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Chapter 1

Introduction

This thesis work was finalized to the characterization of an ion exchange membrane.
This has been done by considering, as ultimate scope, inserting the studied mem-
brane in an integrated Harvest and Storage device.

HS devices consist in a new family of tools which integrate in the same block both
the operations of production and stock of energy. They will be presented and
treated in chapter 2. In particular, an important look will be given to the most
used components (Dye-Sensitized Solar Cell and supercapacitor), their working
principles and a review of projects of HS devices up to now.

The need for HS devices starts from the increasing energy demand in the world. A
short overview of the variation of energy request will also be presented in chapter
2, with data until 2018.

In order to build in future an integrated HS device, made up of a DSSC and a
supercapacitor, a fundamental step is to characterize the ion exchange membrane.
This, in turn, requires some previous studies.

First of all, a study of electrodes to perform measures was necessary. For this work,
microelectrodes of platinum have been used. Some consideration on microelectrodes
will be presented in chapter 3. In particular, advantages with respect to classical
macroelectrodes will be highlighted, showing also the polishing procedure found
during this thesis.

Redox mediators were of fundamental support in this work. Chapter 4 will be
completely dedicated to them, by giving very large space to diffusion coefficient.
This last has been demonstrated to be related to concentration of the redox me-
diator and could be thus used to evaluate the performance of the ion exchange
membrane. The redox mediator used in this thesis work was potassium ferricyanide
(K3Fe(CN)g). The choice of this compound was given by the fact that this redox
mediator could be used in aqueous DSSC, it involved a redox reaction with one
electron, it was reversible and it has been widely studied in literature.

Three techniques to calculate diffusion coefficient of a given solution have been
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Introduction

investigated: cyclic voltammetry, chronoamperometry and impedance spectroscopy.
Results have been reported and discussed in order to determine the best method
to be used in the final membrane characterization.

Chapter 5 will be devoted to ion exchange membranes. An overlook to what they
are, to some commercial examples and to their employment in different devices
will be given. Permselectivity, an intrinsic parameter of this kind of membranes,
will be analysed and results for a 117 Nafion® membrane will be shown. For the
studies of the membrane, an H cell has been conceived, designed and realized. It
will be briefly presented, together with the choice of the reference electrode.
Always in this chapter, the produced H cell will be used to determine the goodness
of the studied membrane, by checking the passage of potassium ferricyanide. In
particular the cyclic voltammetry will be used, with the microelectrodes seen in
chapter 3.

Finally, an active carbon electrode has been realized and studied. It has been used
to determine the efficiency of ion exchange membrane, like in chapter 5. Results
will be presented in chapter 6. Also in this chapter, the realized electrode was
studied for a possible application for a supercapacitor.



Chapter 2
Energetic situation

The modern society is strongly based on energy consumption.

Nearly every day each one of us consumes a lot of energy in different ways. The
most immediate examples can be: taking the car to go to work, turning on lights,
using phones or domestic appliances. Anyway, there is also a more important an
not immediately clear contribution. This one regards the energy consumption to
produce some goods, especially in manufacturing raw materials (e.g. the heat to
melt plastic needed for every day products) and in transport to the final consumer.
The energy demand is in continuous growth with many consequences. Non-renewable
sources, like oil or coal, are decreasing and running out, while greenhouse gases are
continuously released in the air, contributing to global warming. An accurate control
of emissions must be performed, concurrently with new and more eco-friendly ways
of energy production.

In the following chapter the global situation will be analyzed, giving a brief summary
of the data of consumption up to 2018. After that some new ideas will be presented,
in particular taking the examples of DSSCs, supercapacitors and their integration.

2.1 Energy demand

The worldwide total energy consumption is growing day by day. As reported in
[1], in 2018 the total energy used in the world was estimated to be of 14 282 Mtoe
(megatonnes of oil equivalent, 1 Mtoe = 11.63 TWh)

This value should be compared to 5519 Mtoe, which was the total energy consump-
tion in 1971. In 47 years it increased of 160%. In 2018, the energy consumption of
1971, was nearly equated by the one of China alone.

Of the 14282 Mtoe, around 32% came from oil, 27% from coal and 23% from
natural gas; 5% was obtained from nuclear and 13.8% from renewable sources (most
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of which from biofuels, around 9%, which cannot be defined as a real renewable
source). Only 2% came from hydroelectric plants and less than 2% from other
sources like solar or wind power. Also the division depending on sources has changed
from 1971. Coal maintained nearly the same level, while oil fell from 44% to 32%.
Natural gas increased of 7%, keeping the third position as consumed resource and
nuclear gained its own portion of market (from 1% up to 5%). Renewable sources
kept more or less the same values, taking a 2% from biofuels, but always remaining
a marginal support.

A comparison between 1971 and 2018 data is better shown in figure 2.1.

total energy supply by fuels

Energy sources

Figure 2.1: Total energy supply by sources, comparing 1971 with 2018 global
demand. Data from [1].

However, non-renewable sources cannot continue to be the fundamental energy
suppliers.
The reasons are for example the production of greenhouse gases, mainly carbon
dioxide. These gases contribute to global warming, by absorbing infrared compo-
nent of sunlight and releasing this energy by increasing temperature, so they must
be reduced. One possibility to reduce the production of these gases is with the
help of some CO, traps. However, these devices alone are not sufficient.
Furthermore, non-renewable sources, like coal and oil, have an inherent limited
availability, so they will not be present for an infinite time. Due to these two main
reasons, many researches have been conducted to improve efficiency and to reduce
costs of renewable sources.
In tandem with this research, the politic world has taken a decision, by subscribing
the Paris Agreement. During this occasion, the United Nations Framework Conven-
tion on Climate Change (UNFCCC), an act has been signed, taking decisions on
climate change mitigation (in particular, on greenhouse gases reduction), climate
change adaptation and finance. The act was signed in 2016 by 196 nations, in order
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to control climate change and reduce the human impact due to energy consumption.
In February 2020, the decisions should have started to work. 7 of the UNFCCC
nations came out of the agreement (the most noticeable of which were Turkey and
Iran). In July 2017 US president Donald Trump announced that also USA will
withdraw from the Paris Agreement by the end of 2020.

This agreement made an important step, since it was understood that not only it
was necessary to improve efficiency of energy production with renewable sources,
but it was of fundamental relevance to also reduce consumption. This can be done
in several ways, but one of the most efficient one is by improving energetic efficiency
of new cars, vehicles, domestic appliances and all electric devices and discouraging
the use of old ones. This can give an important hand in both reducing greenhouse
emissions by old engines and to reduce also the energy demand.

However this interesting field is out of the scopes of this thesis, which is more
oriented to improvement of devices for energy production from renewable sources,
in particular, solar one.

2.2 Renewable energy sources

The possibilities to produce energy in this clean way are a lot.

Wind power plants are a reality in many countries, especially in the north Europe.
The importance of wind power is affirmed today as the real renewable source
for energy production. In fact, it has the advantage to be completely renewable,
differently from biofuels or hydroelectric (many times used only as a storage of
energy). According to this, many countries, have started a run towards eolic plants.
For example, Denmark produces nearly 30% of its consumed energy from wind
power. Portugal and Spain reached nearly 20% of energy production from wind.
Germany arrived to a 10%.

The five principal producers of energy from wind are: China, United States of
America, Germany, Spain and India.

In 2018 the total capacity of energy production arrived to 591GW, with an increase
of 51.3GW (9.6% of previously installed capacity). In 2017 the increase was of
53.2GW. This rapid grow in this field confirmed the good expectations from this
renewable source.

However, this resource is not present everywhere in the world, or better, it can’t be
used everywhere. In fact certain precise conditions must hold in order to harvest
this energy. Wind must be constant for a reasonable amount of time and its velocity
must be in a certain range of values (too high will damage plants, while too low
will not put in rotation wind turbines).

Water is another renewable source and it can be used in many ways.
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For example tidal: this kind of plants can harvest energy from tides in sea sides. It
is a powerful kind of energy harvesting, but it can be obviously used only in some
specific places (enough tide movement must be present and it is applicable only
where seas are present).

Hydroelectric is confirmed from many years as the most used way to convert energy
from water fall into electric energy. It represents the most widespread renewable
source. Obviously it can’t be applied everywhere, as requirements of rivers and
falls are necessary. However, one of the most largely employed configuration for
hydroelectric power plants is the one of saving energy. In fact, they can be com-
posed by two dams. During day, when energy demand is high, water is made to
flow from the upper to the lower one, producing electricity. During night, instead,
water is repumped to the higher dam, consuming electricity. This cycle is obviously
energetically unfavourable, however it allows supply at peak energy demands during
days. The energy used during night can be the one produced by other sources like
nuclear or eolic, which are in excess and are difficult to completely turn off.
Other new and interesting solutions of energy harvesting with water are based on
capacitive mixing and reverse electrodialysis. These two techniques are still mainly
at a research level, even if some plants are starting to work all along the world.
They can produce energy thanks to salinity gradients in solutions (for example at
interface of rivers entering in sea, or in water brine dispersion in rivers). These two
last methods are however only at their beginning.

The last and most consolidated renewable energy is biofuels. This category con-
tains all fuels which comes from biomass and not from materials formed during
many years, like oil. The two most used biofuels are bioethanol and biodiesel
(respectively formed from sugar fermentation of some wastes of plants and from
transesterification of fats or oils). However, their main employment is as additive
in fuels for vehicles and they are rarely used as main source of energy.

Always to the category of biomass and biofuels, there are all wood logs and pellets.
Those are old and quite inefficient ways of producing energy, however they are still
appealing due to low costs. Both biomass are generally employed only for heating.
Biofuels are considered renewable also according to their "bio" nature: they produce
energy starting from plants which have been grown and which have produced
oxygen during their life cycle. Anyway, this is not really what a renewable source
should be like. In fact, in order to work they need to burn and will produce carbon
dioxide, known to be the most widespread greenhouse gas.

During last decades a new and more appealing solution in the field of biofuels has
developed. It is the Microbial Fuel Cell. This electrochemical system harvests
energy from metabolic path of bacteria in wastewater. It works thanks to redox
reactions on proteins produced by certain bacteria. This system is nowadays an
interesting solution in combination with wastewater treatment.

After all these possibilities there is the sun.
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It has the advantage to be present everywhere on earth. It is free and available
for everyone. Its energy would be totally renewable and with costs only connected
to the generation system, without the need of transport of any fuel. Moreover, it
offers the advantage to be suitable for off-grid applications. This last application is
very good for some places which are difficult to reach with standard electric lines.
Many unused areas on the planet can be dedicated to production of energy from
sun.

The two main possibilities to harvest this kind of energy are: solar and photovoltaic.
Solar energy is based on the heating of water, sometimes up to evaporation. In this
case steam will spin a turbine producing electricity. The heating of water can be
direct (the sun illuminates a water container) or through some other mediums (sun
heats some liquids with high boiling temperature, which is conveyed to a water
container where heat is released). Some solutions allow to store energy thanks
to some particular liquids with very high heat capacities. Systems of lenses and
mirrors can also be used in order to concentrate radiation and increase efficiency.
Many solar plants are already diffused all along the world.

Solar energy is also very used in houses to heat water for domestic applications.
Photovoltaic energy, instead, consists in the direct transformation of solar radiation
into electric energy. This reduces losses with respect to solar. Many harvesting
solutions have been developed in this field and will be briefly analyzed in next
section.

Energy from sun seems, thus, to be the most promising one, among renewable
sources.

Since the power of sun registered on the earth during a year is of 120000 TW,
according with the fact that the global consumption is of around 15 TW per year,
it seems to be the perfect choice for energy production.

The sun, however, has a big disadvantage with respect to fuels. It cannot guarantee
a constant source of energy: clouds can cover it and during night no energy can
be produced. This problem, in order to be solved, requires the employment of a
storage system.

A summary of main advantages and disadvantages of every renewable source is
shown in table 2.1.
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Energy source Advantages Disadvantages
Biomass energy # Abundant and renewable ® Burning biomass can result in air pollution
# Can be used to burn waste products * May not be cost effective
Geothermal # Provides an unlimited supply of energy e Start-up/development costs can be expensive
energy « Produces no air or water pollution e Maintenance costs, due to corrosion, can be a problem
Hydropower e Abundant, clean, and safe e Can cause the flooding of surrounding communities and landscapes.
e Easily stored in reservoirs e Dams have major ecological impacts on local hydrology. Can have a significant
» Relatively inexpensive way to produce electricity environmental impact
» Offers recreational benefits like boating, ® Can be used only where there is a water supply
fishing, etc. ® Best sites for dams have already been developed
Marine energy # Ideal for an island country o Construction can be costly
« Captures energy that would otherwise not be e Opposed by some environmental groups as having a negative impact on wildlife
collected e Takes up lots of space and difficult for shipping to move around
Solar energy e Potentially infinite energy supply e May not be cost effective
e Causes no air or water pollution ® Storage and backup are necessary

e Reliability depends on availability of sunlight

Wwind energy # ks a free source of energy ® Requires constant and significant amounts of wind
« Produces no water or air pollution e Wind farms require significant amounts of land
* Wind farms are relatively inexpensive to build e Can have a significant visual impact on landscapes
o Land around wind farms can have other uses e Need better ways to store energy

Table 2.1: Comparison and main differences between technology using renewable
sources, from [2].

2.2.1 DSSC

Sun can be used in many ways. Apart for the previously cited solar energy, used
to heat water, important considerations can be done on photovoltaic one.
This is based in the conversion of solar radiation into electric energy, which rep-
resents a great advantage with respect to solar energy. The spectrum of solar
emission is shown in figure 2.2. Higher energy can be harvested since most of it
can be absorbed by photovoltaic cells. Therefore, proper choices must be done.
Historically photovoltaic solar cells have been divided in order of appearance.
The first generation consisted of a Silicon panel (both monocrystalline and poly-
crystalline) and worked thanks to a p-n junction. Solar rays provided electron-hole
generation which were separated at the interface of the two regions. Connections
to an external circuit lead to a current flow through it. However, this technology
(which has now an efficiency of more than 20%) has reached a limit. After this
level, photovoltaic panels made of crystalline silicon are difficult to produce, quite
expensive and their realization has many impacts on the environment, due to large
temperatures employed in fabrication and they can’t physically increase efficiency
over a further limit.
So, many other solutions have been found through the years. One example was
represented by thin film photovoltaic cells. They were the second generation of
solar cells. They were made by using again silicon, but in an amorphous form
which required lower temperatures to be managed. The advantages of thin films,
were the low cost of fabrication (by having the possibility to be produced by
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Figure 2.2: Spectrum of the solar radiation. This Figure was prepared by Robert
A. Rohde as part of the Global Warming Art project.

roll printing), reduced CO, emission during production, reduced wastes of silicon,
smarter applications (flexible cells, compared to the rigid ones of first generation),
possibility to be printed on many materials or surfaces, possible multi-junction
configurations (overlay of many layers with different absorption range, which can
harvest larger sun spectrum), use in tandem with other new technologies like con-
centrators, intermediate bandgap solar cells, Si microspheres and semiconducting
inks.

Other interesting solutions, born in same years as second generation cells, were the
organic photovoltaics, which have good efficiency, low costs and flexibility. They
were completely or partially made with polymeric materials.

Perovskites are very recent and seems to be the most promising technology to
harvest solar energy. In fact, they show the highest efficiencies (after some p-n
based photovoltaic cells like those based on gallium arsenide (GaAs), but which are
really expensive and not viable for large distribution). At the moment, however,
they present a very high disadvantage which has slowed their diffusion: the efficient
Perovskites Solar Cells (PSCs) contain lead, which represents a risk for health, it
is not abundant enough in nature to supply all world’s request and moreover it is
harmful for environment. For the moment, thus, employment of PSCs is still really
limited and generally only found at research level.

Finally, a further solution is represented by DSSCs (Dye-Sensitized Solar Cells).
DSSC, reported for the first time by Grétzel et al. [3], represent one of the most
studied solutions for energy harvesting in integrated devices.

The working principle of a DSSC mimics the one of a leaf in the process of pho-
tosynthesis. In particular, a dye absorbs solar radiation, by exciting one of its
electrons from HOMO to LUMO states. The electron can be thus transferred to
the collector (generally made of high surface and proper bandgap materials, like
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TiOs nanoparticles).

At this point the electrons can flow in the external circuit, powering the connected
device. The closure of the circuit happens at the cathode, where the electrons
reduce the oxidized form of the redox mediator. This last, then diffuses towards
the photoanode, where the oxidation reaction will take place. This will regenerate
the dye, leading it again to its standard state, ready for the absorption of a new
photon.

However, not all photogenerated electrons follow this good path, due to losses
caused by some undesired recombinations with either the oxidized form of the
mediator, or with the dye itself, thus reducing efficiency.

The schematic representation of the working principle of a DSSC is reported in
figure 2.3.

Conducting
glass
i TS Pye Electrolyte Cathode
L . .
Injection _.--~ _.
| S A S
0.5 e L
E Maximum
w 0- I
% voltage
P hv
g |/n | 0 T .-
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1.0 — 595
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[
-------- >

Figure 2.3: Working principle of a DSSC, from [4]

The advantages of DSSC are:
 the low cost of fabrication, considering that no particular processes are required;

e it is eco-friendly, meaning that it can be produced at low temperature and
without the use of toxic substances or pollutants. Generally, the photoanode
is easily recyclable;

o it has the unique property of good indoor efficiency, in the sense that it works
well also with low illuminations, differently from all other solar cells;

« it allows flexible geometries.

However, two intrinsic problems of DSSC still limit its diffusion. First of all,
the best DSSC up to now uses a liquid electrolyte. This is a problem, since the
system can have leakages. Therefore it requires proper seals and must be refilled
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with time. However, those problems can be solved by proper cell designs. The
real disadvantage of this solar cell is its low efficiency when compared with other
configurations (maximum reported efficiency are slightly above 10%).

So, generally, DSSCs seem to represent a good solution for the harvest of energy,
giving the possibility to integrate it with storage devices. The research on this
type of solar cell is in continuous evolution and produces every day new and better
structures. In this work thesis, the choice of harvest device fell on a DSSC, relying
on an aqueous based electrolyte containing the redox mediator K3Fe(CN)g). The
reasons were the good possibility of its integration in an HS device, the sustainabil-
ity of this process and the good indoor efficiency. Examples of DSSC using this
redox mediator have also been found in literature [5] and [6].

Many combinations of energy harvesting from sun with supercapacitors have been
developed during the years (not only DSSC), a summary of them can be found in [7].

2.3 Storage devices requirements

Obviously, in order to have an integrated device, not only the harvest system, but
also the way of storing energy must be properly chosen.

The possibilities offered by literature are many. Some systems use potential energy
of water, with the previously cited methodology with two dams. Other similar
techniques rely on the same system, by storing potential energy and releasing it
when needed. Also with a comparable principle there are some solar plants which
keep heated liquids with high thermal capacity. In this way, the solar energy can
be maintained for longer times.

Those systems are, however, affected by many intrinsic defects, like high leakages
in the case of heat conservation in fluids and many problems of energy conversion
(from mechanical /thermal up to electrical and viceversa). They are well suited
only for particular cases, since they offer the advantage to be scalable up to very
large levels, limited essentially only by spatial problems. Moreover, these methods
can’t be reduced for portable devices. Their use will, thus, remain confined to some
buffer solutions for specific cases in high power plants.

Only harvest devices relying on electrical or electrochemical functions are practical
for a little integrated device.

These devices have also higher efficiency and provides better energy conservation
with time. They offer the advantage to store directly energy in form of electricity
and don’t need inefficient systems of conversion from one type to the other and
back again.

Many types and configurations are present, each one with proper and peculiar
characteristics, which make them more suitable for different applications.
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Mainly, these types have been divided in three categories:

e capacitors are easy to produce and have high power density, but very low energy
density. They are suitable only for some particular applications were current
is needed only for period of little time. They are generally made in a solid
form, with two metal plates as electrodes, containing a ceramic dielectric in
between. Charges are stored on the two armatures, in an electrostatic manner.
One inherent problem can be the broken of dielectric if high overpotentials
are applied;

e batteries are an electrochemical solution. They have very large energy density,
but low power density. They have also very low leakages. Example of
photobatteries (integrated HS devices containing batteries) are reported in
[8]. Generally batteries are of two types, redox flow batteries (not feasible
for little devices) and Li-ion (the most widespread). The differences between
these two examples are:

— Redox flow batteries (RFB) are relatively new with respect to classical
batteries. They works thanks to separate electrolytes with different
valence stored in two different chambers. Electrolyte is divided in anolyte
and catholyte. The flow puts in contact at an ion exchange membrane
only a little portion, where a redox reaction happens. This will release
chemical energy in the form of electricity. The storage part works simply
by keeping separated the two electrolytes, previously charged with the
reversible process. They are well suited for large applications, since they
are very bulky and require pumping systems;

— Li-ion batteries (LIB) are, instead, made generally of a liquid electrolyte
containing a lithium salt, a cathode of an intercalated lithium material
and an anode of graphite. They are the main solution for energy storage
in portable electronic devices and electrical vehicles, but also very used in
military field;

o supercapacitors can be based on many effects, like pseudocapacitance, electric
double layer and with redox-aided electrolytes. Their performances can be
evaluated through some techniques [9]. They are in between performances of
batteries and capacitors and will be analyzed in the following subsection.

2.3.1 Supercapacitors

Supercapacitors are a family of devices which accumulates electrical energy accord-
ing to two major processes: electrical double layer and pseudocapacitance.
Supercapacitors are distinguished from classical capacitors for their very high
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values of capacitance. Differently from capacitors they are generally liquid devices,
containing an electrolyte and only few of them are in a solid or quasi-solid state.
The structure of a supercapacitor is shown in figure 2.4. It can be seen that the

Current collector

Electrode Material

Separator/Electrolyte

Figure 2.4: Components of a supercapacitor, from [10]

components [10] are:

a liquid electrolyte, which holds the Helmoltz double layer, also called EDL
(Electrical Double Layer);

electrode materials, which have high surface area, in order to maximize EDL
capacitance, or with faraidaic properties to exploit pseudocapacitance [11];

two current collectors covered with electrode materials;

a separator, used to avoid the direct contact of electrodes, the one with the
other;

a package, to contain all other components. In general, due to the liquid
nature of most of electrolytes, it must guarantee an hermetic sealing.

Supercapacitors are mainly used where rapid charge/discharge cycles are required
(like regenerative breaking and short-term energy storage).

They offer the advantage to be made with earth-abundant and non-toxic materials
(mostly fabricated with carbon-based materials), differently from example with
Li-ion batteries. These last, in fact, are based on Lithium, which has a limited
availability.

Supercapacitors are non-hazardous, they can operate within a wide temperature
range (typically between 40° and 85°C) and can tolerate over-abusing. These
characteristics, however, also strongly depend on the materials from which the
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supercapacitor is made. For example, an aqueous supercapacitor will work with
little potentials (less than 1.2V vs. SHE, due to water stability) and will be
eco-friendly, while others based on ionic liquids can operate with higher ones (more
than 3V [12]), but can have some environmental impacts.

The main advantages of supercapacitors with respect to capacitors and/or batteries,
are:

e high power rates;
o fast charge/discharge;
e good stability for many cycles.

However, one of the main drawback and limitation is the high rate of self-discharge
[13], [14].

Supercapacitors have been explained in this little section, according to the proposals
of this thesis work. In fact, the common choice for storage in integrated HS devices
is the supercapacitor. Not only it has higher power densities than batteries and
better energy density than a capacitor, but it also has a life cycle way better than
the other two systems. This last property is very useful when considering a device
made with a solar cell. In this last, in fact, due to the possible frequent variation
of solar conditions (like passages of clouds), the switching between charge and
discharge provides many cycles. It is faster than batteries, but providing more
energy storage than a capacitor, it represents a very good compromise.

Moreover, many geometries are available and this helps its integration.

2.4 Integrated HS devices

Starting from 2004, with the work of Miyasaka and Murakami [15] and with a rapid
increasing interest, integrated solutions for both harvest and storage of energy were
studied. The reasons for this new idea were simple:

o need for off-grid solution;

o employment in compact devices;

« reduction of ohmic losses (they don’t have connections with wires);
 possibility to have user-friendly devices.

The feature, in order to call "integrated" a certain harvest and storage device, is
only one: both the functions of production and accumulation of energy must be per-
formed by the same system. This allows one to be quite flexible with the inclusion
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of devices in the family of integrated HS ones. In particular, some configurations
with 4 electrodes can be defined also as integrated devices. This will not follow,
however, the true idea behind the concept of integrated HS devices. This difference
due to the number of electrodes will be better discussed later.

As previously stated, one of the advantages of integrated HS devices is the possibil-
ity to use them for off-grid solution. In fact, someone can imagine of an electrical
user which is far kilometers from the electrical grid. It will need continuous and
practical solutions in order to properly work. A simple photovoltaic panel would
not be enough, since it won’t be a continuous source. A system of batteries could be
used, however they would need to be charged. Simply combining the photovoltaic
panel with the battery is a good idea. From this, one could imagine to improve the
system, up to reaching an integrated solution, where ohmic losses of connections
will be reduced to the minimum.

By using integrated HS devices, also compact devices could improve performances.
It is possible to have better and energy-autonomous sensors, which produce and
store by themselves the electricity they require to work. Furthermore, even portable
rechargeable devices are possible [16].

Some examples are sensors of temperature, air quality check, gas detection and
many others. The ones which will benefit more from the integration of harvesting
and storage would be those which works in remote regions, like a sensor that
monitors the melting of polar ices, and those which must be miniaturized as much
as possible, like sensors in phones.

With the increasing number of available integrated HS solutions, new ways of
employment are opening. One of the more developed environments of application
is the wearable electronics. This field consist in the study of technological solutions
to have "energetic" clothes, tissues which, further than been sewn to have clothes,
can also produce and store energy. This one can be then used for simple and smart
applications, like charging phones, small torches or to power mp3 readers. The
field of wearable electronics have greatly benefited from the HS devices in form of
wires or ribbons. Some examples from literature can be found in [17], [18], [19].

2.4.1 Configurations

After having explained the features required for an integrated HS device and all the
reasons for which they are studied, it is now the turn to compare and choose the
final configuration. This final aspect will be the composition of an harvest device
and a storage one.

As it can be easily deduced from previous sections, the final combination decided
to be used for this thesis work is the one made of a DSSC and a supercapacitor.
However it is mandatory to cite also some other configurations, which can offer
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other advantages and limitations.

Many examples in literature are based on a combination of organic photovoltaic
cells, silicon based cells and perovskite solar cells with supercapacitors, like [20],
[18].

Studies using batteries have also been conducted [21], [8]. It has been easily noticed
that the main limit lies in life cycle.

For this study, it has been decided to integrate DSSCs and supercapacitors. In
particular, those based in aqueous solutions. The DSSC will work thanks to the
redox couple K3Fe(CN)g/K 4Fe(CN)g. This is an already existing and studied
configuration [5]. The supercapacitor, instead will work with a KCl aqueous
based electrolyte. In order to avoid redox shuttling in the supercapacitor part, an
ion-exchange membrane is proposed. Thus, it is fundamental to check the good
behaviour of the membrane, in order to be sure of the correct working of the device.
Since this thesis work is mainly devoted to the characterization of the IEM,
important factors have not been analyzed. In particular, those concerning DSSC
and supercapacitor electrodes, in tandem with all packaging issues have not been
seen. In the last section of this chapter (sec. 2.4.3) many literature works will be
reported. In tables shown there, it will be possible to see how much these factors
can affect device performances. For this reason, in a real device application, they
will be of primary importance to be studied.

Once defined the right combination to be exploited, it is necessary to determine
also other important factors. In fact, device performances strongly depends on
geometrical parameters, other than the simple choice of device to be integrated.
For example, taking two separate DSSC and supercapacitor and evaluating their
performance, will not be the same as to consider the whole integrated device.

A geometrically relevant factor is the number of electrodes [22]. Three possibilities
are available:

o 2 electrodes. This combination offers a complete integration. It requires easy
circuit, but also implies low efficiency when the device is nearly charged;

o 3 electrodes. This configuration is the most used, because it offers the best
compromise between 2 and 4. The efficiency of this kind of devices is the
highest and most constant of the three. With this configuration, there is a
semi-independent work of solar cell and storage device;

o 4 electrodes. This last structure doesn’t provide a real integrated device in
the real meaning. It is easy to assemble and it is mainly used in large Redox
Flow Batteries or in high power applications.

Most of the existing devices are built in a 3-electrode configuration. As mentioned
before this combination seems to have better efficiency performances (with respect
to 2-electrode one) [23] and a good level of integration (with respect to 4-electrode
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ones).
The differences between two and three electrodes has been graphically shown in

figure 2.5.
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Figure 2.5: Comparison of the geometry of an integrated HS device according to
the number of electrodes: A) 2 electrodes vs B) 3 electrodes; from [22].
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The shape of the device also plays a fundamental role on HS device performances.
The general classification of HS devices is done between planar and fiber-shaped
ones, reported in figure 2.6.

Planar geometry, which is the most used has some features:
« casiest configuration to produce;

 highest efficiency;

o rigid structure, with limited or absent flexibility.

While the fiber-shaped configuration, which is more recent, has complementary
characteristics:

« flexible;
« suitable to smart applications like wearable electronics;
« performances are not angle dependent (symmetrical geometry);

 lower efficiency and life cycle.

Resuming, planar devices are made of layers of materials which form electrodes,
separators, collectors and electrolytes. They are easy to build, have the best
conditions of working with higher efficiency and are also cheaper. On the other side
they have a rigid or slightly flexible geometry, limiting their employment in certain
applications. Fiber-shaped devices are, differently, very flexible and thus suitable
for smart applications, like wearable electronics. Moreover, they don’t suffer the
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Figure 2.6: Comparison between two examples of the geometries: A) planar and
B) fiber-shaped; from [24].

problem of the angle of incidence of light, due to their cylindrical shape. However,
this configuration shows lower efficiency and even lower life cycle (every bending of
these wires reduces performances).

For these reasons the study of HS devices is generally divided in two main geome-
tries. Their feature have the advantage to be complementary, so it is possible to
choose the right one for every application.

A further classification, similar to the one planar vs. fiber-shaped, is the one: pla-
nar vs flexible. In this other division, considered by [25], planar devices represent
only those with a flat aspect and with no-flexibility. On the contrary, flexible
ones contain all those which can be bent and continue to perform well (both if
fiber-shaped or flat).

Many different configurations have been reported during the years ([24],[25]). Some
with peculiar characteristics are described in section 2.4.3.
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2.4.2 Parameters to evaluate

Integrated HS devices, in order to be compared the one with the other, should
have some common parameters. The fact for which a particular section has been
devoted to this, it is that they are a new class of devices and there isn’t a common
behaviour of the community yet. In particular, parameters should take into account
both of the evaluation of the ability to produce energy and the one of storing it.
In literature it is still not present a common standard, thus, sometimes, comparisons
are hard to perform. In this work, 5 parameters have been chosen. This decision
has been taken according to data availability (these parameters seemed to be the
more used) and complete description of device. Namely, they are:

o OPECSE, or ni;
e open circuit voltage, Voc;
o solar cell efficiency, nsc;

o storage device capacity, C,

storage device efficiency, ns;

Solar cell efficiency and open circuit voltage are parameters concerning the part of
harvesting, while storage device capacity and efficiency take into account the part
of storage. Since an accepted standard is not present, capacities can be normalized
with respect to volume, mass or area. The probably best choice for integrated HS
devices is the one which refers to area. This is due to the fact that the real interest
in integration is the occupied space and that one talks of layers, so volume has low
meaning. For this reason during this work, where it has been possible, capacities
have been reported as F'/em? (or mF/cm?).

OPECSE, which means Overall Photon-to-Electron Conversion and Storage Effi-
ciency, represents an indication of performances of the HS device in the complete
working. In particular, it represents the number of photons absorbed by the device,
converted in electrons, stored and than released. It sounds complicate and in fact
it is not so easy to define a quantification of the efficiency of an HS device, due
to the ensemble of more integrated processes. The choice of considering OPECSE
was done according to many literature works (as also confirmed in [26]). It can be
calculated as

Loy
GtS

where C' is the capacitance of the EDLC section, V is the maximum voltage
achieved during photo-charge, G is the electromagnetic power density impinging

23

OPECSE =

(2.1)



Energetic situation

onto the solar cell, ¢ is the photo-charging time and § is the PV surface.
However, equation 2.1 is not always correct, especially when there is not a linear
discharge of the device. For this reason, a common choice, performed by many au-
thors, is to calculate OPECSE as the product of storage efficiency and photovoltaic
efficiency. In the following, where available, this second approach will be used.
Voc represents the open circuit voltage of the solar cell. This value is generally
lower than 1V, however it can be increased if working with ionic liquids instead
of aqueous ones (but usually not eco-friendly materials). Also an example of high
voltage HS device obtained with a 4 DSSC module will be reported after [27].
The solar cell efficiency is simply the factor of evaluation of a solar cell. It is
obtained by dividing the energy impinging on the PV cell, by the energy produced.
Storage device capacity is the capacity due to electric double layer or pseudocapac-
itance. It is used to evaluate the accumulation of charges in the device.

Storage device efficiency, the last considered parameter, represents the fraction of
energy which the device can give after being charged, with the charging energy.
Sometimes it is substituted by Energetic efficiency, which has the same meaning.
Coulombic efficiency, rarely used, is based on the same concept, but applied to
charge stored, instead of energy.

These 5 parameters have been chosen to evaluate and compare different HS device
performances. However it is important to mention that, in a real application, many
other factors should be taken into account.

For example some device characteristics are present and of relevant impact on the
possibility to physically realize the project: cost, life cycle, power density, energy
density, flexibility, environmental impact and many others. These parameters
should be evaluated for a real application, but in this work they have not been
considered.

2.4.3 Reviews

In this section a review with many examples of integrated HS devices is provided.
The first integrated HS device appeared in 2004 with the work of Miyasaka and
Murakami [15]. They reported an open circuit voltage of 0.45V, a capacity of
0.69 F/cm? and a coulombic efficiency of 59%. OPECSE wasn’t calculated and
the value of photovoltaic efficiency considered (32%) was evaluated at the optical
absorption peak, so it is not suitable for a comparison.

An example of all-solid-state device has been given in [28]. Solid-state means that
the electrolyte is not in a liquid form. This provided the advantage of no leakages
and eliminated the requirements for a perfectly sealed structure and the need of
a refilling. The electrolyte here used was in a gel form and used a sulfur based
mediator for the DSSC part. The electrodes of the storing part were made up of
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MWCNT (multi-wall carbon nanotubes), which are cheap, easy to produce and
offer a quite good conductance. Photovoltaic efficiency was 6.1%, open circuit
voltage was 0.75V. The capacity was of 48 F /g, coulombic efficiency was 84% and
OPECSE 5.12%. Even if solid-state, the device was found to be stretchable for
around 100 times.

The focus of the work was on the electrodes. It has been found that adding PANI
to MWCNT an increase of capacity (up to 208 F/g) was reached, trading off in
OPECSE (reduced to 2.31%).

One of the most efficient devices in fiber shaped form is reported in [17]. It con-
sisted of DSSCs with TiO, nanotubes electrodes, in series with supercapacitors
based on PEDOT-MS. The capacity was of 251.2 mF /cm?, efficiency 69.9%, open
circuit voltage was 0.74V and photovoltaic efficiency was 6.9%. The OPECSE was
5.1%, the best value for a wire photocapacitor based on DSSC and supercapacitor.
Moreover, the strength of this device also relied in its high life cycle, when it was
bent, a fundamental property for applications in wearable electronics.

Generally the open circuit voltage has values in the range 0.7-0.8V. This is due to
intrinsic limits of DSSCs, especially when the electrolyte is aqueous. A solution was
found in the work [27], where it was demonstrated the possibility of inserting 4 solar
cells in series. The so obtained open circuit voltage was 2.45V, really higher than
in other considered cases. Other parameters were of the same order of magnitude
of other cases. Capacity was 233 mF/cm?. Photovoltaic efficiency was 2.25% and
OPECSE depended on the voltage at which one was working (0.41% at 2.45V and
1.83% at 1.63V).

An interesting solution to built easily an integrated device of harvest and storage
has been presented in [29]. It consisted in the deposition of a polymeric material,
which, opportunely modified, could work as fluorinated barrier or as electrolyte.
The device showed an open circuit voltage of 0.67V, a photovoltaic efficiency of
4.33%, coulombic of 86%, leading to an OPECSE of 3.72%. These values were
comparable to many other devices, but it offered the advantage of a solid-state and
easy solution.

In order to perform a simple but powerful comparison, even a case based on per-
ovskites solar cell has been reported [18]. It had a fiber shaped geometry and
an open circuit voltage of 0.96V, a capacity of 145.15 mF/cm?, efficiencies of
photovoltaic and storage parts were respectively of 10.41% and 67%. Due to the
high efficiency of the solar part, the OPECSE was 6.97%. This value is higher than
any other one reported up to 2020, for what concerns fiber shaped devices with
DSSC. Moreover it is also larger than the most of planar cases (again with DSSC).
This showed the potential of employment of perovskites in future solar cells and in
turn maybe also in integrated HS devices. However, at the moment, their use is
still strongly limited by their content of lead.

All these previously cited devices have been also summarized in table 2.2, with
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their main parameters.
Further summaries of integrated HS devices can be found in [24] and [25]. Classi-

ref. | Voe (V) | nse (%) | C (F/em?) | ns (%) | ot (%)
[15] | 0.45 59 0.69 / /

28] [ 0.75 6.1 | 48% (208%) | 84 |5.12 (2.31)
[17] | 0.7 7.3 0.251 69.9 5.1
271 [ 245 | 225 0.233 7 0.41-1.83
29] | 0.67 | 4.33 7 86 3.72
[18] | 0.96 | 10.41 0.145 67 6.97

Table 2.2: Summary of some integrated HS devices. V,. stands for open
circuit potential, n,. for photovoltaic efficiency, C' for capacity, ns for storage
efficiency and 7, for OPECSE. (*expressed in F/g)

fications of devices were done according to the geometry, respectively planar vs.
fiber-shaped or planar vs. flexible.
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Chapter 3
Microelectrodes

For this thesis work the choice of working electrode fell on platinum microelectrodes.
In particular the three electrodes had a diameter of the platinum disk of 10, 20 and
50 pm respectively.

The three electrodes were all from MetrOhm. They were designed by sealing small
diameter platinum wires in glass and polished to mirror finish. Reasons for which
they have been preferred is reported in the first section. A comparison with usual
"macroelectrodes” is performed, putting in light advantages and major differences.
The second section of this chapter is devoted to explain the procedures adopted
in order to polish these electrodes. In fact, due to the reduced dimension of the
platinum surface with the solution, even small defects on it could have large effects.

Figure 3.1: Microelectrodes used during the thesis work
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3.1 Differences with respect to macroelectrodes

The choice of microelectrodes for this thesis work had some peculiar reasons. In fact,
those kinds of electrodes, which differ from classical disk-shaped platinum electrode
only for the diameter, have some intrinsic characteristics directly connected to their
small surface.

Referring to [30] one can found immediately some fundamental differences. First of
all, is the diffusion regime in which the electrode works. By considering to have a
microdisk electrode (like in this thesis work), concentration of analyte follows the
Fick’s second law (here in cylindrical coordinates)

dc 0*c D oc 9%
T _pZ-o L 2 p2t
ot or? + r or + 022
where z is the perpendicular distance from the electrode surface and r is a radial

coordinate from the centre of the disc. The following boundary conditions are
required:

(3.1)

t<0 all r,z c=c"
t>0 z=0,1<T1, c=10
t>0 z—ooallr c=c"
t>0 r — oo all z c=c"

where t, is the time, and r, represents the radius of electrode. The solution of eq.
3.1 was calculated by [31].

A transient behaviour is found, with a limiting current value for long times. The
flux at every radius from the center of the electrode is given by

. 2 D
]_”1/7’3—7’2

The equation seems to predict an infinite flux at the edges of the microelectrode,
which is obviously nonphysical. However, the diffusion is really determined by the
edges of the disk and in particular by its perimeter. In fact, the limiting current
value is proportional to the radius (circumference is 27r,).

The full current behaviour with respect to time has been calculated again by [31]
and provides

(3.2)

I =4nFc* Dr.f(7) (3.3)
where the function f(7) is
1 1
=27 +0.09472 + .. for 7<1
fr)=4q1 .7 _1 _3 _s (3.4)
14 0.71835772 + 0.0056267~2 — 0.006467"2 + ... for 7>1
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T represents a dimensionless time and is calculated as

4Dt

T =

2 (3.5)
For short times the Cottrell behaviour is obtained (see eq. 4.7), while for long
times the limiting current value is recovered (see eq. 4.3).

From previous equation it can be found that, for short times, the diffusion is planar.
This is justified by the fact that only a very thin region in the solution contributes
to mass transport, meaning that diffusion region is small compared to the electrode
surface.

The decrease in current value slows as time goes by, arriving to a steady state
situation. In this case the diffusion layer, approximates the hemispherical one. This
is due to the fact that the diffusion layer goes out of the electrode edges, enlarging
and introducing a radial contribution.

The great advantage to work with microelectrodes is the fact that steady state is
reached in very few time, differently from macroelectrodes. In fact, as can be seen
in 3.5, 7 is inversely proportional to the square of electrode radius. An idea of the
difference of times can be acquired from table 3.1, where times corresponding to
7 = 1 are reported. From these values, one can have an idea of what short times
region (nearly values divided by 10) or large times region (nearly values multiplied
by 10) really means. The cases reported are the ones for electrodes of diameter 10,
20, 50 pm (microelectrodes) and 3 mm (a macroelectrode, used as comparison).
The considered specie is K3Fe(CN)g and the used value for diffusion coefficient is
the one obtained from cyclic voltammetry (see next chapter).

electrode diameter 10 pm 20 pm 50 pm 3 mm

time for which 7=1 6.94 ms 27.78 ms 173.61 ms 625 s

Table 3.1: Times for which the dimensionless time is equal to one. The diffusion
coefficient here used is 9.1 - 10 %cm?/s.

The importance to reach steady state in very few time, is the fact that thermal
convection starts to give noticeable contributions after 60 seconds. Thus, after this
time, previous model won’t work with the same degree of reliability and sometimes
will not be valid at all (see for e.g. behaviour of macroelectrode in next chapter).

One further great advantage to use microelectrodes is the fact that, having a really
small surface, even low concentration on the electrode surface can give appreciable
contribution. This allows for more sensitive measurements. This implies the fact
that also very small currents will be used, having possible problems of noise or of
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Figure 3.2: Behaviour of diffusion layer at different times, on the surface of a
microdisc electrode. From [30]

external contributions. This situation can be easily solved by working in a Faraday
cage.

Microelectrodes have also advantages in terms of iR drop. In fact, even if resistance
increases linearly by reducing dimensions, the currents (proportional to the area of
the electrode) decrease quadratically. So, overall, the iR drop also decrease in a
linear way, making it often negligible (see chapter 6 of [32]).

Some disadvantages in using microelectrodes are also present. First of all, the
impact of impurities and surface defects play a dominant role. The problem, thus,
is connected to the polishing of the electrode. The common procedure, in fact
is not sufficient to provide good results. Moreover, the impossibility of use the
technique called flame-annealed reduces goodness of results [33].
Flame-annealing consists in the positioning of electrode over a burning flame of
butane, in order to rearrange platinum surface atoms. This allows to have very
good level of polishing, up to a mirror level. Due to the extremely small and fragile
nature of microelectrodes, however, this methodology can’t be applied to them.
The effect of this impossibility, immediately provides an increase of double layer
currents, which will modify the expected behaviour of Pt in HySO, (see next
section). Furthermore, also peaks in hydrogen adsorbtion-desorption region and in
the oxygen one, are not completely defined as for macroelectrodes.

Having a rough surface will lead to the increase of the electroactive area, which
in turn will provide higher currents. For this reason, particular attention must be
paid when polishing their surface.

A further problem of the small dimension of microelectrodes is the rapid contami-
nation of the surface.

However, all these problems can be overcome by having a proper polishing proce-
dure. After that, once the microelectrode is mirror cleaned, all advantages like low
iR drop contribution, high sensitivity and easy working in steady state region, can
be exploited.
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3.2 Polishing procedures

In order to have reliable results, a procedure of polishing must be produced. Based
on works [33], [34], [35] and [36], some common aspects have been detected. In
particular, the two fundamental steps are the cleaning with polishing pad and the
electrochemical polishing. Due to the small microelectrode nature, flame annealing
was not a possible technique.

The procedure adopted to polish microelectrodes consisted in few simple steps:

e sonication;

« surface abrasion;

e 2 sonications;

e Ny bubbling in 0.5M H,SO4 solution;
o electrochemical polishing;

» sonication.

The process of sonication consisted in an ultrasound bath at 59 kHz for 1 minute.
This allowed particulate residuals on electrode surface to be removed. The sonication
was generally performed in simple deionized water, without heating. Only in the
steps where two sonications are indicated, there was a change in the immersing
liquid. A solution 3:1 of deionized water and ethanol was used for the first of the
two baths, while in the second the usual deionized water was employed. The need
for two sonications after surface abrasion and before electrochemical polishing was
found to be fundamental in order to get better results (as can be seen in figure
3.3). Before and after each sonication step, abundant rinsing with deionized water
was necessary.

The available polishing pads consisted in three abrasive papers made of SiC with
different graininess and other two pads of alumina and diamond. The three abrasive
papers, with a roughness of 30, 10 and 7 pm, have been used only when large defects
on the electrode surface were encountered. For example, the microelectrode with
diameter of 20 um showed a scratch all along the surface, crossing the platinum
tip. This lead unavoidably in affecting measurement results. However, thanks to
many steps of polishing with different abrasive papers, the electrode was restored
and brought to a clean and flat surface.

The diamond and alumina pads consisted in two little pieces of slightly rough soft
papers. They had to be pretreated by placing 2 droplets of colloidal solutions
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Figure 3.3: Different conditions of sonication after surface abrasion (comparison

between 1 and 2 steps of sonication and with bare polishing with clean alumina
pad).

followed by 5 droplets of deionized water. The two colloidal solutions, from ALS Co.
Ltd as polishing pads, contained respectively 1 um diamonds and 50 nm alumina
nanoparticles.

The previously presented cleaning procedure showed a step called "surface abrasion".
This step consisted in softly scrape the electrode on the proper polishing pad (or
abrasive paper), by drawing an infinite for 5 minutes. The procedure, as indicated,
represents one cycle of polish. In order to have a complete cleaning, different cycles
must be performed.

After many tries with different combinations, the best sequence was found to be:
one cycle with diamond pad and then two with alumina ones. Abrasive papers were
used only when large defects, generally in forms of bubbles or scratches, were found.
In order to check these large defects an optical microscope with a magnification of
6x was used. Better checks could be done with a Scanning Electron Microscope
(SEM), however the sample chamber of the one present at Politecnico of Torino
was not large enough for the electrode.

The electrochemical polishing allowed for a very fine cleaning of electrode surface
and, moreover, it offered a good and simple way to check the level of roughness. It
consisted in a cyclic voltammetry at high scan rate in a solution of 0.5M HySOy4. The
solution was frequently changed during experiments, nearly every two days, in order
to have always comparable and good data. The apparatus for this electrochemical
polishing consisted in a glass conical-shaped cell with an electrode holder which
allowed the insertion of working electrode (the microelectrode under study), counter
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electrode (a platinum rod) and reference electrode (an Ag/AgCl electrode filled with
3M KCI1 of HANNA Instruments). A Ny bubbler was also present. Experiments
were performed in a Faraday cage, in order to avoid noise from external sources. In
fact, the recorded currents were of the order of nA, comparable to those induced in
the wires when a message to a phone in the chamber was received.
During electrochemical polishing a CV (cyclic voltammetry) plot was recorded.
Some peaks could be observed, according to effects of hydrogen and oxygen (in
particular when one of the two was generated, or with adsorption and desorption).
The expected behaviour was the one of figure 3.4, from [37]. The limits for the
working windows were the ones of water, due to oxygen (positive potentials) and
hydrogen (negative potentials) evolutions.

In order to have a confirm of the right potential windows to use and to check with

J

[
" 0, evolution
——

H, evolution

I 210 C/cm? charge storage
(theoretical)

i
water window

Figure 3.4: Behaviour of the CV when polishing electrodes in 0.5M H5SOy,
highlighting the causes of different peaks. From [37].

the used electrodes, many voltage ranges have been explored. Different combination
in the window —0.25V + +1.7V have been tried. The range which was found to
be the best was —0.17V + +1.4V, where little evolutions of oxygen and hydrogen
were present. The choice was due to the fact that it allowed to work without
having large peaks of oxygen and hydrogen evolution, while always having a good
behaviour, comparable to the one of figure 3.4. For fastest measurements, also the
range —0.17V + +1.1V was used. It offered a quicker way to check the behaviour,
providing also very small EDL currents. However, it is important to say that results
obtained with the two methods cannot be compared the one with the other, since
both the elements of evaluation strongly depend on the used potential window.
Two ways of understanding the level of polish were used.

First of all, the electric double layer current contribution had to be low. In figure
3.4 this current is the one in the negative region between peaks of oxide reduction
and hydrogen atom absorption. This value, which should be theoretically equal to
OnA, must be low with respect to peaks height.

33



Microelectrodes

The second parameter of interest is the roughness factor [36], [35]. This number
represents the level of polishing, by looking at the charge of absorbed hydrogen
atoms. It can be calculated as

_ Ag
 ESA

where A, is the geometrical area (4, = mr?) and ESA is the electroactive surface
area, obtained from

Ry (3.6)

ESA =1 (3.7)
qMmL

In this expression, ¢,/ represents the charge stored in one monolayer of adsorbed
hydrogen, it has been experimentally found to be 2105702. The desorbed charge ¢
instead, can be obtained as the integral with respect to time of current in hydrogen
atom desorption region minus EDL one.
Theoretical value of a perfectly flat surface is 1, meaning that the geometrical area
perfectly equals the electroactive one. In reality, this value can’t be reached. For
convention, it has been decided to consider as sufficiently good surfaces, the ones
with roughness factors lower than 5. General results for the electrode with the
developed procedure gave Ry with values between 2 and 3.
An example of the CV obtained after polishing steps with the microelectrode of
diameter 10 pm is shown in figure 3.5.

A little parenthesis should be opened to talk about currents considered during the
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Figure 3.5: CV behaviour of 10um microelectrode after a complete polishing

procedure.

cyclic voltammetry. In fact, as can be also seen in figure 3.5, the current reported
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on y axis was an "integrated current'. This is due to the fact that the imposed
voltage was not a perfect linear ramp signal, but a staircase. At each step, the
current had a decreasing behaviour and thus a lower total value is recorded when
using staircase profile instead than a linear one. The Autolab instrument had a
function of integration which took into account this effect and tended to balance it
[38].
According to these, all CV profiles were recorded as integrated current versus po-
tential. However, as it was found experimentally, integrated current was not suited
to determine roughness factor, since providing values often lower than 1 (physically
impossible situation). This effect could be due to the fact that integrated current
also included in large part EDL contributions, increasing thus the area below the
CV line in the hydrogen desorption region. For this reason, integrated current was
used to check EDL values, while normal current to evaluate roughness factor. The
procedure has been considered as good only when satisfying both conditions.
Nitrogen was of fundamental relevance for electrochemical polishing. In fact, as
previously cited, a step of Ny bubbling in solution was required. This operation
was necessary before every electrochemical polish and should last for a time of
more than 10 minutes for each 10 mL of solution. In this work, according to cell
dimensions and the need to immerse correctly the three electrodes, 50 mL of 0.5M
H>SO,4 were used. Thus, 1 hour of Ny bubbling was required.

After this step, nitrogen continued to be important. In fact, as long as mea-
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with a N, cover
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— bUbbling N2

Integrated current, A
o

0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4
Potential vs Ag/AgCI, V

Figure 3.6: Comparison of different conditions during electrochemical polishing.

surements were carried out, the passage of current produced oxygen. This could
be removed with the help of a blow of Ny. However, if bubbling it again in the
solution, higher and noisy responses were obtained, due to convective motions in
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the solution. For this reason, new solutions were explored. It has been found that
keeping a cover of Ny blowing over the solution worked quite well. The comparison
can be seen in figure 3.6.

Finally it must be also said that measurements of electrochemical polishing were
performed for many cycles. Stabilization was reached in average after 50 cycles.
As convention it was decided to perform 100 cycles, taking data from the 99"
Measurements were performed at 28°C (£ 1°C).

The procedure defined in this chapter is the one used before every other measure-
ment. From now on, when talking of polishing of electrodes, it will be referred
to this procedure. In particular, if not differently and specifically written, the
sequence adopted was of one polishing with diamond pad and two with alumina ones.
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Chapter 4
Redox mediators

Redox mediators are substances which can undergo reversible oxido-reduction re-
actions. They offer many advantages like the one of having a tabulated formal
potential at which reaction happens. During this work thesis the potassium ferri-
cyanide has been used. This compound has a reversible reaction with potassium
ferrocyanide, which involves one electrode. It has the advantage to be widely studied
in literature.

In particular, the need of using a redox mediator came from the purpose to determine
ion exchange membranes effective working for future use in integrated HS devices.
The relation between concentration and diffusion coefficient has been used. Three
techniques have been decided to be used for the evaluation. In the following a theo-
retical introduction on redox mediators and diffusion coefficients will be given. After
that, results obtained with cyclic voltammetry, chronoamperometry and impedance
spectroscopy will be discussed.

4.1 Diffusion coefficient of K3Fe(CN)g

Diffusion coefficient is a parameter which takes into account the easy of an ion to
move in a solution. Better than this first definition it will be to specify that it is
only referred to a kind of motion: diffusion.

This is a process for which an entity (ions in this case) moves only due to a gradient
of concentration. In fact, as for many other factors, also differences in concentration
of a solution represents a non-equilibrium situation.

Diffusion depends both on the element which has to move and on the medium. As
already said, this process can be described through a diffusion coefficient, a value
with dimensions of [L?/t]. In particular, for this thesis work, the adopted units of
measure of the diffusion coefficient were %
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In general, diffusion coefficient depends directly on kinetic energy of moving particle
and inversely on its radius and to medium viscosity. This is also provided by Stokes-
Einstein relation

kT
~ 6mrp

D (4.1)
where kg is the Boltzmann constant, 7" the temperature, r the particle radius and
1 the viscosity of the medium.

Temperature played also an important role in the evaluation of the diffusion
coefficient.

In particular, it has been experimentally seen in literature that an Arrhenius
relation seems to well fit this behaviour

Ea

D = Dy -exp (_RT> (4.2)
It would have been interesting to also see in laboratory this behaviour with
temperature. However, due to a lack of time this was not possible. During this
work all measurements were performed at room temperature. This implies that no
perfect control was possible and little mismatches for different days were possible.
The major observation on temperatures is that there were mainly two situations.
In fact, all measurements were performed at 25+1°C, except those marked in the
following with a blue star *, which were done at 20+1°C.
The reason to determine diffusion coefficient was the possibility to use it to discover
concentration of an unknown solution. This method was really simple and useful.
It could, however, be used only with redox mediators, according to the need of
investigate reversible processes at precise potentials.
The reaction investigated during this work was

Fe(CN)¥ 4+ e = Fe(CN)g~

In next sections it will be presented how to connect diffusion coefficient to current
or impedance with different techniques.

The expected theoretical value of the diffusion coefficient was 7.17 - 10~%cm? /s,
according to [39].

In the following, after having defined and explained the employed setup, the three
techniques used will be presented. These methods to define diffusion coefficients of
ions in a solution have been widely studied (see [40]) and used in literature. The
need to study three different techniques was done in order to find which one was
the best, in order to use it for future works. The "best" was here indicating the
method which allowed for a larger agreement of results (that technique with the
lowest variability of obtained diffusion coefficients).
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4.1.1 Setup

The setup used to determine the coefficient diffusion of K3Fe(CN)g was the same
for each of the three methods used.

First of all, the measurements were all performed in a Faraday cage. This allowed
to avoid noise from the ambient, which was of noticeable relevance with ranges
of currents normally detected. This first observation was a direct effect of using
microelectrodes, as previously cited, since currents were directly proportional to
electrode radius.

The cell used for measurements was a glass one, with a conical shape. On the top
of it a plastic plug, with 5 holes was placed. This support had the function of
electrode holder and was tightly fixed on the top of the cell by a mechanism, which
avoided sliding of it. The cell was the same used for the electrochemical polishing
of microelectrodes.

Figure 4.1: Apparatus used to perform measurements of diffusion coefficient of
K3Fe(CN)6.

A glassy Ny blower was inserted through one of the holes in plug. The impor-
tance of this blow will be discussed and analyzed in detail in next sections.
Measurements were performed in a three electrode configuration (working, counter
and reference).
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The working electrodes were the three microelectrodes. Measurements were re-
peated for all of them, in order to compare values. This comparison allowed to
check if some measurement was failed due to electrode surface problems. Moreover
it also allowed to find which one was the best. These microelectrodes consisted in
a platinum wire fixed in a glass rod. They won’t be explained here, since already
treated in chapter 3.

Sometimes also a platinum macroelectrode (radius = 1.5mm) was used as working
electrode. The reason was to compare differences in working of micro and macro
electrodes.

The counter electrode was a simple platinum rod. The reasons of the choice were:
a very large surface, to avoid charging effects, a very good conductance of the
material and also the low reactivity of platinum.

Finally, the reference electrode was a Ag/AgCl wire immersed in 3M KCI. This
reference provided an open circuit potential versus SHE of 197mV. This value
was used when comparing with formal potentials. The regenerative solution of
this electrode (3M KCl) was changed once a week. This allowed to keep a con-
stant potential and to remove eventual impurities which could have permeated the
membrane. Some considerations on reference electrodes will be performed in next
chapter, in section 5.4, due to the fact of using different ones.

The electrodes were all connected to the potentiostat/galvanostat, which was a
Multi Autolab Cabinet of MetrOhm. The program used on PC to interface with
the instrument was Nova 2.1.

A photo of the assembled apparatus inside Faraday cage could be seen in figure 4.1.
In order to see effects of different concentration of K3Fe(CN)g and of supporting
electrolyte, different solutions have been used. In particular, they will be sometimes
referred with a number in the following of this work, according to:

sol2 : 7.5mM Ks3Fe(CN)g + 0.5M KCI,;

(CN)
. sol3 : 7.5mM KsFe(CN)g + 0.05M KCI;
. sold : 7.5mM K3Fe(CN)g + 0.005M KCI;
e so0l5 : 7.5mM K3Fe(CN)g;

e« s0l6 : 10mM K3Fe(CN)g + 0.5M KCl;

« sol7 : 20mM K;Fe(CN) + 0.5M KCI;

The presence of KCI in the solution was that of supporting electrolyte and its
importance will be explained later. In general only charged molecules were affected
by the adding of supporting electrolyte. The iR drop, due to low conductive
solutions, made profiles of CV to shift towards cathodic potentials.
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The solutions were all brought to pH = 3. This was done because at this pH, the
salt had its maximum solubility. This condition was reached by adding HCI and
verifying it with litmus papers.

4.1.2 Cyclic voltammetry

0,0e+0

-5,0E-9 —

-1,0E-8 —

-1,56-8 —

WE(1).Current (A)

-2,0E-8 —

-2,5E-8
1

-0,2 0,0 0.2 0.4
Potential applied (V)

Figure 4.2: Example of cyclic voltammetry for solution 3, recorded with 20um
diameter electrode, as seen in Nova 2.1.

The first analyzed method was Cyclic Voltammetry (CV). This technique consisted
in imposing a linearly increasing potential signal to the solution and to record how
current changed in consequence.

Many similar studies of cyclic voltammetry has been done in the past, for example
for triiodide/iodide couple detection in ionic liquids for DSSC like [41], [42], [43],
for the study of microelectrodes array [44], for ferrocene and hexacyanoferrate
diffusion coefficients in ionic liquids [45] or for different electrodes used in reverse
electrodyalisis [46].

The case considered was the one adopting microelectrodes, which allowed determi-
nation of diffusion coefficient (according to [39]) starting from limiting current.
The steps adopted to perform CV were the followings:

o Bubbling Ny in the solution for 1 hour;
» Polishing of microelectrode;

o Immersion of electrodes and moving up of the Ny blow;
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e Performing cyclic voltammetry at a scan rate of 50mV /s for n* cycles;

 Performing cyclic voltammetry at a scan rate of 5mV /s for 3 cycles (data were
extracted from the last cycle);

o Polishing of microelectrode.

The step of CV at 50mV /s was used to allow to the surface of electrode to stabilize
in the solution, in order to get correct data. The number of cycles (n*) was
different depending on the concentration of supporting electrolyte (10, 5, 5 and 0,
for concentrations of KCI of 0M, 0.005M, 0.056M and 0.5M).

The cyclic voltammetry consisted in imposing a staircase potential in the window
—0.25V = +0.55V. Thanks to the fact that microelectrodes were used, a sigmoidal
behaviour appeared (as can be seen in figure 4.2). The plateau at higher currents
was the so called limiting current and was proportional to the diffusion coefficient.
The transition between the two plateaux happened at the formal potential of the
redox mediator.

Limiting current was provided by the formula

i, =4nDFca (4.3)

where n was the number of electrons involved in the reaction (in this case one), D the
diffusion coefficient, I’ the Faraday constant (96485 As/mol), ¢ the concentration
of the redox mediator and a the radius of microelectrode.

By reversing this equation, one could easily get the diffusion coefficient. During the
work of this thesis, in order to have a standard procedure for all measurements, the
exact value of limiting current has been chosen to be the average of those currents
when potential is lower than 90% of minimum used value (-0.25V).

Cyclic voltammetry also offered an immediate and easy way to find if the reaction
was reversible or not.

i

T
EZE%—i-Riln, -

n i, — 1

(4.4)

In fact, since the relation 4.4 is valid only for reversible reactions, by plotting
potential versus In (iLi_i) , one should observe a linear behaviour (like in figure
4.3).

Moreover, the slope should be equal to 59.2mV, since only one electron was in-
volved in the reaction. This fact has been proved and used to detect between good
and wrong measurements. Measurements were considered as valid only when the
reaction resulted to be reversible (slope=59+2mV).

Data manipulation has been done with Matlab.
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Figure 4.3: Reversibility of reaction in solution 3, recorded with 20um diameter
electrode.

4.1.3 CV results

The first quantities to be reported were the limiting currents. These values, in
fact, have been taken from the sigmoidal behaviour of cyclic voltammetry profiles.
They have been reported in table 4.1 for solutions 2, 3, 4 and 5. From the table it
was possible to observe the differences between electrodes with diameter of 10um,
20pm, 50pum and 3mm (macroelectrode).

KC1 concentration 10 pm 20 pm 50 pm 3 mm
0.5M 12.62 26.93 68.71 18059
0.05M 12.97 27.47 68.83 16733
0.0056M 13.18 26.46 66.76 18043

0M 9.93 26.07 71.40 19443

Table 4.1: Limiting current [nA| values, reported versus KCl concentration
(solutions 2, 3, 4 and 5). Comparison between the three different microelectrodes
and macroelectrode has been presented.

From those values of currents, it was possible to obtain diffusion coefficients
for every combination of solution and electrode. The calculus has been done by
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reversing equation 4.3. The so-obtained diffusion coefficients have been listed in 4.2.

KCI concentration 10 pm 20 pm 50 pm 3 mm
0.5M 8.72 9.30 9.49 207.98
0.05M 8.96 9.49 9.51 192.70

0.005M 9.10 9.14 9.23 207.79
0M 6.87 9.01 9.87 223.91

Table 4.2: Diffusion coefficients [107%cm?/s| calculated, reported versus KCl
concentration (solutions 2, 3, 4 and 5). Comparison between the three different
microelectrodes and macroelectrode has been presented.

Some observations on obtained results have been immediately performed. First
of all it was clear that great discrepancies were evident between micro and macro
electrodes. The diffusion coefficients for macroelectrode were nearly 20 times larger
than those for microelectrodes. For this reason one could immediately say that this
model didn’t work for large electrodes. However, values for 3mm electrode were
not so different the one with the other. This meant that a correlation between the
recorded currents and diffusion coefficients really existed also for macroelectrodes.
However, a different model should have been adopted for it. In particular, the
Randles-Sevcik equation, based on peak heights evaluation could be a good idea
(see chapter 11 of [32]).

The reason of this difference could be also found in CV plots, where it was immedi-
ate the different behaviour. In picture 4.4 the comparison between 10pm, 20um,
50pm microelectrodes and 3mm macroelectrode has been shown.

The relevant difference in the shape obtained while performing cyclic voltammetry
was the presence of peaks. Those peaks, respectively anodic and cathodic ones,
were centered at the formal potential of the reaction. In this case the half-wave
potentials have been reported after, in table 4.3. From the peaks it was possible to
have some information about the reaction. First of all, since as previously stated
they were centered at the formal potential, it could have been understood which
reaction was happening.

Second and last, also information of concentration of the redox mediator could be
extracted. In particular, this quantity was directly proportional to peak height.
The presence of peaks was connected to the different distribution of the diffusion
layer. This one was not constant for macroelectrodes, as it was instead in micro-
electrodes or in stirred conditions (see section 3.1).
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Figure 4.4: Comparison between a) 10um, b) 20um, c¢) 50um microelectrodes
and d) 3mm macroelectrode, when used to analyze solution 2.

The size of microelectrodes, played instead a role only in the values of current,
being it directly proportional to radius. This has been proofed and could be seen in
figure 4.5. The shape remained the same and only values of limiting current were
different. When calculating diffusion coefficient, since dividing current by radius,
similar D values were obtained.

One important consideration on results could also be performed. The effect of

supporting electrolyte couldn’t be neglected. In fact, by looking at table 4.2 one
immediately saw that the case with no KCI had the worst agreement of results.
It gave a variation of 30.4% (considering only microelectrodes), which was not
suitable to define a good procedure.
The value of variation was instead lower in the other three cases (8.11%, 5.78%
and 1.4% respectively). Those values were always a little over-estimated, due to an
effective area of the 50 pum electrode, slightly larger than the theoretical one. The
presence of KCl, in fact, had the role to:

« increase solution conductivity;
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Figure 4.5: Comparison of the results for the three microelectrodes in solution 6
(10mM K3Fe(CN)g + 0.5M KCl).

« reduce mass transport from migration (thus maximizing impact on diffusion,
which was the one of interest);

« reduce dimension of electrical double layer;
« increase ionic strength, thus facilitating electron kinetic transfer.

Thus, a balancing between too much and too few KCI had to be used, this was
also the reason for which no saturated solution was employed.
Low KCI concentrations also lead to slightly lower slope of CVs, since the potential
of the reaction started to move toward cathodic potentials due to reduced ionic
conductivity.
Furthermore this supporting electrolyte concentration variation provided another
really important effect. The time employed by cyclic voltammetry to reach stability
increased as long as concentration was reduced. This was taken into account with
a modification of the initial procedure, inserting certain CV cycles at higher scan
rates (50mV/s) in order to reach equilibrium and then measurements have been
done.
An idea of the effect of KCI on cyclic voltammetry could be given by looking at
plots of figure 4.6.
The major implication of using more cycles to stabilize, apart from taking more
time, had one intrinsic problem. As long as the measurement was performed a
sort of gel of K3Fe(CN)g was formed over the electrode surface. This obviously
provided a reduction of recorded currents, thus to an underestimation of diffusion
coefficients. The smallest microelectrode has been found to be the one to suffer
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Figure 4.6: Effect of KCl variation on the 10pm, 20pm, 50pum and 3mm electrodes.

the most of this effect.

In figure 4.7, it has been reported the case of CV in solution 5 (no KCl) with the
smallest microelectrode compared to the same electrode in solution 2 (0.5M KCI).
The first immediate observation was the need to perform more cycles, in order to
reach the correct behaviour and results closer to the expected ones.

Moreover it was necessary to mention that the real value, which was expected, was
never reached because the born of the gelation, reduced limiting current.

In figure 4.8 it has been also shown the importance of stabilization even for a larger
electrode (20pum of diameter). As it could be seen from these two plots, without
stabilization it wasn’t obtained the correct sigmoidal behaviour. In particular,
the plateau at the limiting current was not present and substituted with a slowly
decreasing ramp.

Some words must be still spent about the scan rate used for the measurements.
This parameter, in principle, didn’t explicitly appear in the equation of the limiting
current or in the one of diffusion coefficient, so at a first glance it could seem to
be not relevant. However, this was not what was observed. In fact, it seemed to
play a fundamental role. The reason of the importance of it was that increasing
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Figure 4.7: Comparison between 15 and 71% cycles in solution 5 (no KCl) and
solution 2 (0.5M KCl), with 10pm microelectrode.
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Figure 4.8: Effect of performing many cycles in a solution without supporting
electrolyte for 20pm microelectrode.

the scan rate provided the diffusion layer to be no more constant. In this way, the
diffusion profile passed from hemispherical to planar, due to the passage from the
steady state condition to the Cottrell region.

This effect was reflected back in the behaviour of current versus potential of the CV.
The most important and immediately visible consideration was on the appearance
of two separate peaks and in the opening of an area between the currents of anodic
and cathodic reactions.
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The effect of various scan rates on the experiment could be seen in figure 4.9.
Macroelectrode seemed to have the most dramatic change.
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Figure 4.9: Effect of different scan rates on the 10um, 20pm, 50um and 3mm
electrodes, in solution 2.

Then, as long as electrode diameter was reduced, the effect of scan rate was gradu-
ally less important. The reason was quite obvious.
As long as microelectrode dimensions were reduced, the time to reach steady state
was also reduced as r2. This provided that smallest microelectrode could work
in steady state conditions also for higher scan rates. In fact, as could be seen in
figure 4.9, only for scan rates higher than ¥=100mV /s, distortions of the sigmoidal
behaviour started to appear. Differently, the largest microelectrode showed appre-
ciable deformations also for ¥=50mV/s.
Starting from this observation on scan rates, it has been possible to say that
macroelectrodes were largely affected by variation of it, while for microelectrodes
this was less marked and reduction in diameter helped in keeping good insensibility
to scan rate.

However, the combination of different scan rates and variation of supporting
electrolyte could have new effects. The most relevant result, showed in figure 4.10,
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Figure 4.10: Effect of different scan rate on smallest microelectrode (10 pm) in
solution 5 (no supporting electrolyte).

was that with low KCI concentrations (or not at all), dramatic effects of scan rate
could be observed also for the smallest microelectrode.
This could be probably imputed to the stabilization time required and to the lower
ionic conductivity of the solution. In fact, the solution could be modeled as a
resistance in parallel to a capacitance. If the value of resistance increased (e.g.
reducing supporting electrolyte), the time constant (7 = R- (') also increased. This
would have lead to a slower response time and to an hemispherical-like diffusion
behaviour.

It has been obvious, thus, that the effect of scan rate for macroelectrode in low

2 3r
151 ol
s
16
0.5
< < ol
. /--e,): 5
5 5
© oA 5 mvi
05 mVis
5mVis 10 mv/s
10 mv/s 2 50 mv/s
b 50 mv/s 100 mVis
100 mVis 500 mV/s
| 500 mV/s 3l 1000 mv/s
15 1000 mVis
2 . . . . . 4 . . . . . .
-0.4 -0.2 0 0.2 0.4 0.6 0.8 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Potential vs Ag/AgCl, V Potential vs Ag/AgCI, V

Figure 4.11: Effect of scan rate on measurements when using 3mm macroelectrode.

CV obtained in solutions with a) 0.005M KCl, b) no KCL
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concentrated solutions was dramatically incident on results (see figure 4.11).

In the case of solution 5 it was also possible to see the effect of oxygen impurity
(like the one described in the following). In fact, by using higher currents, also O
formation was improved.

During measurements, a strange behaviour has been observed for solution 5 when
using smallest microelectrode. Two peaks, respectively in cathodic and anodic
oriented path, appeared in the sigmoidal behaviour of the cyclic voltammetry.
They were centered to a potential of 0.18V vs. Ag/AgCl. Due to the double and
symmetrical nature of those two peaks, they were supposed to be originated from
a redox reversible reaction (ORR due to oxygen dissolved in solution).

Current, nA
S

10 . . . . . . . ,
0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
Potential vs Ag/AgCI, V

Figure 4.12: CV plot obtained in solution 5, with smallest microelectrode. A
double peak could be observed, due to an impurity in the solution.

According to Randles-Sevcik equation
ip = (2.69-10%)n2F2 AD?v3c (4.5)

(D of oxygen in water was 2.42 - 1075¢m?/s) and the possible reaction, which was
found in table 18.1 of [32]:

Os + 2Hy0 + 4e” = 40H~ (4.6)

the concentration of oxygen in solution was of 0.95nM. The impurity was, thus,
oxygen. This problem was known and it was the reason for which bubbling of
nitrogen before measurements was necessary. In the found case, probably this step
was not sufficient to remove all Oy from solution (maybe many experiments have
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been conducted before and the usual procedure was not sufficient to clean the
solution). The problem have been easily solved by bubbling N, for another hour.
After that, everything returned to the expected behaviour.
The effect of impurity on CV has been represented in figure 4.12.

In order to solve this problem, one could taught why bubbling of nitrogen was

201

bubbling N2 in the solution

blowing N2 over the solution
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Figure 4.13: Effect of bubbling Ny in the solution while performing cyclic voltam-
metry. It could be observed an increase in limiting current and the introduction of
noise.

performed only before measurements and not also during. In fact, while measure-
ments were running only a Ny cover was maintained over the solution. The reason
was simple and could be seen in figure 4.13.

The presence of continuous bubbling in solution, produced convection, thus the
mass transport was no longer diffusion controlled. Formulas used up to now only
considered the diffusion limited region and could not take into account convective
contributions. This would have produced, unavoidably, to variations of limiting
currents recorded and thus also of calculated diffusion coefficients. Furthermore
also a lot of noise was introduced in the signal, thus making all measurement to be
more complicated to be manipulated.

Thanks to equation 4.4, it has been also possible to calculate the half-wave potential
(E%). For definition the By was the potential when the current was equal to half
of the limiting one. For reversible reactions, like the one analyzed in this work,
the half-wave potential was equal to the formal potential. This was the value of
potential at which the reaction was happening.

In table 4.3 values of half-wave potential, calculated by reversing eq. 4.4, have
been reported.
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[mV] 10 pm 20 pm 50 pm 3 mm

N

0.56M 220.30 229.75 271.65 224.15

0.06M 209.89 213.97 203.50 210.53

0.006M 219.27 201.03 218.48 204.49

oM 185.23 247.12 235.81 207.41

Table 4.3: Half-wave potentials calculated, reported versus KCI concentration
(solutions 2, 3, 4 and 5). Comparison between the three different microelectrodes
and macroelectrode has been presented.

By comparing all these values, the average one which was calculated was
E 1= 218.91. All cases agreed quite well, except those with no supporting elec-

trolyte (especially the smallest microelectrode as previously mentioned) and the
50pm microelectrode in solution 2. Interestingly, also good agreement was obtained
with the 3mm macroelectrode, thus equation 4.4 seemed to work also for it.

The obtained value was reported to pH=0 and then referred to SHE potential
(as previously done in the case of impurity in solution 4). The formal potential
obtained after those passages was: Ey = 0.356V. This value agreed quite well with
the theoretical one reported in [32] (Ey = 0.361V).

Due to the found problem of gelation for long measurements in solutions with
low KCI concentrations, two long time analyses have also been done. In the next
experiments, those used to characterize ion exchange membranes, solutions with
0.5M KCI concentrations will be used (according to found better behaviour). For
this reason, long time measurements have been performed in those kind of solutions.
In fact, using low concentrated solutions would have only produced too much
underestimated results, not useful for the purpose of this thesis work.

Two cases were considered. First of all, the microelectrode with diameter 20um
was tested in solution 2 (7.5mM K3Fe(CN)g + 0.5M KCl). The measurement has
been run for 3 hours (40 cycles at scan rate of 5mV/s).

The second case analyzed was under more severe conditions. The smallest mi-
croelectrode (10 pm of diameter) was checked. The smallest microelectrode was
probably the one which suffered the most of any effect connected to large times of
measurement. Moreover it was also the electrode which showed the largest problem
of gelation.

10 pm microelectrode was analyzed in solution 7 (20mM K3Fe(CN)g + 0.5M KCI).
The experiment was carried out for 7.5 hours (60 cycles).

53



Redox mediators

Results of both experiments have been shown in figure 4.14. The first experiment
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Figure 4.14: Results of measurements performed for: a) 10um microelectrode in
solution 7 for 7.5h and b) 20pum microelectrode in solution 2 for 3h.

(20 pm microelectrode in solution 2 for 3h) lead to a limiting current in final cycle
equal to 108% of the initial one. The second experiment (10 pm microelectrode in
solution 7 for 7.5h) instead had a limiting current in the last cycle equal to 112%
to the initial one.

The increase of limiting current with time was quite counter-intuitive, in fact, due
to the effect of gelation, lower values would have been expected. However, it was
possible that thanks to the presence of KCl in high concentration, gelation was
avoided. According to this, long number of cycles for surface stabilization were
necessary only for low KCIl concentrations.

The increase in current was probably due to the oxygen evolution with time and to
deposition of salt crystals on the electrode surface, increasing thus electroactive
area. This would have added a further contribution to limiting current value. The
growth of value was proportionally constant with time for both the experiments
(around 2.67% more every hour).

This effect should be taken into account if measurements will be carried out for
long times. The importance of this evaluation was also connected to the fact
that measurements performed in characterizing ion exchange membranes were all
performed without the Ny bubbling pretreatment, due to the shape of used cell.
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4.1.4 Chronoamperometry
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Figure 4.15: Example of chronoamperometry for solution 3, recorded with 10um
diameter electrode, as seen in Nova 2.1.

ChronoAmperometry (CA) was the second technique used to investigate diffusion
coefficient of the K3Fe(CN)g solutions [39], [47], [48] and[49].

This methodology had the advantage to be really faster than cyclic voltammetry.
Less than a second was employed. This was again an advantage connected to little
electrode dimensions.

The procedure employed for CA analysis was:

e Bubbling N5 in the solution for 30 minutes;

» Polishing of microelectrode;

o Immersion of electrodes and moving up of the Ny blow;
o Performing direct chronoamperometry;

o Performing reverse chronoamperometry;

o Polishing of microelectrode.

As previously said for CV, Ny bubbling was necessary to reduce oxygen impurities.
With this technique, since really quicker, times to wait between different experiment
(when blowing Njy) were reduced to 30 minutes.

The polishing procedure was the one described in chapter 3.
Chronoamperometry consisted in applying two step of potential, while recording
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current. The first potential was 0.5V, at the theoretical open circuit potential and
it was held for 0.1s. The second one, instead was -0.22V, where the limiting current
was observed and it was kept constant for 0.3s.

A double decreasing behaviour was observed. This two decreasing curves represented
Cottrell contribution of current. From a physical point of view, this fact could be
described as the charge of the electric double layer formed at interface of electrodes
with solution. By analysing this curve one could connect again current to diffusion
coefficient. The complete description of current in chronoamperometry experiments
was:

()

where A was the area of electrode surface and ¢ the concentration of analyte.
The second term, as could be easily seen, was the same used for cyclic voltammetry,
being the limiting current. For large times, in fact, all contributions from capacitive
effects vanished and so what remained was the faradaic part alone.

In chronoamperometry, however, it was of more interest the first part. This one,
with the decreasing behaviour, was strongly time dependent. In particular, a
relation i oc t% held. This relation could also be checked in order to see if the
reaction was reversible. During this work, it has also been done and an example
has been shown in figure 4.16.
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Figure 4.16: The linear behaviour of current with respect to the inverse of square
root, of time. The case was solution 2, analyzed with 10pum diameter electrode.

From the Cottrell term it was also possible to connect current to diffusion
coefficient. By reversing the equation it was possible to calculate D. Results will
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be shown in next section.

After having performed this type of chronoamperometry, which was called "direct",
also the "reverse" one was done. In reverse chronoamperometry the two steps of
potential were changed in order. In this way it was firstly applied -0.22V for 0.3s
and then 0.5V for 0.3s. From this reversed sequence it was possible to compare
results for normal reaction (reduction) with the opposite one (oxidation). Also
results for this methodology will be reported and discussed.

4.1.5 CA results

The diffusion coefficients obtained from chronoamperometry were calculated by
using eq. 4.7. The results have been shown and summarized in table 4.4.

KClI concentration 10 pm 20 pm 50 pm 3 mm
0.56M 323.10 32.51 17.14 14.41
0.06M 17.45 22.40 15.83 11.58

0.006M 52.38 11.72 40.70 17.25
0M 548.89 623.76 23.15 23.92

Table 4.4: Diffusion coefficients [107%cm?/s] of K3Fe(CN)g obtained from
chronoamperometry by using Cottrell equation.

The first thing which was possible to note from table 4.4, was that this method
was not a good one in order to determine the diffusion coefficient. Results, in
fact were widely in disagreement the one with the other and moreover, no one
of them was similar to the theoretical one, or with the one obtained from cyclic
voltammetry.

In particular, it seemed that the diffusion coefficient has been overestimated for
each case. The fit has been done on Matlab, by reversing eq. 4.7. The agreement
of fits seemed good for every plot, however the proportionality with the diffusion
coefficient was not respected. The relation current versus reverse of the square root
of time, anyway, has been verified (see figure 4.16).

The quality of results could be slightly improved by considering only current values
after 100 ms (as suggested by [39]). The reason was that since in the first times of
measure current varied very rapidly with time, it was possible that little mismatches
occurred. The improved results have been reported in table 4.5.
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KCI concentration 10 pm 20 pm 20 pm 3 mm
0.5M 58.83 28.15 13.76 13.45
0.05M 11.80 21.59 12.46 11.35

0.006M 8.19 10.18 6.13 17.97
oM 81.17 110.28 18.39 22.61

Table 4.5: Diffusion coefficients [107%cm?/s] of K3Fe(CN)g obtained from
chronoamperometry by using Cottrell equation with corrections.

Anyway, even with corrections, values didn’t have a large and good consistence.
A new and better model should be thus adopted.
The Shoup-Szabo one has been chosen. It consisted in a new and more complete
model. In fact, it considered the whole behaviour of current, by didn’t having a
distinction between the two current regions depending on time. The equation [50]
was thus valid in general and with the form:

i = 4nFDer - (0.7854 4 04431772 + 0.2146exp(—0.78237 7)) (4.8)

where 7 was a corrected time and was calculated as

Dt
This new equation has been used to fit data obtained from chronoamperometry.
Values of diffusion coefficient have been reported in table 4.6. One note should be
made: in the equation 7 has been calculated using diffusion coefficients obtained
from cyclic voltammetry. Better results would have been obtained by using proper
iterative methods.

KClI concentration 10 pm 20 pm 50 pm 3 mm
0.5M 7.28 4.07 5.79 9.09
0.05M 2.34 3.88 5.58 7.93

0.006M 2.51 2.87 7.14 8.47
0M 7.56 20.12 6.74 11.72

Table 4.6: Diffusion coefficients [107%cm?/s] of K3Fe(CN)g obtained from
chronoamperometry by using Shoup-Szabo equation.
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Results obtained with the new model seemed to be quite better. In fact, the

order of magnitude was correct. However, great discrepancies between different
measurements were still encountered. In general, it was observed that the values
obtained with this technique were underestimating real ones. Interestingly, the
macroelectrode seemed to behave better with this model, giving diffusion coefficient
more similar to the real ones.
Results could have been improved by using a correct iterative way of calculation,
by inserting diffusion coefficients in the formula of 7 and by considering values of
current after 100ms, in order to avoid strange values due to the rapid variation of
current [39]. Diffusion coefficients obtained with these corrections have been shown
in table 4.7.

KCI concentration 10 pm 20 pm 20 pm 3 mm
0.5M 9.91 9.36 8.37 8.87
0.05M 7.90 8.97 8.07 7.82

0.006M 5.46 7.59 7.33 10.24
0M 6.15 13.40 9.33 13.01

Table 4.7: Diffusion coefficients [107%cm?/s] of K3Fe(CN)g obtained from
chronoamperometry by using Shoup-Szabo equation with corrected calculations.

By using the corrections, it was possible to improve the quality of results.
Values found in this way were more similar to those obtained in cyclic voltammetry.
In general they were also quite consistent and in agreement the one with the other
(apart for the case 20 ym microelectrode in solution 5).

As for every method used up to now, the solution 5 was the one with the largest
variability, due to reduced stabilization. The reduced values of diffusion coefficients
obtained when working with low concentrations of supporting electrolyte could be
connected with the low ionic conductance, which in turn reduced values of recorded
currents.

When using corrections a quite strange effect arose, the macroelectrode reduced
its confidence, due to the fact that this model was developed mainly to work with
very small electrodes.

The mean value of diffusion coefficient for microelectrodes was of 9.21 - 10=5¢m? /s
when considering only solution 2 (the most accurate one) and of 8.40 - 10~%cm? /s
in general (excluding microelectrode with diameter 20 pm in solution 5, which was
too different from the others).
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A further proof that this approximation was better than the one made by using
Cottrell equation, could be seen in figure 4.17.
Anyway, although the verified improvement in using this approach, also with the
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Figure 4.17: Comparison of current fits with Cottrell equation and Shoup-Szabo
one. measurement performed with 20 pgm microelectrode in solution 2.

corrections, this method was not satisfactory enough. For this reason, chronoam-
perometry has not been chosen as a candidate to determine the diffusion coefficient
of KgF@(CN)ﬁ

For sake of completeness, chronoamperometries for every experiment were also
performed in reverse mode. This implied to perform the measurements by inverting
the two steps of potential. In this way, the diffusion coefficient examined was the
one of K4Fe(CN)g. Values have been reported in 4.8.

According to the previously found better consistence of Shoup-Szabo results with
respect to Cottrell ones, values in reverse mode were calculated with the best
method only.
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KC1 concentration 10 pm 20 pm 50 pm 3 mm
0.5M 6.96 7.19 8.49 0.45
0.056M 5.62 1.22 1.75 1.66

0.006M 1.90 1.10 5.07 0.85
oM 4.91 8.40 9.52 1.80

Table 4.8: Diffusion coefficients [107%cm?/s] of K ;Fe(CN)g obtained from
chronoamperometry in reverse mode, by using Shoup-Szabo equation with correc-
tions.

Interestingly the variability of results in this mode seemed to be increased.
Again, a great consistency was not present, so values obtained in this way should
not be considered.

Anyway, an observation could still be made: reverse values of diffusion coefficients
were generally lower than the direct ones, implying a lower mobility of K4Fe(CN)g.
A simple and new idea has been proposed and here reported.
Chronoamperometry could be used to register limiting current values. In this way,
the time varying part had no more meaning and only the steady state one had.
Starting from limiting currents, the same equation used in cyclic voltammetry
could be used.

Values of currents obtained in this way have been reported in table 4.9 and respec-
tive diffusion coefficients in table 4.10.

KCl concentration 10 pm 20 pm 50 pm 3 mm
0.5M 12.78 26.57 65.28 15528
0.05M 10.19 20.99" 62.63 14102

0.005M 9.97" 20.07 56.90 12538"

Table 4.9: Limiting current [nA] values obtained from chronoamperometry for 2
minutes, reported versus KCl concentration (solutions 2, 3, 4 and 5). Comparison
between the three different microelectrodes and macroelectrode has been presented.
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KCI concentration 10 pm 20 pm 90 pm 3 mm
0.5M 8.83 9.18 9.02 35.76
0.06M 8.47 7.25" 8.65 32.48

0.005M 6.89" 6.93" 7.86" 28.88°

Table 4.10: Diffusion coefficients [107%cm?/s] of K3Fe(CN)g obtained from
chronoamperometry, evaluating limiting current (values of table 4.9)

Results obtained with this method seemed to be quite good. In fact a good level
of agreement has been reached between different measurements.
Before analyzing data, however, a little note had to be reminded. Since it wasn’t
possible to control the temperature in the laboratory, some changes has occurred.
A reduction in temperature seemed to be significant for data handling. For this
reason a choice has been done. Values obtained in the first part were all collected
at higher temperatures, while seconds at around 20°C. This lasts were marked with
a blue star.
The mean value of diffusion coefficient calculated at 25°C was 8.83 - 10~%cm? /s,
while at low temperature it was 7.23 - 107%cm?/s. However, by simply recording
laboratory temperature and deciding which of the two values to use, would simply
solve the problem.
Those two values were lower than those get from cyclic voltammetry. A possible
reason could be that, since low times were required, also less oxygen contributions
were present. According to this lower values of current were recorded.
Anyway, they seemed to be consisted and the idea resulted to be quite good,
offering an easy and fast way to determine diffusion coefficients. One limitation
was offered by the fact it was not possible or easy to determine if currents were
recorded exactly on the limiting one plateaux. This method could be used as a
fast and good solution to check and verify measurements obtained from different
techniques.
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4.1.6 Impedance spectroscopy
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Figure 4.18: Example of impedance spectroscopy for solution 2, recorded with
20 pm diameter electrode. Nyquist plot as seen in Nova 2.1.

An impedance spectroscopy has been used in this work. In particular, a frequency
response analysis (FRA) have been chosen.

This technique consisted in imposing a constant bias voltage, with superimposed
an AC signal with lower modulus. The response in current will also be a constant
current with superimposed an AC one. By considering the ratio of voltage and
current, it was possible to have the impedance for every frequency.

What was obtained was the Nyquist plot, like the one presented in figure 4.18. This
plot had on x axis the real component of impedance (resistance) and on the y axis,
minus the imaginary component. The general behaviour was similar to the one
of previous picture: a part similar to a semicircle at high frequency and a linear
rapidly increasing one at low frequency. From this plot many parameters could
be extracted, like equivalent series resistance and capacitance of the double layer.
However, according to the purpose of this thesis work, the Warburg element was
computed.

This component could be used to determine the diffusion coefficient [51], [52], [53]
and [54].

Another plot of usefulness which could be extracted by a FRA measurement was the
Bode one, where modulus and phase of impedance were reported versus frequency.
Bode plot of 4.18 was reported in 4.19. This kind of plot has been also useful to
better find Warburg element.

This parameter was represented by a constant phase element, with a phase of 45°,
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meaning that real and imaginary parts of impedance grew in the same way. During
experiments it was possible to detect Warburg impedance. This value had the
advantage to be connected to diffusion coefficient through the relation:

A A

ZW = = + l

Vw o jyw
where w = 27 f represented frequency effect, j was the imaginary coefficient and
Aw was the Warburg constant. This last could be computed as:

(4.10)

RT

AF?n%c\/2D
By taking the impedance at the frequency for which phase had a constant maximum,
it was possible to get Zy,. Then, by reversing equations 4.10 and 4.11, the diffusion
coefficient was calculated.
The DC voltage at which measurements were performed was equal to the formal
potential of the redox reaction of the couple K3Fe(CN)g = K4Fe(CN)g . The
reason was to work where the reaction was more reversible and it will be better
explained in next section. A comparison between measurements with different bias
voltage will also be presented.
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Figure 4.19: Example of impedance spectroscopy for solution 2, recorded with
20pm diameter electrode. Bode plot as seen in Nova 2.1.

Lissajous plot has also been used to check the right current range, in order to
improve measurement results.
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4.1.7 FRA results

The first important aspect, when dealing with impedance spectroscopy, was to
perform the measurement at the right potential. In fact, as it was found, this one
had a large effect on the shape of the Nyquist plot obtained and thus, in turn, also
on the diffusion coefficient calculated from the impedance value. In figure 4.20, it
is shown the effect of different bias voltage applied during the measurements.

As one could easily see, the effect was really dramatic, leading to really high

o 05 1 15 2 25 s
zZ,.0 x10°
Figure 4.20: Comparison of FRA results when using different bias voltage.
Solution 2 analyzed with 10 gm microelectrode.

results variations. The good choice was found to be at 220mV, the potential at
which the reaction happened and where it was found that the behaviour of CV was
the most linear. According to this, all measurements reported for FRA technique
have been performed using this bias potential.

In table 4.11 the diffusion coefficients, calculated by reversing equations 4.10 and
4.11, have been reported.
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KC1 concentration 10 pm 20 pm 50 pm 3 mm
0.5M 8.73 8.34 2.54 4.6-107°
0.05M 3.06" 5.91" 1.797 3.6:107°"

0.005M 0.75" 1.427 7.11" 5.7-1075"

Table 4.11: Diffusion coefficients [107%c¢m?/s] of K3Fe(CN)g obtained from electro-
chemical impedance spectroscopy. The blue star = represents again measurements
performed at lower temperatures.

The first thing that one could immediately see, it was that the model was
certainly not suited for macroelectrodes, giving results wrong of 5 orders of mag-
nitude. Microelectrodes, instead suffered of large variability, even if keeping the
correct order of magnitude. It was interesting to observe that every result was
underestimating the expectations.

The reason of the possible mismatches in values was found. It was due to the fact
that microelectrodes provided regions with constant phase (those were Warburg
element should have been computed) which were really narrow. For this reason,
even small variations of the analyzed frequency lead to great discrepancies.
It was possible to adjust data manually, by looking at the right frequency case
by case and comparing values obtained from Warburg. However, since the final
goal was to define a procedure to determine an unknown concentration, it has
been decided to adopt a common procedure. It consisted in the use of the Matlab
software to found frequencies for which the derivative of phase was zero (regions of
maximums or minimums).
By having this procedure, it was possible to have a standard method, even if results
were not really consistent. A graphical explanation of the error reason has been
shown in figure 4.21. In this plot, the phase vs frequency has been reported with
an orange line. A blue dashed line represented the theoretical diffusion coefficient
value (that obtained from CV). Finally, blue circles corresponded to the diffusion
coefficients calculated at every sampled frequency, as they were in a constant phase
region.
As it could be seen in the figure, the constant phase region at high frequency was
really narrow, but it was placed in region which gave values in the correspondence
of the true value of diffusion coefficient. The case reported was that of 10 pym
microelectrode in solution 2, which showed the best agreement. Interestingly, not
only the phase maximum at high frequency lead to correct diffusion coefficients,
but also the minimum and maximum at lower ones.

For this reason, it has been decided that, even if the method was correct, it was

66



Redox mediators

A
q X 10 ' 90
®o
9 @ . 080
25} o o] | \o
0 5 o ° /o o
o ~ / \
£ 2 e / 1 O".‘
o Byl o / \
g oN | 60
b ) o | :
E o / i o - &
= 1.5 o (-] JTE % a
o / =
) (o] / =3
= o / O
2 (=] / 140
Qg S S B -
a a \ 5 J 130
o '\\ o Q
0.5% QO experimental D X 0./ o
= = -theoretical D ety 7__)9 (o] 120
phase w
0 \ \ . | 10
10’ 10° 10* 10* 10° 108

Frequency, Hz

Figure 4.21: Graphical explanation of why the EIS method didn’t offered a good
solution to evaluate diffusion coefficient. The coefficient as been calculated for
every frequency, but the correct value is in the phase constant regions alone. Small
errors on frequency can determine very large effects on diffusion coefficient.

not suited to be used in tandem with microelectrodes for this kind of analysis.
The effect of microelectrode radius have been analyzed briefly and a graphical
comparison could be performed by looking at figure 4.22.

<10*

]
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Figure 4.22: Zoom of the Nyquist plots for the three microelectrodes in solution
2 (7.5mM Kj3Fe(CN)g and 0.5M KCI at pH=3, in order to perform a comparison at
high frequencies.
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The main variation was connected to the different capacitance and resistance
values observed.
A further element to analyze was the effect of supporting electrolyte. This last, in
fact had the roles previously described in cyclic voltammetry section. Immediately,
the different ionic conductivity could have been seen, with really different resistances
between the case when a lot of electrolyte was present and the one with the lowest
concentration. Even the capacitance, due to the formation of an electrical double
layer, was strongly affected by the different KCI concentration.
In figure 4.23, the comparison was quite intuitive.

x10°

0.5M KCI
0.05M KClI
0.005M KClI

AR x10°

Figure 4.23: Effect of different concentration of supporting electrolyte on
impedance spectroscopy measurements. Results for 10 ym microelectrode.

For a final consideration, also the role played by the nitrogen was studied. In
particular, this has been done in order to look if it was necessary also with this
kind of fast measurement, to blow it over the solution.

Results (figure 4.24) showed that the main effect was appreciable only for low
frequency. A possible explanation of that, could be that since in this frequency
range the time employed to perform analysis was higher, then also the effect of
oxygen production was more relevant.

For this reason, it has been decided to keep to procedure containing Ny steps, even
if reducing the time of bubbling (being more interested to the high frequency region
behaviour).
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Figure 4.24: Effect of absence of nitrogen cover. measurements with 20 pm
microelectrode in solution 7 (20mM K3Fe(CN)g and 0.5M KCI at pH=3).

4.2 Calibration with different concentration

The great power of determining diffusion coefficient was that it could be easily
referred to concentration. This was the real goal of this kind of measurements.

In fact, in the final measurements, used to characterize the membrane, it was of
interest to find the quantity of ions passed through a membrane. This passage,
would lead unavoidably to a variation of concentration of the solution without
analyte. Thus, by having a proper method to find this concentration would allow
to determine membrane efficiency.

During measurements in cyclic voltammetry, it was shown that currents were
linearly proportional to concentration, while diffusion coefficient remained constant.
In this way, calibration was possible. For chronoamperometry a similar relation was
holding, but connected to the current behaviour in time. In impedance spectroscopy
the parameter of interest, instead, was the impedance, in particular that referred
to the Warburg element.

In this section results for the three methods have been reported. The calibration
has been performed by considering solutions with a constant supporting electrolyte
concentration (0.5M KCI) and three different concentrations of redox mediator
(7.5mM, 10mM and 20mM K3Fe(CN)g), obviously all at pH=3.

Plots of this, in combination with results, will be provided in the following.
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4.2.1 CV results

In cyclic voltammetry the relation of interest was the one providing that the limiting
current was directly proportional to concentration. For this reason 3 different redox
mediator concentrations have been investigated. The values of limiting currents
have been reported in table 4.12.

concentration 10 pm 20 pm 50 pm 3 mm
7.5mM 12.62 26.93 68.71 18059
10mM 17.70 35.15 89.33 22125
20mM 36.05 69.26 179.22 46 289

Table 4.12: Limiting current values [nA], reported versus redox mediator concen-
tration (solutions 2, 6 and 7). Comparison between the three different microelec-
trodes and macroelectrode has been presented.

In order to complete the tests to record diffusion coefficients, limiting current
values have been used to determine this ones. They have been reported in table
4.13. To say that this method was good enough to perform concentration evalu-
ation it was necessary that variability of results should have been the lowest possible.

concentration 10 pm 20 pm 50 pm 3 mm
7.5mM 8.72 9.30 9.49 207.98
10mM 9.18 9.11 9.26 38.22
20mM 9.34 8.97 9.29 39.98

Table 4.13: Diffusion coefficients [10~5cm?/s| calculated, reported versus redox
mediator concentration (solutions 2, 6 and 7). Comparison between the three
different microelectrodes and macroelectrode has been presented.

Good agreement of diffusion coefficient values has been found. Comments on
obtained plots and results were similar to those reported in the first part of this
chapter, so they won’t be repeated (effect of nitrogen, oxygen production, effect
of radius and differences with macroelectrode). The mean value recovered from
microelectrodes was of 9.18 - 107%cm?/s. In particular, since in the last part when
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characterizing ion exchange membranes only one of them would have been used,
the mean values for each of them has been calculated. The smallest microelectrode
lead to a diffusion coefficient of 9.08 - 10~%cm? /s, the 20 um gave 9.13 - 10 5c¢m?/s
and the largest (50 pm of diameter) provided 9.35 - 10~%cm?/s.

A further proof of the goodness of the results has been also checked graphically by
making calibration plots. They were simple plots provided for each microelectrode,
where the limiting currents have been reported versus concentration. In order to
be right, a linear relation should have held between the two quantities. This has
been proofed and reported in plots of figure 4.25.
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Figure 4.25: Calibration plot of CV results for the four electrodes (with diameters
of 10pm, 20pum, 50um and 3 mm). Limiting current versus concentration.

4.2.2 CA results

In chronoamperometry the relation of concentration with current is maintained.
However, by didn’t having a certain value for every case, it was not possible to
show any calibration plot.
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What has been done, instead, it was to calculate the diffusion coefficients with the
corrected version of the Shoup-Szabo model.

concentration 10 pm 20 pm 50 pm 3 mm
7.5mM 9.91 9.36 8.37 8.87
10mM 7.84" 6.42" 8.19" 7.50"
20mM 7.02° 6.24" 7.22" 8.43"

Table 4.14: Diffusion coefficients [107%cm?/s] calculated, reported versus redox
mediator concentration (solutions 2, 6 and 7). Comparison between the three
different microelectrodes and macroelectrode has been presented.

Variation between results determined the level of goodness of the method. As
could be seen in table 4.14 the disagreement between results was still quite high.
The method approached real values, but large variations between different cases
didn’t allowed to use this technique.

It should be also mentioned that, in agreement with expectations, results marked
with the blue star were lower, according to the holding relation of diffusion coeffi-
cient with temperature (see eq. 4.2).

Since the idea to use limiting current values obtained in 2 minutes in chronoamper-
ometry was before proposed, results for this method have been also computed and
reported.

In table 4.15 values of limiting currents have been reported.

concentration 10 pm 20 pm 50 pm 3 mm
7.5mM 12.78 26.57 65.28 15528
10mM 15.59" 30.09" 76.92° 15106
20mM 32.13" 62.17° 155.20" 45 578"

Table 4.15: Limiting current [nA] values obtained from chronoamperometry for
2 minutes, reported versus redox mediator concentration (solutions 2, 6 and 7).
Comparison between the three different microelectrodes and macroelectrode has
been presented.

By using this method, considering limiting currents, the calibration plots were
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again possible to be drawn. In fact they have been reported in figure 4.26.

From the values of limiting currents, instead, diffusion coefficients have been deter-
mined. A good agreement of results were expected. They have been reported in
table 4.16.

Results of diffusion coefficients when considering the limiting current in chronoam-
perometry were quite good, by having a consistence.

Obviously, the difference of temperature played a non negligible effect.

However, considering values in the right temperature range, two distinct diffusion
coefficients could be available. In particular, they were 9.01 - 107%c¢m?/s for 25°C
and 8.05 - 107%cm? /s for around 20°C. This variation consisted in a 11% reduction
of value when decreasing of 5°C the temperature.

The method was found to be good and very useful to determine diffusion coefficients.
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Figure 4.26: Calibration plot of CA results for the four electrodes (with diameters
of 10pum, 20pum, 50um and 3 mm). Limiting current versus concentration.
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concentration 10 pm 20 pm 50 pm 3 mm
7.5mM 8.83 9.18 9.02 35.76
10mM 8.08" 7.80" 7.97 26.09°
20mM 8.33" 8.05" 8.04" 39.37"

Table 4.16: Diffusion coefficients [107cm?/s] calculated, reported versus redox
mediator concentration (solutions 2, 6 and 7). Comparison between the three
different microelectrodes and macroelectrode has been presented.

4.2.3 FRA results

Impedance spectroscopy, differently from cyclic voltammetry or chronoamperom-
etry, was not connected to the study of current. This, again, didn’t allowed to
define any calibration plot.

It was, instead, possible to get values of diffusion coefficient, relating as previously
stated to the Warburg element. Diffusion coefficients for the various cases have
been summarized in table 4.17.

concentration 10 pm 20 pm 50 pm 3 mm
7.5mM 8.73 8.34 2.54 4.6-107°
10mM 7.65" 3.27" 1.06° 8.1-1076"
20mM 2.87" 1.80° 0.31" 8.6-1076"

Table 4.17: Diffusion coefficients [10~%¢cm?/s| calculated, reported versus redox
mediator concentration (solutions 2, 6 and 7). Comparison between the three
different microelectrodes and macroelectrode has been presented.

Large variations between calculated diffusion coefficients were again present,
due to the problems cited previously. Effect of temperature have been still seen. In
any case it was not possible to give much value to those results, according to their
large variability.

As already mentioned and intuited, this method was not able to be used for con-
centration determination.

74



Redox mediators

4.3 Comparison between the three techniques

In order to properly conclude this chapter some comparison and observations must
be done. The reasons for which three different microelectrodes were employed for
measurements were essentially two.

First of all, results could be checked, verifying if obtained values were due to real
effects or just problems of some electrode. In fact, the major issues which could
affect measurements and thus providing different diffusion coefficients were:

1) wrong analyte concentration;

)
2) radius of electrode different from the nominal one;
)

3) temperature different from the one of tabulated values (25°C);

4) further current contributions, like the one due to oxygen impurities.

This four possible sources of error should have been avoided and solutions to
check their presence were required. Errors in analyte concentration were solved
by producing different solutions and by checking them all. Problem of electrode
real dimension has been considered by comparing three different electrodes and by
controlling agreement of results. Temperature effect was unavoidable, but certain
agreement has been tried to be obtained. In particular, measurements were all
performed at around 25°C except a certain group at 20°C ca. However, they
were all reliable, having only a constant shift of values. Finally, currents due to
impurities, depending on the fact that the major one was oxygen, were solved by
bubbling Ny in solution before every measurement and keeping a constant nitrogen
cover while measuring.

The second reason to use three different electrodes was that the "best electrode”
had to be chosen. In principle the choice should be the smallest one, which in
turn should allow for higher sensitivity. However, the sensitivity was not the only
requirement taken into consideration when deciding which one to use. The two
electrodes with the more agreement of results have been found to be those with
diameter of 10um and 20um.

However, in order to define which one to use for next measurements, the choice has
fallen on the 20um one, because it better resisted to high number of cycles and
had no problems of gelation (fig. 4.27), when working at low supporting electrolyte
concentrations. According to this, a tradeoff has been made: a little reduction in
sensitivity has been accepted in order to avoid eventual problems of gelation.
Furthermore, the largest microelectrode, gave results higher of about 3-4% with
respect to other two cases. The cause of this was probably a not perfectly per-
pendicular surface with respect to Pt wire. This provided an elliptical electrode
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surface, with an equivalent larger radius, producing thus higher results and thus
was not suited for this application.
Also the three used techniques have been compared. In fact, the reason for which

Current, nA
(=]

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
Potential vs Ag/AgCI, V

Figure 4.27: Results of the effect of gelation on smallest microelectrode. Com-
parison between solutions 2 and 5 (0.5M KCI and 0M KCI respectively). Gelation
provided the shift in limiting current value).

cyclic voltammetry, chronoamperometry and impedance spectroscopy have been
studied, was to determine which one offered better results and reliability.

The characteristics of the three methodologies were quite different. First of all,
chronoamperometry and impedance spectroscopy were way faster than cyclic
voltammetry. In fact, less than a second was used to acquire CA plot, while 2-3
minutes were used for FRA. Differently, for CV, times varying from 30 up to 80
minutes were employed.

CA and CV, both offered an immediate and simple way to see if reaction was
reversible (in CA by plotting current versus one over square root of time and in

CV versus In (%Z_z) CV and impedance spectroscopy, allowed for an immediate
evaluation of the situation. In fact, a certain behaviour was expected (fig. 4.2 and
4.18) and could be checked while measuring. In chronoamperometry it wasn’t so
easy to understand it only by visual inspection.

Finally, the last and the most important characteristic was result agreement. The
method which guaranteed more continuity between the three used ones was cyclic
voltammetry. Maximum results variations were of 8.3% (comparing 50um with
10pm diameter electrodes). For this value the case with no supporting electrolyte
wasn’t considered, since quite different from the average of other measurements

(problems with smallest electrode, having variations with respect to the largest one
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of 30.4%).

This good value, was way better than those for other methodology. Even the
corrected Shoup-Szabo model made in chronoamperometry didn’t allow similar
confidence (15.6%). Similar results were instead get when dealing with determina-
tion of limiting current in chronoamperometry.

For all this reasons, the final choice fall on an idea. The measurements to check
unknown concentrations were done with cyclic voltammetry, in tandem with record-
ing limiting current of chronoamperometry during 2 minutes of experiment.

In this way, eventual measurement mismatches due to errors in procedures could
be found and easily solved.
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Chapter 5

Ion exchange membranes

Ion Exchange Membranes (IEMs), are a group of membranes which selectively allow
the passage of certain ions, according to their charge. Many types of them exist
and continuous research is done daily in this field.

During this thesis work, a Nafion® 117 membrane, a sulfonated tetrafluoroethylene
based fluoropolymer-copolymer from DuPont, was used. This is a commercial Proton
Ezchange Membrane, commonly used since many years.

The study of this membrane has been done in agreement with the idea to integrate
a DSSC containing a redox mediator (KsFe(CN)g) with a supercapacitor using an
aqueous electrolyte of KCI. The need for a PEM was consistent with the need to
avoid redox shuttling. In this chapter, an introduction on IEMs and their employ-
ment will be given. Fven procedures used to activate the membrane will be shown,
in union with description of the used reference electrodes and the designed H cell
used in the last part of the thesis work.

The studied membrane will be analysed, by giving information on its permselectivity
in different electrolytes. Finally, the ability of Nafion® 117 membrane to confine the
redox mediator will be reported. Considerations will be performed on the possibility
to use this membrane in the integrated HS device.

5.1 Theory

After having explained the importance and need of realise an integrated HS device
[55], some practical facts must be seen to start the project.

DSSC and some supercapacitors are based on redox reactions. In DSSC those
reactions happen in the electrolyte and are used as a sort of electron carrier. In
fact, by varying their valence number, they can take or restore electrons at the two
electrodes. This allows the cell to work. Supercapacitors can be based on the electric
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double layer effect. However their performances can be improved by employing
redox mediators, both for using pseudocapacitance and active electrolytes [56].
They substantially store charges by varying the valence number of some atoms.
These charges are then released when an external circuit is connected to the
supercapacitor.
When one tries to integrate a DSSC with a supercapacitor, one of the first problems
encountered is the problem of redox shuttling. It consists in the leakage of ions
between the two parts of harvest and storage. These, in turn, will cause the
discharge of the supercapacitor. Moreover secondary and sometimes dramatic
effects may happen (for example iodine, used in DSSC, can corrode electrodes of
the supercapacitor).

In order to avoid this problem the idea which immediately comes to mind is to

Figure 5.1: Nafion® 117 membrane.

use ion-exchange membranes. They consist of materials which allows the passage
of ions with a determined charge. As the used membrane was a polymeric one,
from now on, the focus will be on polymeric [EMs.

In particular, some active sites are present on main chains of the polymeric matrix.
Only ions with the opposite charge can pass through the membrane (the so-called
counter-ions). Co-ions will be blocked, instead. The ability of a membrane to
allow the passage of counter-ions while repealing co-ions, is represented by the
permselectivity.

Ion-exchange membranes have been widely used in microbial fuel cells (MFC),
redox-flow batteries (RFB and especially VRFB) and electrodialysis (ED). Here
they are employed to avoid the passage of ions, in order to reduce shuttling, or in
the case of ED for separate salts from a solution. Examples of their use in MFC
are reported in [57], where a Nafion® membrane is used. This one is one of the
most used, since it offers very good results and has been produced for many years.
It is a proton-exchange membrane, but cations can easily permeate it. For years it
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represented a standard in ion-exchange membranes and it still has a dominating
role.

However MFCs based on proton-exchange membrane suffer of undesired cations
passages between the two separate chambers of catholyte and anolyte. In order to
reduce and maybe eliminate this problem also anion-exchange membranes were
studied [58]. AEM offer the advantage to block cations like Na™ and Cu®**. However
H* can still pass, due to its very small dimension. Anions can freely move, but are
generally not present or non-problematic. In conclusion the device can work better
using AEM instead of PEM. The only limit which still reduce this configuration is
that this kind of membranes still have low permselectivity.

An analogue speech can be done where redox reactions at cathode and anode must
be kept separate. Also here AEMs seem to lead to better result. Some cases of
membranes used in RFB have been reported in [59], [60], [61] and [62]. Advances
in membranes for redox flow batteries could be found summarized in [63].

By looking at interesting results for MFC and RFB it appeared to be quite obvious
to apply the technology of ion-exchange membranes also to REHES (Redox aided
Electrolyte Hybrid Energy Storage [64], [65]) devices. Many works showed the
positive effect of IEM in REHES devices, demonstrating that redox shuttling can
be reduced with a consequent reduction of leakages and performance improvement
[66] and [67].

Due to these results it appears interesting and useful to characterize new IEMs
for the development of newer and better integrated HS devices. Many parameters
could be evaluated in order to characterize Ion Exchange Membranes.

First of all, the water uptake can be considered. It is defined as the amount of
water which can be absorbed by the polymer. The formula to calculate this factor
is

Mswollen — Mdry

W, =

(5.1)

mdry

The two values mg,, and Mgyouen are simply obtained by measuring the weight
of the membrane before and after immersion in water. This factor has a relevant
impact on the working of the membrane, since a good one should have no water
uptake. In this thesis work this has also been evaluated and very good results have
been found and shown in sec. 5.5.1.

One other important parameter, probably the most signifying one, is permselectiv-
ity. This factor takes into account how much a membrane can discriminate between
co-ions and counter-ions. It will be treated in more detail in section 5.5.

The work of this thesis fixed as the focus the characterization of this kind of
membrane, using mainly diffusion coefficient evaluation as better explained later.
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5.2 Activation

Before using, membrane must be activated. This process has been done in order to
remove impurities and activate sites with desired ions.

The used procedure consisted in some steps, similar to those followed by [68], where
a Nafion® 115 was used.

First of all, the membrane was rinsed with deionized water. After that it was
placed in a solution of hydrogen peroxide (3% in weight). This was heated to 80°C
for one hour.

After this step, again a rinsing with deionized water and a second bath in 1M HCI
at 80°C for one hour were performed. After a further rinsing step, the last bath in
the 1M solution of the desired salt was done. A final rinsing with deionized water
gave the activated membrane.

The passage in HyO4 solution was fundamental in order to remove larger impurities.
In fact, it was possible to notice that the membrane was of a light yellow before
the bath and completely transparent after that. HCI, thanks to its acid nature,
allowed the activation of sites.

The final bath allowed functionalization of sites with the desired ions, in this work
Lit, Na™ and K.

Membranes obtained in this way were able to be used in experiments. They were
stored in a plastic Petri dish, in dark. The only step required before its use was
the rinsing of the membrane with deionized water with the subsequent drying.

5.3 H cell

Ion exchange membranes have been characterized in an appropriate container, called
H cell. For the part of permselectivity determination, a cell already present in
laboratory was used. This was quite large, with a total volume of 50mL. It allowed
the insertion of two Ag/AgCl reference electrodes, needed for the measurements
(see later in section 5.5).

For the second part (concentration determination with cyclic voltammetry), instead,
a new and smaller H cell has been used.

This device has been designed and projected thanks to SolidWorks®. In order to
have a good cell, some issues have been considered:

o Little chambers volume, to minimize necessary amount of solutions;

o Lateral transparent windows, useful to verify internal situation (like elec-
trode positioning, presence of bubbles and eventual leakages between the two
chambers);
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o Correct dimensions of vertical pipes, to hold electrodes;

» Little opening between the two chambers, to minimize both membrane area
and force due to hosmotic pressure;

 Internal conical shape, to reduce trapping of bubbles on the membrane.

According to these, the layout of figure 5.2 was obtained.
Following the design step, the two halves of the final cell were printed in 3D in the

Figure 5.2: Design of the half-cell

Politecnico laboratory of Chivasso at Chilab. After the removal of sacrificial layers
and an accurate polishing, the structure still presented two open windows. Those
were closed by sealing with two pieces of PMMA. The used glue was a mixture
20:1 (in weight) of SYLGARD™ 184 silicone elastomer base and SYLGARD™
184 silicone elastomer curing agent. A step of curing was required, by placing the
two half cells on an hot-plate at 80°C for 24 hours.

The last thing necessary to have a working cell, was to produce some elastomeric
rings, used to seal the two half cells, avoiding leakages and fall off of the membrane
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in between. These gaskets have been produced with the same mixture used to glue
the lateral windows. The silicone elastomer was placed in a circular mold on an
heated hot-plate at 80°C for 2 hours.

The H cell could be assembled by placing membrane on the gasket and inserting
these two in between the two parts of the cell. Then it was all closed tightly by
using four screws and nuts.

The resulting assembled cell had a total capacity of 13mL.

The final H cell has been shown in figure 5.3.

Figure 5.3: View of the completed H cell

5.4 Reference electrode

A brief comment on the reference electrode has been thought to be necessary.
First of all, it must be said that reference electrode have the peculiar ability to
keep their potential constant. This is possible thanks to redox reactions which
maintain the potential in equilibrium.

In an Ag/AgCl reference, the reaction

AgCl + e = Ag + ClI™
governs the working of the electrode. The potential is calculated as [32]:

RT

Euaglager = Egg|AgC’l - ?hlacz (5.2)

remembering that E919|AgCl = 0.222V vs NHE (25°C). The potential will depend
thus mainly on the redox reaction potential and also on the filling electrolyte used.
The Ag/AgCl reference electrode used in this work was filled with 3M KCI. The
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structure of electrode was of a silver wire covered with silver chloride immersed
in a 3M KCI solution. This was contained in the glass cover and worked thanks
to a wide membrane on the lateral section of the electrode. It was a HI3148B of
HANNA instruments.
The initial choice for reference electrode was this one. This was in fact used for all
the first part of measurements, those concerning diffusion coefficient calculation.
However, in order to conform to the requirements for a little H cell, a smaller one
has been preferred in the second part. This lead to some variations between results
obtained during the first part of the work and the final in the H cell when testing
membranes.
This wasn’t a problem, since the only found variation was in the open circuit
potential (OCP) of the reference electrodes. This variation was found to be stable
and it was measured before every experiment. This shift in potential was of around
700mV.
By adding this difference to the usual values used with macroelectrodes, consistent
results were obtained and therefore the new reference electrode was considered as
good and reliable.

This new possibility for measurements consisted in a platinum rod.

Figure 5.4: Aspect of the platinum wire used as pseudo-reference.

This was a pseudo-reference electrode. Differently from classical electrodes, a Pt
rod can’t reach stabilization with thermodynamic equilibrium. This is due to the
lack of a common ion at the interface of the two phases [69], [70].

Further disadvantages of pseudo-references are their polarizable nature and the
fact that they work in a limited range of conditions like pH or temperature.
However pseudo-references also offer some peculiar advantages. In particular, they
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are generally very simple (like the previously mentioned platinum rod, fig. 5.4) and
can be directly immersed in electrolyte solutions. They don’t show liquid junction
potentials and even the ohmic resistance is really small. Furthermore, pseudo-
reference electrodes have the great advantage to not contaminate the solution with
molecules or ions.

The potential of pseudo-references can be easily determined by inserting it in the
desired solution and then, thanks to a reference electrode, a comparison can be
performed. New measurements must adjust the reference potential according to
this.

For the part of permselectivity determination, instead, a further Ag/AgCl reference
electrode filled with 3M KCl was used in couple with the one previously mentioned.
This other Ag/AgCl reference electrode was from MetrOhm.

This little note on reference electrodes was necessary in order to understand different
potential windows used in experiments.

5.5 Permselectivity

Since the mission of Ton Exchange Membranes is to discriminate between ions and
co-ions, the testing of this ability is necessary. In particular, in order to compare
performances, an adequate parameter should be used.

It is the case of permselectivity. It has been defined by ITUPAC in 1993 as "A
term used to define the preferential permeation of certain ionic species through
ion-exchange membranes" [71].

Permselectivity can be determined by measuring the potential which is developed
between two solutions of the same electrolyte, but with different concentrations,
separated by the investigated membrane. A good solution can be to use KCI
solutions, since potassium and chloride ions have similar mobilities [72]. Instead,
the use of sodium chloride can give potentials when two different concentrations
are put in contact, also without an ion exchange membrane in between. This is
due to the large difference in sodium and chloride ions.

The potential between the two solutions separated by the membrane must be
measured by two identical electrodes. In particular, they must have the same
potential, in order to avoid further contributions in the reading. If electrodes don’t
have the same potential two possible solutions are available. First of all, electrodes
can be switched from one solution to the other in the middle of the measurement
and then get the average, or by calculating the open circuit potential between both
when no membrane is present.

An electric potential arises across the interface of an ion exchange membrane when
exposed to a gradient of ionic concentration. The potential which originates is
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called the Donnan one and can be calculated as

_ 1 a; _
Emw—m—@—%FPHh%—(P—Pﬁﬂ (5.3)
where W is the permselectivity, z; represents charge number of ion i, a; is the
activity of ion i, P is the pressure and Vj; is the volume of ion i. The letters marked
with an over bar represent properties of membrane, while those without are referred
to the solution.

Applying electroneutrality to the Donnan potential equation will give the Donnan
membrane equilibrium equation (see eq(3) in [73]).

The permselectivity of a membrane can be calculated as the degree at which it
excludes co-ions. It can be obtained from

po1-m (5.4)
tm

where t,, represents the transport number of counter-ions. A perfect membrane
would have a permselectivity of 1, meaning that no co-ions can pass through it.
By measuring potential at interface of two solutions with different salt concentration
separated by an ion exchange membrane, it is possible to determine transport
numbers. From these, then one can get the permselectivity value.
In this thesis work a similar, but slightly different method has been used [74].
The formula of permselectivity thus used was

—Lmem 4 1 2,

Emem—idea.l
= 5.5
a o (5.5)

where t, and . are the transport numbers of counter-ions and co-ions, respectively.
They can be calculated as

b= |24 1Dy
? 24Dy + |2 |D-
o |z_|D_
a4 Dy + |2 |D-

where D_ and D, represents diffusion coefficients of anions and cations respectively.
Their values were taken from [75]. Further information and notes could be found
in [76].

Eem is the potential previously determined starting from the measured one minus
the two contributions references and junctions at their interfaces.

Eq. 5.5 gives the apparent permselectivity calculated from the measured potentials.
This method is a quite accurate approximation of the permselectivity of the
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measurement as it takes into account also ion mobilities. This technique is more
centered on the study of junction potentials at interfaces between two solutions
with different electrolyte concentration.

This is important since reference electrodes were filled with a 3M KCI solution, so
different mobility of ions played a role also at the junction with solution.

First of all, the potential between the two solutions was measured. The obtained
value was the sum of many contributions:

Emeasured = Emem + AE17'ef + AE] (56)

where E,,., is the real potential on the membrane, the one which should have been
obtained in order to calculate permselectivity.

AE,.; represents the potential difference between both electrodes. It was measured
before every experiment, by simply inserting the electrodes in the 0.5M solution
used for the measurements. This value represented a non-ideally working electrode,
since their potentials can be considered equals.

AF;, instead, takes into account the contribution of the potential that arises at
the interface between the electrode and the electrolyte. It is calculated through
the corrected Henderson equation

B — 2 % [ai(2) — a;(1)] ﬂ nZi |zi|uiai(1)
TNz [ai(2) — a(D)] F Y |zusai(2)

where u; stands for mobility of ion i (in m? - V=1 - s71) and q; is the activity of ion
i. The two variables 1 and 2 were referred to the solution which was considered.
For convention, always according to [74], solution 1 was the one which filled the
electrode, while solution 2 corresponded to the electrolyte.
Once the contributions of both E; and E,.; are considered, the real potential
on the membrane are obtained. This one could be easily used to calculate the
permselectivity.
The evaluation of the permselectivity obtained in this way, was connected to the
evaluation of the potential with the theoretical one (E,,em—idear)- This last could
be mathematically derived from the Nernst equation

RT ap.5

Emem—i eal — ———In— 5.8
deal ZgF nao_1 ( )

(5.7)

where a is the activity of the salt (in this work, three cases were considered: LiCl,
NaCl and KCl) and subscript referred to its concentration.
So, resuming all the work done to measure permselectivity, the steps are:

« determine potential between two solutions with different concentration (0.5M
and 0.1M) separated by the membrane (Nafion® 117 with different activation
salt);
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o subtract from this value contributions determined by reference electrodes and
their interfaces;

 calculate the theoretical value of the potential for the analysed case;
« calculate permselectivity with eq. 5.5.

Results were produced by considering not only the four possible activation (HCI,
LiCl, NaCl and KCl), but also three different electrolytes. All measurements were
performed by inserting in a side of the H cell the solution less concentrated (0.1M)
and in the other the more concentrated one (0.5M). The area between the two
chambers, completely covered by the ion exchange membrane was circular, with a
diameter of 5mm. The H cell for this characterization was larger than the realized
one, with a total volume of around 50mL. The larger dimension allowed for the use
of good Ag/AgCl electrodes. The setup has been shown in figure 5.5.

In order to minimize contaminations between different measurements, the adopted

Figure 5.5: Setup used to measure permselectivity of the Nafion® 117 membrane.

sequence of experiments consisted in studying before every combination for a certain
electrolyte and only after, passing to the new one. When electrolyte was changed,
great attention has been paid in washing the H cell. Also in order to minimize
possible contaminations or variations of concentrations, one chamber of the cell
was completely dedicated to the 0.5M solution and the other to the 0.1M one.

In next section, the studied cases will be reported with results. Comparisons will
be performed with the different combinations of electrolyte and activated membrane.
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5.5.1 Results

Permselectivity of Nafion® 117 membranes was calculated given its importance for
possible applications on its integration in a harvest and storage device.

As previously seen, the membrane had to be activated in order to exploit its
functions. However, different types of activation were possible. One of the goals of
this part was also to find which one of them worked better in the case of this work
thesis: a KCI containing solution.

Values of permselectivity, calculated according to the procedure explained in previ-
ous section (from [74], by using eq. 5.5), have been reported in table 5.1.

salt of electrolyte || HCI activ. | LiCl activ. | NaCl activ. | KCI activ.
LiCl 77.11% 86.15% 82.49% 88.16%
NaCl 95.34% 94.45% 94.93% 100.15%
K(l 97.45% 99.24% 98.62% 98.77%

Table 5.1: Values of permselectivity obtained for the various combinations of
membrane activation (columns) and electrolytes (rows).

From the previous results, a direct relation between cation size and permselectiv-
ity can be observed, apart from the case of NaCl as electrolyte and the membrane
activated with KCL.

This size exclusion comes from the fact that the bigger the ions, the easier for the
membrane to block them. Also it is worth to notice that the membrane activated
with HCI didn’t show proper performances with LiCl as electrolyte.

Some further notes should also be reported. In fact, since available data for ion
diffusion coefficients and activity coefficients were not always present, two impor-
tant approximations in calculations have been done. First of all, the diffusion
coefficients were considered equal to those in infinite dilution (see table 5.2). This
first approximation lead to an error in results estimated in less than 1%.

K+ Cr
1.957 | 2.032

Lit
1.029

Na™
1.334

Table 5.2: Values of ion diffusion coefficients [10~°cm?s™!] (in infinite dilution
conditions) for all electrolytes considered. Values from [75].
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The second relevant choice, was instead performed in the evaluation of the
junction potentials. In fact, due to the lack of data with right concentrations, the
adopted standard was to use mobility values in infinite dilution. This approxima-
tion, also found in [74], was proved to lead in variations of E; of less than 0.4mV.
This, in turn, implied an error on permselectivity of around 1%.

These notes on approximations were necessary, in order to justify the value for
the combination NaCl electrolyte with KCl activated membrane which showed a
permselectivity value of 100.15% (which was obviously a non physical condition).
This data should be interpreted, thus, as a small overestimation of a high perfor-
mance membrane.

Also the variations due to approximations seemed to justify another observed case
with NaCl electrolyte. By looking at the table of permselectivity values, it can be
noticed that HCI activation seemed to be the worst one. Only for NaCl it was not
valid. Nevertheless, this small variations in results (less than 1% in the previous
case) can be attributed to those approximations.

In general, the electrolyte containing KCl was the one, giving the higher values
of permselectivity. In average, for this electrolyte case, the permselectivity was of
98.52%, with also a very small variation of results (1.8%).

This was particularly important, since the studied solution containing the redox
mediator of this thesis work (K3Fe(CN)g) used always KCl as supporting elec-
trolyte. The fact that high and slightly variable permselectivities were obtained for
this electrolyte, showed good prospects for the use of Nafion® in this project: an
integrated HS device made of an aqueous based DSSC with electrolyte containing
the studied redox mediator, in combination with a supercapacitor using KCI.
This was a preliminary and necessary condition, however, in order to be sufficient,
also the passage of Fe(CN)g> ions should be evaluated. Results have been reported
in next section.

On the other side, the effect of osmotic pressure was appreciable. In fact, at the
end of each measurement (around 2-3 hours), the membrane presented a deformed
surface (see photo shown in figure 5.6). This consideration, lead to no practical
effects on measurements and didn’t represent a problem in studied cases. However,
during the realization of a real device it should be considered, especially if large
devices or big chambers are present (leading to membrane break). During measure-
ments, no one of the studied membranes broken or produced leakages, confirming
expected high mechanical performances of Nafion® 117.

Water uptake represents an important parameter for ion exchange membranes.
It should be the lowest possible, meaning a perfect hydrophobicity. IEMs, in fact,
should allow the passage only to certain ions, but those with opposite charge and
solvent should not pass. If water uptake is high, it means that water can pass
through.
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Figure 5.6: Effect of osmotic pressure on the membrane.

For sake of curiosity the water uptake of a piece of Nafion® 117 membrane activated
with LiCl was studied when immersed in a 0.5M KCI solution. The mass of the
membrane was collected in the dry state (after 24 hours in oven at 60°C) and in
wet condition. In order to check if time played a role in the value of the water
uptake, two measurements were performed: the first after 1 hour of immersion and
the second after 24 hours.

The values of mass were mg,, = 39.2mg in dry state, myen = 40.1mg after 1 hour
of immersion and M2 = 40.3mg after 24 hours.

The corresponding results of water uptake were of w; = 0.023 and wyy = 0.028. Con-
sidering that the uncertainty of the weight scale was of 0.1mg, the variation in one
day was quite contained and the value didn’t vary appreciably with time. Those two
values (calculated with eq. 5.1) implied a good membrane, with small water uptake.

5.6 Determination of redox mediator concentra-
tion variations

The second method of characterization of the ion exchange membrane was that
through evaluation of diffusion coefficient. In particular, results obtained in chapter
4 have been exploited, in order to evaluate membrane performances.

The idea consisted in putting the membrane in between of the designed H cell to
separate a solution containing the redox mediator and one not. The solution con-
taining redox mediator had a concentration of 20 mM K3Fe(CN)g. Both solutions,
instead, contained 0.5M KCI.
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The studied membrane was again a Nafion® 117 one. After the results of permse-
lectivity, according to the use of the electrolyte, the choice of activation fell on the
one with LiCl. A further possibility, not considered in this work, was that of using
the membrane activated with KCI, in order to reduce contaminations from Li™
ions. However, the choice has been taken only according to permselectivity values.
The role of the membrane was that of keeping confined the redox mediator. The
tests were necessary in order to determine if this particular PEM was suited for
the use in an integrated HS device.

The adopted setup consisted in three electrode measurements, where the 20 ym
microelectrode has been used as working one, according to results and analysis of
chapter 4. Both counter and reference electrodes were platinum rods, those defined
previously and with different dimensions (bigger and smaller respectively). The
choice was consistent with the need of compact solutions.

The initial idea was of using both cyclic voltammetry and chronoamperometry (in
the experiment of limiting current evaluation alone). However, as will be see in the
next subsection, this has not been done. Reasons will be explained later.

In the following, results will be shown and discussed.

5.6.1 Results

After having assembled the setup, measurements of both cyclic voltammetry and
chronoamperometry were made. The idea was that of recovering limiting current
values and starting from them to found also concentration of redox mediator. A
perfect membrane would have lead to zero concentration, since working electrode
was placed in the chamber without K3Fe(CN)g. A not good membrane, instead
would have produced noticeable signals, revealing the passage of ions.

What has been immediately seen was that no ions passed through the membrane,
according to the fact that no concentration variation was detected. measurements
have been repeated every 12 hours, keeping always the setup sealed at the best of
the possibility, in order to avoid evaporation or problems of capillarity.

The total time considered for the whole experiment was of five days. During all
this period no redox mediator concentration has been found in the second chamber.
Results obtained at the end of the test could be seen in figure 5.7.

As could be seen in the figure, no variation of the profile was present at around
-0.45V, where the redox reaction took place. This meant that no analyte had passed
through the membrane during the 5 days. In order to have an idea of what would
have meant to have no membrane was also represented. The profile of the CV in
the same setup, but where no membrane was inserted was also shown.

The concentration on the solution where redox mediator was present was of 20mM.
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Figure 5.7: Cyclic voltammetry comparison between results obtained after five
days and the case of redox mediator on both sides of the cell.

This in turn, lead to a concentration of 10 mM in the whole cell, when the mem-
brane wasn’t inserted. Obviously a very different profile would have been obtained,
as can be seen.

Always according to the figure 5.7, it was quite immediate the reason for which
chronoamperometry was not a reliable method, in particular, referring to the case
of analyzing only its limiting current value.

In fact, due to the ohmic resistance of both water and membrane, according to
a capacitive effect due to the interface of microelectrode with solution, the value
of current at 0.8V was not zero. From CV the cause of this value was clear, but
referring only on chronoamperometry, this would have lead to errors and possible
mismatches. In fact, if considering values of current obtained (around 2 nA), would
have produced concentrations of 0.6 mM. This would have been wrong.
According to that, the chronoamperometry was not used to evaluate performances
of the membrane.

After having looked at results of the previously described plots, the possibilities
were 2. First, the experiment was correct and the studied membrane had a very
good behaviour, making it very suitable for an employment in integrated HS devices.
Anyway, a second possible explanation was that the experiment had some intrinsic
problems which lead to these results.

In order to confute this second eventuality, a further proof has been provided. The
same experiment has been performed, but a little change has been done. The
membrane has been perforated with a needle, with a diameter of 0.7mm. The
pressure between the two compartments had also effect on the membrane, reducing
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thus the hole. In this way, the expectations were of having a little passage of ions
with time between the hole in the membrane.
Results for these measurements has been reported in figure 5.8.

As could be seen, large variations between measurements performed at different

Current, nA

-1 09 -08 07 06 -05 -04 -03 -02 -01 0
Potential vs Pt, V

Figure 5.8: Evolution with time of CV results for a broken membrane.

times were really appreciable. Furthermore, also the colour of the solution (which
at the beginning was transparent, when containing only 0.5M KCI) turned to a
slight yellow with time.

This time evolution of the passage of redox mediator has been thus evaluated
as the variation of concentration. Results have been presented in table 5.3 and
graphically shown in figure 5.9 to highlight the linear variation with respect to time.

time (h) 0 1 2 3 4 5

concentration (mM) || 0.00 | 0.29 | 0.81 | 1.26 | 1.74 | 2.27

Table 5.3: Concentrations of K3Fe(CN)g in the chamber of the H cell, reported
in function of time when membrane has been broken.

To better understand the entity of the redox mediator concentration variation,
in figure 5.10, the evolution with time has been compared with a case with no IEM,
thus with a concentration of K3Fe(CN)g of 10 mM.

This final check provided that the broken membrane allowed the passage of ions,
while the integer one didn’t. In this way, it has been proofed that the Nafion® 117
membrane activated with LiCl, was a good one, with really high performances and
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Figure 5.9: Concentrations of K3Fe(CN)g in the chamber of the H cell, reported
in function of time when membrane has been broken.
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Figure 5.10: Evolution with time of CV results for a broken membrane compared
with the case of no Nafion® present.

efficiencies. This in turn, would make it to be the perfect choice in the integration
of a DSSC containing K3Fe(CN)g, with a supercapacitor.
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Chapter 6

Carbon electrodes for
supercapacitor

The final part of this thesis work was devoted to the realization and characterization
of an active carbon electrode. This component showed a supercapacitive effect. Many
different tries have been done, varying slurry composition, until a satisfactory level
was reached.

The redox shuttling effect in presence of KgFe(CN)g was also found and demon-
strated. This confirmed the need of using a good IEM, like the one analysed in
previous chapter.

For a quick and easy check, also a glassy carbon electrode has been studied, having
the advantage to be already realized and with known behaviour. It offered a simple
and fast way to take confidence with measurements, before passing to the fabricated
electrode.

Finally also a supercapacitor has been realized, by using electrodes with one of the
studied slurries. Its performances have been evaluated, both in normal working
conditions and simulating a leakage of redox mediator.

In the following the procedures used to build electrodes and results will be presented.

6.1 Realization of electrodes

Three different slurries have been employed in this thesis work. In particular, each
one of them had some peculiar characteristics which allowed their employment
only in certain configurations. In the following both lists of components ratios and
methods of electrode realization have been shown.

The first electrode has been realized starting by the slurry preparation. The
composition was:
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Figure 6.1: Some of the carbon-based electrodes produced for the simulation
of a supercapacitor working in aqueous solution (from left to right: slurry 1 on
steel grid, again on steel grid, but in a narrower region, pressed as disc on Ti grid,
dropcasted on Ti grid, rolled on Ti grid, as disc pressed between two Ti grids on
a glass, pressed on a Ti grid over a glass, thanks to a thin paper and slurry 2
deposited on steel foil).

o 85% Kuraray active carbon for super-capacitor electrode, model YP-50F;

o 10% TIMICAL SUPER C45 for applications as conductive additive for lithium-
ion batteries (carbon black);

« 5% Polytetrafluoroethylene preparation (PTFE)*.

*considering 60% dispersion in water. Percentages were referred to proportions in
weight.

The active carbon had the important role of providing a good wide surface of
the electrode, in order to enable double layer capacitance effect. The conductive
additive was obviously used to improve conductivity of the electrode. Finally PTFE
had the role of binder.

After having weighted the three components to have a final active mass of 1g (0.85g
active carbon, 0.10g black carbon and 0.083g PTFE solution), around 20 mL of
ethanol were added. The beaker containing the mixture, was covered all around
with a thermal cloth, made of two layers of paper and one of aluminium sheet.
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Then the beaker has been placed on an heater, inserting a magnetic stirrer, under
chemical hood. The temperature was held at 60°C for one hour and then raised
to 80°C, until most of ethanol was evaporated. The reason of inserting ethanol
was that PTFE started to soften, also according to heating. Stirring allowed
an homogeneous mixing, while heating made ethanol to evaporate. In this way,
PTFE could well act as binder. The final result was a soft slurry, with an elastic
consistence.

After the production, the slurry had to be incorporated in the electrode structure.
For this electrode, the supporting metal chosen was titanium. In particular, a Ti
grid was used.

The incorporation of slurry in the metal grid has been performed thanks to two
rolls. These ones, by rotating at very low distance and exerting a certain pressure,
allowed the inclusion of carbon-based composite in the grid. The used steps for
slurry laying were the following:

knead of slurry with hands;

» press on a plastic paper to have a thin layer;

o wet with some droplets of ethanol;

 roll with one large distance between rolls;

o fold up the slurry;

» repeat these two last passages for other 2 times;

e reduce distance between rolls and repeat previous rolling steps;

o reduce for the last time and repeat of rolling steps;

e wet with ethanol;

« cover both sides of the top of a Ti grid with the obtained thin layer of slurry;

e roll at a high distance and repeat previous steps to arrive to the desired
thickness;

o remove excess slurry with the help of a cutter;
e leave in oven at 60°C for 24 hours.

On the used machine the initial distance between rolls was "4", while the final one
was "2". The instrument to perform rolling was a common pasta machine.
The material deposited on the grid has been weighted and geometrically measured,
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in order to have information about area and weight. This allowed normalized
calculations of capacitance.

Further trials have been also done by using a steel grid, but with the same procedure.
Even a steel foil has been tried to be used in the same manner.

A second slurry, in order to have better results of adhesion on steel and titanium
foil has been produced by adopting the following ratio:

o 80% Kuraray active carbons for super-capacitor electrode, model YP-50F;

e 10% TIMICAL SUPER C45 for applications as conductive additive for lithium-
ion batteries (carbon black);

» 10% Polyvinylidene (PVDF);
o dimethyl sulfoxide (DMSO).

The final consistence of this new slurry was not a soft and dense one, but a liquid
and viscous one. Furthermore, since changing both binder and solvent, even the
formation of the slurry was different. For these reasons a completely new technique
has been used for the production and incorporation on electrodes.

The steps performed to realize it, were:

o weight 10mg of PVDF;
e add 1mL of DMSO;

o heat at 60°C with stirring for 15 minutes, in order to make the solution more
viscous;

e add 80mg of active carbons and 10mg of carbon black;

 heat at 80°C for nearly 24 hours (up to when the slurry started to be more
viscous);

o spread the slurry on a metal foil, thanks to a bar with a known high (1.5mm);

o leave the solvent to completely evaporate in vacuum;
o heat at 60°C for 24 hours.

In order to delimit a well defined area on the steel/Ti foils, it was possible to make
a little cut with a sharp knife and then remove the excess slurry with few acetone.
Particular attention had to be paid in this case, avoiding the damage of the realized
electrode.

Finally, even a third slurry has been produced, again with a liquid consistence (like
the previously cited one). This last studied components combination was adapted
from [77]:
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0.1mL of ethanol;

0.1mL of isopropanol;

30uL of Nafion® solution (5wt.%);

bmg of active materials (of which 85% Kuraray active carbons YP-50F and
15% carbon black TIMICAL SUPER C45).

The preparation was really easy, consisting only in the weight of all materials and
in the following sonication at 59 kHz for 30 minutes. After that a liquid slurry
has been obtained. This has been made drip on the desired support. At the first
trial a glassy carbon electrode from MetrOhm has been used, in order to check the
goodness of the slurry, successively a larger titanium foil has been used.

The comparison of GC electrode before and after treatment have been shown in
figure 6.2, while in figure 6.3 it has been reported the deposition on Ti foil.

Figure 6.2: Glassy carbon electrode before and after the deposition of the slurry
3, obtained when using Nafion® resin solution as binder

After all these different preparations on various supports, a further type of
electrodes has been developed. This lasts, using the same slurry of the first shown
ones, was in the form of small discs, with a diameter of 18mm.

This new shape of electrodes could not be used in the same system of the others,
needing to be pressed in another type of cell (EL cell, see section 6.4).
Results obtained for all those electrodes have been reported in next section.
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Figure 6.3: Electrode obtained when using Nafion® resin solution as binder,
deposited on a titanium foil.

6.2 Results for Glassy Carbon

The measurements performed in this chapter had as general goal the testing of the
treated Nafion® membrane through supercapacitive electrodes.

In general the aspect of interest was: the functioning or not of the membrane to
avoid redox mediator passage and thus also avoiding redox shuttling.

Since all electrodes here presented were based on active carbons, a preliminary
test could have been done. In particular, this first trial has been performed with a
commercial glassy carbon electrode from MetrOhm.

The measurements performed were of cyclic voltammetry and of charge-hold-
discharge. The importance of the first technique lied in finding the correct potential
range. The criterion used was of determining the one where the coulombic efficiency
was higher than the 98%. The scan rate used for all cyclic voltammetries was
20mV/s.

For the glassy carbon electrode, the range which gave more than 98% of coulombic
efficiency was the one —0.5V =+ 0.4V

In figure 6.4 it has been presented the cyclic voltammetry obtained in the following
system:

« GC as working electrode in chamber (a) of the H cell containing only 0.5M
KCI,

« reference and counter electrodes, both in the form of platinum rods, in chamber
(b) of the cell, where solution 7 was present (20mM K3Fe(CN)g + 0.5M KCl).

In red it has been shown the results for this system case. Then the insertion of
some drops of solution 2 (containing 7.5mM K3Fe(CN)g) in chamber (a) to simulate
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leakage of redox mediator has been considered and reported.

As could be seen, the main effect of the presence of KsFe(CN)g in the chamber of
working electrode, lead to the formation of the redox reversible reaction at around
-0.1V and to an increase of the difference in currents before and after the reaction.
At a first glance one could thought that this was beneficial for the supercapacitive
effect of the electrode, since also the area in the CV increased. However, what

increased was only the current, since also the contribution from the reaction of the
couple K3Fe(CN)g/K4Fe(CN)g was added to the previous behaviour.
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Figure 6.4: Effect of adding redox mediator in the electrolyte when evaluating
cyclic voltammetry of the glassy carbon electrode.

In order to better understand the effect of the redox mediator in the system, a
new method has been used: the one defined as charge-hold-discharge (CHD).
This second method consisted in charging the electrode to the high potential,
keeping this for a long time period and then leaving the device to discharge while
recording potential variations.

In figure 6.5 it has been shown the comparison between the two cases previously
seen in cyclic voltammetry (for cases with redox mediator presence, only the most
concentrated one has been represented, being the most significant one).

From the plot it has been easily found the importance of having an ion exchange
membrane, in order to keep redox mediator confined. The impact of KzFe(CN)g
has been, in fact, very dramatic on the device performances.

By considering a discharge time of 1000s, the final potentials were of 97.8% the
initial value if the membrane was present, while of 45.3% if some redox mediator
drops were added to the solution. This dramatic variation confirmed the need of a
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good solution to keep K3Fe(CN)g away from the electrode.
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Figure 6.5: Comparison of discharge behaviours for a glassy carbon in normal
experiment (when Nafion® 117 membrane kept redox mediator away from the GC
electrode) or when a leakage is simulated inserting some K3Fe(CN)g (using 5 drops
of solution 2).

6.3 Results for activated carbon electrodes

In the following subsections, the various electrodes produced with active carbon
will be discussed, starting by effects found for a glassy carbon.

First of all, however, a presentation of all the produced ones seemed to be necessary.
In particular, observations on geometrical or practical problems encountered, with
proposed solution will be exploited. After that, the electrodes which showed a good
behaviour will be analyzed in more detail, by reporting and commenting results for
both CV and CHD.

When explaining results some configurations used will be shown. In particular
three situations will be presented: case A, case B and case C. The scheme of the
situation has been sketched in figure 6.6.

The chambers of the H cell, as shown in figure, were containing the two solutions
called X and Y. Their composition varied according to the experiments and the
three most used cases have been classified as:

o Case A: Sol. X = 0.5M KCI1 & Sol. Y = 0.5M KCI,;

e Case B: Sol. X = 0.5M KCI & Sol. Y = 0.5M KCI1 + 20mM K3Fe(CN)s;
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« Case C: Sol. X = 0.5M KCI + 0.5mM K3Fe(CN)g & Sol. Y = 0.5M KCI +
20mM K3F€(CN)6

Nafion
membrane

Figure 6.6: Graphical representation of the configurations adopted in the following.
RE, CE and WE represented respectively: reference electrode, counter electrode
and working electrode. Sol. X and Sol. Y depended instead on the experiment.

6.3.1 Comments on the different configurations

The main difference between the various produced electrodes was the binder em-
ployed in the three slurries.

The first electrodes that have been built were those with slurry one, containing
PTFE as binder. The first employment for this kind of electrode was that with
pressure of the slurry thanks to the pasta machine on a steel grid.

This solution immediately showed its limit: at the first cycle of CV, the steel started
to oxidize, releasing thus rust in the solution. Moreover, always due to oxidation of
the grid, the resistance increased and the slurry started to detach from the support.
Furthermore, the rust in solution could have reacted, altering thus results.

For this reason it has been immediately found that the steel grid was not a viable
solution and has not been used in the following.

After this first trial, the same slurry and method have been performed on a titanium
grid. This solution avoided the problem of oxidation of the surface of the grid.
Cyclic voltammetries have been performed, but giving undesired results. The area
of the CV was practically null and a large nearly only resistive behaviour was found.
The reason was probably a non-good adhesion of the slurry on the grid.

In order to find if the problem was in the tested electrodes, many proofs with
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different ones have been done. The results were always more or less the same. By
analyzing physically the electrode, detaching the slurry from the grid with a sharp
scalpel, it has been seen that the texture was impressed on the dry slurry surface.
According to this it was reasonable to think that the adhesion was good, at least
at the moment of electrode fabrication.

Anyway, in agreement with results, it has been supposed that the water pressure
may have played the role to detach the active carbons from the grid. This would
have been reasonable and would have explained the behaviour of obtained CVs.
The proposed solutions in order to solve this problem were many. The first idea has
been to fabricate disc shaped small electrodes, made up of only slurry. After having
dried them in oven at 60°C for 24h, they were squeezed on the grid only by pressing
them with the help of a PVDF slab. Different geometry of electrodes, varying
shape and dimension have been tried. However, after few seconds in water the
slurry detached again. Only in one case the slurry remained in condition to work
for two cycles, but then it again detached. This result was obviously insufficient.
Since the main problem was the detaching of the slurry, the idea was to keep it
confined thanks to the pressure offered by something, even when the electrode was
working in water. The first idea was to encapsulate a disc shaped electrode in
between of two Ti grids, kept in pressure by Kapton®.

Also this solution didn’t work, and so even the use of a paper thin membrane
instead of the second Ti grid was not sufficient. The same results were again
recorded.

At this point, it appeared obvious that this configuration was not suited to work in
a free system, where no pressure to make an electrical contact with the connector
was present. Probably grids with different open areas and wire separation, may
have produced better results. However, since the limited availability in laboratory,
it has been considered this method as not working. For this reason a new list of
components has been tried (the one using PVDF as binder).

This new slurry had a liquid composition and it was directly spread on the collector
surface. According to this it was no longer possible to use connectors in form of
grids, but only of foils.

Two trials were made, by using two different foil materials, a titanium one and
a stainless steel one (with a better quality of the one composing the grid). The
results for those two devices were the same: a complete detachment of the slurry
at the moment of immersion in water. Interestingly, the problem of steel oxidation
hasn’t been observed with this new configuration, probably according to the higher
quality of the material.

After having again discarded the new slurry composition, a last try has been
performed by using Nafion® resin solution as binder. The slurry composition has
been adapted from [77] and tried at first on a glassy carbon, being provided by the
article that attachment in this configuration was good enough for the analysis.
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Tries of cyclic voltammetry and CHD have been performed, with quite good results.
No detachment was observed and the behaviour of the electrode remained stable
with time during different days of measurement.

According to this encouraging result, a try of deposition have been performed on a
Ti foil. Results, presented in next subsections, were really good, demonstrating
both the need and the ability of the LiCl activated Nafion® 117 membrane to keep
redox mediator separated.

For sake of completeness and in order to go toward the realization of an integrated
HS device, a complete supercapacitor has been performed. The building of this
device consisted in the use of disc shaped AC electrodes (made with the first slurry)
separated by the activated Nafion® 117 membrane, using KCI as electrolyte.
Since the configuration of electrodes tested in the previously built H cell (all except
disc shaped ones, which were tried in an EL cell) all showed non negligible resis-
tance, a 90% compensation have been performed. In order to do this, a preliminary
electrochemical impedance spectroscopy has been performed to find the resistance
value at high frequency, when the imaginary part of impedance was equal to zero.
Then, thanks to an option offered by the software Nova, 90% of the recovered value
was used in iR compensation.

6.3.2 Deposition on Glassy Carbon

The first working case was the one where the slurry using Nafion® resin solution as
binder was deposited on the glassy carbon electrode. This configuration has been
tried according to previous good results for glassy carbon alone and the suggestion
of good attachment from [77].

The cyclic voltammetry has been determined for the same setup used before when
studying only the GC electrode. The comparison between the KCl alone case and
the one when the IEM membrane was present to avoid redox shuttling, has been
shown in figure 6.7.

As could be immediately seen, the electrode seemed to work well. The shape of
the cyclic voltammetry resembled the theoretical rectangular shaped one, due to
the effect of electrical double layer capacitance. A slight asymmetry has been found,
probably imputed to the used system (supercapacitive AC working electrode, while
a Pt rod as counter).

The two curves obtained for the two experiments were in high agreement, confirming
the possibility to use the studied membrane as separator to keep redox mediator
confined. Differences due to different placing of electrodes have been minimized by
using the 90% R, compensation (determining before the uncompensated resistance
thanks to EIS).

The capacitance was recovered from the cyclic voltammetry thanks to the equation
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Figure 6.7: Cyclic voltammetry of the treated GC electrode comparing when
case A: only 0.5M KCI was present and case B: redox mediator was kept confined
by the treated membrane.

1 V+

= / i(V)dv (6.1)
The found value was of 5.7mF', which normalized per gram of active material
(0.27mg), lead to 21.1F/g.

The coulombic efficiency was instead of 98.5%.

The system seemed thus to work properly and the analysis could have proceeded
with studies of completely laboratory-built electrodes. A proper case has been then
found to be necessary when using the charge-hold-discharge evaluation.

This method has been used in order to get information about self-discharge (the real
interest in evaluating this system). In fact, the main mechanism of self-discharge
when a redox mediator entered in a supercapacitor, was the one of redox shuttling.
This last consisted in the discharge of potential at the electrode surface by means
of diffusion controlled Faradaic reactions at the interface.

In order to perform correctly the experiment, trials with different holding times
have been performed, Results of three cases (1 minute, 10 minutes and 1 hour of
holding time) have been plotted in figure 6.8.

The effect was impressing and well represented the possibilities. Using only
one minute of holding time it was evident that the self-discharge was very fast.
Furthermore, even the iR drop at the first time instant was dramatic. The reasons
of this two effects, and in particular of the second one, were due to the charge
redistribution effect (see [14] and [13]).

Briefly, the low time allowed to the system in order to balance at the imposed
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Figure 6.8: Comparison on the effect of different holding time (1 min, 10 min or
1 hour).

potential, was not enough. In this way charges couldn’t distribute well in the
system. After releasing the charge potential, a rapid falling down has been observed,
according to the subsequent rearrangement of charges.

Using 10 minutes improved the quality of the response and one hour has been seen
to be even better. According to the availability of time and the quality of results,
it has been decided to use 1 hour in following measurements. Probably, results
reported in two next subsections could be improved if using higher holding times.

6.3.3 Deposition on Titanium foil

The good results obtained for the treated glassy carbon electrode were encouraging.
In order to develop an electrode fully made in laboratory, without depositing slurry
on commercial ones, a new one has been realized.
Few drops of the previously produced slurry were deposited on a Ti foil. The
technique used consisted in the spread of a drop, wait 10 minutes to let solvent to
evaporate and then repeating the process for three other times.
This was the same method used when depositing on glassy carbon. It has also been
proofed that the acceleration of times by warming the sample on an heater was not
a good idea, since the rapid evaporation of solvents lead to cracks and crumpled
structures, with low adhesion to the substrate (as could be seen in figure 6.9).
The amount of material deposited has been weighted and, considering propor-
tions in the solution, it has been found that the deposited carbon quantity was of
1.017mg.
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Figure 6.9: Effect of acceleration of dry times using an heater.

The area of deposition has also been determined, but having a not perfectly defined
shape, some variations were present. The found value was of 150mm?. Anyway,
according to the non perfect shape of the deposition, it has been preferred to
normalize capacitance value with respect to weight.
The same configuration of previous cases has been used: treated titanium sheet as
working electrode and two Pt rods in the opposite chamber of H cell as counter and
reference. The membrane placed in between was again a LiCl activated Nafion®
117 one, being found in the main part of this work to be a good one for this system.
The first experiment has been carried out by filling both chambers of the H cell
with a 0.5M KCI solution and then inserting electrodes (Case A). Both cyclic
voltammetry and charge-hold-discharge measurements were carried out. After that
step, thanks to a pipette, the solution has been removed from the chamber of
counter and reference electrode and it has been substituted by solution 7 (20mM
K3Fe(CN)g + 0.5M KCl) (Case B). This step was performed moving the less
possible the reference electrode and leaving the working one in its position. In
this way, mismatches due to different relative position of electrodes have been
minimized (but they weren’t completely suppressed).
The last experiment that have been performed was that which simulated a leakage.
This test has been done by inserting some redox mediator (adding some drops of
solution 2) in the chamber of the working electrode (Case C). Cyclic voltammetry
and CHD have been than performed.
The three analyzed cases were those already shown previously in figure 6.6.
In figure 6.10 it has been shown the difference between the CV obtained in the
three different cases.

As could be immediately seen, the membrane seemed to work very well, showing
results in wide agreement when only KCl was present or when redox mediator
was kept confined. Instead, when the leakage occurred, a large variation of results
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Figure 6.10: Cyclic voltammetry for treated Ti foil. Comparison between:
Case A, where only KCI was in the cell, Case B, where redox mediator was kept
confined by the membrane and Case C, when simulating a leakage of KsFe(CN)s.

appeared. The presence of the two nearly symmetrical peaks at around -0.1V
has been attributed to the reversible redox reaction. Interestingly, the secondary
effect of the reaction was also an increase in current values, as expected. The
further proof of the presence of the mediator in case C could be given by comparing
with results obtained in the section where glassy carbon was employed instead of
titanium.

From the unperturbed case (KCI alone, case A) some important parameters have
been obtained, giving the possibility to define it as a supercapacitor. First of all,
the potential window was —0.4V =+ 0.3V. Secondary the coulombic efficiency in
this range was of 98.1%.

The recovered capacitance was of 29.7mF', which normalized per gram of active
material gave 29.2F/g.

The comparison of results for what concerned charge-hold-discharge, instead, have
been reported in figure 6.11. From this plot, the impact of some redox mediator
traces in the chamber of supercapacitive electrode were very significant.

The importance of doing this kind of measurement arose in order to evaluate
self-discharge of the electrode. The other possibility to perform this kind of analysis
would have been to kept the potential fixed to the high one (in this case 0.3V)
and recording the current required from the system to keep this situation. This
method, described by [14], was not used in this work. The method using potential
evaluation in open circuit condition has been preferred.

Starting from the figure 6.11, many considerations could be performed. The first
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Figure 6.11: Charge-hold-discharge of treated Ti foil. Comparison between:
Case A, where only KCI was in the cell, Case B, where redox mediator was kept
confined by the membrane and Case C, when simulating a leakage of K3Fe(CN)s.

one, which immediately showed the goodness of this method was for the different
time scale of self-discharge. The potential after five minutes for the electrode
in bare KCI or when the IEM was present, was higher than 99% of the initial
value. When considering the situation with a redox mediator addition, things were
dramatically different. After less than three minutes, the value was lower than 15%
of the charging potential.
After five minutes, the case C was meaningless, by having a very slow discharge up
to the discharged open circuit value. The slowness of this could be attributed to
charge redistribution (see figure 6.12).
This very different behaviour implied two things: first of all it has been verified the
correct and very good working of the membrane and second it has been demon-
strated what was the impact of redox mediator on supercapacitor performances.
The behaviour of self-discharge of the two well behaving systems has been reported
in figure 6.12, where the difference for longer times (1 hour) has been shown.
Self-discharge has been generally treated as a black box when evaluating superca-
pacitors performances. However, many works have been also performed in order to
describe the different nature of these processes [14], [13], [78],[79] and [80].
The first check that has been done was devoted to investigate diffusion controlled
processes. In particular, they have been evaluated by reporting previous plot vs.
the square root of time. If a linear relation was found it would have been probably
due to a diffusion controlled Faradaic reaction.
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Figure 6.12: Comparison of self-discharge behaviours in CHD between:
Case A, where only KCI was in the cell, Case B, where redox mediator was kept
confined by the membrane and Case C, when simulating a leakage of K3Fe(CN)s.

The relation for this kind of process was given by [13]

1 1
V=V 2zFAD27T2COt% (6.2)
C
The plot versus square root of time has been reported in figure 6.13. Only the
range of interest has been shown.

The two good cases (A and B) showed a nearly constant behaviour, thus they
were not dependent on the cited process. The other case (C), instead, showed a
linear decrease with square root of time. Therefore it was possible to affirm that
the redox shuttling worked thanks to a diffusion controlled Faradaic reaction which
made the electrode to discharge.

Obviously the reaction of interest was the one already seen in previous parts of
this work:

Fe(OCN)y +e” = Fe(ON)g~

This has been further proofed, by determining the concentration of redox mediator
inserted when simulating a leakage. The found value, obtained by reversing eq.
6.2, lead to a concentration of K3Fe(CN)g in the solution of 0.48mM. This value
represented a plausible one. Thus, a further proof of the redox shuttling has been
provided, confirming also the goodness of the method cited in [13].

In order to determine causes of self-discharge of the two well behaving cases, a new
check has been performed. The potential has been plotted on a logarithmic scale
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root of time, to highlight the discharge mechanism due to the redox mediator
presence.

vs. time (figure 6.14). This has been done according to
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Figure 6.14: Comparison of self-discharge behaviours. Potential has been reported
on a logarithmic scale to highlight linear behaviour vs. time for the first hour.

linear trend. This, according to [13], was due to internal ohmic leakages, due
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to possible short circuits in the structure of the system and the little passage of
current in solution and membrane. After one hour a strange effect appeared: the
two curves separated. The fact that the experiment with only KCI behaved worse
than the one where the IEM kept redox mediator way was quite counterintuitive.
Probably the reason of that came only from the order of the experiments. In fact
the measurements with only KCI (case A) have been performed before. Then the
electrode remained immersed for a very long time (more than 12 hours) up to when
the measurements for the second experiment (case B) have been performed. This
could have improved wettability of the electrode and a better charge redistribution.
The origin of the plateau of In(V) after one hour, in fact was consistent with a
charge-redistribution controlled discharge. Further, the different behaviour seemed
to be similar to the difference appreciated in the experiment of various holding
times for GC (see previous section in figure 6.8). As also confirmed in [14], longer
charging times could gave large benefits to measurements, according to what has
been seen. In order to confirm this, further experiments should be performed using
both configurations and leaving them immersed for long and equal times.

6.4 Results for active carbon disc electrodes

The final part of this thesis work used results of previous sections, where the active
carbon electrodes were used to represent a supercapacitor.

It has been demonstrated that a supercapacitor could work if a LiCl activated
Nafion® 117 membrane would be employed to keep confined the redox mediator.
Furthermore, it has been verified the ability of active carbon electrodes to work as
supercapacitor.

By combining these two results the idea to build a supercapacitor has born. In
particular, it has been wanted to produce a physical device before the end of the
project. According to this, a disc shaped flat supercapacitor has been built. The
device has been assembled and characterized in an EL cell (fig. 6.15) and the
structure was made up of several layers, which could be seen in figure 6.16.

The internal structure of the EL cell has been shown in figure 6.17.

The layers which composed the device were all in the shape of discs with a diameter
of 18 mm. In order from the bottom to the top they were: gold collector, AC disc
electrode, paper separator, activated Nafion® 117 membrane, paper separator, AC
disc electrode and gold collector.

The role of collectors was that to provide a good contact between active electrodes
and of contacts of the cell. Paper separators, instead, have been found to be useful
to avoid the presence of bubbles, which would have compromised the working of
the supercapacitor. In fact, since the used IEM tended to wrap when immersed
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Figure 6.15: External view of the EL cell containing the studied system.

Figure 6.16: Expanded view of the components of the realized supercapacitor (in
order from left to right: gold collector, AC disc electrode, paper separator, activated
Nafion® 117 membrane, paper separator, AC disc electrode, gold collector).

in water, some voids would have been created between the membrane and the
electrodes. This in turn, will have greatly reduced electrical double layer capaci-
tance, reducing device performances. Furthermore, the presence of these separators
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Figure 6.17: Internal structure of the EL cell used for the realization of the
supercapacitor, from https://el-cell.com/.

increased resistance between the two AC electrodes, reducing thus leakages due to
ohmic losses.

The electrodes were prepared with the first slurry, defining their thickness with the
help of the pasta machine at the level 2. The resulting thickness after drying for
24 hours at 60°C in oven, was of 1.4mm. The masses of the two used electrodes,
were respectively of 35.0mg and 35.5mg.

The electrolyte used for this setup was a solution 0.5M of KCI.

A cyclic voltammetry has been performed in order to evaluate the parameters of
the realized supercapacitor. The plot was reported in figure 6.18.

The capacitance of the realized device was calculated and equal to 2.51F'. This
value, normalized per mass of electrodes, lead to a capacitance of 37.48F/g. The
operating window was 0V =+ 0.8V, where a coulombic efficiency of 99.1% was
recovered. The CV was performed at 20mV /s of scan rate.

Those values seemed to be very good and comparable to examples found in litera-
ture (see [24] and [25]).

For sake of completeness also the test of impact of redox mediator (again KzFe(CN)g)
has been considered. The device has been opened and some droplets of redox
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Figure 6.18: Cyclic voltammetry of the realized supercapacitor when 0.5M KCl
was used as electrolyte. measurement performed with a scan rate of 20mV/s and a
90% R, compensation (R, = 212).

mediator have been inserted, leading to a final concentration of K3Fe(CN)g of
10mM.

The results of how CV has been deformed have been shown in figure 6.19. The main
difference lied in the deformation of the behaviour, making evident the presence of
two reversible peaks. Those peaks were quite wide and spread all along the curve,
but the potential at which they occurred was still evident (around 0.35V). If this
behaviour was compared with the one observed for glassy carbon cases, it should
be immediately recovered the presence of mediator, as expected.

The real significant plot was the one of figure 6.20, where a comparison of self-
discharge in CHD has been presented.

After less than a hour and a half the device where redox mediator was present,
fully discharged. The device containing only the 0.5M KCI electrolyte, instead,
at the same instant still kept 70% of initial potential value. After 4 hours, the
potential was 0.45V.

It has to be noted that the effect of redox mediator in this device was less dramatic
than for the previous cases (see for e.g. the treated Ti foil, where discharge was
produced in less than 3 minutes). The reason was that the K3Fe(CN)g was inserted
only on one side of the device. According to this one electrode didn’t suffered of
redox shuttling and thus performances have been increased.

Obviously this separation could not be guaranteed as for previous cases where the
H cell was employed. In fact, in the EL cell, it wasn’t possible to seal separate the
solutions, even if trying by making a large IEM, which in principle should have
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Figure 6.19: Comparison of cyclic voltammetry of the realized supercapacitor
when only KCI was present and when K3Fe(CN)g was added.
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Figure 6.20: Comparison of self-discharge behaviours of the realized supercapaci-
tor when only KCI was present and when K3Fe(CN)g was added.

kept solutions separated. Better geometries of cells should be adopted to study
this effect.

Probably, according to the large dimensions of electrodes if compared to those
used in previous sections, larger times of charge would have been required to
further reduce redistribution of charges. This would have certainly improved the
behaviour in self-discharge, increasing retention of potential. However, in order to
be consistent with the previous part of this study, one hour of charge has been also
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used for this device. Further measurements with longer charging times will thus
certainly provide better performances.

According to results, a final HS device were a DSSC should be integrated with
a supercapacitor, would require another geometry, even if the elements proposed
seemed to be good. In fact, the redox shuttling at one supercapacitor electrode
would be a real problem for the working. A new geometry should be proposed, like
an opened one, where both electrodes of the supercapacitor should be on the same
side of the device. This would allow to kept confined the redox mediator of the
DSSC thanks to the studied membrane.

119



Chapter 7

Conclusions

As widely commented in chapter 2, the energy demand is growing day by day.
Furthermore, not only the amount should increase with time, but even the necessity
to use renewable sources must be considered. The most important one of them is
sun.

It is in fact free, widespread and frequently available. The produced energy can be
in form of heat (solar) or electrical (photovoltaic). Many configurations to harvest
energy of the sun have been found during the years. One of the most promising
technologies is the one of DSSC. These devices are based on the absorption of
energy by a dye, which will produce a current, thanks to electrons provided by
the electrolyte. In this last element, generally in liquid form, a redox mediator is
present, which, thanks to its reactions at the two electrodes, allows for the passage
of current, by closing the circuit.

DSSCs are easy to produce, have good indoor efficiencies, quite inexpensive and
with a lower environmental impact (with respect to older technologies, like those
based on silicon). However, they still present lower efficiency than other solutions,
but many studies are producing daily more and more performing devices.

The main limit of using solar energy, anyway, is that it is not always present. In
fact, clouds can cover the sun and during night a photovoltaic cell can’t work.
Thus, a system of storage should be necessary. The first idea which could come in
mind consists in the integration of the two parts of harvest and storage of energy.
This was the idea at the base of the project, already started, in which the thesis
work was inserted, being oriented to the construction of an integrated HS device.
According to the previous choice of a DSSC for the production part, a supercapaci-
tor has been chosen to complete the device, providing good characteristics for the
storage.

The idea was thus to integrate this two components in order to get a completely
working device. However, one big problem immediately appeared to be important.
It consisted in the fact that, since the need of the two devices to share the same
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electrolyte, the redox mediator used by the DSSC was not compatible with the
supercapacitor. In particular, an effect called redox shuttling would have happened,
leading to the self-discharge of the storage system.

For this reason, a method to keep the redox mediator confined was necessary.
According to many researches found in literature, the decision was to use an ion
exchange membrane. Once this was decided, it was necessary to take an important
decision: if using or not an aqueous based electrolyte. This, in turn, would have
affected also the choice of the membrane.

The initial idea was to use the redox couple I*" /T in an acetonitrile based electrolyte.
However, mainly due to practical limitations like time and material availability, it
has been preferred to use the couple Fe(CN)g* /Fe(CN)g* in water. This simplified
manipulations and allowed to work directly in the laboratory room, without the
need of an oxygen-free environment.

At this point, once the main choices for the integrated devices were done, the
determination of the good behaviour of the membrane was necessary.

The work of this thesis was born in accordance with this need. By briefly resuming
the activities, it was found that some important things have been determined to
correctly perform the final evaluation.

First of all the choice of microelectrodes allowed to work in the diffusion limited
regime when performing cyclic voltammetry. This was very useful, differently
from macroelectrode, where the diffusion regime was planar instead that semi-
hemispherical. The microelectrodes allowed thus to determine the diffusion coef-
ficient of the studied redox mediator. All methods to clean the surface of these
electrodes have been carefully analyzed and tried. In this way a standard and
good procedure have been determined to have comparable results in successive
experiments.

After having taken a good familiarity with microelectrodes, they have been em-
ployed to determine the diffusion coefficient of K3Fe(CN)g. Three techniques have
been analyzed and compared, by studying many effects, the major of which was the
effect or supporting electrolyte. After this, with the choice of cyclic voltammetry
as the best of the three, a value of diffusion coefficient of 9.13 - 10~ %¢m? /s has been
found.

This parameter was determined since allowed to connect the recorded current to
the concentration of mediator in solution. This was fundamental in this work, since
the final goal consisted in the evaluation of the ability of the membrane to keep it
confined.

After some checks on the membrane main parameters like permselectivity, a final
test has been conducted. The membrane was placed in between the two chambers
of an H cell. Then the solution containing mediator was placed in one chamber.
In the other, where only 0.5M KCI was present, the microelectrode was inserted.
Performing cycling voltammetries during a long time (5 days), it has been found
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that no traces of K3Fe(CN)g could be found. This provided that the Nafion® 117
membrane used was really good and didn’t allow the passage of mediator.

This allowed to think to really use it in the integrated HS device. The work was
thus moved to the study of the redox shuttling effect, with again a further proof of
the good selectivity of the membrane.

The last chapter was devoted to the realization of supercapacitive electrodes based
on active carbons. These could be used in a future supercapacitor included in the
integrated device. These electrodes have been studied in the H cell, again using the
membrane to keep confined the redox mediator. Results were again really good.
The effect of inserting K3Fe(CN)g lead to variations in the discharge after 1 hour
of more than 90% of the potential of charge. In fact, as experimentally seen, the
redox reaction of the mediator made the charge stored on electrodes to completely
discharge in few minutes. This was a further proof of the need of the membrane as
proposed at the beginning of the work.

The final operation that have been done was to produce a supercapacitor. It was
made of two disc shaped carbon based electrodes separated by paper and the
studied ion exchange membrane. The electrolyte was 0.5M KCIl. Good results have
been obtained, indicating that this device could be integrated in future with an
aqueous based DSSC.

In conclusion, this work confirmed the possibility to build an integrated HS device
made up of a DSSC and a supercapacitor, using the studied membrane to keep
K3Fe(CN)g confined. The choice of electrolyte should fall on an aqueous KCl
one, with the redox mediator studied before to regenerate dye for the DSSC. The
electrodes of supercapacitor could be made using the slurry cited in chapter 6 and
should have an open configuration, with both of them on the same side of the
device. The LiCl activated Nafion® 117 membrane would be the proper choice to
allow this integration.
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