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Chapter 1
Introduction

State of the Art

A noteworthy work was initially conducted by D. Pech in 2010 [1] using an elec-
trophoretic process an gold on a rigid substrate, and later by Toupin et al. [2],
pursuing an making clear the concept of pseudocapacitors and hybrid capacitors.
Subsequently, Zaccagnini [3] studied flexible substrates and laser scribing for large-
scale fabrication. Micro-supercapacitors excel in three major application areas:
protection circuits for electronics, wearable devices, and biosensing and healthcare
applications.

This work touches on all these application fields and provides a method for
fabricating supercapacitors, demonstrating that by adopting simple techniques on
different substrates such as polyimide and silicon wafers, it is possible to achieve
micro-fabrication with high tolerance without compromising the environmental as-
pect. It is shown that working on the layer between the active material and the
current collector can yield up to a fourfold increase in performance reaching tens
of mFem™2. Additionally, the device presented shows good cycling stability over
1000 cycles. The study demonstrates that mixing dendritic current collectors with
metal oxide materials can enhance the performance of planar supercapacitors for
the 400%. Besides, mixing micro-structured current collectors with metal oxides
can lead to simplified area balancing techniques for planar electrochemical cells,
aimed at developing on-chip devices with a large operating voltage window 1.5 to
2 V, high energy storage capability, and efficiency. The silicon substrate provides
mechanical support and paves the way for on-chip applications, while the dendritic
gold current collector significantly enhances the surface area for efficient ion adsorp-
tion and desorption along the electrode-electrolyte interface. Nowadays, the next
major challenge for this research is exploring and insert sustainable gel electrolytes
and developing sealing techniques for these electrolytes in order to have in a single
process a large number of devices produced.



Introduction

1.1 Energy and Sustainability

"Sustainability, the long-term viability of a community, set of social institutions,
or societal practice. In general, sustainability is understood as a form of inter-
generational ethics in which the environmental and economic actions taken by
present persons do not diminish the opportunities of future persons to enjoy similar
levels of wealth, utility, or welfare.”

Font from encyclopedia Britannica[4]. The broader context to which the work
presented in this thesis is to conceptualize and develop processes related to energy
storage devices, in particular on supercapacitors, SCs. Applying a miniaturization
and low-impact approach; with the aim to explore this technology, and its future
use, as close possible compliant with the given definition of sustainability. The aim
is also to define the concept of a self powered device for sustainable electronics,
and validate the fundamental role that a miniaturizated supercapacitor, renamed
micro-supercapacitors, will have for the development of this technology. An other
key concept for the readings that places man as a user the way and the processes
through these functionalities,as are achieved. Modern technologies value a lot those
aspects, therefore the smart systems is linked to the smart use, that must embrace
to concepts like low impact, green-like, eco-friendly. The final goal will be make,
the entire life cycle of the product and its use starting from production to disposal,
sustainable.

In environmental sciences and economic sciences, the terms “sustainability”
refers to the condition of a certain development that is capable to ensure the satis-
faction of the needs of the current generation without compromising the ability of
future generations to fulfill their own needs.

The notion of sustainability was initially broached at the inaugural United Na-
tions Conference on the Environment in 1972. However, it wasn’t until 1987, with
the release of the "Brundtland report,” that the concept of sustainable development
was explicitly outlined. Following the UN Conference on Environment and Devel-
opment in 1992, it emerged as the guiding principle for research and development.
Sustainability, viewed through an environmental lens, underscores the importance
of ecological systems, which exhibit characteristics such as carrying capacity, self-
regulation, resilience, and resistance. These factors collectively impact the stability
of the ecosystem. Implicit sustainability arises from a balanced ecosystem; further-
more, the more stable it is, the better its self-regulation capabilities are, especially
in comparison to external factors, which frequently disrupt its equilibrium. The
factors that disrupt ecosystems’ balance even more are the relationships they es-
tablish with another type of complex system. The interaction between these two
complex systems increases the likelihood of disturbances and raises the risk of ir-
reversible alterations. Over the years, the concept of sustainability has undergone
a profound evolution. Initially centered predominantly on ecological aspects, it
has evolved towards a more comprehensive meaning that considers not only the
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environmental dimension but also the economic, social, and especially, in today’s
context, the technological dimension. In essence, sustainability implies a constant
and preferably growing well-being in environmental, social, economic, and techno-
logical terms. It involves the perspective of ensuring that future generations inherit
a quality of life at least as good as the present one. Furthermore, taking in to ac-
count the relationship between sustainability and electronics a complex topic that
involves various aspects. Here are some key points that illustrate this connection.
Sustainable production: the electronics industry can work to improve sustainabil-
ity through eco-friendly production practices. This includes adopting low-impact
production processes, responsibly using resources, and reducing waste. Sustainable
materials material choices are crucial. Adopting recyclable, low-impact, or sustain-
ably sourced materials contributes to the sustainability of electronics. Responsible
electronic waste management is also a critical aspect. Energy efficiency, improving
the energy efficiency of electronic devices contributes to sustainability. Producing
and using devices that require less energy reduces environmental impact and pro-
motes sustainable energy resource consumption [5]. Modular design and upgrades,
creating electronics with a modular design, allowing for high reparability idex and
upgrades rather than complete replacement, contributes to sustainability by reduc-
ing the overall amount of electronic waste. Recycling, responsible electronic waste
management is crucial. Properly recycling electronic components reduces the en-
vironmental impact of electronic waste, which often contains harmful substances.
Social impact, sustainability in electronics can also consider social aspects, such
as social justice in production and the promotion of ethical working conditions
throughout the supply chain. In summary, sustainability in electronics involves
reducing environmental impact, improving energy efficiency, responsibly managing
electronic waste, and considering social aspects in production and product lifecy-
cle. The approach and methodology adapted throughout this thesis work are to
miniaturize and make the electrochemical systems known as supercapacitors as sus-
tainable as possible (low impact). Aimed at evaluating the hypothesis of scalability
and transportability, this approach therefore contributes to and consolidates what
we know today as self-powered devices. [6, 7, 8, 9].

1.2 Supercapacitors, Smart-Devices and IoT

In, principle, by super-capacitor we mean a device capable of storing electrical /chem-
ical energy within its volume, in which making a comparison with the performance
offered by so-called "traditional” capacitors are able to easily exceeds the thresh-
olds of 100 F/g or, 20 Wh/kg. The supercapacitor also called ultra-capacitor or
electrochemical double-layer capacitor, EDLC. Are governed by the same funda-
mental equations as conventional capacitors but use electrodes with extraordinary
surface area, this is possible for example involving activated carbon which has a
surface area per unit of gram equal to 2000 m?. Plus, supercapacitor can achieve

3
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exceptionally large unit volume capacities, while working at medium/low voltages
0 to 5 V. Thanks to this, they have higher energy density compared to conventional
capacitors and higher power density compared to batteries [10]. Supercapacitors
belong to the macro area of Energy storage devices, ESDs. By energy storage de-
vice we generically identify a device capable of storing energy of a different nature
within its volume and releasing the same energy when the user of the device re-
quests it. Currently are adopted for portable and remote electronic systems, also
equipped on circuit boards as energy/power supplies or energy/power backups [7].
These are utilized to produce precise information through data fusion, employing
energy harvesting solutions and energy storage systems to extend the lifespan of the
sensing platform. The next move will be the reduction of power consumption of the
ESDs reduction [11, 12]. Currently, the market is focusing for a specific sector with
specific applications such as wearable and healthcare electronics. This trend has
led to the development of ESDs that have specific mechano-chemical requirements
[13]. At present, comparison is necessary, so is needed to involve secondary battery
and capacitor and use this technologies mainly to supply power and guarantee en-
ergy backups to electrical systems. Looking at the Fig. 1.1. Batteries are mainly
exploited for prolonged, in time, applications because of their high energy density
capabilities. Furthermore, in some cases electrochemical capacitors are used, as
substitute of batteries in power backup operations do not require prolonged func-
tioning. In these case we talk about on-demand power consumption. Although
electrolytic capacitors have high-power capabilities, their low energy density often
necessitates the use of multiple devices in parallel to achieve the required function-
ality. In contrast, supercapacitors (SCs) offer significantly higher energy densities
and sufficiently high-power densities. Furthermore, SCs have a longer life cycle
compared to batteries, particularly when energy storage mechanisms are confined
to the surface.

In the context of current policies, the development of low-impact processes is
crucial. However, for a long period, technological advancements and profitability
have taken precedence over environmental concerns. Additionally, a fabrication
process can be considered sustainable if the electricity consumed is sourced from
renewable energy.

If the primary source of electrical energy is derived from fossil fuels, electrochem-
ical processes and their products inherently contribute to environmental impact [8].
In light of the shift towards a zero-carbon energy sector [15], known as the energy
transition, it is crucial to develop sustainable and low-impact electrochemical pro-
cesses to align with the sustainable development goals. Recently, many efforts have
been done to achieve good performances in this field regarding power and energy
densities by using a sustainable chain production that becomes the driving force of
new research challenges. Throughout the discussion developed here we will refer
mostly specifically to devices capable of store electrical energy and chemical energy
as a type of stored energy. Introducing the hybrid-supercapacitors we mean a
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Figure 1.1: Classical Ragone plot shows the relation between specific power and
specific energy fo various energy storage system P. Simon and Y. Gogotsi [14].

device capable of store electrical/chemical energy within its volume, that mix two
different mechanism despite the ”standards” electrical double layer supercapaci-
tors. The reason why research is trying to merge the two different mechanisms,
despite the technological complexity, lies in achieving specifications that favor spe-
cific energy storage capabilities, in order to extend the range of use. And these
reason global hybrid-supercapacitor market size is experiencing significant growth
and will grow considerably in the next few years. One electrode displays electro-
static capacitance, whereas the additional has electrochemical capacitance. Due to
its high-power density and high energy density, a hybrid capacitor is fit for both
applications. In addition, hybrid-supercapacitor is proficient of working in extreme
temperatures, extending from -55°C to +200°C. Moreover, hybrid capacitors have
an excellent frequency response of 5 kHz and are compact in size with respect to
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aluminum electrolytic capacitors. Hence, owing to profit associated with hybrid-
supercapacitors, it is highly accepted across several application segments particu-
larly in the next energy generation, and automotive transition sector. Based on
architecture, the Hybrid capacitor market can be divided into Hybrid capacitor
module, and Board mounted hybrid capacitor. And these depend on the applica-
tion, the market is categorized into Off-grid lighting, memory back-up, solar charge
applications, on the basis of industry vertical into automotive and transportation,
power generation and distribution, consumer electronics, and Others. And Geo-
graphically, the market is analyzed across several regions such as North America,
Europe, Asia-Pacific, and Latin America, Middle East & Africa. Key players op-
erating in the global hybrid capacitor market are Maxwell Technologies Inc., Ioxus
Inc., Nesscap Co. LTD., YUNASKO, Panasonic Corporation, CAP-XX, Supreme
Power Solutions Co. Ltd., Nippon Chemi-Con Corporation, NEC-Tokin, LS Mtron.
These companies have adopted several strategies such as product launches, part-
nerships, collaborations, mergers & acquisitions, and joint ventures to strengthen
their foothold in the global market.
Nowadays Smart devices or being more precisely smart electronics system, refer to
electronic devices that incorporate advanced functionalities, often featuring wireless
connectivity, adopting internet protocol or also offline transmission protocol such us
WiFi, Bluetooth and NFC. and the ability to interact with other devices or digital
platforms. These devices are designed to simplify daily life, enhance efficiency, and
provide new opportunities for interaction with the environment. Common examples
include smartphones, smart TVs, smart home devices, such as smart thermostats,
connected lights, security cameras, smartwatches, and other connected objects that
can be controlled or monitored through apps or voice commands. In this "artificial
ecosystem”, incorporating the supercapacitors as a sub-element of the supply mod-
ule can play a pivotal role in establishing a sustainable use, as initially mentioned.
Referring to the Bluetooth protocol for simplicity, we can delineate the functional-
ity of a smart device based on its energy request. When the device is in idle mode,
there is a low power demand, suitable for prolonged use, we can call it also ”idle
—> energy mode”. Conversely, when the device is in communication mode, a
substantial energy demand is anticipated over a short duration so we identify a
”transmission —> power mode”. In this task distribution aimed at ensuring
uninterrupted operation, the incorporated battery within the system is designated
to support the energy mode, while the supercapacitor is assigned to operate in
transmission power mode. These two operating regimes have a range of required
power ranging from 10 uW to 1000 pW. These approach posing the right harvester
in the system can led to a complete off grid smart-device.[16]
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1.3 Miniaturization hypothesis, electrochemistry
& microelectronics

Conventional supercapacitors, due to their large size, pose limitations for various
applications such as flexible and wearable electronics, as well as integration with
on-board devices [17, 18, 3, 19] The miniaturization of electronics has led to the
shrinking of energy storage devices adopted in power supply or backup solutions
in the Internet of Things, IoT. At present, the miniaturization trend is evolv-
ing at different scaling rates, with the integration of electronic devices developing
fastest. Micro-batteries have been developed in the last decade, but they suffer
from low power capabilities and short life cycle [20, 21, 22] Micro-supercapacitors
have a small footprint, relatively high energy density, and the ability to quickly dis-
charge to provide high-power densities [1]. Moreover, the manufacturing methods
employed for conventional supercapacitors are not compatible with micro-system
fabrication. Therefore, the demand arises for on-chip supercapacitors that can be
seamlessly integrated using techniques compatible with standard microelectronics
devices[23]. As expected, micro-supercapacitor operate on the same fundamental
principles as their conventional counterparts but diverge in their design, architec-
ture, and fabrication technologies. Following the work, we will describe a uSC
fabricated mainly via electrochemical steps in aqueous environment. Supercapac-
itors properties and electronics power requirements led research focusing on the
development of miniaturized supercapacitors, called micro-supercapacitors,SCs,
suitable for power supply and especially as power backups. Micro-supercapacitors
represent a valuable alternative to low-energy-density electrolytic capacitors. In
this scenario, since the Supercapacitor, is an electrochemical device that envisions
a medium between its two electrodes, either in a gel or aqueous phase, it becomes
essential to question whether an electrochemical system can adhere to the scaling
laws dictated over the years by electronics. This study aims to validate the scaling
hypothesis applied to electrochemical systems and provide a foundation for the per-
formance metrics that miniaturized electrochemical devices can offer. Additionally,
it seeks to outline the open challenges and identify the next steps that can be taken
to advance this technology.

1.3.1 Definition of micro-supercapacitor

Here is a definition of what is meant by micro-super capacitor. By micro-supercapacitor,
we can therefore mean devices that:

o An object that adopt the well-known development and fabrication processes
adopted by microelectronics industry;

» An objects capable of going well beyond the capacitance standard per unit of
area achievable with actual technology;

7
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o Therefore an object that in very long life cycle inherent utilization over 1 000
000 cycles;

e An object whose dimensions are controllable on a micro unit scale;

e An object that can handle very high current rate respect its volume.

This set of characteristic features allow us to identify uSC. uSCs potentialities are
in the exploitation of these devices increasing for many applications in microelec-
tronics, such as wearable electronics energy storage recovery self-powered sensors
and protection circuit.

1.4 From consumer electronics toward the sus-
tainable electronics concept.

Examining how these two regimes can harmoniously coexist, deriving power from
distinct energy storage modules, all while leveraging a common energy harvester
as the source that binds them together. Here too, taking as an example a device
for wearable electronics, we can see how the human body itself in its daily activity
becomes an integral part of the electrical power supply of the smart devices adopted
compatible harvesting systems such as Die Sintetized Solar Cell, triboelectric har-
vester and solar panels. They therefore define a device that can be powered off-grid
with virtually unlimited operation in time [24, 9]. Beyond the purely application
aspect, it is crucial to consider the industrial and technical aspects that are often
overlooked by companies even today. Particularly in the electronics industry, driven
by increasing demand in both mature and emerging markets, many crucial issues
arise. This demand, coupled with intense competition for the lowest price, poses
numerous challenges for companies that outsource production and move operations
abroad to maximize profits and optimize the supply chain. Adding to this, the
increasingly shorter product lifecycles, sustainability becomes an even more critical
factor for this sector. On the supply chain front, it becomes clear that the sector
needs better corporate regulation to monitor its supplier base. This can help pre-
vent violations of human rights in the workplace and environmental risks. In the
final phase of the product lifecycle, the sector has not maintained consistency in ef-
forts to recycle or withdraw discontinued products. Through regulation, companies
will be obliged to recover more devices, improving withdrawal rates and increasing
recycling and reuse. The entire supply chain lacks coherence regarding corporate
responsibility, sustainability, and human rights programs. Just as there are orga-
nizations like ISO and TL that assess specific corporate aspects or programs and
financial and regulatory requirements, it becomes essential for government bodies
to also support companies in meeting the objectives of a sustainable supply chain.
In evaluating companies, a framework is used. This framework includes the eval-
uation of supplier relationship management, supply chain management, labor and

8
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human rights risk, and sustainability. Most companies in this sector fall into the
middle range, however, there is a need for improvement especially in scores related
to labor, human rights, and sustainability. Any issues in the supply chain can im-
pact the slim profit margins typical of the electronics sector. Currently, there are
two ISO standards available, ISO 14001 for environmental management systems
and ISO 50001 for energy management, but they are not yet widely implemented
by evaluated companies. Although they do not directly regulate C'O, emissions
or energy use, working towards these standards could represent a significant step
towards greater sustainability in the electronics sector.
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Chapter 2

Theoretical Models

The present chapter focuses on various models that have historically been developed
and have evolved over the years, in order to give a brief understanding of electro-
chemical system, the behavior and contribution of both double-layer capacitance
and pseudo-capacitance. Through an examination of these models that have been
developed and refined over time, we can define how double-layer capacitance and
pseudo-capacitance, work and their respective roles in energy storage systems. This
comprehensive analysis allows us to unravel the complex interplay between these
two distinct mechanisms and their combined impact on the performance of electro-
chemical capacitors. Moreover, our understanding of double-layer capacitance and
pseudo-capacitance, from their initial conceptualizations to their integration into
practical applications. In essence, through a thorough examination of the historical
models and their evolution, we can gain valuable insights into the nuanced behavior
of double-layer capacitance and pseudo-capacitance, enhancing our understanding
of these fundamental aspects of electrochemical energy storage.

2.1 Physico-Chemical Models for Energy Storage
Devices

Supercapacitors, also known as ultra-capacitors or electrochemical double-layer ca-
pacitors EDLCs, represent a significant advancement in capacitor technology, par-
ticularly when compared to traditional electrolytic capacitors. Unlike electrolytic
capacitors, supercapacitors adopt electrolyte, that can be solid or liquid. The
energy storage mechanism of supercapacitors relies on two distinct capacitance
components, each associated with different charge storage principles. The first the
electrical double-layer capacitance, EDLC, is type of capacitance that arises from
the electrostatic separation of charges at the interface between a conductor’s sur-
face and an electrolyte solution, forming what is known as the Helmholtz double
layer[25]. It represents a form of energy storage of electrostatic nature. The second

11
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mechanism, the pseudo-capacitance, unlike double-layer capacitance, pseudo-
capacitance involves electrochemical charge transfer, involving electrons, between
the electrolyte ions and the electrode. The charge transfer is facilitated by chemi-
cal reactions occurring on the electrode surface, predominantly reduction-oxidation,
red-ox, reactions and ion adsorption from the electrolyte. By leveraging these two
distinct charge storage mechanisms, supercapacitors can achieve remarkable energy
storage capabilities. They exhibit large capacitance values, often reaching into the
farad range, and can store and deliver electrical energy rapidly. This unique com-
bination of features makes supercapacitors highly versatile and suitable for various
applications requiring high power density, rapid charge/discharge cycles, and long
operational lifetimes. Furthermore, supercapacitors fills the gap between short-time
energy devices respect to long-time energy devices, in other words from capacitors
and batteries, offering a balance between energy storage capability and power de-
livery. This makes them particularly attractive for use in hybrid energy storage
systems, full electric vehicles, renewable energy applications, and portable/wear-
able electronic devices. So, it is easy to see how capacitance at the potential applied
to the device influences the energy stored by the system, the capacitive term in-
tervenes linearly while the potential term offer quadratic trend. Nowadays, mixing
the two charge storage mechanism researcher try to extend the operating poten-
tial window of the device, in order to raise the specific energy stored, as much as
possible without compromising the long-term cycling stability [26, 27].

1
E=FEC,V)= 5CAVZ (2.1)

In summary, supercapacitors represent a promising technology with wide-ranging
potential in the realm of energy storage. Their ability to combine electrostatic and
electrochemical charge storage mechanisms opens up new possibilities for innovation
in various industries and contributes to the ongoing pursuit of more efficient and
sustainable energy storage solutions.

2.1.1 Helmholtz Model

Helmholtz proposed the first model of charge separation at the interface between
two metals in 1853. Later, in 1879, he replaced the metal-metal interface with the
metal-aqueous solution interface. To model explain how the interface between a
metal and an electrolyte solution behaves like a capacitor, capable of accumulate
electrical charge.

In this model, the metal electrode possesses a certain density of positive charge
that is exactly balanced by an amount of ions present in the electrolyte solution,
the charge are free to move, these ions moving toward the electrode balance equally
but oppositely the charge present on the surface. However, the ions are not in direct
contact with the electrode, because the presence around the ions of a solvation

12
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Super-Capacitor
I

EDL Super Capapacitor Charge Transfer SuperCap.
Electrostatic Charge Storage Faradaic Charge Storage
Activated Laser Induce Polymer Metal Oxides
Carbon Graphene Based Based
(PEDOT) Mn, Fe, Ru
Carbon Nano Structures

Hybrid System
Different Nature of the Electrodes
Different Charge storage Mechanism
Different Development Processes

Asymmetric /Composite SC
Linear Response Electrochemical System

Figure 2.1: Table for the utilization of supercapacitors based on the materials
involved.

shell that is formed by the solvent molecules. This creates a potential difference
across the interface. The imaginary line crossing the centers of these solvated ions,
surrounded by solvent molecules due to electrostatic attraction, at the minimum
distance from the electrode, defines the boundary known as the Outer Helmholtz
Layer see Fig. 2.2.

The region within this boundary is called the electric double layer because it
consists of a layer of charges on the electrode surface and a monolayer of ions in
the electrolyte.

Helmholtz’s model, has some limitation, does not fully describe the correct func-
tioning of the double-layer capacitance. Experimental data do not confirm the
model, because capacitance discharge due to electrochemical reactions occurring
at the interface, and the also because the double-layer capacitance depends not
only on the composition but also on the electrolyte concentration, and is further
dependent on the applied potential[25]. The double-layer dielectric as thickness
d with the order of an half nanometer for example referring to Na*t ions. There
are uncertainties about what value to assign to thicknesses of the layer, d is equal,
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Figure 2.2: Elementary section description of Metal-Liquid interface eith the for-
mation of the Helmoholz layer.

v = s (2.2)
V(@) = (s — dar) 5 + Y (23
C= moéer (2.4)

and it is also strong related on the molecular basis and the zeta-potential of the
molecule. This is a significant conclusion regarding the state of water within the
double layer at polarized electrode interfaces. Similar findings are applicable to
other charged electrodes, such as gold and carbon.

Gouy-Chapman Model

Louis George Gouy and David Chapman in 1910, introduced a new model that
specifically accounted for the dependency of capacitance on potential and electrolyte
concentration.

However, in the Gouy-Chapman model, ions are treated as point charges and
distribute themselves from the electrode to the solution under the influence of two
forces.

14
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The first depends on the excess charge on the electronic conductor, which tends
to accumulate charge on the electrode. The second si mitigated by thermal ag-
itation, which tends to disperse the charge. So we can visualize, a rigid, com-
pact double layer between the electrode surface and the Helmholtz Layer, and a
diffuse double layer between the Helmholtz layer and the bulk of the solution.
However, this dependency does not match experimental observations. While the
Gouy-Chapman model is less rigid than that of Helmholtz, significant differences
persist between the model and experimental data. The main limitation arises from
the assumption of ions as point charges.

Stern Combination

An additional step for a complete description was achieved with Stern’s model in
1924. According to the Stern model, there is an excess charge localized at the outer
Helmholtz layer that alone is not able to balance the charge present on the elec-
trode. The remaining charge necessary for equilibrium is found between the Outer
Helmholtz Layer and the bulk region of the solution, so is possible to introduce
a diffuse layer. In Stern’s model, within the compact double layer between the
electrode and the Outer Helmholtz Layer, starting from electrode, applying the
Helmholtz model, the potential varies linearly with distance; whereas in the diffuse
layer, the potential varies exponentially according to the Gouy-Chapman law see
Fig. 2.3. The electrical equivalent consists of two capacitors in series.

Bockris-Devanthan-Muller Model

In 1963, Bockris, Devanathan, and Muller proposed a model known as the B-D-M
model of the double layer that included the action of the solvent on the electrolyte
interface. According to this model, solvent molecules, such as water, exhibit a cer-
tain alignment with the electrode surface. This alignment is particularly evident in
the first layer of solvent molecules, which show a strong orientation to the electric
field depending on the charge. This orientation significantly influences the solvent’s
permittivity, which varies with the strength of the electric field. It is important to
note that some of these solvent molecules can be replaced or removed by the ad-
sorbed ions, as described in the previous model. The Inner Helmholtz Layer passes
through the center of these molecules and the adsorbed ions, representing a crucial
reference point in the double layer structure. It is worth noting that, despite the
significant contribution of the Bockris-Devanthan-Muller model in understanding
the solvent’s action at the electrolyte interface, there are more complex models that
can describe the double layer capacity more accurately.
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2.1.2 Pseudocapacitance

An other mechanism through is possible store charge on an interface electrolyte
electrode by mean of chemical reaction is pseudo-capacitive effect.

In addition to the double layer capacitance, which forms due to the orientation of
electrolyte molecules near the electrode surface, there is also a pseudo-capacitance
arising from reversible Faradaic reactions between the electrolyte and the electrode.
Pseudo-capacitance arises when the charge, Q, transferred during the process, is
approximate as continuous function of the potential, V, so that a derivative, dQ/dV,
give the electrical properties of a capacitive surface. Following some examples are
treated. These reactions involve the transfer of electrons from electrolyte ions to
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Figure 2.4: Graph of the combination fo Helmholtz and Gouy model.

the electrode, generating a Faradaic current.

It’s important to note that this current is not caused by the direct movement
of charge but by reactions occurring at the electrode-electrolyte interface. This
Faradaic charge transfer depends on the applied voltage, resulting in a capacitance-
like phenomena to what is observed in capacitors. This capacitive behavior is
primarily caused by reduction-oxidation reactions and ion adsorption phenomena.
A comprehensive explanation of oxidation-reduction reactions, commonly referred
to as redox reactions. In these chemical processes, electrons are exchanged between
two distinct chemical species, which can manifest as molecules, ions, or atoms.
A redox reaction is comprised of two fundamental sub-reactions: Oxidation, this
involves a chemical species that lose electrons. Reduction, conversely, this entails a
chemical species that gain electrons. It’s essential to understand that in any given
redox reaction, if one substance undergoes oxidation by losing electrons, another
substance must simultaneously undergo reduction by gaining the same amount of
electrons. An example is the manganese oxide reduction [2]

MnOy + zAY + xze” 2 A, MnO, (2.11)
Consequently, oxidation and reduction reactions must occur concurrently, as they
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are inherently interconnected processes. This process play a pivotal roles in vari-
ous chemical and biological systems, including electrochemical processes but also
metabolic pathways. Through these reactions, energy and charge is transferred and
chemical transformations occur, influencing diverse phenomena [28].

2.1.3 Dunn’s Model

Here we give a model, the Dunn’s model useful to distinguish the two behavior
proposed previously. Referring to the total stored charge at the interface electrode-
electrolyte we can recognize three contribution for the phenomena: the Faradaic
contribution from the ions insertion process, the Faradaic contribution from the
surface-charge-transfer process with the boundary atoms, referred to as pseudo-
capacitance, and the non Faradaic contribution from the double layer effect. These
capacitive effects were characterized by analyzing the cyclic voltammetry data at
various scan-rates, that si the rate at we reach certain voltage in a certain time
interval. According to the Dunn’s method. That introduce a formula for pseudo-
capacitance is an expression used to quantify the pseudo-capacitive capacity of an
electrochemical material.

So, the method introduce a formula that provides a relationship between the
electric current generated during a cyclic voltammetry measurement and the scan
rate of the applied potential. The formula is expressed in terms of a power law, so
according with the following equation:

i =nFACDY?u 2 (anF /RT)\2rt/2x (bt) (2.12)

where, n is the number of electrode involved in the reaction, F' th Faraday constant,
A is the surface area of the electrode, C'is the surface concentration of the electrode
material, D is the chemical diffusion, v the scan rate, « is the transfer coefficient, R
is the molar gas constant, 7' is the temperature, X(bt) is the function that represent
normalized current, for a totally irreversible system, b is an adjustable parameter.
So i possible represented the pseudo-capacitive contribute in terms of two parameter

i(v) = av’ (2.13)

for the contribute of the electrical double layer we can introduce a formula linear
depending with the scan-rate value.

i(v) = AC v (2.14)

where C; i s the capacitance, A the surface area. So, we can combine the two
mechanism surface capacitive effects and surface charge transfer effect defying the
equation:

i(v) = kv + kyvt/? (2.15)
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where: iis the current generated during cyclic voltammetry measurement, v is the
scan rate of the applied potential, k; and k, are constants representing the contri-
butions of two distinct mechanisms to the generated current. The kv part of the
formula represents the contribution to the current due to surface capacitive effects,
while the kzul/ 2 part represents the contribution to the current due to diffusion-
controlled insertion processes. By using this formula and measuring the current
at various potential scan rates, it is possible to determine the values of and thus
quantify the fraction of the total current due to pseudo-capacitance, allowing for a
better understanding of energy storage mechanisms in electrochemical materials.

2.2 Equivalent Circuital Models

For our discussion, we’ll introduce equivalent circuits for electrode-electrolyte in-
terfaces. This graphical representation appears remarkably concise yet abundantly
informative. The plane used to represent the frequency response of the equivalent
circuit is referred as the Nyquist plot. Electrochemical Impedance Spectroscopy,
EIS, is a method used for characterizing electrode-electrolyte interfaces. In this
technique, a small signal with a low amplitude is applied to the system within the
frequency range from 1 MHz to 1 mHz, usually from high to low. The ratio of
the sinusoidal voltage to the corresponding current yields the complex impedance
at a specific frequency. In a capacitor, there exists a phase shift ¢ between the
current and voltage, where ¢ equals 90 degrees for an ideal capacitor. The simplest
equivalent-circuit that can easily represent the electrochemical capacitor is as, a
series of a resistance and a capacitor follows in Fig. 2.5. Fore every circuital model

c
R

Z o)
(esr) rd 0=
0 Z'
Z(w)=R +L (2.16)
U jwC .

Figure 2.5: Nyquist Plot for two element equivalent circuit.

so we can define the Nyquist plot associated, to have directly and fast information
of the behavior of the electrochemical system. Nyquist plot contain on x axis real
part of the impedance, 7, and imaginary part on vertical axis. Typically the plot,
consist of three distinct regions that we can separate from left to right, in:
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« High frequencies;
e Medium frequencies;
o Low frequencies.

the point where the intercepts meet the x axis measure of the serial resistance
R, associated to the electrolyte resistance 2.6, a semicircular feature in high-to-
medium frequency give the charge transfer resistance Ry and line inclined at 45
degrees to real axis or a near-vertical line in low-frequency revealed Warburg’s ele-
ment resistance, W 2.7, which is frequency-dependent terms of the impedance Z(w).
And suggest that the surface can have Faradaic active response. These can involve
Faradaic charge transfer processes arising from interface redox reactions of impuri-
ties or surface functionalities, as well as electron charge transfer reactions involved
in charging or discharging a pseudo-capacitance. Hence the kinetic representation
of frequency-response behavior is important in interpreting the impedance spec-
troscopy of various types of electrochemical capacitors that do not behave in an
ideally polarizable environment, an other aspect which should not be ignored is
that pores shape can strongly influence the bending of the Nyquist curve 2.8.

Figure 2.7: Four elements equivalent circuit, including warburg element.
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Figure 2.8: Graph of the bending of the Nyquist plot respect to the surface pores
shape.
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2.3 Aqueous System, Pourbaix Diagram

An other theoretical block, useful for the analysis and development of electrochem-
ical system are Pourbaix’s Diagrams. In 1945, Marcel Pourbaix introduced the
potential-pH diagram of elements in the presence of water in his ”Atlas of Electro-
chemical Equilibrium in Aqueous Solutions,” now known as the "Pourbaix diagram”
[29].

This graph applies principles of thermodynamics to ascertain the potentials as-
sociated with the equilibrium states of all feasible reactions involving a specified
element, its ions, and its solid and gaseous compounds in aqueous solutions, vary-
ing with pH. This segment will elucidate the basics of Pourbaix diagrams, illustrate
their interpretation, and furnish examples for the most notable metals. Generally,
Pourbaix diagrams delineate the thermodynamic circumstances of metals regarding
immunity, corrosion, and passivation [30]. Each Pourbaix diagram presents the
equilibrium potential of cathodic reactions, such as oxygen reduction and hydrogen
evolution, which are contingent on pH, as stipulated by the Nernst equation.

0.05916  ( Ifoa]ves
E=E° 2.1
+ n log (H[red]”red ) (2.17)

Therefore, the two equations are represented by two parallel dashed lines having a
slope of -0.059 V pH at 25 °C and spaced 1.23 V.
Figure 2.9 shows these two dashed lines indicating limits for hydrogen and oxygen
evolution.
At potentials above line b, oxygen formation occur,and the acidity of the system
increase.
2H,0 & Oy +4H" + 4e™ (2.18)

below line a, water hydrogen formation occur, in this case the alkalinity of the
system is favored.
2H,0+4e” =2 Hy, + 40H~ (2.19)

The area between the two dashed lines are the limit of water stability, in which
the only oxygen reduction and hydrogen oxidation occur. The distance between
two lines is exactly 1.23 V, that is also thermodynamic potential of water splitting.
Three region can be distinguished in the plot: immunity, corrosion and passivation,
representing the fields of thermodynamic stability of the metal, of its ions and of
its oxides and hydroxides, respectively. Referring to metals, the Pourbaix diagram,
E vs pH, displays the area of stability of the chemical species involved as a function
of potential and pH, namely:

o metal, immunity zone;

« metal ions, corrosion zone;
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Figure 2.9: Water limit in Pourbaix diagram.

o oxides and hydroxides, passivation.

it is worth highlighting the difference between passivation and passivity. Passi-
vation: indicates, in general, the formation of oxides on the surface of a metal.
With the term Passivity is refered to the formation if this oxide but forms a
continuous and adherent layer. Fig. 2.10 illustrates the general potential-pH equi-
librium diagram for the metal-water system at 25°C. The equilibrium regions are
determined by electrochemical or chemical reactions. In a chemical reaction, only
neutral molecules and ions participate, excluding electrons.

In contrast, an electrochemical reaction involves not only molecules and ions
but also electrons. This means that non-equilibrium conditions, stability regions,
and reaction kinetics can vary. For instance, the Pourbaix diagram of iron, as
determined experimentally in laboratory settings with agitated, oxygenated water,
shows a broader passivity zone compared to the one predicted by thermodynamics.
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Figure 2.10: Pourbaix diagram for a general metal.

Pourbaix Gold

Gold, Pourbaix diagram 2.11 shows that even in the presence of oxygen, the stable
species is metallic gold. If we compare the equilibrium potential of the 2 reaction
Aut + e — Au, the dissolution for gold and the formation of oxygen. This is
because the equilibrium potential relevant to the dissolution reaction, fixing the
gold ions concentration at 10 %molL ™1, is higher of equilibrium potential of the
oxygen reduction reaction.

O, + e+ OH™ = H,0 (2.20)

Nevertheless, the characteristics of gold alter when complex chemical compounds
are present, as seen with cyanides. In cyanide solutions, gold undergoes corrosion
due to the formation of complex Au CN, which possesses a stability constant of
1038. The concentration of gold ions in solution is significantly reduced, resulting
in an equilibrium potential lower than that of oxygen reduction.

This elucidates the rationale behind the utilization of sodium cyanide (NaCN)
in gold mining operations. Consequently, gold emerges as a valuable asset in water-
based electrochemical applications [31].
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Figure 2.11: Gold Pourbaix Diagram

Pourbaix Iron

The Pourbaix diagram of iron is reported in Fig. 2.12. Corrosion is possible at
low and high pH with formation of Fe?" (or also Fe3" at high potentials) and
HFeO,, respectively.Iron is stable in the immunity zone and can resist corrosion
in passivation zone after the formation of Fe;O, and Fe,O4 oxides, which form
at low and high potentials, respectively. In the presence of some species, such as
Ca?", M g*" or sulphate, SO%~, the passivation zone broadens due to the formation
of protective layers.

Pourbaix Manganese

In this case the equilibrium line of the manganese exist between the horizontal line
at -1.1 V vs SHE.
Mn** + e — Mn, (2.21)

There is no dependence for the reduction equaiton respect to the pH.

The vertical line straight at ph equal to 7.5 is the equilibrium line between the
manganese ions and the manganese hydroxide, the line reaction in this case is no
potential dependent.

Mn*" +20H~ — Mn(OH)y(s) (2.22)
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Figure 2.12: Iron Pourbaix Diagram.

Mn*" +20H~ — Mn(OH), (2.23)

Mn?* become solid at ph higher than 7.5.

In conclusion, from the preliminary analysis of these diagrams it becomes fun-
damental to better understand and configure the water-based hybrid electrolytic
cells so as to be able to predict its possible operating parameters.
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Figure 2.13: Manganese Pourbaix diagram.
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Chapter 3
Materials

In the research and development of supercapacitors and micro-supercapacitors, the
role of materials plays a crucial importance. These devices, used for energy storage,
require advanced materials that can provide high performance in terms of capacity,
energy density, efficiency, and durability over time [32, 33, 34, 26]. Among the
materials involved, those for pseudo-capacitors and aqueous-based electrolytes play
a crucial role [35]. Materials for pseudo-capacitors, including activated carbons and
metal oxides such as manganese oxide and iron oxide [36], are designed to provide
significant electrical capacity through reversible Faradaic reactions.

These materials are selected for their ability to accommodate electrical charges
and facilitate electron transfer during the charging and discharging process, con-
tributing to the overall capacity of the device. Aqueous-based electrolytes are used
to create an ionic environment that promotes the movement of ions fast diffusion
of cations in surface of metal oxide. These electrolytes are preferred for their high
ionic conductivity, safety, stability, as well as their availability and relatively low
cost. The use of aqueous electrolytes also helps to increase the efficiency and safety
of the energy storage system. Within the realm of active materials, activated car-
bons are a common choice due to their high surface area, which allows for greater
ion adsorption and improved charge storage capacity. Metal oxides such as man-
ganese oxide and iron oxide are appreciated for their electrochemical properties[26],
which facilitate reversible redox reactions and contribute to the capacity of pseudo-
capacitors. This introduction aims to explore in detail the materials used in the
manufacture of supercapacitors, micro-supercapacitors, and aqueous-based pseudo-
capacitors, highlighting the distinctive characteristics of each type of material and
their role in ensuring optimal performance for advanced energy storage devices [37].
The choice of material and electrode structure is fundamental for supercapacitors,
as their capacity relies on the quantity and quality of free surface area. Addition-
ally, it is necessary to select the pore size to facilitate ion movement in solution
and the size and shape of the solid part to facilitate electron current flow. The
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substances used as binders also have an effect on both porosity and current con-
duction. The most common used material for electrodes is carbon, which offers
the following advantages, Low cost, Easy availability, Long-standing experience in
usage. It is important for carbon based electrodes to have a distributed porosity of
appropriate dimensions to ensure a large contact surface with the electrolyte, easily
accessible for ions.

3.1 (3D) Dendritic Gold as Current Collector

Deposition of gold by electrochemical mean has satisfied many of the

demands of the electronics industry. gold has the third best electrical

79 wsn1] and thermal conductivity of all metals at room temperature, and it is

A recycled globally of about 24% RMIS-Gold. It has high ductility and

u excellent wear resistance, which are important for electrical contacts.

19%"’;’67 The inertness of gold prevents the formation of insulating surface ox-

ides as compared to metals like aluminum. gold is an excellent metal

suitable for wire bonding for the integrated circuits industries. The

wires can be bonded to pure, soft gold pads by thermocompression

in a range between 300 to 400 °C high pressure let to form the stable weld, or

thermosonic bonding in a lower range from 150 to 200 °C, through vibrations and
frictional energy.

The electrodeposition of pure gold is a crucial method for pads on silicon wafer
bonding connections. Most traditional pure gold electroplating processes in the
electronics industry use cyanide-based salts.

The complex [Au(C'N),]~ has an exceptionally high stability constant of103?,
rendering the solution highly stable and altering the standard reduction potential
of Au(I) from 1.71V to -0.61V (SHE).

Moreover, solutions that do not contain cyanides, can be incompatible with
resists adopted in microelectronics, the cyanides can attack the interface between
the resist and the substrate, causing the resist to lift and depositing gold under the
resist layer. However, cyanide-based baths pose significant health and safety risks,
which often outweigh the benefits they offer.

Sulfite-based gold or Cloride-based processes have been the traditional alterna-
tive for silicon wafer technology. But, the over mentioned sulfite-based/cloride-
based processes suffer of issues related to the solution stability and also they ne-
cessity for high-thermal treatment to achieve the desired deposit hardness.

Soft gold electroplating finds primary application in wire bonding and surface
mount applications, particularly in scenarios where numerous bump bonds are re-
quired on a chip. The gold must possess sufficient softness to allow the bumps
to deform easily, accommodating minor variations in thickness. Therefore, the de-
mand for cyanide-free gold electroplating processes has increased significantly [38].
In the realm of gold plating applications, there lies a promising opportunity to
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explore the manipulation of deposition conditions to induce dendritic growth on
the contacts. This dendritic growth, while initially perceived as a deviation from
the desired uniformity, can, in fact, be harnessed to significantly improve the in-
teraction properties of the metal surface with an electrolyte. This phenomenon is
closely correlated with the electrochemical behavior of the surfaces, offering intrigu-
ing possibilities for enhancing performance. What makes this approach particularly
appealing is its utilization of techniques already well-established in the domain of
microelectronics processes. However, the intended functionality differs markedly.
Instead of aiming for the traditional objectives of uniformity and smoothness, the
focus shifts towards deliberately inducing controlled dendritic growth. This opens
the way to innovative application possibilities that leverage the unique character-
istics of dendritic structures. By strategically incorporating dendritic growth into
the gold plating process, significant advancements can be realized across various
domains. For instance, in electronic devices and components, enhanced surface
interaction properties can lead to improved conductivity, reduced impedance, and
better overall performance. In the field of sensors and detectors, the increased sur-
face area afforded by dendritic structures can amplify sensitivity and response rates.
Furthermore, the adoption of dendritic growth in gold plating processes can offer
compelling cost advantages. Rather than necessitating the development of entirely
new methodologies or materials, this approach builds upon existing infrastructure
and techniques. This streamlining of processes translates to reduced research and
development costs, as well as more efficient utilization of resources. Some basically
information about gold : Gold in nature is present primarily in the +1 and +3 ox-
idation states. As mentioned the mainly ion for electrodeposition is [Au(C'N),] ™.
Two other gold complexes for electrodeposition are, gold sulfite (log(K)=10) and
gold thiosulfate (log(K)=28).

[Au(CN)|~ = Aut + 2CN- (3.1
[Au(SO5),]3 — Au* + 2502~ (3.2)
[Au(S,04),]3~ — Au* + 28,03~ (3.3

In this work we try to develop adopt a free cyanide gold plating solution to develop
a sustainable micro-device.
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Figure 3.1: Dendritic gold growth on silicon wafer.

3.2 Activated Carbon

AC

advantages:

o Low cost

The choice of material and electrode structure is crucial for super-
capacitors, as their high specific capacitance relies on a high surface
area.

Besides, the pore size distribution must be tailored to facilitate the
diffusion of ions into the carbon pores and their surfaces should also
facilitate the electronic conductivity. The substances used as binders
of carbon particles can also have an effect on both the porosity and
the electronic conductivity of materials. The most commonly used
material for electrodes are the carbons, which offers the following

« Easy availability

e Green Like

It is important for carbon electrodes to have a distributed porosity of appropriate
dimensions to ensure a large contact surface with the electrolyte, easily accessible
for ions. To increase the surface area of electrodes, materials containing carbon
nanotubes, carbon onions and graphene are being developed although the high
porosity of carbons leads to a low packing density, which disadvantages volumetric
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capacitance. Other research aims to obtain electrodes made of nanostructured
carbon films. The presence of many empty channels between the grains of this film
suggests high porosity and low material density.

Compared to nanotube-based technology, which requires a complex fabrication
process, deposition from supersonic cluster beams appears to be a simpler and
more versatile technique. The high porosity of these deposited carbon layer allows
to obtain high active surface area (1000 to 3000 m?/g), leading to the following
values in terms of magnitude order[39]:

« Specific capacitance of 100 F/g;

e Maximum energy density of 10 Wh /kg;

o Maximum power density of 100 W /kg;

e Other materials used include various types of polymers and metallic oxides.

Other approaches include using different materials for each electrode or composite
materials in each electrode. Of course, research activity is ongoing and there are
no definitive solutions but to a diversification of materials adopted strongly related
to the final energy storage application.

Figure 3.2: Activated Carbon powder.

3.3 Manganese Oxide

Very common in the form of Pyrolusite, MnO,, Hausmannite (Mn30,), MnCOs;.
Manganese present different properties: its a metal with low ductility, in metallurgy
is used in alloys with iron (steels) because it provides hardness and mechanical
resistance. About the presence in soil, is the 12th most abundant element on Earth
and the third transition metal after iron and titanium, in 2023 has been signed as
critical raw material by the (EC) RMIS.
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In nature, various minerals containing manganese are found,
corresponding to an overall abundance of 0.106%. Twelve of
these minerals are economically extractable, with the main ones
M n being pyrolusite (MnO,), manganite (Mn,O5 - H,O), hausman-

nite (Mn40,), rhodochrosite (MnCOs), and manganese nod-

Manganese ules. The highest oxidation state of Mn corresponds to the

54.938 number of electrons in 3d and 4s orbitals, present in oxycom-
pounds like MnOy, MnOsF, and Mn,O,, partly analogous to
the corresponding halogen compounds. Manganese is relatively

abundant and is found in nature as oxides, hydrated oxides, or carbonates. From
these, or from Mn;0,, the metal is recovered by reduction with Al. Manganese
is quite electropositive and is easily attacked by non-oxidizing dilute acids (HCI,
H2S04, etc.). The most common stereochemical characteristics of manganese com-
pounds are: Octahedral as in [MnClgz]?~ Mn(IT), Mn(IIT), Mn(IV), Tetrahedral as
in [MnO,])* and MnOy; Mn(VI), Mn(VII), Mn(II) salts are soluble in water. The
sulfate, MnSO,, is very stable and is used in analysis. The phosphate and car-
bonate are slightly soluble.The equilibrium constants for the formation of Mn(II)
complexes are relatively low because the Mn2" ion exhibits significant ligand field
stabilization energy. However, polydentate ligands such as en, ox, or EDTA- form
isolable complexes. In organic media, it is easier to isolate complexes like Mn X3
(0) or [MnX,)*" (yellow-green) or (pink polymers), [MnClg]*~. Mn?" ions can
occupy tetrahedral cavities in certain glasses. Tetrahedral Mn(II) has a fluores-
cent yellow-green color, much more pronounced than the pink color of the ion in
octahedral coordination.

By heating any of the oxides or hydroxides of Mn, black crystals of Mn;0, (haus-
mannite) with a spine structure Mn(III) Mn(I1I)O, are obtained. Upon exposure
to air, Mn(OH), oxidizes to a hydrated oxide that dehydrates to MnO(OH) (man-
ganite). Aqueous ions and complexes of manganese(III) The manganese(III) ion is
obtained by oxidation, electrochemical or with S,O3~, of Mn?* or by reduction of
MnOy . It is a good oxidizing agent (E° = 1.58 V) and tends to disproportionate
into MnO, and Mn(II) (log(K) = 9). It is more stable in organic solvents, and
numerous complexes are known. The acetate is obtained from K MnO, and Mn(II)
acetate in acetic acid.

Manganese(III) and (IV) complexes are important in photosynthesis, where they
control the formation of oxygen from water. The most common compound of
manganese(IV) is manganese dioxide , MnQO,, a dark green solid found in nature
as pyrolusite. It is obtained by the action of O, on Mn at high temperatures,
by heating MnQO,, or by reduction of basic aqueous solutions. It has a rutile
structure, similar to other dioxides (Ru, Mo, W, Re, Os, Ir, Rh). It does not
adhere to stochiometric ratios and can exchange cations. Mn exists in various
forms (alpha, beta, gamma) with different surface areas and catalytic activities,
with pyrolusite being the least reactive. MnQO, is inert to most acids but dissolves

25  +7,+4,+2
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upon heating, reducing itself. With H,SO,, it forms manganese(III) sulfate or
releases oxygen and forms MnSO,. It is widely used as an oxidation catalyst.
It is used as a component of Leclancheé batteries, as a pigment in construction,
in glass manufacturing, and in electronics (MnFe,O ceramic ferrites). Mn,Os is
prepared from Mn by heating in air or in vacuum in a range between 206 and 505 °C
at P(O)=n10"° bar[40]. Mn30, is prepared from other oxides by heating in air at
1000°C. MnO is prepared from other oxides by treatment with H, at temperatures
below 1200°C (above which metallic Mn is obtained).

log,p(O,) /atm

Mn(®) |
-40 T T 2 T T T T
0 500 1000 1500 2000
T(C)

Figure 3.3: Manganese phase diagram.

MnO2 is used for decolorizing commercial glass. When added to molten glass, it
produces reddish-brown Mn(III) that masks the blue-green color of iron impurities.
The metal is used to make many important alloys. In steels, Mn improves quality
in rolling and forging, resistance, toughness, stiffness, wear resistance, hardness,
and tempering. With Al and Sb, especially in small amounts of Cu, it forms
ferromagnetic alloys. Metallic Mn is ferromagnetic only after special treatments.

MnO, (pyrolusite) is used as a depolarizer in dry-cell batteries and to "bleach”
colored glass green from iron impurities.

Permanganate is a powerful oxidizing agent and is used in quantitative analysis
and in medicine as KMnQO,. Other bio aspects is that Mn is essential element
for humans and animals. It is fundamental for bones formation. It is estimated
that a normal 70 kg person has a total of 12-20 mg of Mn in their body. Although
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manganese is an essential nutrient, exposure to high levels through inhalation or
ingestion can have negative health effects. Chronic exposure to lower levels of Mn
causes difficulties in performing rapid hand movements and partial loss of coordi-
nation and balance, as well as an increase in general symptoms such as memory
loss, anxiety, or insomnia.

Figure 3.4: Manganese oxide aspect.

3.4 Iron Oxide

Iron is an abundant metal inside the Earth, making up nearly
35% of its mass. It is also a chemical element that is abun-
dant in the Earth’s crust, where it accounts for almost 5% of
the weight. In its pure form, iron would appear silvery-white,
Fe but in nature, it is always found in various compounds such

as oxides, hydroxides, carbonates, and sulfides. Some physi-
cal properties, Iron is generally hard, dense, and heavy. The
color can vary depending on the type of iron oxide present,
with hematite typically being red or reddish-brown, mag-
netite black or dark gray, and goethite brown or yellowish-
brown. Iron can have various textures, including crystalline, granular, or massive.
There are numerous minerals that contain iron. Among the most common are
pyrite (chemical formula FeS,), which contains iron and sulfur and often appears
as golden-yellow cubic crystals, and magnetite, which is shiny black and is a com-
bination of iron and oxygen (chemical formula Fe;0,).

Recently, iron oxides have been tested with various successes as electrode mate-
rials for lithium-ion batteries[41]. Reports on the use of iron oxides as electrodes in
supercapacitors are currently subject of study. Some study like [42], that synthe-
sizing F'e;0, in sub-micrometric particles and are presenting preliminary results

26 +6,+3,+2
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3.5 — Polymide (KAPTON®)

of their electrochemical performance in aqueous electrolytes. This study also fo-
cused on the electrochemical characterization of a hybrid supercapacitor using a
composite Fe;O, negative electrode and a composite MnO, positive electrode in
neutral electrolyte. Fe5O, thin film is currently being investigated for applications
in catalysis, electrochemical capacitors, and magnetic devices.

In recent decades, various methods have been proposed by researchers to produce
thin Fe;O, films, including chemical vapor deposition (CVD), molecular beam
epitaxy, pulsed laser deposition, and sputtering [43, 44]. However, equipment and
technology required for synthesizing Fe;O, thin films via CVD and sputtering are
both expensive and complex. In contrast, electroplating offers a more sustainable
alternative with advantages such as operational simplicity, cost-effectiveness, and
scalability for large-scale production. Moreover, the hydrothermal formation of
Fe;0, films remains an area that lacks comprehensive study [42].

3.5 Polymide (KAPTON®)

Kapton® is a polyimide film utilized in flexible printed circuits and flexible elec-
tronics. Originally developed by the DuPont Corporation in the 1960s, Kapton®
exhibits stability over a broad temperature range, spanning from -269 °C to 4400
°C. It finds applications in electronics manufacturing, space exploration, electric
vehicle industries, and 3D printing. Its advantageous thermal properties and low
outgassing make it a common choice for cryogenic and high vacuum environments.
Besides, Kapton® has an inert structure and is very stable and non-flammable
as a material for electronics. The synthesis of Kapton® exemplifies the utiliza-
tion of a dianhydride in step polymerization. Chemically known as poly (4,4’-
oxydiphenylene-pyromellitimide), Kapton® is formed through the condensation of
pyromellitic dianhydride (PMDA) and 4,4’-oxydiphenylamine (ODA). Kapton® E,
on the other hand, incorporates biphenyltetracarboxylic acid dianhydride (BPDA)
and p-phenylenediamine (PPD) in addition to PMDA and ODA, enhancing dimen-
sional stability and flatness in flexible circuitry applications. Compared to Kapton®
H, Kapton® E offers lower coefficients of thermal expansion (CTE) and hygroscopic
expansion (CHE), as well as reduced moisture absorption [45]. As insulating foil,
Kapton® remains stable across a wide range of temperatures, from -269 to +400 °C.
Kapton® insulation ages poorly: an FAA study shows degradation in hot, humid
environments or in the presence of seawater.

3.6 Electrolytes

The term electrolyte generally refers to substances that undergo electrolytic dissoci-
ation in solution, meaning the breakdown of molecules into ions. Specifically, they
are divided into cations, positively charged ions, and anions, negatively charged
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ions, making the electrolyte ionic conductive. Ionic conductivity refers to the abil-
ity of an electrolyte solution to conduct electricity due to the movement of ions.
The higher the number of ions in the electrolyte, the higher its conductivity, but
the mobility does not follow the same trend. Ion mobility is a measure of how
quickly an ion can move through an electrolyte solution when subjected to an elec-
tric field. It is influenced by several factors: size of the ion, viscosity of the solvent
and temperature. Ion mobility, does not necessarily increase with the number of
ions. Instead, it depends on the specific characteristics of the ions and the medium.
For instance, adding more ions to a solution can lead to interactions among ions,
which might reduce mobility due to increased collision rates and the formation of
ion pairs or clusters. Electrolytes are capable of conducting electric current once

conductivity [S/m]

0 2 4 6 8 10
concentration [mol/L]

Figure 3.5: Conductivity of aqueous electrolyte in function of the molar concentra-
tion.

dissolved in a solution due to the presence of positive and negative ions in the
generated solution, derived from the dissociation and ionization of the electrolyte.
In supercapacitors, the electrolyte serves as the electrical connection between the
two electrodes, and its solvent molecules form the monolayer that separates the
electrode from the layer of solvated ions in the Helmholtz layer; eventually releas-
ing ions for the formation of pseudo-capacitance. The choice of electrolyte is as
crucial as the choice of electrode material. The maximum voltage achievable by
a supercapacitor depends on the breakdown voltage of the electrolyte, thus limit-
ing the energy density (which depends on voltage) determined by the electrolyte.
Power density, on the other hand, depends on equivalent series resistance, which is
strongly related to the electrolyte’s conductivity. There are generally four types of
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electrolytes[46, 47, 48, 49]:

Aqueous: these exhibit higher conductivity leading to high power density but
have a low voltage window due to water decomposition per electrode (typically
1 V), resulting in low energy density.

Organic: these are more expensive than aqueous electrolytes but have a higher
breakdown voltage window of about 2.5-3 V and thus higher energy density.
However, their low conductivity affects power density negatively.

Ionic Liquid: Ils have very large voltage window up 5 V, are less conductive
low vapor pressure, higher energy density, higher cost.

Polymer electrolyte: less ion conductivity, they are easy to be integrated
in microfabrication process and low conductivity some affect power density.
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Chapter 4

Methods

In this section we present the approaches in which we set methods and processes to
validate the scaling hypothesis proposed on chapter 2 on supercapacitors. Initially,
due to its versatile properties, kapton was used to define areas with a total area of
1 square centimeter and a spacing of approximately 300 microns. This preliminary
phase had two purposes, one was to demonstrate the compatibility of the use of
micro-super capacitors with flexible electronics, and it also greatly speeded up
the tests in the laboratory. This to then migrate onto silicon wafers and land
on supports more similar to chip electronics. The investigation method adopted
in this work therefore followed two paths, a definition phase and then validated
a first migration on on-chip support with a miniaturization approach. Initially
to study the limits of physical deposition, arrays with fractal designs with h-tree
patterns were created to probe the stress limits of the metal film deposited on
kapton. Although referring to a bulk configuration, the first innovative study, on the
concept of hybrid capacitor, was originally proposed by Hong [37] and successively
by Toupin and Brousse [50]. After this to give little bit of roughness and porosity
is used an electroplating process (black gold deposition) to have more conductivity
and finally the electroplating processes and electrophoretic deposition made, to
obtain the surface coated by the active material, that are activated carbon and
Manganese oxide to enhance the surface are of the electrodes self. At the end the
system is closed in planar configuration for the tests.

4.1 Physical and Chemical Fabrication

4.1.1 Physical Vapor Deposition

The method used, for the fabrication of current collectors, is compatible with the
micro-fabrication methods available in the semiconductor industry. The first step
was a hot-pot thermal Physical Vapor Deposition (PVD): the process is aimed
to deposit metallic current collectors over a Kapton® substrate. The Kapton®
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Figure 4.1: Single interdigit current collector.

substrate was 10 cm x 10 cm and it was cleaned by sonication for 1h and treated
in an oxygen plasma for 5 min prior to the deposition process. Two metal layers of
chromium and gold were deposited onto the substrate, from pellets precursor with
a purity of 99.8 %. Less than 10 nm of chromium were used as adhesion layer, while
100 nm gold thin film were used as metal seed layer for the subsequent phases. A

deposition rate of 1.9 A/ s has been set with a level vacuum in chamber of about
5-107* Pa.

4.1.2 Photolitography

The patterning was accomplished using photolithography and wet etching tech-
niques, as illustrated in Fig. 4.1. The design features a single-digit separation with
a distance of approximately 100 pm between the electrodes. This single-digit geom-
etry, depicted in Fig. 5.1, was patterned onto the metal film via photolithography.
Specifically, AZ-1518 photoresist (Microchemicals GmbH, Germany) with a thick-
ness of about 1200 nm was first spin-coated onto the surface at 4000 rpm for 45
seconds. Following this, the sample underwent a soft bake at 110 °C for 1 minute
to allow the volatile chemicals to evaporate. Finally, the sample was exposed to
UV light (3mWem™2).

Afterwards, the sample was immersed in an AZ400k developer solution for 35
seconds. The patterned interdigital Cr/Au current collector was then obtained
through wet etching, first in a gold etch solution for 10 minutes, followed by a
chromium etch solution for 35 seconds.
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4.1.3 Electroplating Deposition

Electroplating is an electrochemical process for producing coating, usually of metal
or alloys, upon a surface by applying a current or potential. The coating produced
is usually for decorative and/or protective purposes, or enhancing specific proper-
ties of the surface. The surface that is coated can be conductors, such as metal, or
non-conductors. Electroplating methods are widely used for many industries, such

i o

Figure 4.2: a) Foil of Kapton covered by gold b) Mylar Mask, ¢) H-tree fractal
interdigitated current collector.
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as automotive, jewelry, air space, machinery and electronics. The principal part
of the electroplating process is the electrochemical bath. The electrochemical bath
its a confinement of two electrode inside a volume containing a liquid, that is the
electrolyte solution, giving electrical signals to the system is possible to obtain the
desired reaction. The two electrode are called anode, and the cathode. In industrial
production are important treatment before and after the deposition. We call the
part that will be decorated cathode (negative terminal). The anode, however, can
act in two way: as sacrificial anode (dissolvable anode) and as permanent anode
that is inert in the bath solution. If is possible sacrificial anodes are made of the
metal that is planned to be loaded. The permanent anodes close the electrical
circuit, but cannot give new metal ions to keep the constant the solution concen-
tration. Usually, Platinum and carbon based electrode are used as inert anodes.
The Plating solution is the media interposed between the electrodes, containing
metallic ions. Upon application of current or a potential drop, the positive ions in
the solution will move toward the electrode where the reduction occurs the negative
and the anions go on the positive electrode. This flux of ions through the solution

P
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Figure 4.3: Plating interfaces diagram.

constitutes the electric current in the electrochemical cell the circuit. The migra-
tion of electrons into the anode through the metal wire and an electric generator
and then back to the cathode constitutes the current in the external circuit. The
metallic ions in the solution carry a positive charge and are thus attracted to the
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cathode. Electrodeposition, also known as electrochemical deposition, involves the
reduction of metal ions from electrolytes onto a substrate. During this process,
electrons are provided to cations at the cathode, causing them to migrate to the
anode. In its most basic form, the cathodic reaction in an aqueous system can be
represented as follows:

Myt +ne” — M, (4.1)

The anode material can be either a sacrificial anode or an inert anode. For the
sacrificial anode, the anode reaction is:
Mgy — M) +mne” (4.2)

If the equilibrium potential of the electrode is V and the potential of the same
electrode as a result of current flowing is V*I, then the difference between these
two potentials, is called overpotential. The cathode potential of a Au cathode,
is measured versus a reference electrode, a high-input-impedance device so that
a negligible current is drawn through the reference electrode. For high negative
overpotential values, the current density i correlates with the surface area S.

Returning to the electrode preparation process, following photolithography, a
commercial Au-precursor solution, NB Semiplate Au 100 TH, MicroChemicals
GmbH, was employed in a three-electrode configuration setup for electrodeposi-
tion. The working electrode was connected to the target electrode, with a pure
gold sheet, 50 pum thick, serving as the counter electrode, and an Ag/AgCl elec-
trode used as a reference. Galvanostatic deposition was conducted by applying a
current density of 1.4 mA/cm? between the working and counter electrodes for 450
s, while maintaining a 4 cm distance between the electrodes. As depicted in the
figure (Fig. 4.4), the current density was adjusted to generate a deposition rate
curve, aiming to determine the optimal mass loading parameters. The deposited
layer exhibits dendritic growth, manifesting a distinct tree-like structure (Fig. 3.1).
This morphology arises from rapid growth, leading to specific crystallographic ori-
entations.

4.1.4 Active Material Deposition
ElectroPlating Deposition

For the deposition of the active materials onto the current collectors, two approaches
were used. For the positive electrode, manganese was chosen as precursor for the
active material[51]. A neutral, pH = 7, plating solution of Manganese(II) Acetate
0.1 M and Sodium Sulfate 0.1 M, the sodium sulfate adding act as, supporting salt,
were used as precursor. Both salts were provided by MERK- TALY. Milli-Q water
was used as solvent. The setup configuration for the galvanostatic electrodeposition,
was made up by three electrode parallel plates. Working electrode, connected to
the interested electrode, applying a negative density current of -0.9 mA/cm? for
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Figure 4.4: Dendritic Gold deposition curve obtained changing density current dur-
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Figure 4.5: Plating palette on Ti foils varying deposition current density.

1000 s between working and counter electrode so the electrode during the plating
assume negative polarization respect to the reference, manganese cations move on
the surface and reduce. Here reported the plating reaction.

Mn?*

(aq) + 2 — M?’L(S) (43)

The distance between Working Electrode and Counter Electrode was fixed to 4
cm. After plating, samples were cleaned, by deionized water and dried in an oven
at 60 °C for few 48h, and mass loading was measured before and after the process
with a Kern ALJ 210-5A Analytical balance with a linearity parameter of 0.1 mg.
Trials were made to define deposition rate curves: one involves Manganese, the
second one Gold (Fig.4.7). Moreover, different salts have been involved to find
the right stability of the solution, such as K,S0, or MgSO,. After plating of
Mn a thermal process was applied in Buchi Glass Oven, to convert the metallic
manganese in oxidized form, with the sequent temperature curve: starting reaching

for 1 h at 60 °C then 4 h at 300 °C and finally 1 h at 60 °C h [52, 50] after the

46



4.1 — Physical and Chemical Fabrication

Gold Current
Collector

AuT’Mn**lons in

Solution

Signal Generator

Counter Electrode
Pt/Au/Mn

Figure 4.6: Plating set-up cell section.
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Figure 4.7: Manganese oxide phase, deposition curve after thermal treatment,
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thermal process the sample, are weighed and data about the oxidized form are

reported di in the curve 4.7.
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Electrophoretic Deposition

Electrophoretic deposition is a technique used to create coatings, laminated struc-
tures, or concentration gradient structures, as well as solid pieces, applying electric
field starting from a colloidal suspension in an aqueous or organic medium. The
technique involves the use of two conductive surface, one of which pose the sur-
face where coating will be done, both are immersed in a stable suspension made
by micro-particles. A potential difference AV is applied between the electrodes.
The particles, which acquire a positive or negative surface charge upon contact
with the dispersion medium, move towards the electrode with the opposite charge
and deposit onto the surface [53]. The surface on which the deposition takes place
can serve as a simple support or be an integral part of the final application. In
the first case, the material it is made of is quite irrelevant: it is sufficient for it
to be conductive (stainless steel, platinum, Graphite, etc.) and has the shape of
the required surface. At the end of the deposition, the product must be carefully
removed to avoid delamination or washing away of the deposit [54]. If the elec-
trode is part of the device, it must be made of the required conductive material.
However, it will be seen that deposition can also be achieved on a non-conductive
substrate by modifying the electrophoretic cell set-up. The technique is based on
the combination of two effects: Electrophoresis, which is the motion of charged
particles in presence and under the action of an electric field. Deposition, which
is the accumulation and consecutive agglomeration of particles on a surface. The
first attempt to interpret the process can be attributed to Hamaker in 1940 [55].
In 1939, they described the deposition of suspended particles on an electrode as
a phenomenon similar to sedimentation, where the force produced by the electric
field replaces gravity: particles near the electrode deposit due to the pressure ex-
erted on them by other particles. These authors observed that, in some cases, the
deposited layers resemble a viscous fluid and suggested that this is due to the fact
that the potential energy curve of the suspension is always positive. Koelmans et
al. 1954,[56] proposed an electrochemical mechanism for deposit formation based
on the Derjaguin, Landau, Verwey, and Overbeek theory: the theory explain how
increasing of the electrolyte concentration near the electrode surface, this variation
can induce for a system coagulation with a consequent reduction of Z-potential.
Other authors suggest the neutralization of particle charge when they touch the
electrode, Grillon in 1992 [57], involve secondary processes at the electrode lead-
ing to polymerization and particle deposition Shimbo, in 1985, [58], or combine
neutralization and polymerization mechanisms Mizuguchi 1983 [59]. Most of these
theories have been invalidated by subsequent experiments and studies. According
to Sarkar [60], the most plausible explanation is based on the Derjaguin-Landau-
Verwey-Overbeek heory; The stability of a colloidal suspension is attributed to the
balance of repulsive and attractive forces with the formation of an electrical double
layer.
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When particles move under the action of the applied potential difference be-
tween the two electrodes, the electrical double layer is distorted, thinning in front
and thickening behind the particle. The decrease in thickness, due to both dynam-
ics and the "reactions” that occur between the ions in solution, allows the particles
to approach each other and the electrode so there is a predomination of the Van der
Waals forces in order to have the formation of a deposit4.8. Concerning the prepa-
ration of the negative electrode casting technique empowered with electrophoretic
process where made. The active material for the negative electrode was deposited
through drop casting technique. A water-based colloidal solution containing 0.9%
weight of Kuraray’s Activated Carbon was utilized, with a minimal water binder
content of 0.03% weight of Acrylic Acid Modified Cellulose. The dispersion was
stirred in vial over a night. A volume of 100 uL of this dispersion was applied
onto the surface [1]. An electric field, induced by a DC voltage of approximately
50 Vem ™!, was established between the electrode cast and a needle electrode. The
positive potential was applied to the substrate electrode, while the negative poten-
tial was applied to the needle immersed in the meniscus. This strong electric field
initiates an electrophoretic process, facilitating the contact of the carbon particles
with the surface of the current collector. The deposition is carried out by applying
the electric field for an half an hour, then the sample is left to dry, by repeating the
process it is possible to control the mass loading on the electrode. Zeta potential
measurements were conducted to examine the polarization shell of the activated
carbon, revealing a zeta potential of around -30 mV in deionized water.

Figure 4.8: Electrophoretic set-up, with needle, applied on the single inter-digit
device.

Two different electrodes were prepared one with thermal treatment and one
without thermal treatment for XPS measurement, (Fig. 4a) to understand the
oxidation state of the active material surface before and after the thermal process
[61]. After this analysis a planar hybrid device was built. Besides, the studies
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suggest an asymmetrical configuration using activated carbon and manganese oxide
in neutral aqueous media to extend the operating voltage window (1.6 V) and so
to achieve higher energy density. Similarly, the research presented here aims to
enhance energy performance in planar devices.

4.2 Physical Characterization

In the realm of material science and engineering, the physical characterization
of materials plays a pivotal role in understanding their properties and behavior.
Various sophisticated techniques are employed to delve deep into the structural,
morphological, and compositional aspects of materials. These techniques not only
provide valuable insights into the fundamental properties of materials but also
facilitate the development of new materials with tailored properties for specific
applications. From microscopic analyses to spectroscopic methods, these charac-
terization techniques enable researchers to unravel the intricate details governing
material performance, paving the way for advancements in diverse fields ranging
from electronics to biomedical applications.

4.2.1 Electrical Characterization
Van Der Pauw

Vander Pauw method, [62] was applied on the square metal film obtained through
the technique. The technique consist in a four wire measurements. Injecting a
current between the two nodes Fig. 4.10, 1,2, and measuring the potential drop in
the opposite two nodes 3,4, then the measurement is repeated rotating the injection
point and the voltage drop points, for reciprocity. Tens of measurements have been
performed resulting in a sheet resistance of the metal film of about 300 mQsquare.
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Figure 4.9: Van Der Pauw set up and geometries.
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Figure 4.10: Van Der Pauw set up and geometries
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4.2.2 X-Ray Photo-Electron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) analyses were conducted utilizing a PHI
5000 Versaprobe spectrometer (Physical Electronics, Chanhassen, MN, USA) equipped
with an Al k-alpha monochromatic source (1486.6 €V). To mitigate the electrical
charging effect induced by the photo-electrons extracted during the measurements,
the samples under examination were subjected to a combined electron and Ar ion
gun neutralizer system. Semi-quantitative atomic concentration and fitting proce-
dures were performed using the dedicated software Multipak 9.7.0.1 Version. The
core-level peak energies were calibrated with respect to the Cls peak at 284.8
eV (attributed to adventitious carbon), and the background contribution in high-
resolution (HR) scans was subtracted using a Shirley function.

4.2.3 X-Ray Diffraction

XRD patterns of the electrodeposited manganese oxides were collected on a Empyrean
powder x-ray diffractometer with Cu Ka radiation source with a wave length, A
= 1.54052 A, other specs of the where voltage 40 kV, current and 30 mA, and a
0.013 step size of 26 angle from 10 to 100. The samples were placed onto a zero-
background stage holder to avoid further signals. After data acquisition QualX soft-
ware with, RRUFF and COD database, were used for the phase identifications.
For the quantitative phase analysis and the refinement, MAUD open software was
employed. Fityk free software was employed for the deconvolution of the peaks and
used only for graphical purposes. For the Rietveld refinement, the Crystallographic
Open Database (COD) was used, the COD numbers employed are:

« 00-900-8518
« 00-210-5394
00-900-9111

00-900-8463

00-900-1963

00-151-0524

4.2.4 Micro Raman

Micro-Raman spectroscopy was performed by using a Renishaw InVia Qontor
Raman microscope. A laser diode source, with a wave length A=532 nm, was used
with 5 mW power, and sample inspection occurred through a microscope objective,
with a magnification of 50x. Including backscattering light collection setup. After
data collection the Raman spectra analysis was carried out with Fityk software
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[63]. Lorentzian functions were used as fitting functions. All the data reported in
the result section are with baseline correction.

4.3 Electrochemical Characterization

Both positive and negative electrodes were analyzed separately in three electrodes
configuration to obtain for each electrode the charge storage performance. An
electrochemical characterization system with three electrodes consists of three dis-
tinct electrodes: the working electrode, the counter electrode, and the reference
electrode. The working electrode is the main node controlled directly by the po-
tentiostat, where electrochemical reaction that interacts with the solution are in-
vestigated. It is where the desired process takes place, such as the oxidation or
reduction of a chemical species. The auxiliary electrode, also known as the counter
electrode, is used to close the circuit and provide and the necessary current to
the system for the desired reactions to occur on the working electrode. This elec-
trode is typically made of an inert material that does not actively participate in
the electrochemical reactions. The reference electrode is used to maintain known
the potential of the working electrode during electrochemical measurements. This
electrode has a well-defined and constant reduction potential against which the po-
tentials of the working and, counter (if is possible) electrodes are measured. This
system allows for precise control of experimental conditions and reliable measure-
ments of electrochemical potentials and currents during electrochemical reactions.
The electrochemical synthesis and subsequent characterizations of individual elec-
trodes were initially conducted using a potentiostat/galvanostat by Metrohm Multi
Autolab Cabinet/M101. Each electrode was immersed in an electrolyte-filled beaker
arranged in a three-electrode cell configuration, with a platinum rod serving as the
counter electrode and Ag/AgCl as the reference electrode. Parameters such as
Open Circuit Voltage (OCV) and Potentiostatic Electrochemical Impedance Spec-
troscopy (EIS) were measured to determine the equivalent series resistance of the
electrodes. Subsequently, electrochemical characterizations of the 2-electrode de-
vice were carried out using an Arbin BT2000 potentiostat/galvanostat.
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4.3.1 Impedance Spectroscopy

0 R , Rg+Re

Figure 4.11: General Nyquist diagram from PEIS measurement for a supercapaci-
tor.

The characterization method known as Electrochemical Impedance Spectroscopy,
EIS, is highly effective for thoroughly analyzing the electrochemical performance of
supercapacitors. EIS operates by applying a small (i.e. 10 mv) signal to the cell,
across a broad frequency spectrum and measuring the resulting current variations
due to the sample’s impedance as a function of frequency. PEIS, were performed
with a frequency range, from 1 MHz to 10 mHz with a sinusoidal signal, with
an amplitude of 10 mV. Nyquist plot shows the relationship of imaginary transfer
function, Z, to real transfer function Z;,, and correlates with the system dynamic.
The intercept point of the curve in the Nyquist plot with the real axis is the
equivalent series resistance, ESR.

The ESR value primarily hinges on the resistance of the electrolyte and the
contact resistance at the interface between the active material and the current col-
lector. The presence of a second intercept signifies the charge transfer resistance
R,,, computed by the disparity between the two intercept points. R.’s magni-
tude is depicted as the diameter of the semicircular segment on the Nyquist plot
in the high-frequency range, primarily influenced by the electron transfer mech-
anism. At intermediate frequencies, the plot provides insights into ion diffusion
across the electrolyte-electrode interface. In the right part of the plot, refered to
lower frequency, the straight curve is by diffusion processes. In this work we present,
measurements performed by use of two potenziostat, Biologic and Metrohm Au-
tolab.
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4.3.2 Cyclic Voltammetry

Concerning a electrochemical cell formed by tree electrode,
when a positive voltage is applied to electrochemical sys-
- tem, opposite charges start to move through the surface and
__ tend to accumulate on the electrodes under test. The elec-
trodes are separated by a separator to prevent short-circuits
and thus an electric potential is produced between the two
electrodes to achieve the function of energy storage. Capac-
itance is defined as the ratio of stored charge transferred to
the applied voltage on the electrodes of the cell, C = dQ/dV.
1 At first glance, performances of electrochemical cell can be
Separator measured by using standard Cyclic Voltammetry. In practi-
cal Cyclic Voltammetry test consist in applying a staircase
signal, voltage sweep, dV/dt, on the working electrode of the
cell, the rate in which the voltage raise or go down is called scan-rate. As conse-
quence fo the applied voltage a current ca be measured by the instruments between
the working and the counter electrode. Reversing the voltage sweep is possible to
explore the behavior in discharge. In Fig. 4.12a is show, the typical behavior of the
electrical double layer capacitor (EDLC) is evaluated based on the corresponding
current response at a fixed scan rate (10 mVs™1). From the Fig.4.12b, the typical
behavior of the pseudo capacitive electrochemical system is evaluated based on the
corresponding current response at a fixed scan rate. The capacitance, C, can be
calculated by the following:

T g
|

_Q_ 1
0=2=2 / I,dt (4.6)

Where Q represents the supercapacitor’s charge in coulombs at its maximum volt-
age, measured by the CV system in use. AV denotes the voltage drop across the
device’s terminals, expressed in volts. The capacitance, C, can also be determined
from the difference in current at a specific point, typically the midpoint, of the
potential’s rising and falling curves [64].

C= % - /Id(V)dV (@7)

4.3.3 Galvanostatic Charge Discharge with potential Limi-
tation

A galvanostatic charge-discharge test is a classical chrono method test performed
on supercapacitors for performance evaluation such as charge capability and life.
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Figure 4.12: General curve for cyclic voltammetry and charge discharge measur-
ments.

Like the name said the measurement consists in two steps: the first charging a cell
with a constant current imposed between the two terminals, and the second step,
discharging phase, at a fixed negative current inside a specific voltage range. The
capacitance C can be directly calculated by the following equation:
oLl
m AV
where I is the discharge current in amperes, AV is the voltage of the discharge, Cs
is the specific capacitance of the electrode, m is the average mass of active material
each electrode. They were utilized to assess the capacitance of each sample in this
research. The operational voltage range is dictated by the electrolyte employed
in the supercapacitor. The rated voltage incorporates a safety margin to prevent
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4.3 — Electrochemical Characterization

reaching the electrolyte’s breakdown voltage, the threshold at which the electrolyte
decomposes or unwanted chemical reactions take place. Standard supercapacitors
based on aqueous electrolyte typically have a rated voltage of ~1 V | while those
using organic solvents usually operate around ~2.5 to 3.0 V. Asymmetrical (or
hybrid) supercapacitors can operate in neutral aqueous electrolytes in a voltage
window between 1.5 and 2.0 V.
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Chapter 5

Experimental

5.1 Project Flow

In the context of my research on the development of sustainable micro superca-
pacitors, Has been adopted a methodological approach based on a structured and
targeted project flow. This project flow has been designed to guide and coordinate
all crucial phases of the development process, ensuring effective resource manage-
ment and optimal achievement of objectives in terms of sustainability. Below, a list
of the main steps and activities included in the project flow for the development of
low impact micro-supercapacitors will be presented:

Definitions of materials and potential applications.
Analysis for compatibility and impacts of the materials chosen.

Preliminary electrochemical characterization, EIS, CV, GCD on single elec-
trode surface.

Conceptualization of chemical /physical processes for the fabrication of a device
Layout design through CAD for test cell.

Layout design and fabrication of the masks for the photolitohography.
Definition of a measurement protocol for the electrical characterization
Definition of a measurement protocol for the electrochemical characterization.
Development of 3D CAD for the set-up.

Package and the electrical and functional properties have been verified.
Figure of merit and long term tests are carried out.

Final conclusion and future outlook.
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Figure 5.1: Picture of a single digit device plated by dendritic gold.

5.2 Material Characterization

The figure labeled as 5.2 displays a tilted FESEM (Field Emission Scanning Elec-
tron Microscopy) image depicting a selectively grown layer comprising Dendritic
Gold and Manganese oxide. To ascertain the thickness of the deposited layer, SEM
(Scanning Electron Microscopy) and confocal microscopy were employed. The mor-
phological examination and elemental analysis of the electrode surface were con-
ducted utilizing a Zeiss field emission scanning electron microscope. Figure 5.2a
shows the different shapes if they develop during the plating process of Dendritic
Gold, corresponding to a mass loading of ~ 1to2mg/cm?, to 5.2b in greater detail
where the layer of gold metal film (100 nm) deposited is shown. Figure 5.2¢ show
alpha manganese oxide morphology. In fig. 5.2a is shown, alfa manganese oxide
deposited on dendritic gold the morphology is similar to the layer without dendritic
gold, suggesting that over a certain mass loading the manganese plating does not
follow the dendritic profile and change morphology during thermal treatment.

5.2.1 XPS on Manganese Dioxide Electrode

The surface chemical composition of the electrodes underwent assessment through
XPS analysis to ascertain the surface chemical makeup and manganese oxidation
states of the deposited materials. Examination of the survey spectra revealed the
presence of Mn, along with O, C, and occasionally trace amounts of Au (< 1
at.%) originating from the substrate, as well as remnants of precursors and solvents
utilized during the deposition processes (such as Na, K, and S). It’s known that
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5.2 — Material Characterization

400 nm

Figure 5.2: (a, b) FESEM image for grown D-Gold on thin film gold. (¢, d) FESEM
image for grown MnO, on thin film gold current collector. (e, f) FESEM images
with different magnification of grown MnO, on Dendritic Gold current collector

manganese poses challenges for complete characterization via XPS due to its six
oxidation states, multiplet splitting (for oxidation states II, III, IV, and VI) overlap,
and broadening caused by the simultaneous presence of multiple oxidation states.
Hence, relying solely on Mn 2p doublet analysis may not suffice to definitively
determine Mn oxidation states. The analysis of Mn 3s doublet provides additional
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insights, as the relative separation distance between the two peaks on the binding
energy scale offers another piece to solve the intricate puzzle. From Fig. 5.3, it’s
evident that the two Mn 2p signals exhibit noticeable discrepancies between the
thermally treated (red line) and the as-prepared (blue line) samples. A relative

—— Thermally treated
As-prepared

7 Mn 2p3,2

A=06eV

Mn 2p1/2

shake-up

satellite

Intensity (a.u.)

668 664 660 656 652 648 644 640 636

Binding Energy (eV)

Figure 5.3: XPS spectra of Manganese 2p.

energy distance of 0.6 eV can be inferred between the two Mn 2p3/2 peaks together
with the presence of a satellite structure (5.2 eV apart from Mn 2p3/2 maximum),
for the as-prepared sample, above 644.0 eV, which is commonly attributed to shake-
up losses due to MnO phase [65]. Considering the Mn 3s doublet depicted in Fig.
5.4, we observe two distinct values for the relative spacings (AFE) between the two
doublet peaks: 5.23 eV and 5.65 eV for the thermally treated and as-prepared
samples, respectively. These values align well with those proposed by Chigane
and Ishikawa in [66], further affirming the transformation of MnO into Mn,O4
through thermal treatment. While numerous attributions exist in the literature
for these values [67, 68], based on the oxidation state and crystallographic phases,
employing the formula from [69] to calculate the Average Oxidation State (AOS)
as: AOS = 8.95 — 1.13 AE, enables us to assess the predominant oxidation state
present on the surface of our samples. The calculated AOS values are 3.04 and
2.56 for the thermally treated and as-prepared samples, respectively. This suggests
that the active material treated thermally demonstrates an average oxidation state
corresponding to Mn(+3), as observed in compounds like Mn,0O5 or MnOOH.
Conversely, the electrode prepared as-is showcases an oxidation state reflecting a
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blend of Mn(+3) and Mn(+2). The detection of the shake-up satellite associated
with the MnO structure had already hinted at the presence of a Mn(+2) component.
Moreover, if we recall the relative distance highlighted in Fig. 5.3 between the two

sample #2

sample #12

sample #15

sample MnO2_non_calc \ Mn3s

A

s

Normalised Intensity (a.u.)

A\
ww,\‘
100 98 96 94 92 90 88 86 84 82 80 78 76
Binding Energy (eV)

Figure 5.4: XPS spectra of Manganese 3s.

Mn 2p;, components (A = 0.6 eV), we can find out the same relative distance
between MnO and Mn,0O5 or MnOOH reported in M. Biesinger et al. detailed
work on transition metal oxides [65].

5.2.2 Raman on Manganese Dioxide Electrode

The Raman spectra of manganese oxides has three main regions: 200-450 c¢m~*
it is possible to find the skeletal vibrations, 450-550 ¢m ™! there are the deforma-
tion modes of the Mn-O-Mn structures and in the region 550-750 cm ! the Mn-O
stretching.

Literature findings vary concerning the claimed phases in both natural and syn-
thetic samples. Xin et al. conducted thorough chemical and physical analyses of
synthesized manganese oxides/hydroxides, with their work serving as a reference
for the Raman spectra [70]. Using a 532 nm continuous green laser, powders were
compressed and examined on a glass substrate, with the Raman shift scale cali-
brated using a crystalline Si-wafer. The structure of manganese oxides consists of
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Figure 5.5: Raman Spectra for electroplated Manganese dioxide.

MnOyg octahedral building blocks, which share edges and corners in various config-
urations. These octahedral structures exhibit six normal vibrational modes: v1, v2,
v3, v4, vb, and v6. Among these, only vl, v2, and v5 are Raman active, while v3
and v4 are Infra Red (IR) active. However, the nominally inactive modes may be-
come active in layered and/or tunnel structures. Our sample displayed a prominent
peak at 655.7 em ™! attributed to the v1 vibrational mode of Mn3+, with two less
intense shoulders at 620.5 cm ™! and 583.7 em™! also attributed to the v1 vibra-
tional mode of Mn3". According to data from [70], the possible phase is aMn,O5.
This characteristic peak is also observed in Mn3;0, phases, as reported in other
literature sources [71, 70]. However, considering the oxidation state of manganese,
this phase was not deemed relevant. Consistent with the XPS results, the absence
of the v3 mode peak at 703 cm ™! suggests that the material is not a layered or
tunnel structure. Additionally, the presence of the v5 peak at 317.1 em ™! indicates
skeletal modes with relatively low activity. The v2 mode was found at 545.7 ecm ™!
instead of 538 em ™!, as qualitatively noted in the report by Ram et al. [72]. The
spectra exhibit two relatively intense peaks in the 300 to 500 ¢m ! range, which,
according to Karuppaiah et al. [73], can be attributed to Mn,O4 nanoparticles.
Further insights from Yousefi et al. [74, 75] suggest that the small peak at 990.2
ecm~! may correspond to the Manganosite phase, MnO, although its presence is not
significant due to the relatively low intensity [37]. The common poor crystallinity
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of electrolytic manganese oxides, coupled with crystallite sizes typically limited to
the nanoscale and the presence of multiple phases, pose challenges for identifica-
tion and characterization using XRD. Hence, IR, Raman, and XPS spectroscopies
are more sensitive in this regard. To unravel some features of the complex den-
dritic electrode pattern, two additional measurements were conducted on samples
prepared specifically for this purpose.

5.2.3 XRD

The reflections at the dendritic electrode are characterized by the presence of very
strong and sharp peaks imposed by the dendritic gold and by weak, but very broad,
reflections arising from the Kapton flexible substrate (evidenced in Fig. 5.6 with
the patterned yellow and orange peaks, respectively) onto which the reflections of
the manganese oxides are superimposed.
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Figure 5.6: XRD pattern of manganese dioxide on dendritic gold.

It is noteworthy to mention that the reflections from the Kapton support re-
mained identical before and after thermal treatment. They were subtracted along
with the polynomial background during qualitative identification and quantitative
analysis. To mitigate the intense signal generated by gold, electrochemical deposi-
tion of manganese oxide was also performed on a flat-smooth gold current collector
with higher manganese-compounds mass loading. This approach allowed focus-
ing more on the metal oxide electrodeposited rather than on the current collector.
Subsequently, the same sample underwent annealing according to the standard pro-
cedure for preparing dendritic electrodes. Through these three measurements, the
evolution of both the gold current collector and manganese-related phases under
thermal treatment was tracked.

Combining qualitative, quantitative, and Rietveld refinement analyses, it was
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determined that the flat current collector belongs to the gold Fm-3m space group
with a face-centered cubic unit cell, having a cell parameter a = 4,099 A, which
decreased to 4,080 A after thermal annealing. In contrast, the average crystal size
increased from 758 to 833 A, and the microstrain of the structure relaxed from
1.31p to 1.20p. The dendritic gold, on the other hand, exhibited a unit cell with a
= 4.076 A and significantly larger average crystal dimensions, above 1150 A, with
a microstrain of 1.35u even after thermal treatment. Interestingly, in the dendritic
electrode, metallic gold (22 % of the sample weight) was not the sole metallic phase.
Two Au-Mn alloys, (Auy,Mn)0.8 and Au31Mng, were found to be present in sig-
nificant quantities during the refinement, accounting for 4.45 and 1.8 % of the total
sample weight, respectively. Regarding the manganese-based active material, two
manganese oxyhydroxides, Hausmannite («Mn30,) and Pyrochroite (Mn(OH),),
were identified on both the flat and dendritic current collectors. Pyrochroite disap-
peared completely after thermal treatment on the flat gold, leaving a small residue
on the dendritic current collector (0.2 %). Before thermal treatment, Pyrochroite
exhibited a small average crystal size of about 110 A, while oM ns0, showed a
large crystal size of 1075 A, which significantly decreased to 164 A post-annealing.
This change in crystalline size, without altering other structural parameters of the
phase, resulted in a noticeable color change from light orange to deep brown. To
complete the Rietveld refinement of the dendritic electrode, one phase (0.1 % by
weight) remained unidentified. It is equally plausible that this phase could be
metallic T1 or TIF, originating as an impurity from the gold electroplating solution
containing a Tl-based salt as a brightening agent. It is conceivable that the residual
Mn(OH), and the Tl-based compound may have been trapped in close porosities
during the electrodeposition process due to the irregular shape or insufficient an-
nealing time/temperature. All refined parameters of the identified phases in the
three samples are presented in Table XRD in the supporting information. In wet
synthesis of MnO, nanostructures, the nonequilibrium crystallization at ambient
temperatures leads to the formation of various metastable phases, often resulting
in mixtures of manganese oxides with multiple valences. Pyrochroite is naturally
abundant in aquatic and wet environments and readily transforms to higher ox-
idation states with fast kinetics. Hausmannite, on the other hand, is the most
stable phase of manganese oxides, with the highest average oxidation state of Mn
as +2.66. aMn30, corresponds to the 141/ space group and exhibits a spinel struc-
ture described by the formula, Mn?T(Mn3"),0,, wherein Mn?* and Mn3* ions
occupy the tetrahedral and octahedral sites, respectively, with tetragonal distortion
of Mn3" ions due to the Jahn-Teller effect. Bixbyite, a trivalent oxide («Mny05),
possesses a cubic structure with the Ia3 space group. In recent decades, it has
garnered significant scientific interest due to its structural architecture’s suitability
for supercapacitors. Chen et al. proposed a phase change from precipitated wires
of Mn(OH )y to aMns0O, and eventually to aMn,O4 through thermal treatments
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in air or a nitrogen atmosphere. Similarly, Ramirez et al. observed that amor-
phous MnO,, when heated above 450 °C, crystallized into aMn,0O5 under air and
aMns0O, under nitrogen. These reactions, conducted under flowing gases, aimed
to supply reactants to the surface. However, during the annealing procedure at
300 °C for the dendritic electrodes, the atmosphere was static, potentially limiting
the oxidizing agent’s availability to promote further oxidation of Hausmannite into
Bixbyite on the electrode surface. Moreover, for metal oxides with numerous oxi-
dation states, surface phases often differ significantly from those in the bulk. Song
et al. employed laboratory and synchrotron-based light analysis to study phases at
different depths in their samples using small-angle and quartz capillary transmis-
sion XRD. They identified the co-presence of aMn3;0, and aMn,05 at different
depths and under varying annealing conditions.

Hence, in this study, evidence of oxidation state evolution from bulk through
XRD (analysis depth > 2000 nm) to the surface via Raman (<1000 nm) and up to
the interface through XPS (<10 nm) is presented, alongside the structural evolution
of the current collector from flat to dendritic gold.

5.3 Dendritic Gold Electrochemical Characteri-
zation

A dendrite, characterized by its tree-like branching structure, is a common form
observed across various scientific fields, including biology, metallurgy, and crys-
tallography. An illustrative example of such structures in nature is found in the
crystalline formations of snowflakes. In this study, we explore the electrochemical
behavior of metallic dendrites formed during electroplating deposition and provide
insights into the surface modifications achieved by coating these structures with
active materials for supercapacitor applications. Porous metallic current collectors
were prepared using plating solutions, where the working electrode was connected
to the surface slated for coating, and a pure gold sheet, 50 pum thick, served as
the counter electrode, with a reference Ag/AgCl electrode utilized. The deposi-
tion process was conducted in galvanostatic mode, applying a current density of
1.4 mAcem™2 for 450 s, while maintaining a distance of 4 cm between the deposition
electrodes. Variations in current density were implemented to generate a deposi-
tion rate curve, aiding in determining the optimal mass loading parameters. The
resulting structure exhibits a dendritic morphology, showcasing its characteristic
tree-like shape, as depicted in Figure 5.2a.

The distinctive shape of the dendritic metallic layer arises from its rapid growth,
which induces specific crystallographic orientations. An advantage of this technique
lies in its cleanliness and simplicity, rendering it easily adaptable to production
lines equipped with microelectronic facilities. To characterize the dendritic metal-
lic layer, preliminary cyclic voltammetry was conducted in 0.5 M sulfuric acid
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(Hy,S0,). In Fig. 5.7, voltammograms of two different current collectors are de-
picted: the red curve illustrates the voltammograms of the flat gold, while the
violet-gray curve represents those of the dendritic gold. Two distinct regions can
be identified, which we refer to as the "oxygen” region and the double-layer region.
The oxygen region initiates when the CV is swept over a potential exceeding 0.9 V
vs Ag/AgCl for the D-Gold electrode, and over 1 V vs Ag/AgCl for the flat gold
electrode. In this region, a thin anodic oxide film is formed through a simplified
reaction preceding the evolution of O, gas. Consequently, a hydrated gold oxide
monolayer is formed on the electrode, contributing to the evaluation of the real
surface area. The left portion of the voltammograms, ranging from 0 to 0.7 V,
showcases the double-layer region, where only capacitive processes occur. Over-
lapping the gray curve onto the red one provides initial evidence of the effective
area increase. The electrochemical surface area (ECSA) was assessed by estimating
the charge associated with the reduction of the gold oxide at 0.87 V vs Ag/AgCl,
as depicted in Fig. 5.7. Two peaks are visible: one referring to the flat gold in
red (Fig. 5.7b), and the other, in gray, corresponding to the dendritic gold. The
charge attributed to the reduction process, i.e., the reduction of the oxide mono-
layer formed on the surface of the Au electrodes, measured 1.2 mC for flat gold and
4.5 mC for the D-Gold electrode. From this charge, the ECSA and the roughness
factor, defined as the ratio between the effective area and the geometrical footprint
area, can be evaluated [76, 77]. The equation used for the calculation is presented
below.

Qred  Qrea
A _ Xred __ re 1
real T e dm (5 )

Where the @,..4 is the cumulative charge involved in the reduction peak, e is the
electron charge 1.6 10712 C, I is the charge per surface area for a gold oxide layer
the value is 384 uCem ™2 and dm is surface metal atom density. From the flat
gold electrode, with a geometrical area of 0.5 cm?, resulted a roughness factor of
about 6.6 and an ECSA of about 3 em?, and from the D-Gold electrode, with a
geometrical area of about 0.54 ¢m?, resulted a roughness factor of about 22, and a
ECSA of about 12 cm?.

The areal gain factor, in terms of area from thin film gold to dendritic gold is
of about four times (4x). In terms of areal capacitance dendritic gold layer offers
a specific capacitance of about 0.5 mF ¢m 2 this value was calculated through CV
in Na,SO, 1 M in a potential window 0 to 1 V, reporting the absolute capacitance
on to the foot print area. Further analyses were made tuning the D-Gold mass
loading with respect to the active material.
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Figure 5.7: (a) CV of thin film gold and D-Gold overlapped at 100 mV s~! in
H,50, 0.5 M, the electrode potential is referenced to Silver/Silver Cloride reference
electrode. (b) Dettail of the reduction peak used for the calculation of the areal
factor.

5.3.1 Activated Carbon Electrochemical Characterization

The negative electrode measurements, the electrochemical stability of the activated
carbon electrode in the -1.1 V to 0 V vs Ag/AgCl voltage range was tested in
Nay,SO, 1 M giving a specific capacitance of about 55 mFcm ™2 with a scan rate
of 5 mVs~!. In this case it is useful to analyze between PEIS of AC based 5.8
electrode chart that give an idea of the different morphological pore structures led to
a different PEIS curve. The typical semi-circular pattern of carbon-based electrode
is absent in Mn,05 based electrodes. This suggests a substantial difference in the
porosity structure at the interface. PEIS of AC based electrode is more similar
to line 4 in Fig. 2.8 describing an inner bulk porosity almost closed to the edge,
while PEIS of Mn,04 based electrode is similar to lines 1-2 in Fig. 2.8. Where a
well-open rectangular pore structure is portrayed.

5.3.2 Manganese Oxide Electrochemical Characterization

The charge storage capabilities of the Mn,O4 coating on the F-Gold current collec-
tor, prepared according to the experimental section, were initially explored through
cyclic voltammetry (CV) measurements. Furthermore, we examined how the capac-
itance performance varies with the mass loading of the pseudo-capacitive material.
Preliminar PEIS test where made in different electrolyte before and after cycling,
see 5.9b to explore differences in neutral environment of the pseudo activity for the
material, no relevant differences where observed. In this context, it is instructive
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Figure 5.8: PEIS and CV of AC base electrode.

to compare the potentiostatic electrochemical impedance spectroscopy (PEIS) of
AC-based electrodes, which provides insights into the distinct morphological pore
structures leading to different PEIS curves and to explore potential changes in sur-
face oxidation states or activation phenomena of the active material. As suggested
by Toupin et al. [50], these changes are observable during cycling between 0 and
0.9 V. Fig. 5.9a and 5.9b depict distinct slopes in the PEIS curves. After condi-
tioning cycling, the slope increases in each curve, primarily due to the intercalation
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Figure 5.9: PEIS curve of Mny,0O5 electrode before and after cycling, in different
electrolytes.
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of Na*, K*, Mg?" cations into the bulk of Mn,O; during the initial cycles. Addi-
tionally, it is noteworthy that Na,SO, electrolyte exhibits a better slope compared
to K550, electrolyte in the lower frequency region.

The characteristic semicircular pattern observed in carbon-based electrodes is
notably absent in Mn,O5-based electrodes, indicating a significant difference in
porosity structure at the interface. The PEIS of the activated carbon-based elec-
trode resembles the profile depicted by line 4 in Fig. 2.8, portraying an inner bulk
porosity closely located to the periphery. Conversely, the PEIS of the Mn,05-based
electrode mirrors lines 1-2 in Fig. 2.8. Additionally, Fig. 5.10 presents typical cyclic
voltammograms obtained at a scan rate of 10 mV s~ ! within the range of 0.1 to
1.1V vs Ag/AgCl.
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Figure 5.10: (a) CV curves of Mn,04 loaded on to flat gold film, with differet
Mny,O4 mass loading, at a scan rate of 10 mV s~

The voltammetry profile displays an almost linear and well-defined structure,
indicative of a good pseudocapacitive behavior. Fig. 5.11 illustrates the perfor-
mance variation of this electrode with alterations in the Mn,O5 mass loading.
It is evident from the results that the trend of gravimetric capacitance exhibits
a linearly decreasing pattern. This experimental observation validates that only
manganese atoms, present on the electrode surface, participate in the charge stor-
age process. The red line, representing the areal capacitance, stabilizes at ap-
proximately 35 mF em™2 for electrodes with a Mn,O5 mass loading exceeding
0.25 mg cm~2. To summarize, there are no significant benefits in terms of capac-
itance, in increasing the manganese mass loading beyond 0.25mg ¢m =2 for planar
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Figure 5.11: Gravimentric and areal capacitance performance in Na,SO, at 10
mVslin function of Mn,O; mass loading.

micro-supercapacitors intended for specific applications, unless to reach well uni-
formity on the current collector avoiding exposition to the electrolyte. However, a
swift deterioration was noted with the Flat-Gold electrode within the 0 to 1.1 V
vs Ag/AgCl potential range. The extensive potential window results in electrode
delamination and premature aging. It is presumed that this accelerated aging is
caused by surface stress phenomena after numerous cycles, particularly near the O,
gas evolution zone. Consequently, a restricted operating potential window of 0 to
0.7 V vs Ag/AgCl was selected to ensure prolonged cycle stability. Regarding sub-
sequent analyses with the D-Gold treated electrode, a consistent Mn,05 amount of
0.7 mg em~2 was utilized for the three electrode tests, in order to have well covering
of the current collector avoiding to expose it to the solution. The three electrodes
were fabricated with varying mass loadings of Dendritic-Gold, specifically 0.88,
1.56, and 3.34 mg em~2. The constant mass loading of Mn,05 was deliberately
chosen to emphasize the benefits associated with the Dendritic-Gold layer. A no-
ticeable distinction in the shape of the cyclic voltammetry (CV) curves is evident
between Fig. 5.10 and Fig. 5.12. The voltammogram in Fig. 5.12 exhibits a more
"boxed” profile with higher specific current compared to the one in Fig. 5.10. It
can be inferred that the enhancement effect provided by the Dendritic-Gold layer
is limited up to 3 mg cm~2 of deposited Dendritic-Gold material. Referring again
to Fig. 5.12, the red and blue curves almost overlap without significant differences.
However, notable distinctions are observed for the gray curve with 0.88 mg cm =2
compared to the red and blue curves in terms of capacitance performance. Fig.
5.13 illustrates the gravimetric capacitance and specific capacitance per unit area
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Figure 5.12: CV curves of Mn,05 deposited on D-Gold Current collector, varying
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calculated from Eq. 4.8.

Significantly improved performances are noticeable, with areal capacitance tripled
compared to the trendline in Fig. 5.11, and a stable gravimetric capacitance with
a specific value of approximately 100 mF em™2 for the Mn,Oj electrode, it is im-
portant to note that the capacitance value pertains to the dendritic gold-treated
electrode. The mass of the deposited gold, which is not included in the calculation,
does not function as an active material but rather as part of the current collector.
This contributes to the improvement factor, resulting in the increasing trend in
gravimetric terms for the black curve in the figure 5.13. Additional voltammetry
experiments were conducted with Dendritic-Gold multilayered electrodes in two
other neutral water-based electrolytes, namely K,50, and MgSO, (Fig. 5.14).

5.4 Flexible hybrid device results

The hybrid device was built according to the procedure described in the experimen-
tal section. Electrodes were balanced in terms of charge, tuning the mass loading
during the electroplating deposition techniques, the positive electrode was charged
with 0.7 mg where the negative electrode was charged with 1.5 mg of AC, both
electrode where charged with 1.86 mg cm ™2 of dendritic-gold. The evolution of the
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cell voltage during charge/discharge cycle is shown in Fig. 5.15¢. The planar inter-
digitated micro-Supercapacitors was tested with 220 uL of 1 M Na,SO, aqueous
electrolyte infiltrated in the glass fiber separator.

PEIS was utilized primarily to assess the transport characteristics of the de-
vice, yielding an equivalent series resistance of approximately 7 2. Capacitance
variations with the scan rate reflect the distinct ion diffusion dynamics across the
interface. At lower scan rates, the maximum charge accumulation process, as de-
picted in Fig. 5.15¢, allows for the full utilization of pseudo-porosity. The CCCD
curves of the device exhibit a somewhat nonlinear behavior, indicating the occur-
rence of self-discharge phenomena and electrical losses at a rate of 50 puA em 2.
Additionally, the potential presence of activated carbon particles,residual and an-
wanted from the electrophoretic process, within the separator could create minor
resistive paths at the interface, contributing to charge losses. Numerous forthcom-
ing analyses are required to comprehend and mitigate the self-discharge effect. Fol-
lowing an initial loss of 12% observed during the initial 100 cycles, the capacitance
stabilized at 17 mF em™2 during cycling at 50 uA c¢m 2. The specific capaci-
tance was calculated using Eq. 4.8. The capacitance retention, illustrated in Fig.
5.15d, demonstrates long-term stability, with the device performance tested over
1500 cycles at a discharge current rate of 500 uA em~2. However, the maximum
energy density calculated reached 5 pWh em ™2 with a discharge time of 550 s. This
time scale aligns well with the operational requirements for the initially envisioned
applications of MnQO,-based micro-supercapacitors, such as self-powered sensors,
wearable electronics, or other applications with brief power demands where conven-
tional batteries fall short. No observable gas evolution was detected during cycling.
The device’s energy and power densities, evaluated using appropriate equations, are
depicted in the Ragone plot in Fig. 5.16, and are compared with the electrochemical
performances of planar devices reported in literature from previous decades, tested
under similar conditions. Table 1 presents a comparison of the device tested in this
study with recent pseudocapacitive-based micro-supercapacitors. As suggested in
a recent review by Gao and Liu [78], for solid-state supercapacitors, the capaci-
tance should be computed considering the geometric area, given the significantly
lower weight of the active material compared to other constituents of the device.
In this context, the comparison was made solely based on the areal capacitance,
electrolyte, and voltage windows of the various devices.
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Table 5.1: Hybrid micro-supercapacitor comparison

Materials Cap. mFcm ™2 Electrolyte Vol. V.. Cig09 Ref.
MnO/AC (2D) 20@50p Acm 2 NaySO, 1.6 0.7 [79]
MnO,@QSiNW (3D) 13@10mVs~1 LiCloy, — PMPyrBTA 2.2 0.71 (80]
GQDs/MnO, 1.1@15pAcm 2 Nay,S0,0.5M 1 0.54 [81]
MnO,/C/AINanowall Array  1000Q2puAcm ™2 Nay,SO4 1M 1 0.01 (82]
MnOy-Au (Sandwich-3D) 4.3@50pAcm ™2 Nay,SO4 1M 0.8 0.05 [83]
rGO/Au-FS 0.77Q1Vs! PVA/H,SO, 1 1 [84]
5 — MnO,(2D) 0.26@5.4p Acm 2 PEDOT 0.8 2.0 [13]
VN/MnO2(2D) 16Q@5.4ppAcm ™2 SiO4 LiTFSIgel 2.0 0.04 [85]
MnO,/rGO 7.4@10mVs—1 PVA/H3PO, 0.8 0.9 (86]
Ru0,(2D) 812@1mVs —1 PV A —doped — (SiWa) 0.9 1.5 [77]
B8— MnO/MPG 6.5@1V st KOH 1.5 0.04 [87]
VN/hRuO, 200@uAcm ™2 KOH 1 M 1.15 0.04 [88]
MnO,/MnO,(ID) 50@10mVs~t EMImTFSI+ITESI 0.5 M 1 0.04 (23]
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5.5 Approaching on metal oxide on chip uSC

In this paragraph, we aim to overcome the limitations imposed by some aspect
of the techniques used for hybrid supercapacitors. The adoption of electrophoretic
techniques imposes a physical limit on the miniaturization process. We can identify
this limit by referring to interdigitated planar devices with a resolution of approxi-
mately 50 microns. Going below this value and adopting colloidal suspensions with
micro-sized particles entails, firstly, technological challenges in applying the deposi-
tion technique and, secondly, the risk of short-circuiting the two current collectors.

Iron Oxide Electrochemical Characterization

In this case, could be necessary to adopt the electroplating technique for both
electrodes using solutions containing metallic salts. For this purpose Iron Sulfate
plating solution was used with a concentration of 0.5 M and pH = 3 to prepare the
negative electrode instead the AC based. Set up adopted is the same for manganese
and gold discussed previously, using a sacrifical anode made by pure Iron. The
density current applied during the process was from 10 - 15 mA/em?, charge loading
1 C/em?. In this context, iron oxide appears to be a promising candidate in terms
of sustainability. Iron is employed similarly to manganese: it is deposited by plating
and then thermally treated to be oxidized, as it exhibits pseudo-capacitance and
thus responds linearly applying a constant current charging, thereby constituting
asymmetric capacitors, measurement where made with swagelock T-cell with fat AC
counter electrode and Ag/AgCl as reference electrode. In figure 5.18, the behavior

1
A _ T

(a) Swagelock T-Cell (b) Section of Swagelock T-Cell

Figure 5.17: Swagelock set-up used for iron-oxide measurements in Na,SO, 1 M.

in neutral aqueous electrolyte of iron oxide is depicted, along with the performance
metrics regarding long-term cycling. We can observe how the potential window
is slightly shorter compared to that of manganese, ranging approximately from
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-0.4 to -0.5 V vs Ag/AgCl, the peak going over 0.5 V vs Ag/AgCl is hydrogen
accumulation on the surface. In terms of specific capacitance, it under performs
compared to manganese, resulting in a dutiful balancing of the amount of active
material placed on the two current collectors asymmetrically. In this case as well,
there are three possible parameters to optimize, namely the geometry of the two
current collectors, the depth of the added dendritic layer, and the maximum loading
of the material itself. This will enable balancing of the eventual end device.

Although iron oxide shares development and manufacturing techniques, such as
photolithography and plating, that are entirely comparable to those of manganese
making, and this is a strong point of the material It is also necessary to consider
critical aspects, we observe that Iron Oxide have electrochemical behavior that is
initially unstable, stabilizing after the first few cycles. But with loss in perfor-
mances.

This phenomenon is largely due to a shift in the solution’s pH, which increases on
the negative side. This shift can lead to the formation of insoluble iron hydroxide,
which allows for an increased number of cycles but results in greater resistance to
ion transfer, reduced Coulombic and voltaic efficiency, and eventually lead to the
cell failure.
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Figure 5.18: Cyclic voltammetry for Iron Oxide Electrode in neutral electrolyte.
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On chip Iron Oxide Manganese Oxide on silicon prototype

Metal oxide, like manganese oxide (Mny,05) and iron oxide (Fe,O5) and , are
promising for their substantial pseudo-capacitance and exceptional electrochemical
performance in aqueous-based electrolytes. Our objective with these materials is to
augment their energy storage capacity and cycling stability. The silicon substrate
furnishes mechanical support and facilitates on-chip application, while the dendritic
gold current collector provides a large surface area for effective ion adsorption and
desorption at the electrode-electrolyte interface. The metal oxide is applied onto
the enhanced gold current collector using a straightforward and economic method
electroplating using a solution based on FeSO,-7H,0O, pH=3, molar concentration
= 0.5 M.

The device was built according to the procedure described in the experimental
section. Electrodes were balanced in terms of charge, tuning the mass loading
during the electroplating deposition techniques, the positive electrode was charged
with 4.6 mg/cm? where the negative electrode was charged with 19 mg/cm? of
Iron, both electrode where charged with 1.8 mg em ™2 of dendritic-gold. The planar
single interdigitated micro-Supercapacitors was tested with 100 uL of 1 M Na, SO,
aqueous electrolyte infiltrated in the glass fiber separator.

The performance of the micro-supercapacitor is assessed through various elec-
trochemical tests, including CV, GCD, and PEIS. The results in fig. 5.21 show that
the enhanced micro-supercapacitor with metal oxide materials exhibits significantly
improved energy storage performance compared to the device with a flat metal ox-
ide electrode. Fig. 5.23a. Example of single interdigitated micro-supercapacitor.
The micro-device exhibits a high specific capacitance over 10 mF ¢m 2. Moreover,
the supercapacitor shows cycling stability with capacitance no negligible capaci-
tance loss after 1000 cycles. This is due to the instability of the iron and probably
formation of hydroxide on the surface of the electrode. The hypothesis of minia-
turization can be considered successful, the area factor of the device shown in 5.22
compared to the device shown in fig.5.16 has a scaling factor of approximately 10
times in terms of area. This study demonstrates the potential of mixing dendritic
current collectors with metal oxide materials can enhance the performance of pla-
nar supercapacitors. Concluding, mixing micro-structured current collectors with
metal oxides can simplify the operation of area’s balancing technique for planar
electrochemical cells, designated to the development of on-chip devices with wide
operating voltage window, high energy storage capability and efficiency.
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(a) Current collector patterned on silicon(b) Sketch of the ad ho set up made for the
wafer electrochemical measurements

(c) Detail of the micro devices with den-(d) Detail of the device after plating of the
dritic gold deposition iron

Figure 5.23: Micro-Supercap three electrode device.
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Chapter 6
Conclusion

The study presented in this work was based on two fundamental initial hypotheses.
The first hypothesis aimed to explore the possibility of applying a miniaturization
approach, similar to what has been observed in the field of electronics in past years,
and which continues to progress towards increasingly stringent challenges. This has
led to the development of portable/mobile microelectronics with consequences well
known to all. The second hypothesis aimed to demonstrate, as much as possible,
that some of the processes involved could adhere to a sustainable research trend.
The approach, therefore, focused on researching process compatibility, involving
super-capacitive materials that are also sustainable with modern electronic pro-
cesses.

The initial study focused on material selection and how these materials re-
sponded through physical vapor deposition to complex geometries, such as fractal
H-tree structures. Subsequently, after patterning our metallic films, electrochem-
ical and electrophoretic deposition techniques were developed on these surfaces,
which served as seed layer for current collectors, along with the study of deposition
solutions. The processes for loading the active material can be considered entirely
green-like, as only low-impact materials were used during the process through the
use of an aqueous-based solution. Additionally, the involved materials are eas-
ily available in nature, facilitating their sourcing. This is one of the fundamental
strengths of this approach is that it will facilitate the transition to sustainable large-
scale production. The gold and manganese plating solution on dendritic gold for
electrode fabrication was tested and characterized by a mass loading curve. After
consolidating the technique, in-depth investigations were conducted, using different
analysis techniques physical and electrochemical. Via XPS, Raman, and XRD on
the manganese oxide phase, one of the main protagonists of this study, with partic-
ular attention to the area covered by the dendritic material. Subsequently, similar
devices were defined to those proposed in the literature for direct comparison, but
with the aim of improving and making the technology more appealing for substrates
and techniques. As mentioned in the initial stages of device development, flexible
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substrates were used to facilitate proof of concept demonstration; subsequently, the
application was also consolidated on rigid devices. A comprehensive preparation of
a flexible and rigid planar micro-hybrid supercapacitor by combining two deposi-
tion techniques applied to the same substrate led to a significant improvement in
electrode performance. The hybrid capacitor presented, with a negative active car-
bon composite electrode and a positive manganese oxide-based composite electrode,
operates in a neutral aqueous electrolyte. Furthermore, the hybrid capacitor with
a negative iron oxide electrode and a positive manganese oxide electrode, operates
in a1 M Na,S0O, neutral aqueous electrolyte. Physical analyses were conducted to
understand the morphology and quality of the electrode surface. Electrochemical
analyses were successfully performed on the dendritic gold electrode, denoting its
significant surface enhancement effect. By adding a dendritic gold layer between
the current collector and the active material layer, we obtained a roughness factor
of approximately 22. A predominant presence of the aMn,O4 phase (Bixbyite) was
observed. This indicates an improvement in the surface factor by about 400%. We
observed that the electrode with the multi-layer electrode could alter the surface be-
havior after cycling, modifying the slope of the PEIS curve. The final experimental
results demonstrate a device with a wide voltage window of 1.6 V in an aqueous-
based electrolyte, a surface capacitance of 20 mF e¢m ™2, a lifetime exceeding 1500
cycles, and a stable capacitance retention of over 90%. After developing the flex-
ible device to overcome the physical limitations posed by the colloidal solution, a
fully metal-oxide based micro-supercapacitor was fabricated on silicon, involving
iron oxide and manganese dioxide. It was found that the tested device has similar
performances. However, result are promising but long cycling instability was ob-
served, in these new challenge more caution is needed. Further research efforts are
required in this area; not enough tests have been conducted to guarantee long-term
use in also disadvantageous and non-ideal situations. Further development need
to be conducted in this direction to be certain of future concrete applications. In
closing, the aim of this work, namely simplifying the procedures inherently linked
to microfabrication, can be considered a necessary step to bring this technology to
the level of large-scale production. The original approach proposed in this work,
involving eco-friendly processes and low-impact active materials, is considered very
promising and impactful.

Future Development

Among the future prospects, undoubtedly, is the adoption of more effective strate-
gies to extend the potential window and consequently the energy stored by the
device, reflecting the macro trend of recent years. Today’s modern microelectron-
ics processes have extremely low production defect tolerances, so it is necessary to
standardize procedures as much as possible to increase reproducibility a factor that
is currently also a weakness and requires a high volume of samples produced due
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to the complexity and variety of processes adopted. Additionally, entirely in a low-
contamination environment, this cannot always be achieved for logistical reasons.
This could be realized through partnerships with companies in the sector.

Exploring a solid strategy for different electrolyte confinement, such as using a
gel, limiting the use of gold by seeking an alternative, lower-cost metallic element
that exhibits dendritic growth, and then using more sophisticated deposition tech-
niques like ALD to perform fine covering of the rough profile obtained, without
sacrificing the protective effect of gold, is another aspect that needs to be analyzed
due to the complexity and cost of the technique, use alternative natural based sub-
strate, such as cellulose, instead the kapton® that can be dispersed in environment
with no risk. These are some choices that could give further boost to this research
field on on-chip supercapacitor devices. Finally, the paths we can take in the field
of integration are virtually divided into two branches. Namely, moving towards
on-chip architecture, where all systems are built on the same substrate, or towards
system-in-package, with the latter being more promising due to the fragmenta-
tion of technological efforts. This would obviously pave the way concretely for
multi-device systems where we find sensors, harvester batteries, data transmission
modules, and more..., all coexisting in a single "box”.

Lastly, the environmental impact and possible material recovery are aspects that
should never be underestimated and require constant development and research.
The final considerations, although the devices presented here are a simplified ver-
sion, can have a significant impact on common usage, making the "human/device”
paradigm, once again, the focus of the discussion. Their use involves humans as an
integral part of the operation and is seen as both users and power sources, but all
this applications can be extend not only for human being but also for other form
of life such as plants or animals, to supervise and guarantee biodiversity. Only by
approaching future electronics development in this way can we say that we have
adopted a research style consistent with the idea of sustainable electronics for IoT.
This aspect is now a must and undoubtedly represents the added value of this
research.
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