensitivity range at 25 °C.
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Figure 16: Effect of change in current sensitivity range on CV of 0.1 mM BQ(OH),. Scan is ramped
from -1 to +1 V vs RE in positive direction with 100 mV /s scan rates at 25 °C.
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Figure 17: Effect of change in concentration on CV of 1.0 mM BQ(OH): stock solution diluted and

measured for CV until signal disappeared. Scan is ramped from -1 to +1 V vs RE in positive

direction with 100 mV /s scan rates and 10pA current sensitivity range at 25 °C.
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Figure 18: Effect of 3% H>O: on irradiated BQ(OH). in comparison to before irradiation. Scan is
ramped from -1 to +1 V vs RE in positive direction with 200 mV /s scan rates and 5pA current

sensitivity range at 25 °C.

Figure 18 is quite interesting: it depicts the effect of H>O2 on CV of irradiated
BQ(OH)2. We can infer that the window we are using is still not quite wide enough
to see the redox reactions happening here. We cannot see a new peak after the
addition of H2O2. However, CV in comparison to the one before irradiation shows
that after addition of H2O: to the irradiated BQ(OH)2 solution, the reactant peak
started to disappear at -0.75 V. At the same time, the products at peak currents at
+0.40 V (hydroxyquinone) and -0.30 were not changed substantially. Only a very
small amount of product is formed after such a short reaction time. Reaction is still
quite slow here. As it is known from earlier literature data, increasing the pH

and/or the BQ(OH). and H:O2 concentrations would be a good strategy to

accelerate the oxidation reaction.

35



Chapter 4. Summary

It is now very important for us to preserve the environment and secure energy from
renewable energy sources (wind, hydropower, solar, geothermal, and biomass) for
growing populations. Solar energy offers a great alternative to fossil fuels. My thesis
is aimed at possible utilization of solar energy by benzoquinone derivatives that
also have their great importance in biological systems.

We have known photodiodes to redox flow batteries throughout the
development of devices for capturing solar energy. Benzoquinones already have
their special application in photo-chemical reactions and flow batteries. The aim of
my research is to find the right substituent among benzoquinones and derive its
redox and photochemical properties by which we can increase the efficiency of flow
batteries by combining their redox properties and photo-sensitivity.

In my experiments, I investigated the redox and photochemical properties of
hydroxy derivative of benzoquinone (2,5-dihydroxy-1,4-benzoquinone) using two
analytical methods: spectrophotometry and cyclic voltammetry. This derivative of
benzoquinones was chosen because it was not examined earlier in depth for its
photochemical properties especially for its application to redox flow battery.
Benzoquinone  solution was  photo-decomposed on a diode-array
spectrophotometer and analysed with spectrophotometry as well as with cyclic
voltammetry to see the photo-decomposed products.

Iron-copper redox couple was studied electro-analytically as a comparison
redox model for photo-decomposed benzoquinone redox system. The change of
CN-ion complexation situation was derived theoretically for the iron-copper redox
system.

We concluded that iron and copper have readily measurable
voltammograms. Their standard redox potentials are +0.609 and +0.302 (for iron
and copper respectively) which were calculated from peak potentials. It was found
that increasing scan rate just increase intensity of anodic and cathodic peak without
any change in half-potential values. The same was true for the benzoquinone
derivative. In the case of iron-copper redox couple, under the given conditions,

copper dominated in voltammogram and masked the iron peaks. But in the case of
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FeCl; and CuSOs, we got a double peak in between positive peak of Cu?* and
negative peak of Fe3*. We found that redox potentials will be affected substantially
by the ligands in the solution even if we keep the metal ions same or metal ion pair
(two different oxidation states).

The photo-decomposition of 2,5-dihydroxy-1,4-benzoquinone was quite
slow, and we got only 3.8% conversion after one hour of illumination on diode-
array spectrophotometer. Even with this small amount of photo-decomposition, we
were able to see formation of hydroxyquinone and quinone/hydroquinone
products in voltammogram of irradiated 2,5-dihydroxy-1,4-benzoquinone.

From the previously published research, it has been known that some
quinone derivatives are not well soluble in aqueous solution. We must study many
quinone derivative from solubility, spectroscopic properties, redox and kinetically
for developing a right choice for quinone derivative for flow batteries chargeable by
solar energy. All these properties should be studied comparatively which is a way

forward.
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Appendixes

Appendix A (Voltammograms)
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Figure 19: Voltammograms of different concentrations of H>Os. Scan is ramped from -1 to +1 V vs

RE in positive direction with 250 mV /s scan rates and 5pA current sensitivity range at 25 °C.

1.5E-06
1.0E-06

5.0E-07

~

1(A)

0.0E+00

-5.0E-07

Current

-1.0E-06
-1.5E-06

-2.0E-06
125 -1 -075 -05 -0.25 0 025 05 075
Potential E (V vs Ag/AgCl)

100 mV/s 200 mV/s

[

1.25

250 mV/s

Figure 20: Effect of change in scan rate on CV of 3% HO.. Scan is ramped from -1 to +1 V vs RE in

positive direction with S5pA current sensitivity range at 25 °C.
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Figure 21: The Effect of change in current sensitivity range on CV of 10% H>O.. Scan is ramped

from -1 to +1 V vs RE in positive direction with 100 mV /s scan rates at 25 °C
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