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Summary

Supercapacitors, also known as electrochemical capacitors, have gained significant
attention due to their high power density, rapid charge-discharge cycles, and long
cycle life. However, while their features are well-established in small-scale devices
and laboratory settings, transitioning to large-scale production poses significant
challenges. This thesis focuses on the scalability aspects of supercapacitor electrode
technology through a roll-to-roll (R2R) process, in which water-based slurry are
used as the main vehicle for coating.

In first analysis the rheology of the slurries was under investigation, in order
to extrapolate information about how the slurry behaves when it’s disrupted.
Properties such as viscosity, viscoelasticity and time response to a shear stress are
useful parameters that define the quality of the coating in a R2R process. The goal
was to reproduce an ink slurry, considered as a reference for the R2R coating, with
different material and improve its recipe so that it’ll be repeatable.

As a factor for improving the electrode’s performance, the calendering step has
been taken into consideration. The purpose of calendering is to enhance, by heat
compression, the adhesion between electrode surface and current collector and
reduce the porosity of the substrate, mainly for refine the electrode’s structure
and decrease internal parasitic resistance. The study was made to define the
effectiveness of this step in terms of actual improvements and time required to
perform it.

The electrodes taken into account for the scaling process are different in terms of
physics working principle: Electrical Double Layer Capacitor (EDLC) and Pseudo-
capacitor (PS). Activated carbon was used as EDLC active material, in particular
the coconut-shell derived YP series, provided by the manufacture Kuraray Coal™,
as it can provide high surface area per active material. Transition metal-oxide
MnO2 was the choice for the pseduo-capacitive one, whose synthesis was performed
in laboratory by mixing MnSO4 · H2O and KMnO4 in water solution.

First, the manufacture and characterization of electrodes was made in a labo-
ratory environment, for extrapolate reference parameters like specific capacitance
and bias window potential, and in order to compare them with the actual State of
the Art. With the prospect of higher-performance and lower cost devices, with a

iii



environment friendly outlook on the use of materials, the K-ion device idea was
selected for this thesis. The choice of KPF6 as the electrolyte salt was made for its
properties and availability. Symmetric and asymmetric configurations, with the
same electrode or different one, were also tested in order to define which is the best
in terms of performance, first in small devices and then in bigger one where the
electrodes manufacture were made with a R2R machine. As a future perspective in
the field of supercapacitor, it was investigated the concept of hybrid configuration,
in which a EDLC/PS electrode was combined with a battery-like one; in this case,
carbon-black C65 was considered as active material.
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Chapter 1

Introduction

1.1 Supercapacitor: an overview

A supercapacitor (SC), also known as ultracapacitors or electrochemical capacitors,
is an energy storage technology that belongs to the family of electrochemical storage
device. Traditional SCs store and release energy through the physical separation of
charges, like capacitor, but they can exploit reversible reaction (pseudo-capacitance)
in order to achieve higher energy density. This approach allows them to bridge
the gap between conventional capacitors and rechargeable batteries, and, to better
understand this difference, it would be useful use parameters as energy and power
density plotted in a Ragone plot (fig. 1.1). SCs can deliver high power density, as
an electrolytic capacitor, with a good compromise in terms of energy storage, like
a battery.

As technological advancements continue to push the boundaries of energy storage,
the trajectory of research leans towards hybrid solutions (explained later) that
harness the strengths of both SCs and batteries. The Ragone plot, as a dynamic
tool, not only emphasizes the existing disparities but also underscores the potential
for integration, forming the way for a future where energy storage devices strike a
balance between energy and power density.

Additional advantages of this technology are high cycling life, mainly related to
the physics of charge/discharge, and low heat production, as the electrodes that
make up the SC have low equivalent series resistance (ESR), affording to the device
high current rate. The second feature is a huge inconvenience when comes up the
scalability of the electrode, as the industrial processes differ from the ones made in
laboratory.

The structure of a SC consists of two electrode, with their current collector,
separated by a separator soaked in electrolyte. As the layout is the same for all,
they differ from each other based on the principle of physical operation, listed
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Figure 1.1: Ragone Plot [1], which graphically represents the trade-off between
energy (x-axis) and power (y-axis) density of different energy storage technologies

below:

• Electrostatic double-layer capacitor (EDLC): involves the physical sep-
aration of charges at the electrode-electrolyte interface, forming an electric
double layer, and this process occurs rapidly, allowing energy storage/release
quickly;

• Pseudo-capacitor (PC): a phenomenon where redox and reversible reac-
tions take place at the electrode-electrolyte, contributing to additional charge
storage;

• Hybrid capacitor (HC): combine the characteristics of both EDLC and
pseudo-capacitors.
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1.1 – Supercapacitor: an overview

1.1.1 Electrostatic double-layer capacitors
The electrostatic double layer is a consequence of the interaction between charges at
the electrode surface and ions present in the electrolyte. When a voltage is applied
across the supercapacitor, two layers of opposite charges are formed, respectively
one to the electrode surface and the other to the liquid boundary, separated by an
atomic distance (order of Å), in such a way that a capacitor is built. As the device
presents two electrode in series, the overall capacitance of it is the parallel of the
two electrode capacitance, approximately assumed equal.

This model was presented by the physics Hermann von Helmholtz [2], however
some working principles aren’t explained in that simplified theory, so more studies
where made in order to complex the physics behind (showed in Figure 1.2). The
contribution of the physics Gouy and Chapman led to consider an inhomogeneous
distribution of ions, modelled by the Poisson-Boltzmann theory [3], since the ions
aren’t located in static and compact array but are affected by thermal fluctuation.
O. Stern, in particular, proposed the existence of an additional layer beyond the
initial compact Helmholtz layer where ions distribution is better described in terms
of adsorption, in contrast to the layer next to this where the Gouy-Chapman model
is optimal. Due to that assumption, the interface is split into two, leading to
two series capacitor, a Helmotz compact one (CH) and a diffusion one (Cdiff ) [2],
meaning that the overall double layer capacitor is:

1
Cdl

= 1
CH

+ 1
Cdiff

(1.1)

To complete the model, Grahame extended Stern theory adding the nature of
the cations and anions of the electrolyte, like the size and polarization, leading
to a subdivision into three layer, the Inner Helmotz Plane (IHP), Outer Helmotz
Plane (OHP) and the diffusion plane, mainly related to the closest distance from
the electrode surface [2].

1.1.2 Pseudo-capacitors
Pseudocapacitance is a phenomenon observed in materials that exhibit reversible
faradaic redox reactions at the electrode-electrolyte interface.

During the charging and discharging cycles, ions from the electrolyte either
insert themselves into the crystal lattice of the electrode material or undergo
reversible redox reactions on the surface of the electrode. As ions are passing
into the substrate, electrically speaking it’s flowing some current, phenomena that
happen in a battery system, but instead of forming new compounds the ions
are limited in forming new bonds where the energy is stored. Transition metal
oxides, like ruthenium oxide RuO2 or manganese dioxide MnO2[2], are among the
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Figure 1.2: Model of EDLC [3]; include all the theories developed in history
(Helmotz, Grahame, etc.).

materials renowned for their pseudocapacitive characteristics, taking into account
the multiple oxidation states that can have.

Pseudocapacitors offer a host of advantages over traditional capacitors, as the
redox reactions incorporation allows for a higher capacitance, so increased energy
density. The reversible nature of these reactions ensures excellent cycle life, but
due to the faradaic nature of the process, it can provide a lower power density w.r.t
a electrostatic one.

1.1.3 Hybrid capacitor
The fundamental operation of hybrid capacitors (HCs) hinges on the utilization of
both electric double-layer capacitance and pseudocapacitance within a single device.
The combination of rapid physical separation of charges at the electrode-electrolyte
interface with reversible faradaic redox reactions into the system allows swift
energy storage and release with a good compromise with its density. This versatile
combination makes hybrid capacitors suitable for a wide range of applications
where both high power and energy density are crucial, like in the automotive field.

Metal ion based HCs, particularly, have come to the foreground in recent years.
It comes with a series of properties, such as cost-effective, safety and environmental
benignity that can also connect features of batteries and SCs[4]. Inspired by the
line of Li-ion batteries, in this thesis it’s explored the behaviour of HCs based on
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K-ion, since Li has caused rising concerns on its sustainability and the mining
process, while the choice of potassium originates from its large abundance in the
Earth’s crust and its natural recyclable element[5].

1.2 Roll-to-roll electrode process
In the realm of electrode manufacturing, especially in the production of batteries and
capacitors, the roll-to-roll (R2R) process with metal foil as the wrapping material,
i.e. aluminum and copper, stands as a cornerstone of efficiency, precision, and
scalability. This continuous manufacturing technique streamlines the production
of electrodes, facilitating the scalability of energy storage devices production. A
simplified scheme of the complete process is reported in figure 1.3.

Figure 1.3: Process flow of the supercapacitor device in a roll-to-roll system.

The R2R process initiates with the unwinding of a large roll of aluminum foil
into multiple roller that act as guide, (un)reeling and/or coating. This foil is
typically a thin, flexible sheet, that act as the current collector of the device. The
use of aluminum foil brings several advantages, including its lightweight nature,
excellent conductivity, and compatibility with active material, however aluminum
can be replaced with copper, especially in battery system, according to the working
principle of the electrode (anode/cathode).

As the aluminum foil advances through the R2R system, it undergoes coating
step, involving the application of a "slurry", a mixture of electrode active materials
into a solvent, which can be organic or water-based. The choice of electrode
materials depends on the specific type of energy storage device being manufactured.
Common materials include active materials, conductive additives and binders. The
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uniformity of the deposition is related mostly to the precision of the machine, but
recent analysis defined the rheology of the slurry a crucial factor.

Following the coating step, the foil passes through drying station. This stage is
essential to remove solvents or other liquids present in the coating. Drying ensures
that the electrode materials adhere firmly to the current collector.

Calendering, a mechanical process involving the compression of the coated
aluminum foil, follows the drying stage. This step contributes to the desired
thickness, density, and smoothness of the electrode. Also, it can improve the
adhesion between the electrode and the foil, which is a dominant feature in defining
its ESR.

Once the aluminum foil has traversed the entire R2R process, complete with
coating, drying and calendering, the resulting electrode material is rewound into
a roll. This final roll of electrode material can then be used in subsequent man-
ufacturing steps to assemble energy storage devices, or also to proceed with an
additional coating in the opposite face of the foil, in order to produce a multi-layer
device.

1.2.1 Viscosity
Viscosity is a measure of a fluid’s internal resistance to flow. In the context of
slurries used in electrode manufacturing, viscosity characterizes the ability of the
mixture to spread and adhere uniformly to the electrode substrate. The viscosity
of a slurry is influenced by factors such as the concentration of solid particles,
the properties of the liquid medium, and the temperature. Understanding the
viscosity is crucial, as it directly impacts the coating process and, subsequently,
the uniformity and performance of the electrode. Viscosity is often measured using
units such as centipoise (cP) or pascal per seconds (Pa·s). Generally speaking, low
viscosity slurries flow more easily, resembling a viscous liquid, while high viscosity
ones exhibit greater resistance to flow, behaving more like a elastic solid[6].

Rheology is the scientific study of the flow and deformation of materials, encom-
passing both liquids and solids. In the context of slurries, rheology plays a crucial
role in understanding and characterizing the flow behavior, viscosity, and overall
mechanical properties of these complex mixtures. It provides valuable insights into
how slurries respond to various forces, such as shear stress, force applied parallel
to the material’s surface, and conditions, like temperature.

1.2.2 Calendering
Calendering, a mechanical process widely used in various industries, also plays
a critical role in the manufacture of supercapacitor electrodes. The calendering
process is instrumental in shaping and enhancing the properties of materials to
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achieve optimal electrode characteristics. It involves passing a material through
two or more rolls to modify its thickness, surface texture, and porosity, which can
define how wettable the electrode is to electrolyte.

The core of the calendering process lies in the rolls. These rolls can have specific
surface features, diameters, and temperatures to achieve desired modifications in the
electrode material; they exert pressure on the slurry-coated substrate, compressing
and shaping the electrode material. The pressure applied reduces the thickness of
the electrode material while influencing its porosity.

In addition, the rolls can be heated, making the substrate more pliable, so
more susceptible to pressure, enhancing the process. In specific system, instead of
controlling the applied pressure, the variable under control is the thickness itself,
so the gap between the rolls is adjust in order to achieve the desired one; despite
the simplicity, it’s more dependent on the elastic properties of the electrode, since
the applied pressure is constant[7].

1.3 Aim of the thesis
The aim of the thesis is create different final devices, whose electrodes are man-
ufactured with R2R process, and compare them in terms of power and energy
density, and suitability for scalability in an industrial environment. According to
the evaluated performance and their position in the Ragone plot, it’ll be possible
to define which field can be suitable for them, i.e. automotive when high power
density is available or portable device if it can provide high energy density.

As a starting point the slurry preparation is investigated in order to evaluate
possible modifications to be implemented for an industrial process. This investiga-
tion includes the proportion of each single component, the amount of solvent, the
time of preparation and so on.

The electrodes are first manufactured in a laboratory environment, with manual
technique and in small quantity with respect to (w.r.t) a bulk process, looking for
how to scale up each steps. Then the electrodes are characterize, using method
that are explained later, for extract all the information related to them and make
a comparison with the actual State of Art (SoA).

The electrodes are then combined together for building small device (i.e. button
cell), where a first evaluation is made for defining if the device works properly and
it’s worth it to be scaled up for a bigger device. This step is crucial, since all the
properties must be replicated in the industrial process, such as electrode thickness
and weight, and strength and flexibility of the coating. The choice of the separator
is included in these tests.

Finally, all the steps under investigation are replicated in a industrial-like
environment, defining if the device can be scaled up without going beyond the
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laboratory expectation. It’s still not a complete industrial process, since all the
passages aren’t made by a single machine, so the overall process is semi-automated.
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Chapter 2

Characterization technique

In this chapter are described various analytical as well as electrochemical techniques
for the characterization of electrode materials to be used in a final devices. These
methods are related to specific area of interest, which in some cases they are
combined each others[8]. There are analytical characterization methods based on
electron microscopy, which analyzed properties such as the size, shape, morphol-
ogy and crystalline structure of the materials employed, i.e. Scanning Electron
Microscopy (SEM). Analysis on the structures, compositions and definite physical
properties of the electrode materials are defined by X-ray spectroscopy. Further-
more, electrochemical techniques such as Cyclic Voltammetry (CV), Electrochemical
Impedance Spectroscopy (EIS), and Galvanostatic Charging/Discharging (GCD)
are employed to study the electrochemical performance of electrode materials,
usually referred to three main parameters: the overall (total) capacitance CT , the
electrochemical stability window (ESW) ∆V and the cell impedance. In addition,
as the viscosity of the slurry mainly affect all the features described before, rheology
analysis is needed for providing parameters of quality of the mixture.

2.1 Electrode model and characterization
To better understand how an electrochemical measurement works, it’s helpful
to describe the working principle of an electrode in terms of equivalent circuit.
According to the working principle of the electrode, this model can change as the
physics behind change. A simplified EDLC electrode is presented in Figure 2.1.
The ESR represents the ohmic resistance of the electrolyte and electrode materials,
and it’s the main factor of the losses. Following, a parallel between a non-ideal
capacitance, Q, called also Constant Phase Element (CPE) and a charge-transfer
resistance in parallel, denoted as RP , is related to the kinetics of ions and may
include the resistance of any Faradaic reactions occurring at the electrode surface.
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The Warburg impedance, ZW , is associated with diffusion processes of ions within
the electrode material, particularly in porous structures, allowing the formation
of the double-layer structure. Finally, a double-layer capacitance Cdl define the
overall capacitance of the electrode, where the charge is stored.

Figure 2.1: Simplified electrode-electrolyte equivalent circuit in a EDLC interface.
The ESR and CPE elements depend essentially on the specific material used for
electrode and electrolyte[9].

Of course this model isn’t valid for all the electrode, since it doesn’t include
element that explain pseudocapacitance or Faradic charge transfer. Equivalent
circuit showed in Figure 2.2 explains the pseudocapacitance contribution in a
simplified way. The pseudo-capacitance CP is in parallel with the double-layer one
and it has in series a Faradaic resistance RF , which corresponds to the reciprocal
of the potential-dependent charge-transfer rate in the pseudocapacitance processes.
Their contribution is usually related to a single (or more) semicircle in the high
frequencies range in a Nyquist plot (explain later). When overcharge occurs, a
continuous Faradaic reaction takes place[2] leading a constant non negligible current
leakage and this contribution is defined by a Faradaic impedance, R

′
F , in parallel

to CP .

Figure 2.2: Simplified electrode-electrolyte equivalent circuit of a PS electrode.
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2.1 – Electrode model and characterization

2.1.1 Three electrode characterization

The three-electrode configuration in electrochemical characterization, particularly
in the context of supercapacitor electrodes, allows for detailed investigations of
the electrochemical mechanisms and properties, such as capacity, coulombic and
energetic efficiencies, and internal resistance. The three electrode system consists
of a working electrode (WE), counter electrode (CE), and reference electrode (Ref).

The working electrode represents the material under investigation, where the
electrochemical reactions, such as charge storage and release, take place. The
counter electrode completes the electrical circuit and serves as a counterpoint to the
working electrode, facilitating the flow of current during electrochemical processes.
The reference one’s role is to act as a reference in measuring and controlling
the working electrode potential, without passing any current, and should have a
constant electrochemical potential at low current density. Additionally, since the
reference electrode passes negligible current, the IR drop between the reference
and working electrode is often very small, leading to a more stable potential. This
translates into superior control over working electrode potential.

Block diagram in Figure 2.3 explain of a three electrode measurement works. A
signal generator generates the voltage (potentiostatic mode) or current (galvanos-
tatic mode) signal, according to the type of measurement, and send it to a control
amplifier, whose role is to adjust the amplitude and compare it with the reference
potential, if needed. The electrometer measures the potential difference between
reference and working electrode; it’s accurate to consider that this difference is
related to the material of the reference, as changing it will change its value, so when
reported must be included the typology of the reference electrode. The current
that flow in the system is measured by a I/E gain unitary converter, using a fixed
and known resistor Rm.

2.1.2 Two electrode characterization

The two electrodes measurement is used to characterize the final device. Since both
the electrodes are characterized, the device can be assembled and an overall voltage,
evaluated in the three electrode measurement, can be applied between the two
electrodes. In this configuration, the reference and the counter electrode are linked
together to the cathode, instead the other electrode is represented by the working
electrode, alias the anode. Major data that can be evaluated are energy and power
density, correlated also to capacity retention, cyclic stability and resistance to float
test.
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Figure 2.3: Block diagram of a potentiostat for electrochemical characterization
at three electrode.

2.2 Electrochemical measurement
In detail are explained the electrochemical measurement techniques that can be
used for the characterization of the SCs, both in three electrode and two electrode
system: the Cycling Voltammetry (CV), Galvanostatic Charge and Discharge
(GDC) and Electrochemical Impedance Spectroscopy (EIS). In addition to GCD
are presented additional techniques, such as Cyclic Stability (CS) and Float test
(FT), that are related to the device characterization.

2.2.1 Cyclic Voltammetry
Cyclic Voltammetry (CV) is an electrochemical technique used to study the redox
behavior which involves sweeping the potential applied to an electrode in a linear
or triangular manner while measuring the resulting current. The speed of the
potential change in mV s−1 is designated as the sweep rate or scan rate, ν, and
the range of potential change is called the potential window or operating potential.
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The instantaneous current during the anodic/cathodic (red/ox) sweeps is sampled
to characterize the electrochemical reactions involved. The plot current (mA
or A) versus potential (V) is typical for defining at a glance the charge storage
mechanisms of the electrode, faradaic or non-faradaic, and usually it’s referred to a
three electrode configuration, since the most reliable[10].

The current that flows onto a capacitor equals the product of a constant, its
capacitance C, and the rate of change of the voltage, in other word the scan rate ν:

I = C · dV

dt
(2.1)

In an ideal capacitor, the capacitance is constant, so also the current is constant,
and this behaviour in a CV is represented by a rectangular shape, as in Figure
2.4(a). But due to the non-ideal structure of the electrode, some contributions of
resistance are present, which leads to a not perfectly rectangular shape, as presented
by 2.4(b),(c) and (d). This equivalence is appreciable mostly when a EDLC is
considered, since its mechanism is almost equal to the ideal capacitor one, where
the charge is stored in the double-layer and no reactions are happening. In PC
electrode this model can still be applied, as the EDLC contribution isn’t negligible,
but it isn’t enough to explain which charge storage mechanism is prevalent by only
seeing the CV shape[8].

In Figure 2.5 are showed three different real CV of three different electrodes.
The subplot 2.5a presents the CV shape of a EDLC electrode, surrounded by a
dash-line rectangle representing the ideal behaviour, in which one can notice the
parasitic resistance effect; in addition, two peaks at the boundaries of the potential
window are shown, indicating that the electrode is being overcharged, leading
to parasitic side reactions, such as decomposition of the electrode material, the
electrolyte, or a combination of both[11]. In Figure 2.5b the CV is typical to a
pseudo-capacitance, where the vicarage EDLC shape shows two peaks related to
the redox reaction; particularly, in transition metal oxide, these peaks are related
to the shift into oxidation state. However, i.e. RuO2 or MnO2, the oxidation state
shift can happen for little variation in the potential window, and this involves
that multiple redox reactions occur simultaneously, so in the final CV these status
changes aren’t visible. This confirm the not complete reliability of information
proceeds by only looking at the CV. A battery-like behaviour is presented in the
plot 2.5c, mainly in one potential side, in which the contribution of charge storage
is presented by the highest peak in current.

A way to define the electrode working principle is to examine the material’s
intrinsic charge storage kinetics. Using the Grahame-Stern model, the total charge
storage can be define as the sum of the inner (diffusion-controlled) and outer
(surface-controlled) charge surfaces contribution. The foundation of this idea is
that the instant storage of charged species (ions) at the outer electrode surface is
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Figure 2.4: Equivalent circuits under Cyclic Voltammetry analysis[11]. C is the
capacitive element, RS and RP are respectively the series and parallel resistances.

(a) (b) (c)

Figure 2.5: Cyclic voltammogram curves in example. In (a) an ideal rectangular
dash-line shape, typical of capacitor, and a real EDLC CV, not perfectly rectangular
with high polarization peaks. In (b) a Pseudo-capacitance behaviour, in which are
recognised the two redox peaks among the EDLC shape. In (c) a faradaic CV, in
which the peaks are predominant.

independent of the scanning rate (non diffusion-controlled), while charge storage at
the inner surfaces is dependent on the potential rate[11]. Due to the correlation
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between (inner) charge and scan rate in a CV, the relationship between response
current (i) and the scan rate (ν) is given by the sum of the contributions from the
surface-controlled and diffusion-controlled currents[12]:

i = isurface + idiffusion = aνb (2.2)

where a and b are adjustable parameters in the equation. A way to define these
parameters is to set multiple CV with variable scan rate, following a logarithmic
scale, since:

log(i) = log(a) + b · log(ν) (2.3)

For b value equal or near 1, the current response will be linearly proportional
to scan rate, characteristic of surface-controlled behavior, so EDLC type. When
b is equal to 0.5, the dependency on scan rate is square root, meaning that at
higher scan rate the current will grow slowly, a characteristic of diffusion-controlled
processes, so battery-like. Defined the two boundaries, in the middle is preferable to
say that the process are pseudo-capacitive, since the mechanisms of charge storage
are a combination of the two ones, but it’s not restrictive as a concept, but serves
as a guideline for careful interpretation of the electrode nature.

All these evaluations are made considering fixed the potential window, however
its width must be defined before this analysis, because small bias could not include
all the redox reactions, leading to an inaccurate interpretation of the information.
The ESW is the maximum polarization that can be applied to the electrode
without encountering parasitic side reactions, i.e. decomposition of electrolyte,
and overcharge status. In an safe and optimal potential window, the coulombic
efficiency must be higher than 99%, so the charge lost during the charge/discharge
step is negligible. In order to evaluate the operating potential, sequential CV at
low scan rate (1 to 5 mV · s−1) are made in which the potential bias is increased in
small variation (preferable 0.1 V) until the previous condition isn’t meet anymore
or some unwanted reactions happen. In a EDLC electrode, going further than the
operating potential usually is represented by current peaks at the highest potential,
meaning that the electrode starts to overcharge, leading to a complete degradation
of it.

The evaluation of the capacitance from a CV is made by calculating the area
under the CV shape, divided by the scan rate and the double of the operating
potential window:

C = 1
ν2∆V

Ú Vmax

Vmin

i(v)dv (2.4)

where ν is the scan rate, ∆V is the operating potential window, Vmax and Vmin

are the two boundaries of the window, and i(v) is the current related to the voltage.
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Also, the evaluation can be made by taking the response current and evaluate
its integral:

C =
s t

0 i(t)dt

∆V
(2.5)

where i(t) is the response current, assuming 0 s as the starting time.
When capacitance is used as comparison parameter, it’s better if its value is

expressed in relation with the active material mass or surface:
Ca.m. = C

m
(2.6) Cs = C

S
(2.7)

where Ca.m. is the specific capacitance per active material expressed in F/g, Cs

is the surface capacitance expressed in F/cm2, m is the active material mass and S
is the surface area of the electrode.

Finally, from the CV are obtained the coulombic and energetic efficiencies,
evaluated according to the following equations:

ηC = QD

QC

(2.8) ηE = ED

EC

(2.9)

2.2.2 Galvanostatic Charge/Discharge
Galvanostatic Charge/Discharge (GCD), denoted also with the acronym CCCD
(Constant Current Charge/Discharge), measurements are the most utilized methods
to characterize the final supercapacitor devices in direct current. The test consists
in repetitive charge and discharge cycles for the supercapacitor cell at a constant
current or with different current rate, mainly expressed as current per active
material, i.e. 0.1 A g−1 or 1 A g−1, including or not a period between charge
and discharge when the peak potential V remains constant (dwell time)[8]. The
resulting response is a variation of potential V versus the charge/discharge time.
While the CV analysis was the best for define the features of the single electrode,
GCD tests are considered the most adaptable and reliable method to characterize
the device itself.

In an ideal capacitor situation, the dependence of voltage on current follow
the integral of the second one, but as it’s constant in time, the voltage will be
dependent linearly with time:

v(t) = 1
C

·
Ú t

0
i(t)dt = I · t

C
(2.10)

where I is the current applied, C the constant capacitance and t the test time.
The assumption of constant variation of voltage in time is reliable in an EDLC

system, as the working principle follows the separation of charge, like in a capacitor,
so the overall charge/discharge will be presented in a voltage-time plot by a
triangular shape. In a real electrode there are parasitic resistance ESR, which leads
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to a charge loss, so a decrease in efficiency, and in the same plot as before this
leakage is represented by an offset in the charge/discharge steps, defined as iR-drop.
In Figure 2.6 this situation is showed. From that it’s possible to quantify the ESR
by applying Ohm’s law on it:

ESR = iR − drop

i (2.11)

where iR-drop is the potential drop showed in the Figure and i is the applied
current.

(a) (b)

Figure 2.6: Galvanostatic Charge/Discharge curves in example, plotted as voltage
VS time. In (a) an ideal triangular shape, typical of capacitor, with no resistance
contribution. In (b) real shape of a charge/discharge step in a EDLC electrode, in
which are noted the two iR-drop offset.

For pseudocapacitive electrode, charge-discharge profiles have non-linear vari-
ation due to (quasi) reversible redox, in which ion diffusion takes place, and it’s
dependent on the applied potential window, unlike the EDLC case where the
potential window is related mainly to the safe zone (no overcharge). The selection
of the potential limit in a pseudocapacitance system is crucial in the determination
of the charge that pass on and through the surface. Case similar is for battery-like
electrode, in which only faradic reactions happen, where almost all charge flowing
occurs at a small fixed bias window. Figure 2.7 shows three different GCD curves,
according to the type of active material.

The contribution of the applied current rate intensity must also be taken into
account. For large current the time of charge and discharge is reduced, but the
contribution of parasitic resistances becomes more evident, leading to an higher
iR-drop, which will result in less charge stored on the surface and so a lower specific
capacitance. Related on that, higher contribution of iR-drop can be associated to a

17



Characterization technique

Figure 2.7: Different GCD according to the active material in question[13].
Left: Ideal EDLC. Middle: EDLC with pseudocapacitance contribution. Right:
Battery-like.

overheating of the device, in which the electrolyte starts to degrade and the device
will be destroyed. On the contrary, small current may enhance recoupling of ions
and passages of charge between the electrode, with the result that self-discharge is
favoured and leakage current is increasing[8].

2.2.3 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a measurement that is employed
in the analysis of electrode impedance. It consist in applying a small amplitude
AC signal (±5 mV on average) over a broad frequency range of 10 mHz to 1 MHz,
superimposed on a steady-state potential which is the open-circuit potential of the
cell, and analyze the response in frequency. Unlike CV and GCD tests, in which we
can also evaluate resistance contribution but the electrochemical state is constantly
disrupt due to their dynamic nature, EIS experiments are performed on systems
that are in an equilibrium state[11], so the overall impedance is dependent only by
the OCP.

EIS measurements are employed not only to evaluate the charge storage mecha-
nisms and the redox reactions which occur at the interface between the electrode
and the electrolyte, inside and outside, but also to determine parameters that limit
the performance of the electrode materials, such as electrode conductivity, charge
transfer properties, and ESR.

All the data are generally represented graphically in two different plot: Bode
and Nyquist. In a Bode plot the equivalent circuit that define the supercapacitor
behavior is described by the evolution of impedance module and phase angles among
different frequencies. The Nyquist plot, the popular one, shows the imaginary
and real parts of the supercapacitor impedance in one complex plane. An ideal
capacitor, with a ESR in series, has the impedance that follow the equation:

18



2.2 – Electrochemical measurement

Z(ω) = R(ω) − jX(ω) = R − j
1

ωC
(2.12)

where ω is the angular frequency, R is the ESR value, and C is its capacitance,
and it is obvious to note that the dependency on frequency is mainly related to
the imaginary part, so in a Nyquist plot it can be represented by a straight line
that for f → ∞ matches with ESR, as it shows Figure 2.8

Figure 2.8: EIS of an ideal capacitor, without any contribution of resistance. The
impedance graphically follows the equation 2.12.

As the equivalent circuit of an electrode, presented in Figure 2.1, is the sum
of different contribution, including resistance in series/parallel, the real Nyquist
plot differs from the ideal one, even if the capacitance behaviour is the same. An
example of real Nyquist plot, accompanied by the corresponding Bode one, of an
EDLC electrode is presented in Figure 2.9.

In the high-frequency region, a semicircle is usually observed (region between
104 and 105 Hz) that represents the resistance of the interface electrode-electrolyte.
The intercept in the real axis corresponds to the electrode ESR. The diameter of
the semicircle presents the charge transfer resistance, mainly a pseudo-capacitive
effect related to the porous nature of the electrode. True EDLC super-capacitors
should never show a semicircle in the high-frequency region[11], as this effect is
related only for pseudo-capacitor material. A reason why in a EDLC we have a
semicircle at high frequency can be related of impurities or dopants that contribute
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(a) (b)

Figure 2.9: In (a) the response of shear stress w.r.t shear rate[14]. As the shear
thinning effect becomes dominant in non-Newtonian liquid, the response in stress
decreases. In (b) the response of viscosity w.r.t shear rate[14]. In a range of shear
rate its magnitude start to decrease until it reaches a steady value.

in charge transfer events, but the most likely cause could be interfacial impedance
occurring at the current collector/active material interface[11]. A 45° line after
ESR is the one excepted, which is typical for porous electrodes and corresponds to
the ion’s diffusion mechanisms among Warburg diffusion[8], followed by a vertical
line that is parallel, or close to parallel, to the imaginary impedance axis in the
lower frequency region (lower than 1 Hz). The shorter is this 45° line, the faster
the impedance starts to increase the imaginary part, the better the performance of
the electrode. as evidence that all the reactive sites are fully accessible in a short
time, leading to capacitor-like behavior[11].

The Bode plot (Figure 2.9b) demonstrates that at frequency near to zero the
dominant parameters are the internal resistance (IR) and the EDLC formation, as
expected, but the capacitance decreases in the high-frequency region, leading to a
pure resistor behaviour. The latter indicates that the ions are unable to diffuse
into the micro-pores of the electrode materials[8], making the formation of the
double charge layer impossible. In other words, the impedance of SCs falls between
the pure resistor (phase angle 0°) and a pure capacitor (phase angle 90◦). The
dash line representing the pseudo-capacitance contribution is an indication that
this factor increases the imaginary part of the impedance, as expected.

Different expected EIS according to the nature of charge storage of the electrode
are presented in Figure 2.10.

The divergence from the parallel line is a matter of redox reaction at the electrode
surface that give rise to pseudo-capacitance behavior, leading to additional resistance
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Figure 2.10: Typical Nyquist plot according to the nature of the electrode[11].
The pseudo-capacitive behaviour doesn’t include internal Faradic reactions that
happen in the low frequency range, which usually is represented by a tilted diffusion
line.

contribution which are felt more at lower frequencies. In a battery-like system, the
capacitance effect is nearly zero, as the major contribution of charge storage is due
to faradic reactions, so the straight line is hardly noticeable.

Knowing how to interpret the Bode and Nyquist plots, it’s possible to quantify
the capacitance of the electrode. Taking the value of the imaginary part at the
lowest frequency (approximately 10 mHz), its value can be obtained by the equation
2.13
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C = − 1
2πfIm{ZC}

(2.13)

where f is the lowest frequency value and Im{ZC} is the imaginary part of the
electrode impedance. Using equation 2.6 and/or 2.7 it’s possible to derive the
corresponding specific capacitance.

2.3 Rheology
Rheological characterization of electrode slurry is essential when a R2R coating
is considered. For suspensions, the most important rheological property is the
viscosity, a property that define the resistance of a fluid to deformation at a
given rate, measured in Pascal per second (Pa · s) or centipoise (cP). It directly
influences the behavior of the slurry formulation and the uniformity of particle
dispersion during mixing, production of electrode through coating and subsequent
drying[6]. In general, a slurry is a non-Newtonian complex mixture of various
sizes and shapes particles, polymeric binder and water or organic solvent. Other
rheological properties concerning the slurry are viscoelasticity and yield stress,
which correspond to the behavioural response when a force is applied.

(a) (b)

Figure 2.11: In (a) the response of shear stress w.r.t shear rate[14]. As the shear
thinning effect becomes dominant in non-Newtonian liquid, the response in stress
decreases. In (b) the response of viscosity w.r.t shear rate[14]. In a range of shear
rate its magnitude start to decrease until it reaches a steady value.

Usually, when a slurry is considered, due to its non-Newtonian behaviour,
the viscosity is dependent on the Brownian and hydrodynamic forces, maximum
solids packing fraction, particle charges, particle/particle and particle/polymer
interactions, which lead to exhibit a shear-thinning behavior where the shear-
viscosity reduces with increasing shear rate[6]. At higher shear rates, the network
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particle structure tends to destroy, forcing them to realign themselves in a more
orderly structure parallel to the strong shear field, causing the viscosity to decrease
and reach a Newtonian plateau at high shear rates. These effects are illustrated
graphically in shear stress and viscosity versus shear rate plots, respectively Figure
2.11a and 2.11b, which are compared with Newtonian cases. Another factor that is
crucial in a coating process with this kind of slurries is the relax time, a parameter
that define the time required to the fluid to achieve again the same internal structure
after a high stress perturbation. In a R2R system, the instability of flow between
two counter-rotating rolls may leads to a coated film non-uniform, which can have
a quasi-sinusoidal profile[15], so a short relax time can provide a self-correction
before the complete drying.

In accelerated/decelerated flows, viscoelasticity comes into play. Rheological
measurements are normally carried out under oscillatory shear mode where the
storage and loss moduli, G′ and G′′, are reported in function of angular frequency.

Figure 2.12: Example of storage/loss moduli graph VS angular frequency[6]. In
this case, in the range between 0.1 and 200 rad/s the storage modulus is higher
than the loss one, suggesting a fluid that is acting as a elastic solid. No additional
information are provided outside that range.

In Figure 2.12 these two parameters are in comparison with each other and
this suggests the response of the fluid at the stress perturbation. According to
literature[6], when the storage modulus is greater than the loss one (G′ > G′′) the
internal structure of molecules is intact and the slurry behaves like an elastic solid,
while, on the contrary (G′′ > G′), when the force applied is enough to destroy this
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orientation and a realignment of the molecules with respect to strain stress takes
place, the slurry behaves like a viscous liquid. The transition between the two
states, i.e. G′ = G′′, is defined by the yield stress. This property must be taken into
account during electrode manufacturing, as it can influence its structure. During
mixing, this point must be overcome in order to provide a better homogeneous
blending of particles, while in the drying step the stress that is subjected the
electrode surface can increase, since the solvent evaporates and the solid content
fraction increases, providing an higher yield stress.

Figure 2.13: Viscosity VS shear rate of the same slurry in different time after the
mixing step[16].

Other external aspects that can affect the rheology of slurries are temperature
and time. Increasing the temperature, particles have higher energy, so they oscillate
more frequently and can destroy internal bonds, so as a consequence of that
the viscosity can decrease at lower shear rate, changing its behaviour during the
coating. Attention must be paid to not overheat the fluid, as it can lead to solvent
evaporation, so a increase of solid content fraction, which cause the opposite of
the case before. As in common slurries a binder component is present, which are
the main causes of increased viscosity, some of them can degrade into the solvent
after long time, causing a decrease in viscosity. This topic was investigated[16]
by analyzing the same slurries with a binder component in different times after
the mixing step, confirming a degradation of it and a reduction in viscosity of one
order of magnitude just after one week.
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2.4 Calendering process

Calendering, in the context of electrode manufacturing for supercapacitors, is
utilized to thinner the electrode and conform its structure with controlled porosity
and density, which are crucial for optimizing electrochemical performance. Since
materials that define the electrode aren’t of metallic origin, the equations don’t
follow the principle of metal calendering, but instead they include the springback
(SB) effect[7], known as fast elastic recovery. When a load is applied to the surface,
or the electrode passes through two rolls with a fixed gap, the final thickness won’t
be the expected one, since the internal structure has elastic properties that allow it
to regain the same thickness before or almost.

The current collector foil of the electrode can be considered incompressible[7].
It’s an approximation since metal can decrease its thickness with an external force,
but due to its low thickness in comparison with the electrode one and also SB effect
of metal (aluminum or copper), the approximation is valid. The scheme of the two
rolls calendering is showed in Figure 2.14, in which are defined all the involved
parameters.

Figure 2.14: Schematic view of the two rolls calendering process[7].
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From this scheme we define parameters as:

• δEL,ρo : thickness of the electrode, before the calendering step;

• δEL,ρi : thickness of the electrode, after the calendering step;

• δΓ: gap between rolls;

• δel: elastic coating deformation;

• δpl: plastic coating deformation;

• hR: depth of roll penetration.

Plastic deformation is related on how much the coating is susceptible to external
force, while the elastic one defines the effect of SB. A better way to define these
values is the normalized one w.r.t the max depth of roll penetration[7]:

δel,n = δel

hR

(2.14) δpl,n = δpl

hR

(2.15)

The springback effect is evaluated as:

SB = δEL,ρi − δΓ

δΓ
(2.16)

From these parameters it’s possible to evaluate the topology of response of the
electrode to an external force, in this case compression. Despite the variation
of thickness provide us preliminary information about porosity and how much
the substrate is wettable to electrolyte, it doesn’t give further details about the
interface between electrode and current collector. As explained in Section 2.2.3, the
poor contact between them is defined by a semicircle in the Nyquist plot at high
frequency, a parasitic contribution that decrease the performance of the electrode.
Compression through calendering can lead to an improvement of the contact at
the interface aluminum/carbon electrode or to a better internal particle particle
contact[9], removing defects that affect its conductibility.
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2.5 Field Emission Scanning Electron Microscopy

Field Emission Scanning Electron Microscopy (FESEM) is an advanced microscopy
technique used for high-resolution imaging of surfaces. This method allows to
examine the morphology, topography, and composition of various materials at
nanoscale levels.

Through a focused electron beam, the images of the surface is obtained by
the signal response, which include secondary electrons, useful for imaging surface
topography, back-scattered electrons, which provide information about atomic
composition and density variations in the sample, and characteristic X-rays. The
emitted electrons are accelerated and focused by a series of electromagnetic lenses,
which improve the electron beam shape maintaining its coherence. To prevent
charging effects during imaging, the sample may need to be involves in coating
with a thin layer of conductive material, such as gold or carbon.

The FESEM has a large depth of field, around the range 4 mm - 0.4µm, with a
magnification of 10X - 3000000X and a nanoscale resolution (1 - 10 nm), which
allows a large amount of the sample to be in focus at one time and produces a sort
of 3D imaging. In Figure 2.15 a schematic of it is presented.

2.6 Energy Dispersive X-ray Spectroscopy

Energy Dispersive X-ray Spectroscopy (EDX), also known as Energy Dispersive
X-ray Analysis (EDXA) or Energy Dispersive X-ray Fluorescence (EDXRF), is
an analytical technique used for elemental analysis of materials, which operates
in conjunction with scanning electron microscopes (SEM), providing information
about the elemental composition of a sample.

The process begins with the bombardment of the sample by a focused electron
beam generated by the SEM. When the high-energy electrons interact with the
atoms in the sample, they can dislodge inner shell electrons from the atoms in the
sample. When inner shell electrons are ejected, outer shell electrons drop down
to fill the vacancy, releasing energy in the form of characteristic X-rays. Each
element emits X-rays at specific energies unique to that element. The characteristic
X-rays emitted by the sample are detected by an energy-dispersive X-ray detector
positioned near the sample. This detector is typically a silicon semiconductor
detector with a solid-state crystal structure. As the X-rays strike the detector,
they produce electrical signals proportional to their energies. These signals are
then processed to generate an energy spectrum. The spectrum displays peaks
corresponding to the energies of the detected X-rays, with each peak representing
a specific element present in the sample.
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Figure 2.15: A schematic of FESEM[17].
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2.7 Raman spectroscopy
Raman spectroscopy is an analytical technique used to study vibrational, rotational,
and other low-frequency modes in a system. It provides detailed information about
the chemical composition, molecular structure, and physical properties of materials.

Raman spectroscopy involves the scattering of light. A laser beam, typically
in the visible or near-infrared range whose wavelength match the energy levels of
the vibrational modes of interest, is directed onto a sample. When the laser light
interacts, most of it is elastically scattered, meaning the photons retain their original
energy and wavelength. However, a small fraction of the incident light undergoes
inelastic scattering, known as Raman scattering. The incident photons interact
with the molecules in the sample, causing them to undergo energy changes. These
energy changes correspond to the vibrational and rotational modes of the molecules.
The scattered photons emerge from the sample with different energies, either higher
or lower than the incident photons, depending on the energy exchanged during
the interaction. The scattered light is collected and analyzed using a spectrometer.
The Raman spectrum is generated by plotting the intensity of scattered light as a
function of the energy difference (wavenumber) between the incident and scattered
photons. The spectrum consists of peaks at specific wavenumbers corresponding to
the vibrational modes of the molecules in the sample.

Raman spectroscopy offers several advantages, including non-destructive analysis,
minimal sample preparation requirements, and the ability to analyze samples in
various physical states (solid, liquid, gas). It is used in a wide range of applications,
including identification of unknown substances, characterization of polymers and
biomolecules, analysis of pharmaceuticals, investigation of cultural heritage artifacts,
and monitoring of chemical reactions.

2.8 X-ray Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy
for Chemical Analysis (ESCA), is an analytical technique used to determine the
elemental composition, chemical bonding, and electronic state of elements within a
material.

XPS involves irradiating a sample with a focused beam of X-rays. The energy
of the X-rays must be higher than the binding energies of the electrons in the
sample’s atoms. Typically, monochromatic X-rays generated from a suitable X-ray
source, such as a magnesium or aluminum anode, are used for excitation. When the
X-rays interact with the atoms in the sample, they can eject inner-shell electrons
through the photoelectric effect. The probability of electron ejection depends on
the binding energy of the electrons and the energy of the incident X-rays. Electrons
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from different atomic orbitals (e.g., 1s, 2s, 2p) may be ejected depending on the
energy of the X-rays. The ejected photoelectrons have energies characteristic of the
binding energies of the electrons in the atomic orbitals from which they were ejected.
These photoelectrons are emitted from the sample surface and carry information
about the elemental composition and chemical environment of the atoms they
originated from. The emitted photoelectrons are collected and energy-analyzed
using a hemispherical analyzer or similar device. The analyzer measures the kinetic
energy of the photoelectrons, which is proportional to their binding energy within
the material. Figure 2.16 shows a schematic of a XPS.
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Figure 2.16: A schematic of XPS[18].
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Chapter 3

Material and methods

3.1 Electrode fabrication

3.1.1 Slurry preparation
Three different active materials were investigated in slurry preparation: activated
carbon, MnO2 and carbon black. The recipe used as reference is the one made
with AC Kuraray® YP-50F as active material, combined with carbon black Timical
SUPER C65 from MTI® corporation as conductive agent, sodium carboxymethyl
cellulose (CMC) and styrene-butadiene rubber (SBR), both from MTI® corporation,
as binder, all in solvent of deionized (DI) water. The mass ratio of AC:CB:binder
used was 85:10:5, where the binder CMC:SBR were in proportion 1:1. The volume
of DI water was 3.7 mL per 1 gram of solid content (3.7 mL/g). All the component
were mixed using a digital magnetic and hot plate stirrer (VWR® VMS Advanced).
The mixing step consisted of pre-heat much of DI water taken (85-88 % from the
total ) at 70°C, then add the CMC power and mix at 70°C for 1 hour or until
complete absorption, after add the C65 power and continue to mix for another 1
hour always at 70°C, after which add the AC in several parts (3 to 5) when the
previous one was completely mixed, and continue to mix for another half hour at
70°C, followed by other 2 hours of mix but at room temperature (20 - 25°C), and
finally add SBR diluted with the remaining DI water and mix for half hour.

In this thesis the activated carbon under investigation was Kuraray® YP-80F,
which in comparison with YP-50F it presents an higher surface area (1692 m2/g
for YP-50F, 2271 m2/g for YP-80F), so theoretically it can have an higher specific
capacitance. The recipe for AC-based electrode was the same as the reference,
except for the mass ratio, which in this case was 85:9:6 with binder content
CMC:SBR ratio of 1:2, and for the volume per solid content, in which was selected
4.3 mL/g as the best choice. The reason of the mass ratio change was due to
the fact that CMC tends to generate cracks after the drying phase, while SBR
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possesses higher flexibility, stronger binding force, and higher heat resistance[19],
and increasing its content may improve the structure of the final electrode avoiding
internal ruptures. During the slurry preparation, it was noted that the solvent
volume requested in order to have an homogeneous slurry was higher, perhaps due
to a correlation with the higher surface area of this AC.

The procedure for the slurry based on MnO2 was the same as the reference one.
In that case, the mass ratio of MnO2:CB:binder selected was 80:15:5, with the
binder ratio of 1:1. The volume per solid content chosen was 3.9 mL/g. In this
case increasing the SBR content was unnecessary, as the electrode structure was
stable enough during the drying step.

For the case of battery-like electrode, carbon black (CB) was the active material.
In proportion to the binder CMC/SBR, the mass ratio selected was 90:10, where the
latter ratio was 1:1. The volume per solid content chosen was 19 mL/g. Increasing
the SBR fraction turned out to be counterproductive, since the main consequence
was an increase of the contact angle of the slurry which didn’t allow adhesion
between the latter and the current collector foil.

3.1.2 Electrode coating and cutting
The coating process made in laboratory was made by preparing a aluminum foil
into a clean and flat glass surface. The surfaces have been cleaned with acetone,
where the latter was also used as a means of adhesion between glass and aluminium
foil. The slurry has been spread on the tip of the sheet with a silicone spatula.
The coating step has been performed with a DrBlade® coater with adjustable gap
between surface and blade. The gap has been regulated in order to include the
thickness of the aluminum foil (15 µm). The coating speed wasn’t recorded, as it
was made manually. After the coating, the electrode was left to dry for 1 hour at
room temperature (20-23°C). The thickness was measured using a thickness gauge
with a resolution of 1 µm. The final electrode sheet was cut using MTI® corporation
compact and precision pneumatic die cutter MSK-180S. The cutting dies used were
the 8x 12mm diameter circles, used for the electrochemical characterization of the
electrode, and the 8x 15mm diameter circles, used for the small device assembly
(coin cell) and characterization.

The R2R coating was performed with MTI® corporation automatic roll to roll
electrode coating system MSK-AFA-EI300. It is integrated with the functions of
metallic foil roll unreeling, slurry feeder, coating blade, baking oven, and final
electrode reeling together with touch screen operation for customer’s utmost conve-
nience. It provides also automatic alignment and the function of back and front
coating synchronization through optical fibre. The type of coating is the reverse
comma system, in which the slurry is spread into a coating roller, with a thickness
controlled by a comma blade, and transferred completely into the current collector
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foil hold by guide rollers. The gap between the coating roller and the one with the
current collector was about 20 ± 1 µm. The gap of the comma blade was selected
for the desired thickness of coating, without additional thickness of the current
collector. The room temperature was kept between 20 and 25°C. The coating speed
was 300 mm/min. The coating design was an alternating between 60 mm x 220 mm
of coating area and 20 mm x 220 mm of no-coating zone. The integrated oven was
set to a temperature of 80°C, in order to provide completely dry electrode at the
end of the coating stepl. The thickness of it was measured using a thickness gauge
with a resolution of 1 µm. From the coated roll, electrode strips were obtained
with a little area of non-coated aluminum in the margins, and then electrodes for
pouch cell were obtained by cutting these strips using MTI® corporation compact
and precision pneumatic die cutter MSK-180S with die of 56mm (length) x 43mm
(width), with a 9 mm (length) x 10mm (width) protrusion for contact welding.

3.1.3 Counter electrode preparation
Not correlated to the slurry topic but extremely necessary for the electrochemical
investigation of the electrodes is the counter electrode formulation. The CE
requested must not polarise itself during measurement, in order to not tampering
the electrode characterization, so it should have an high superficial area. In this
case it was made with Kuraray® YP-50F as active material but with a different
formulation from the usual slurry investigated before. The counter electrodes,
denoted in this thesis also with the pseudonym of Oversized Carbon Electrode
(OCE), were made by a total of 3 grams of AC Kuraray® YP-50F (85% - 2.55 g),
carbon black Timical SUPER C65 from MTI® corporation (10% - 0.30 g), and
polytetrafluoroethylene PTFE (5% - 0.15 g). All the components were mixed in 60
mL of ethanol at 60°C for 3 hours, until the solvent was completely evaporated and
the mixture has taken on a malleable solid consistency. This compound has been
folded in on itself until it became firmer and less wet, then it has been thinned
using a kitchen dough sheeter at a thickness of 400 µm and cutted with a 12 mm
diameter hole punch. At the end the 12mm disc of CE have been dried first in
oven at 60°C for at least 1 hour and then at 120°C in vacuum for 4 hours. The
finals BFE had a thickness of 0.8 - 1.1 mm and a mass from 30 to 45 mg.

3.2 MnO2 synthesis
The synthesis of MnO2 has been made by combining MnSO4 · H2O and KMnO4 in
water solution. The chemical reaction follows the equation 3.1[20]:

2 KMnO4 + 3 MnSO4 + 2 H2O 5 MnO2 + K2SO4 + 2 H2SO4 (3.1)
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Two solution of 0.05 M has been prepared for the reaction; 1.58034 g of KMnO4
was diluted in 200 mL of DI water, whose solution took on a purple colouring,
and 2.5353 g of MnSO4 in 300 mL, in which the solution became transparent after
complete dissolution. The two solution were stirred together at 35-40°C for at least
1 hour, in which a brown colouring began to appear, meaning that the precipitated
MnO2 was formed. The application of a slightly heat improve the reaction and
partially prevents adhesion to side surfaces of the becker. The overall solution
was filtered with a vacuum flask using as filter Whatman® glass microfiber filters,
binder free, Grade GF/C. After complete filtration, the powder was cleaned with
DI water rinses until the wastewater was clean and clear. The required volume
of water was evaluated in order to reproduce the synthesis in successive stages.
The rinsing operation was repeated successively until the conductivity of the waste
water was less than 4-5 µS · cm. The cleaned MnO2 has been dried firstly in oven
at 60°C for 24 hours, in order to separate the powder from the filter, and then
dried at 80°C in vacuum for 2 hours and finally dried at 200°C in air for 2 hours.

3.3 Rheology investigation
Rheology investigation of slurries was performed with Anton Paar® MCR 302
SN81180769. Three different measurements were made: viscosity dependence on
shear rate and temperature variation, relaxation time after high shear rate and
oscillatory shear mode. The investigated slurry was spread between two plates of
20 mm of diameter with a gap of 200 µm until complete coverage without spills on
the sides. The slurry has been brought up to temperature before each test at five
different temperature, i.e. 15, 20, 25, 30 and 35°C. The shear rate dependency was
performed in the range between 0.1 and 1000 s−1, with logarithmic incremental
step. Immediately after this measure, the shear rate has been fixed to 0.5 s−1

and kept in this condition for 200 s, so as to measure the relaxation time. The
oscillatory shear mode has been performed at a fixed temperature of 25°C, changing
the angular speed from 0.1 to 1000 rad/s, and extrapolating the storage and loss
moduli. The plate was cleaned with acetone before and after each measurement.

3.4 Calendering investigation
Calendering step has been made with MTI® corporation MSK-HRP-01. The user
can operate with it by changing the temperature of the two rollers, the rolling
speed and the gap between them, using two analog dial gauge. Calendering was
performed with rolls at a temperature of 40°C, speed roll of 6 mm/s and a gap
set to 60 - 90 % of the initial thickness (electrode + current collector foil). The
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process was repeated 20 times, alternating forward and backward rolls direction.
The thickness was measured using a thickness gauge with a resolution of 1 µm.

3.5 FESEM investigation
Electron microscopy characterization was carried out on MnO2 electrode with a
Field-Emission Scanning Electron Microscope (FESEM Supra 40, manufactured
by Zeiss). Measurements were carried out on the surfaces. PANalytical X’Pert
MRD Pro powder diffractometer equipped using the 1D PIXcel detector has been
used for the X-ray diffraction analysis (Malvern PANalytical, the United Kingdom).
The diffractograms were collected in Bragg-Brentano reflection mode by using a
Cu Kα1/2 radiation, at an operating voltage of 40 kV and a tube current of 40
mA. The instrumental broadening was computed by Caglioti-equation based on the
reflections of a standard LaB6 powder NIST660a. The measurements were carried
out in continuous mode with a step size of 2 θ = 0.0131° and a data time per step
of 1500 s. QualX equipped with COD database was employed for the qualitative
phase determination and MAUD-free software for the quantitative analysis and
refinement. Micro-Raman spectroscopy was performed by using a Renishaw InVia
Qontor Raman microscope. A laser diode source (λ=532 nm) was used with 5 mW
power, and sample inspection occurred through a microscope objective (50X), with
a backscattering light collection setup. The Raman spectrum analysis was carried
out with Fityk software. Lorentzian functions were used as fitting functions. All
the data are reported with baseline correction.

3.6 XPS investigation
XPS measurements were carried out by means of a PHI 5000 Versaprobe spec-
trometer (Physical Electronics, USA), equipped with a monochromatic Al k-alpha
source (1486.6 eV), together with a dual beam neutralizer system, composed by
an electron beam and an Ar ion source, used to compensate surface charging
phenomena. Survey and High-Resolution (HR) scans have been exploited to get
information related to surface relative chemical composition and element oxidation
states. Data analysis has been performed thanks to Multipak 9.7 version dedicated
software, provided by PHI.

3.7 Electrochemical investigation
Electrochemical measurements were performed in a S4R® PFA Swagelok-type
cells 1/2” (Figure 3.1), in which the Working Electrode (WE) was the electrode
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under investigation, the Counter Electrode (CE) was the active carbon-base BFE,
and the reference was Ag pseudo. All the parts of the cell were cleaned before
each measurements with ethanol, for removing residual electrolyte, cleaned in DI
water with ultrasonic sonicator for 30 minutes and dried in oven at 60°C for 1
hour. The cell was assembled into a Glove Box, filled with nitrogen with internal
contamination of H2O (1.5 - 2.5 ppm) and O2 (20 - 50 ppm). The separator used
for the measurements was Whatman® glass microfiber filters, binder free, Grade
GF/D, with a thickness of 675 µm and diameter of 12mm, previously heated at
120°C for at least 4 hours before putting it in the glove box. The volume used to
soak the separator was 400 µL. The electrolytes used used had the same salt, in
this case KPF6, but a different solvent according to the type of electrode. The
considered electrolytes were 1 M KPF6 in PC (Propylene Carbonate) and 0.8 M
KPF6 in EC:DEC 1:1 (Ethylene Carbonate and Diethyl Carbonate in volume ratio
1:1). All the electrochemical characterization were performed by BioLogic® VMP3
Multichannel Potentiostat.

Figure 3.1: Example of assembled Swagelok-type cells for electrochemical investi-
gation of working electrode.

3.8 Device investigation
Devices were assembled in coin cell 2016 inside a Glove Box filled with nitrogen
following the schematic illustrated in Figure 3.2a. The choice of a smaller case is
due to the small thickness of electrodes and separator. The coin cell was crimped
using MTI® MSK-160E Digital Pressure Controlled Electric Crimper for CR20XX
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Coin Cells. For the bigger device, mono-layer pouch cells were assembled inside a
Glove Box filled with argon with internal contamination of H2O (< 0.5 ppm) and
O2 (10 - 13 ppm). The choice of a mono-layer was due to the lack of large quantities
of the separator. The device was packed into a self-made package made with plastic-
coated aluminium. Contacts of the electrodes were welded with aluminum/nickel
extension, according to the current collector in consideration, with the machine
MTI® MSK-800W Desk-Top 800W Ultrasonic Metal Welder with Touch Screen
Digital Controller. Final package was sealed inside the Golve Box with the machine
MTI® MSK-115A-S Compact Vacuum Sealer with Integrated Sealing Temperature
and Pressure Control. The devices were firstly investigated and activated with
BioLogic® VMP3 Multichannel Potentiostat, and finally were investigated using
Arbin Instruments® BT2000.

(a) (b)

Figure 3.2: Example of assembled device for electrochemical test. a: coin cell. b:
pouch cell.
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Chapter 4

Rheology

4.1 Reference slurry
As a landmark, rheology investigation of the reference slurry made with AC YP-50F
was made. Taking its results, it’s possible to define which is the expected behaviour
useful in the R2R coating. The critical issue found with preliminary tests was
temperature, as it can change drastically the mixing procedure, so as the final
viscosity, thereby coating quality. Figure 4.1 shows the results of the investigation.

Figure 4.1: Reference slurry made with AC YP50F tested in different temperature
values. In order: (a) variation of viscosity w.r.t. shear rate; (b) variation of shear
stress w.r.t. shear rate. It’s comparable to the expected non-Newtonian behaviour.
The @35°C case is not comparable with the others, since the slurry paste seems to
have dried during measurement.

As expected by theory and literature[14], the fluid acts as like a non-Newtonian
liquid, since there’s a decrease in viscosity in shear rate, meaning that the internal
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particles orientation is changed in order to follow the imposed one. Also the
logarithmic increase of the shear stress it’s the one expected. A particular discussion
of the temperature variations must be done, since the hoped behaviour was a
decrease in viscosity, so in shear stress, with an increase in temperature. This
condition has been confirmed with the three temperature, @15°C, @20°C and
@25°C, however at @30°C it’s noted a reversal of direction, as viscosity and shear
stress as slightly higher than the @25°C case. A cause of this could be the drying
process of the slurry paste during the measurement, in which the solvent content is
reduced and the internal structure changed. This assumption is confirmed with
the @35°C, as the viscosity is one order of magnitude higher than the others and
the stress is far away of the non-Newtonian characteristic. A factor that must be
highlighted is the tendency of reaching a boundary level at higher shear rate, even
at different temperature, meaning that with higher applied force the slurry behave
almost the same in different condition. From that results the optimal range for
R2R can be between 15°C and 30°C, with greater care in the two boundaries, and
the order of magnitude for viscosity is between 103 and 104.

Figure 4.2: Relaxation time of viscosity from shear rate 1000 s−1 to 0.5 s−1.

In addition, time relaxation of slurry viscosity is reported in Figure 4.2. For
the first tens of seconds, the viscosity significantly increases near to a stable value
until it reaches a more slight linear increment. It can be assumed that the time
relaxation follows a logarithmic scale. From that plot, an initial information that

42



4.1 – Reference slurry

can be extract is the decrease of time relaxation with higher temperature, as the
values, found approximately looking at the plots, in which the plot decreases its
growth are 80, 40, 30 and 20 seconds respectively. High temperature means also
particles with high energy, so reorganisation of internal structure occurs in less
time. The @35°C case isn’t reported, since it can’t be correlated with the others
cases, due to a too fast drying.

Figure 4.3: Angular frequency oscillator of reference slurry.

Finally, viscoelasticity properties were investigated, as shows Figure 4.3. In
the range of low shear rate the two moduli don’t follow a constant trend, as the
slurry may not be affected by so low angular frequency oscillation, so defining what
behaviour it’s engaging in can’t be defined definitely, even if the distinction of the
two moduli is evident. On the contrary, for frequency higher than 1 rad/s the trend
is more evident, with an higher distinction in terms of order of magnitude between
them. According to literature, the slurry is behaving like a viscoelastic solid,
meaning that links inside the material, i.e. chemical bonds or physical-chemical
interactions, are strong, which it’s a feature needed for a good quality coating.
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4.2 AC slurry
Considering all these results as a comparison component in further analysis, it has
been shifted to the AC YP80F investigation. Since no slurry recipe was studied for
this material, starting from the original recipe an empirical assessment of how much
solvent was needed was carried out, because the larger surface area in this case
resulted in an increase in the amount of water. From that assumption, using the
reference recipe as starting point, three different slurries were made and investigated.
Among the three, one was visually too liquid, another had the minimum amount
of solvent for the liquid to be homogeneous and still be a slurry, and the last one
was in the middle between the two one. All the main information are reported in
table 4.1.

Table 4.1: Table of slurries investigated w.r.t. the reference one. Here are reported
the volume of solvent per total of mass and the density of binder CMC in the recipe
formulation.

Code AC Volume per grams ρCMC Comments
C5R YP-50F 3.7 mL/g 6.76 mg/mL Reference slurry
C8.1 YP-80F 4.7 mL/g 4.25 mg/mL Too liquid slurry
C8.2 YP-80F 4.5 mL/g 4.44 mg/mL Middle slurry
C8.3 YP-80F 4.3 mL/g 4.65 mg/mL Min. solvent slurry

In analysis, the sample C8.1 (Figure 4.4) had characteristic similar to the
reference one in terms of viscosity response of a shear rate. As before, it’s possible
to note a increase of viscosity/shear stress at @35°C, leading again to a drying
process of the slurry for these temperatures, but not the case of @30°C, which
follows the same trends of the others. A reason of this can be the higher volume
fraction of solvent, which requires higher temperature in order to dry it. Instead,
it’s must be highlight a decrease of an order of magnitude for the viscosity, which
is reasonable because of the too liquid nature of the fluid. In this case particles
are freer to move into the fluid, since the amount of solvent is higher, so the time
relaxation is lower for the lowest temperature. In addiction, there’s no significant
variation in the overall time requested according to the trends, meaning that
temperature doesn’t affect viscosity relax of slurries with high solvent volume.
Despite the excess of DI water, the slurry still behaves like a viscoelastic solid, so
the internal bonds are still a predominant property and resistant against external
forces.

However, the order of magnitude of the two moduli is decreased by three orders
and the difference between them is lower, which means that, actually, bonds are
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Figure 4.4: Rheology results of the sample C8.1. In order: (a) Viscosity VS
shear rate and temperature; (b) Shear stress VS shear rate and temperature; (c)
Relaxation time of viscosity VS temperature; (d) Angular frequency oscillation at
@25°C.

weaker than before, as one can see for the highest angular frequency, in which the
loss moduli overcomes the storage one.

Quite similar situation is the one showed by the sample C8.2, in Figure 4.5. As
it happens for the reference slurry, the drying step starts at @30°C, mainly due
to a lower volume of solvent fraction, but the viscosity is still comparable with
the other cases. In relationship with the C8.1 sample, also here the relaxation
time isn’t affected by the temperature, since the variation isn’t significant between
each other. The characteristic of solid viscoelastic here is more evident w.r.t. the
previous sample, even if the order of magnitude is still lower than the reference
one and the difference between the two moduli is not so marked, leading to the
statement that bonds between particles are less strong.

Finally. results of C8.3 sample are plotted in Figure 4.6. Considering the fact
that the quantity of solvent is the minimum that allows to obtain an homogeneous
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Figure 4.5: Rheology results of the sample C8.2. In order: (a) Viscosity VS
shear rate and temperature; (b) Shear stress VS shear rate and temperature; (c)
Relaxation time of viscosity VS temperature; (d) Angular frequency oscillation at
@25°C.

liquid slurry, the viscosity has an order of magnitude higher than the previous
sample, and values that are comparable with the reference one. However, the
increase in viscosity starts at @20°C, meaning that the drying process is brought
forward to lower temperatures. Premature drying could affect the uniformity of the
coating, creating local gradients, but also prevents the slurry from slipping on the
current collector foil and preventing unevenness on the coating area. In contrast
with the so far obtained results, relaxation time in this case shows a opposite
trend, as the time required is higher for higher temperature. A explanation of this
behaviour can be due to the reduction of DI water in the slurry solution, moving
the point of view from a liquid to a paste. This property can be an advantage since
the coating can have more time to self-leveling the surface area without additional
step. Correlated to the reference case, the viscoelastic properties of this sample
are relative to a solid viscous, in which the internal bonds are resilient to external
forces as the two moduli are an one order of magnitude apart.
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Figure 4.6: Rheology results of the sample C8.3. In order: (a) Viscosity VS
shear rate and temperature; (b) Shear stress VS shear rate and temperature; (c)
Relaxation time of viscosity VS temperature; (d) Angular frequency oscillation at
@25°C.

In a system where the temperature is controllable precisely, the C8.3 one is the
best, as it shows characteristics similar to the reference one and has good features
than are easily exploitable in a R2R coating system. However, in a system where
temperature fluctuates in a wide range without control, C8.2 is better, as it’s less
sensible to environment temperature. In general, increasing the solvent fraction in
a slurry can decrease the dependency on temperature in a R2R system. Figure 4.7
is reported for the comparison between each samples at room temperature set at
25°C.

4.3 MnO2 and Super C65 slurries
Continuing this thread, a further analysis was made for the other two material:
MnO2 and Super C65 carbon-black. In these case, the samples chosen were the
one that has the minimum solvent fraction for a liquid slurry.
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Figure 4.7: Rheology results of AC results in comparison with the reference one
@25°C. In order: (a) Viscosity VS shear rate, comparison of the order of magnitude;
(b) Relaxation time of viscosity, time required in comparison; (c) Angular frequency
oscillation at @25°C, only ref. and C8.3 reported.

Table 4.2: Table of slurries investigated in this thesis. Here are reported the
volume of solvent per total of mass and the density of binder CMC in the recipe
formulation.

Code AC Volume per grams ρCMC Comments
50R YP-50F 3.7 mL/g 6.76 mg/mL Reference slurry
80 YP-80F 4.3 mL/g 4.65 mg/mL AC slurry

MnO MnO2 3.9 mL/g 6.41 mg/mL MnO2 slurry
C65 Super C65 19 mL/g 2.63 mg/mL Carbon black slurry

Table 4.2 reports all the main information for all the slurries investigated during
the thesis. A particular case was the carbon black, as for small quantities of
material the requested solvent in order to get an homogeneous liquid was much
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higher than the other cases.
Despite a similar situation of C8.3 sample, in which the solvent fraction is

kept to the minimum level, the viscosity of sample MnO2 didn’t show a markable
dependency on temperature, ans also there’s no dry effect at higher temperature.
Must be take into account that the active material used is different w.r.t. the
activated-carbon, so properties can be different also in terms of rheology. Even if
in the range 15 - 25 °C the viscosity follows the trend of an internal evaporation for
solvent, it seems that higher temperature affects structure of particles weakening
their bonds, leading to a decrease in viscosity. However, there’s correlation for the
time relaxation and angular oscillation measurements between this sample and the
others. Heating the slurry decrease its relaxation time from several tens of seconds
to a couple of tens. Oscillation mode test confirms the elastic solid nature of the
sample.

Figure 4.8: Rheology results of MnO2 sample. In order: (a) Viscosity VS shear
rate and temperature; (b) Relaxation time of viscosity VS temperature; (c) Angular
frequency oscillation at @25°C.

Similar situation was found in the carbon black sample (Figure 4.9). Here the
effect of temperature is correlated to the evaporation of solvent, since the viscosity
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is slightly increasing to higher value. The difference isn’t so significative, as the
magnitude is kept at the same order. A note must be said about the range of
values, which is comparable with the other samples, as it wasn’t expected, since
the amount of solvent added to reach an homogeneous slurry was much higher than
the other sample in comparison with the active material mass. Relaxation time
is correlated to the one found for MnO2 slurry, where the temperature drastically
affects its value. Again, the slurry behave like a elastic solid, in which the strength
of the bonds is marked by the one order of magnitude of difference between the
two moduli.

Figure 4.9: Rheology results of Super C65 sample. In order: (a) Viscosity VS
shear rate and temperature; (b) Relaxation time of viscosity VS temperature; (c)
Angular frequency oscillation at @25°C.

In conclusion, a good choice for electrodes manufacture with slurry coating is
to use the minimum solvent fraction required to achieve an homogeneous liquid,
in which the internal bonds are resilient to external forces, relaxation time is high
enough to provide self-levelling of the surface without encountering the problem
of slurry slippage and dependency on temperature doesn’t affect the structure
of the final coating. However, in case where temperature dependency is so high
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that accelerates the drying step even when the coating process isn’t completed,
from the original recipe it must be added a little quantity of solvent in order to
compensate that effect. The additional solvent must not overcome the 5% of the
starting volume.

Figure 4.10: All rheological investigation made with samples with different active
material. The comparison is set at room temperature (@25°C). In order: (a)
Viscosity VS shear rate; (b) Relaxation time of viscosity
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Chapter 5

Electrodes manufacture

5.1 Coating process

When coating topic is treated, arguments like electrode quality and resistance to
external forces, such as bending and shear deformation, take the first place. An
empirical way to demonstrate the robustness of the coating surface is to apply by
hand typical deformations that might happen during assembling the device and see
the response of such forces. There are machine that are designed for these operations,
but they weren’t considered during the development of the thesis. Instead, more
recent topics related on manufacturing are reproducibility and scalability of the
electrode coating. In an industrial environment, the fact that the process can be
repeated achieving the same result, tolerances aside, is necessary in order to provide
the same product without further changes in progress.

Assuming the ratio of the component fixed and the slurry well mixed without
presence of lumps, the variables that affect the final result are the gap between
the substrate and the blade (coating thickness), the solvent fraction of slurries and
the active material used. From the coating foil it can be evaluated its thickness,
without the contribution of current collector, and the mass of the cut electrode,
from which can be extracted parameters as mass loading (mg/cm2) and density
(g/cm3) of the electrode, evaluated as:

MC = mel

Ael

(5.1) ρel = MC

tel

(5.2)

where MC is the mass loading, mel the electrode mass, Ael its surface, ρel its
density and tel its thickness. Different coating were performed taking as slurry
samples the one considered during rheology. All the thickness and mass loading
are reported in Table 5.1, while each trend against coating thickness is plotted in
Figure 5.1. For reference of sample name and ratio volume/mass see Table 4.1.

53



Electrodes manufacture

Table 5.1: Table of thickness and mass loading for each coating test.

Active
material

Coating
thickness (µm)

Final
thickness (µm)

Mass
loading (mg/cm2)

Density
(g/cm3)

AC C8.1
150 40.14 ± 2.98 1.61 ± 0.38 0.40
250 77.20 ± 4.61 3.02 ± 0.39 0.39
350 97.62 ± 6.23 3.98 ± 0.41 0.41

AC C8.2
100 41.25 ± 2.81 1.59 ± 0.39 0.38
150 65.47 ± 3.32 2.73 ± 0.42 0.42
200 78.06 ± 4.79 3.51 ± 0.45 0.45
300 95.59 ± 5.30 4.09 ± 0.43 0.43

AC C8.3
60 55.11 ± 2.98 2.17 ± 0.23 0.39
100 76.00 ± 3.63 2.73 ± 0.33 0.36
150 84.79 ± 3.74 3.22 ± 0.40 0.38
200 90.79 ± 6.91 3.72 ± 0.43 0.41

MnO2
100 27.10 ± 2.17 2.14 ± 0.30 0.79
150 35.74 ± 3.63 2.89 ± 0.33 0.81
200 43.87 ± 3.45 3.42 ± 0.34 0.78

Super C65
100 35.00 ± 1.69 0.53 ± 0.06 0.15

Figure 5.1: (a) Variation of mass loading and (b) final thickness changing the
coating thickness and the type of slurry.
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As expected by literature[21], the final thickness grows w.r.t. coating gap in a
logarithmic trend. For small gap the increase trend is approximately linear, while
for higher gap the slope of the trend starts to decrease. When the gap between the
coating blade and the surface is small, the slurry may experience higher levels of
shear stress, decreasing the viscosity and leading to follow better the variation of
coating gap due to more efficient spreading of the material. As the gap increases, the
shear stress decreases, and the coating thickness may increase more slowly due to
reduced spreading efficiency. Slurry poured over the tip of the current collector foil
showed a maximum height which can be dependent on the contact angle between
liquid and foil and surface tension, so this was a limitation in reaching high coating
thickness, since the blade couldn’t reach the slurry. Particles size of the materials
affects the minimum thickness reachable, and this is represented by the difference
between the lowest thickness for AC, whose particle size are in the range 3 - 7 µm
[22], and the one of MnO2, in which the size is lower than 1 µm (see Section 6.2).
However the lowest value reachable during coating is also dependent on the solvent
fraction, which indicates how many particles are contained in a certain volume. In
view of a R2R coating system, in which the surface presents slopes, the choice of a
more liquid slurry, like in the C8.1 case, may not be a good decision since slips can
happen easily, leading to uneven and unlevelled electrode coating.

Through non-linear curve fit, it was possible to define an approximate equation
that links coating gap and final thickness and quantify the logarithmic trends, in
the form of:

y = a + b · ln(x + c) (5.3)

where y is the final thickness, x is the coating gap and a, b and c are constant
parameters. It must be noted that these equation are valid mainly in the range
considered, and going outside that region may leads to imprecise evaluation. The
equations evaluated are reported as following:

C8.1 : tel = −451.66 − 91.14 · ln(tcoat. + 77.10)µm (5.4)

C8.2 : tel = −77.77 + 31.49 · ln(tcoat. − 56.17)µm (5.5)

C8.3 : tel = 24.09 + 13.21 · ln(tcoat. − 49.54)µm (5.6)

MnO2 : tel = −136.97 + 32.70 · ln(tcoat. + 51.32)µm (5.7)

Mass loading trends is comparable to the one of electrode thickness, as the
increments are almost the same. Since the evaluated density for each coating
gap and different sample of the same active material is kept to the same value, is
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reasonable that the correlation between mass loading and thickness is valid in the
acceptable range of tolerance. The mass loading of the MnO2 is also comparable
with the C8.3 one, in which the solvent fraction is kept at its minimum, but instead
the thickness of the first is more than half of the second, due to the lower particle
size. According to the trends, they’re reaching a maximum boundary of 4.2 mg/cm2,
which is comparable with the one found in literature[23]. Same as done with the
coating thickness, logarithmic trends of mass loading were estimated using the fit
curve in Equation 5.3, where y is the mass loading and x is still the coating gap.

C8.1 : MC = −18.60 + 3.73 · ln(tcoat. + 73.43)mg/cm2 (5.8)

C8.2 : MC = −2.77 + 1.27 · ln(tcoat. − 69.06)mg/cm2 (5.9)

C8.3 : MC = −13.05 + 2.87 · ln(tcoat. + 139.33)mg/cm2 (5.10)

MnO2 : MC = −10.43 + 2.51 · ln(tcoat. + 49.76)mg/cm2 (5.11)
In Table 5.1 is reported only one results of Super C65 coating process, as its

electrochemical characterizations were still under investigation.

5.2 Calendering process
Calendering step was performed firstly with lower depth of penetration, since the
response behaviour of the electrode wasn’t known in advance. The choice of the
rolls gap was made by looking at the average thickness of the coating and the
standard variation of it. Of course the surface isn’t completely flat and some zone
may not be affected by the calendering step. Figure 5.2 shows the variation of
deformation, plastic and elastic, and the springback effect from the initial coating
thickness. For ultra-thin coating, the behaviour is mainly elastic, as expected,
since the particle distribution has reached minimum porosity already after the
coating procedure and further compression can only damage the structure. The
ineffectiveness of calendaring in this region is also explained by the SB, whose value
is the highest. Increasing the depth of penetration leads only to show more the
elastic nature of the electrode, since the high pressure applied will be all transferred
to the machine rolls, as it’s possible to see in Figure 5.2. Going further to higher
thickness the probability to have more porous structure is higher, so compression
in that region shows a slightly plastic nature of the electrode, which increases at
higher thickness. From the two trends. it seems that high depth of penetration is
less effective than the low one. However, must be said that higher depth doesn’t
mean higher pressure, since its intensity isn’t controllable for the machine used and
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it’s constant. This statement is confirmed by the higher value of SB for the same
thickness value, meaning that from the majority of the penetration depth, mostly
is elastic.

Figure 5.2: Variation of (a) normalized plastic and elastic deformation and (b)
springback effect versus the electrode thickness. Differences are reported between
low and high depth of penetration.

Electrodes with and without calendering step were investigated through impedance
spectroscopy, in order to evaluated the effect for that process. As different thickness
provided different results in terms of elastic and plastic deformation, EIS made
with low and high mass loading were distinguished. Both in the two cases (Figures
5.3 and 5.4) no major differences were found.

Table 5.2: Evaluated values of ESR and IR for the low and high mass loading
sample, with and without calendering step

ESRno cal.

(Ω)
IRno cal.

(Ω)
Cno cal.

(F/g)
ESRcal.

(Ω)
IRcal.

(Ω)
Ccal.

(F/g)
Low MC 4.70 18.58 63.56 4.42 15.74 64.78
High MC 5.06 16.45 61.67 4.55 15.31 62.35

In the low mass loading, a decrease in ESR and IR are noted (Table 5.2),
and an attenuation of high frequency semicircle is reported, not, however, a
complete disappearance, meaning that interfacial impedance occurring at the current
collector/active material interface is still present. Specific capacitance evaluated
with Equation 2.13 shows also no significant variation between calendering and not,
which is also expected since the porosity of the structure didn’t changed. For the
same case, a little circle in the transition from interfacial impedance to Warburg
diffusion is reported, which lead to a first decrease in real part. This behaviour may
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Figure 5.3: EIS of two electrode samples, with and without calendering step, at
low mass loading.

Figure 5.4: EIS of two electrode samples, with and without calendering step, at
high mass loading.
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be related to a inductance contribution due to bad contact between swagelok steel
contact and WE/CE. Similar situation is reported in the high mass loading, but
instead of attenuating the high frequency semicircle, it has been amplified. It was
noted during calendering operation that the probability to generate cracks into the
structure was much higher when high mass loading coating surfaces were considered,
and this can be a reason of the increase of interfacial impedance contribution.

In conclusion, for how the coating procedure was designed for this thesis, calen-
dering step isn’t needed, since its contribution in improving the performance can
be considered negligible, and the drawbacks found in the electrode characterization
can be fixed adjusting the slurry and coating design.

5.3 Roll-to-roll electrodes

R2R coating was made by preparing a higher quantity of slurry (10 g of active
material) using the same recipe studied before. In addition, the complete slurry
was additionally stirred with MTI® corporation MSK-SFM-16 Compact Dual-Shaft
Planetary Vacuum Mixer for almost an 1 hour, in order to provide uniformity
before coating.

Investigation of R2R coating system started with the reference slurry and the
most liquid sample of AC. The blade gap was set to 150 µm as a matter of
comparison w.r.t the one made in laboratory and the current collector roll used
was aluminum. The reference slurry behaved as planned, the coated zone were
almost equals between each other and irregularities in the expected shape were still
acceptable. However, as expected, the procedure with the most liquid one didn’t
provide an homogeneous and perfect coated surface (Figure 5.5), since during the
high descent/climb of the coating and carrying roller the slurry started to slip on
the aluminum foil. This leads to top zone where slurry didn’t stick and bottom
one where the deposited slurry was comparable to the setted gap and led to spills
on the edges.

Confirmed the inability of this system to perform coating with liquid slurry, the
sample with the minimum fraction of solvent was considered, in the same condition
made before. Despite the good quality found during rheology investigation, also
this test didn’t went as planned, as slippage and poor adhesion to the aluminium
foil also occurred in this test. The reason of this failure must be searched in
temperature. Despite the controlled environment temperature of the room, the
main issue found was the not-controlled plate and the rollers temperature, since
their materials, mainly aluminum alloy, conduct heat very well, thus altering the
local slurry temperature and changing its properties.

A way found to overcome these issues was to preheat with an external heat
source the zone that are directly in contact with the slurry and change the sample
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Figure 5.5: A R2R coating made with the most liquid slurry. As shown, the
coating didn’t go well, due to slurry slipping on the bottom.

with less dependency on temperature variation and less solvent fraction (sample
C8.2). Notwithstanding the fact that the heating action is not automatic and
cannot be controlled directly by suitable instrumentation inside the machine, the
coating test performed with 100 µm of coating gap went as planned, as Figure 5.6
shows.

The average thickness and mass loading measured with different samples were
respectively 57.57 ± 3.17 µm and 2.13 ± 0.40 mg/cm2, which are higher w.r.t.
the one evaluated in laboratory at the same condition. A possible reason of these
differences is due to a non negligible evaporation of solvent when bulk slurries are
prepared. This drawback must be take into account during the coating step or
directly corrected by preparing the slurry into a hermetically closed system, which
wasn’t within reach during the course of the thesis.
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Figure 5.6: R2R coating where pre-heat of the surface was done before. The
almost rectangular shape is the one expected. A little non-coated line zone is
present, mainly due to the presence of a loose lump.
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Chapter 6

MnO2 synthesis

6.1 XPS
The XPS investigation was performed by considering two different samples of MnO2
powder, whose main difference concerns the cleaning process after filtering it. The
first one was cleaned only with the determine volume of DI water, while the second
one was further cleaned by analysing the waste water conductibility until it reaches
values near 4-5 µS · cm. From the wide energy scan (Figure 6.1) the main peaks of
the elements considered for the powder measurement in question are indexed.

Figure 6.1: Wide energy scan of the two sample. In order: (a) first sample with
no additional clean step, (b) second sample with additional clean step.

63



MnO2 synthesis

The noticeable differences are minimal, as the peaks have comparable intensities
between the two graphs, so for further investigation of the quantity of them, the
Table 6.1 is shown. In the cleaner sample, percentages of Mn and O are slightly
higher than the other one, which can be related to a lower contamination of other
element, so a more pure MnO2

Table 6.1: Atomic percentage of all the considered element during wide energy
scan of the two sample.

C (at. %) O (at. %) Mn (at. %) K (at. %)
1st sample 27.04 ± 0.756 47.61 ± 0.672 24.91 ± 0.619 0.44 ± 0.124
2nd sample 13.49 ± 0.681 52.66 ± 0.638 31.82 ± 0.583 2.04 ± 0.17

For further details of each peaks, high resolution (HR) measurements were made.
The binding energy position is tabulated, however it must always be referred to
a calibration peak, which in our case it was the C-C peak of Carbon at 284.8 eV.
The peaks under investigation were:

• C1s + K2p: since they are closer to each other, they’re acquired together.
C1s peak is needed for measurement calibration, since usally is referred to
environmental contamination of the powder;

• O1s;

• Mn2p + Mn3s: due to the multiple oxidation state that Mn has, the evaluation
of the actual state is based on position and distance between the two peaks.

HR measurements of C1s + K2p are reported in Figure 6.2. C1s spectrum
is the one related to environmental contamination, even if the intensity of this
pollutant is lower in the second sample, as expected. Concerning K2p analysis, the
K2p1/2 peak has half the area of the K2p3/2 one, its position at about 292.5 eV and
the distance between the two doublets (∆ = 2.77 eV) confirms the K-O bond[24].
According to reaction 3.1, the nature of the bond might be traces of K2SO4, but
since S presence isn’t evident, it could be contamination of KMnO4 or K2MnO4.
Table 6.2 reports the binding energy of bonds and their intensity.
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Figure 6.2: High resolution peaks analysis of the couple C1s and K2p. In order:
(a) first sample with no additional clean step, (b) second sample with additional
clean step.

Table 6.2: Binding energy and their intensity in percentage of the bonds considered
in HR of C1s / K2p.

C-C C-O
1st sample 284.8 eV 65.41 % 286.1 eV 21.63 %
2nd sample 284.6 eV 59.48 % 286.3eV 29.49 %

C=O COOH
1st sample 287.13 eV 4.56 % 288.64 eV 8.40 %
2nd sample 287.6 eV 1.7 % 288.72 eV 9.33 %
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HR analysis of peak O 1s is reported in Figure 6.3. Inside it, the 3 components
of Mn oxide (latex oxide, defective oxide/hydroxide, water adsorption)[25], the
contributions of contaminant C bonded with O (organic C) and K2MnO4 must be
found. Decomposed peaks and their intensity are reported in Table 6.3.

Figure 6.3: HR peaks analysis of O 1s. In order: (a) first sample analysis, (b)
second sample analysis.

Table 6.3: Decomposition peaks and their intensity of O 1s.

O 1s – lattice ox O 1s - defective ox. O 1s – water ads.
1st sample 529.94 eV 50.43 % 530.34 eV 12.61 % 531.89 eV 15.12 %
2nd sample 529.89 eV 54.33 % 530.34 eV 13.58 % 531.89 eV 16.29 %

O 1s – organic C O 1s – K2MnO4
1st sample 531.44 eV 16.71 % 530.55 eV 5.12 %
2nd sample 531.5 eV 8.17 % 530.55 eV 7.62 %
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Going further with the investigation, Figure 6.4 reports the HR analysis of Mn2p
and Mn3s. It can be noticed that the two samples are almost superimposable,
barring a slight shift in energies, leading to the assertion that the synthesis is
reproducible. By looking at the shape and the peaks difference of Mn3s, and
comparing this evaluation with the Mn2p peak shape, it’s possible to determine
oxidation state of Mn. According to the evaluated shift, reported in Table 6.4, and
comparing these values with reference values[25], it has been confirmed that the
powder under analysis is effectively MnO2.

Figure 6.4: HR peaks analysis of both Mn2p and Mn3s. In order: (a) Mn2p
analysis, (b) Mn3s analysis.

Table 6.4: HR peaks and ∆ evaluation of Mn2p and Mn3s for both the samples.

1st sample Peak ∆ 2nd sample Peak ∆
Mn 2p 642.38 eV 11.5 eV Mn 2p 642.33 eV 11.8 eV
Mn 3s 84.40 eV 4.9 eV Mn 3s 84.60 eV 4.7 eV

Mn2p3/2 peak can be deconvolved into tabulated peaks (without physical sense)
to confirm what you get from analysing the Mn3s peak. In total, there are 6 peaks
of MnO2, mainly with mathematics’ meaning, and only one of the salt K2MnO4.
The magnitude and decomposition of these peaks are reported in Table 6.5
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Figure 6.5: HR decomposed peaks of Mn 2p. In order: (a) first sample analysis,
(b) second sample analysis.

Table 6.5: Decomposition peaks and their intensity of Mn 2p.

Mn 2p(1) Mn 2p(2) Mn 2p(3)
1st sample 641.7 eV 40.82 % 642.56 eV 25.71 % 643.50 eV 15.10 %
2nd sample 641.9 eV 40.42 % 642.67 eV 25.46 % 643.26 eV 14.95 %

Mn 2p(4) Mn 2p(5) Mn 2p(6)
1st sample 644.01 eV 8.89 % 645.16 eV 4.77 % 646.16 eV 2.41 %
2nd sample 644.01 eV 8.81 % 644.88 eV 4.73 % 645.56 eV 2.38 %

K2MnO4
1st sample 643.6 eV 2.30 %
2nd sample 643.6 eV 3.24 %
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6.2 FESEM
To investigate the surface morphology of the MnO2 electrode, FESEM was char-
acterized, as it shows Figure 6.6. According to the obtained images, particles
distribution is almost uniformly distributed in all the area, despite the presence
of empty zone in which only carbon black is present. With further magnification,
MnO2 product seems to assume a spherical shape of roughly 300 nm of diameter
combined with additional little spheres with just over 100 nm in diameter.

(a) (b)

(c) (d)

Figure 6.6: FESEM images of a MnO2 electrode sample under a magnification of:
(a) 5000, (b) 10000, (c) 20000 and (d) 50000.

The same type of electrode was again investigated after CV characterization
in 0.8 M KPF6 in EC:DEC, both in anodic and cathodic ESW (Figure 6.7).
FESEM images for the anodic case show the presence of few crystalline structures,
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attributable to electrolyte salt deposition on the surface, and some long filaments
with are glass fiber contamination of the sample, as for avoiding alteration it
wasn’t cleaned before FESEM. However, the thing that stands out the most is the
complete absence of the spherical particles. A reason of this may be due to the
over potential applied to the electrode that allowed MnO2 particles to be soluble
into the electrolyte, and this can explain also the complete degradation of the
electrode at potential higher than the ESW. For the cathodic case, FESEM images
showed a surface completely covered by crystalline structures, mainly electrolyte
salt deposition. Also in this case, the almost complete absence of MnO2 particles
may led to assume the solubility of it into the electrolyte.

(a) (b)

(c) (d)

Figure 6.7: FESEM images of a MnO2 electrode sample after CV characterization
in 0.8 M KPF6 in EC:DEC. In order: anodic potential under a magnification of
(a) 5000, (b) 10000; cathodic potential under a magnification of (c) 5000 and (d)
10000.
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Chapter 7

Electrodes characterization

7.1 AC electrode characterization
In order to define the ESW, separated measurements were performed both in
anodic and cathodic window. The scan rate was set to 5 mV/s, which was a good
compromise between reliability of results and time required for the complete test.
Since is known from literature[21][9] that SCs based on AC electrodes can reach up
to 2 V with organic electrolyte, the initial potential window was 0.5 V versus open
circuit potential (OCP), and the variation was set to 0.1 V until the condition of
coulombic efficiency higher than 99% was no more respected. For each applied
potential, were made 50 cycles, as the former can be cycles of adjustment.

7.1.1 1 M KPF6 in PC
In first analysis, it was considered the electrolyte 1 M KPF6 in PC, and the results
are showed in Figure 7.1 and 7.2. The two boundaries found were respectively
1.2 V and -1.5 V. In the anodic case, coulombic efficiency was always higher than
99%, while the energetic one higher than 90%, except the first cycles in the highest
potential. Specific capacitance shows a gradual increase for higher potentials until
it settles at a value of 83.93 F/g. Similar behaviour was found for the cathodic one,
with the exception that none of the applied potential reached coulombic efficiency
higher than 99%, but settled at a value higher than 98%. Taking into account that
several measurements reported the same behaviour, it was considered acceptable,
despite the original restriction (>99%), and it has been moved to the energetic
efficiency, keeping its value higher than 80%. The final specific capacitance was
89.31 F/g, which is still comparable with the anodic one, slightly higher.
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(a) (b)

(c)

Figure 7.1: AC electrode characterization in anodic potential window in 1 M
KPF6 in PC, separated by each applied potential. For each, there were made 50
cycles. In order: (a) Coulombic efficiency; (b) Energetic efficiency; (c) Specific
capacitance in discharge.
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(a) (b)

(c)

Figure 7.2: AC electrode characterization in cathodic potential window in 1 M
KPF6 in PC, separated by each applied potential. For each, there were made 50
cycles. In order: (a) Coulombic efficiency; (b) Energetic efficiency; (c) Specific
capacitance in discharge.
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Table 7.1: Evaluated parameters of specific capacitance and efficiencies w.r.t.
potential VS OCP of AC electrode, in anodic characterization 1 M KPF6 in PC.

∆V VS OCP (V) CD (F/g) ηC (%) ηE (%)
0.5 60.28 99.92 90.77
0.6 63.96 99.96 91.94
0.7 67.56 99.98 92.42
0.8 71.29 99.97 93.10
0.9 74.47 99.90 93.44
1.0 77.76 99.73 93.30
1.1 81.02 99.41 92.41
1.2 83.93 99.02 90.80

Table 7.2: Evaluated parameters of specific capacitance and efficiencies w.r.t.
potential VS OCP of AC electrode, in cathodic characterization 1 M KPF6 in PC.

∆V VS OCP (V) CD (F/g) ηC (%) ηE (%)
-0.5 64.70 99.28 86.23
-0.6 67.93 98.91 86.27
-0.7 71.17 98.70 87.24
-0.8 74.21 98.67 87.37
-0.9 77.15 98.64 87.54
-1.0 79.71 98.61 87.61
-1.1 82.12 98.58 87.65
-1.2 84.32 98.56 87.34
-1.3 86.34 98.50 86.44
-1.4 87.92 98.50 84.87
-1.5 89.31 98.34 82.77

According to the CVs shape (Figure 7.3), current per active material of both the
ESW are comparable between each other. Despite the more rectangular shape of
anodic ESW, since the energetic efficiency is higher, both CVs have a current peak
on the highest potential. However, it is considerably safe to work in that region
due to the high coulombic efficiency and the absence of other current peaks, whose
causes are mainly related to internal irreversible redox and/or overcharge.
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Figure 7.3: AC electrode in 1 M KPF6 in PC. (a) Coupled anodic and cathodic
ESW versus OCP w.r.t coulombic efficiency and (b) complete ESW including OCP
comparison.

Figure 7.4: Electrochemical impedance spectroscopy of the AC electrode in
electrolyte 1 M KPF6 in PC.

75



Electrodes characterization

The order of magnitude of OCP in both the cases is comparable, the reason of
having positive or negative value can be due to fluctuation of that value during
measurements or misalignments in cell assembly. Electrochemical impedance
spectroscopy shows the classical EDLC capacitive behaviour (figure 7.4). Both the
EIS shows the same Nyquist plot, with a slightly difference in the diffusion region
and about lowest frequency imaginary part, which is due to different mass electrode.
W.r.t. other impedance spectroscopy[9], the ESR is high. A possible reason of this
can be the electrolyte chosen, since usually for AC electrode the common one used
is 1 M tetraethylammonium tetrafluoroborate (Et4NBF4) in acetonitrile (ACN)[9].
Despite the high resistance value, the energetic efficiency is quite high in all the
potential window considered.

Defined the two boundaries, the electrode was tested in the complete ESW
with CV measurement, in order to evaluate the stability over an high number of
charge/discharge (C/D), which in this test the number chosen was 200. The scan
rate was set to 1 mV/s. The coulombic efficiency (Figure 7.5b on left) has settled
down to an average value of 98%, which is reasonable since the cathodic efficiency
limited the C/D efficiency. Energetic efficiency after an increase to values higher
than 80% began to decrease until it reached 70%, which is still high. Specific
capacitance (Figure 7.5b on right) showed the biggest increase, since from 86.12 F/g
reached 131.78 F/g, which is comparable with the one found in literature[21]. The
CV shape still has the two peaks at the boundaries, as expected from individual
measures anodic and cathodic, however there was a little current peak at 0.7 V,
which can be related to oxygen contamination of the electrolyte.
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(a)

(b)

Figure 7.5: Complete ESW of AC electrode in 1 M KPF6 in PC. it is reported
the cyclic voltammetry (a) and the variation of coulombic and energetic efficiency
(b - Left), and specific capacitance in discharge (b - Right) versus cycle of C/D.
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Another measurement made for this electrode was evaluating the CV with
different scan rate. The setted rate were 1, 2, 5, 10, 20, 50, 100, 200 and 500
mV/s, in order to have a logarithmic evaluation of the current response. All the
CVs, subdivided by the magnitude of the scan rate applied, are showed in Figure
7.7. For the low scan rate the CV shape is unchanged, and the current growth
follows a linear trend. When medium scan rate is applied, the influences of parasitic
resistance are more evident, since the shape is moving away from that rectangular.
With high scan rate, all the charge is mainly lost due to resistance effect, as it is
possible to see the oval shape.

Figure 7.6: Logarithmic plot of the current per active material versus scan rate.
Raw data and linear fit are compared.
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(a) (b)

(c)

Figure 7.7: CV of AC electrode at different scan rate. The division was made for
comparing the magnitude of the current according to the magnitude of the scan
rate: (a) Low, (b) Medium and (c) High.

Keeping the analysis of current only for low and medium scan rate, it is possible
to evaluate the a and b parameters than define the growth of the current w.r.t the
scan rate, using Equation 2.2. This approximation is valid only if the scan rate is
kept to that range, while outside that range it is no more valid. The parameter
values of a and b are respectively 116.2465 mA/g and 0.93181 a.u.. According to
theory, the b obtained is related to a EDLC electrode, which is the one expected.
The raw data and the linear approximation is plotted in Figure 7.6.

The specific capacitance found at the lowest scan rate is lower than the one
found with the complete ESW analysis. This is due to the lower number of cycle
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Figure 7.8: (a) Capacitance retention, (b) coulombic and energetic efficiencies
w.r.t. the scan rate.

made in this test w.r.t. the 200 made before. The energetic efficiency shows a
drastic decrease starting in the middle scan rate range, which is comparable to the
CV shapes evaluated before.

7.1.2 0.8 M KPF6 in EC:DEC
For the sake of completeness, another electrolyte was investigated, with the same
salt but different solvent (ED:DEC). The molar concentration chosen was 0.8 M,
which was the maximum reachable for the complete dissolution inside that solvent
without precipitation. The choice of that electrolyte was to align with studies
already carried out on hybrid k-ion supercapacitor and for a future perspective of
combining EDLC electrodes with pseudocapacitive or battery-type ones. Anodic
and cathodic measurements are reported in Figures 7.9 and 7.10. With respect
to the previous electrolyte, in order to keep coulombic efficiency higher than 99%,
the anodic limit was set to 1.1 V, since at 1.2 V the efficiency evaluated was 96%.
Again, in cathodic the coulombic efficiency was in the range between 98% and 99%,
so for defining the highest potential boundary the limiting parameter chosen was
the energetic efficiency. The specific capacitance values at the highest potential
window for anodic and cathodic were respectively 88.18 and 80.76 F/g, which are
comparable with the previous case.
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(a) (b)

(c)

Figure 7.9: AC electrode characterization in anodic potential window in 0.8 M
KPF6 in EC:DEC, separated by each applied potential. For each, there were made
50 cycles. In order: (a) Coulombic efficiency; (b) Energetic efficiency; (c) Specific
capacitance in discharge.
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(a) (b)

(c)

Figure 7.10: AC electrode characterization in cathodic potential window in 0.8
M KPF6 in EC:DEC, separated by each applied potential. For each, there were
made 50 cycles. In order: (a) Coulombic efficiency; (b) Energetic efficiency; (c)
Specific capacitance in discharge.
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Table 7.3: Evaluated parameters of specific capacitance and efficiencies w.r.t.
potential VS OCP of AC electrode, in anodic characterization 0.8 M KPF6 in
EC:DEC.

∆V VS OCP (V) CD (F/g) ηC (%) ηE (%)
0.5 61.06 99.96 97.70
0.6 65.59 99.90 98.31
0.7 70.03 99.99 98.06
0.8 74.33 99.96 98.67
0.9 78.40 99.88 98.65
1.0 82.71 99.74 98.54
1.1 88.18 99.15 96.70

Table 7.4: Evaluated parameters of specific capacitance and efficiencies w.r.t.
potential VS OCP of AC electrode, in cathodic characterization 0.8 M KPF6 in
EC:DEC.

∆V VS OCP (V) CD (F/g) ηC (%) ηE (%)
-0.5 57.53 99.09 90.76
-0.6 61.08 98.64 90.50
-0.7 64.45 98.52 90.61
-0.8 67.21 98.50 90.55
-0.9 69.90 98.43 90.48
-1.0 72.05 98.39 90.47
-1.1 74.11 98.40 90.34
-1.2 76.44 98.49 86.76
-1.3 78.69 98.55 88.66
-1.4 80.14 98.59 87.40
-1.5 80.76 98.54 85.57

The less rectangular shape of CVs can be explained by an higher ESR and IR
of the electrode in this electrolyte, as Figure 7.12 shows. W.r.t. the previous char-
acterization, the resistance are almost the double, and this impedance contribution
may be due to a less conductivity of K-ion into the considered solvent. Despite
this drawback, current density are comparable with the one evaluated before, and
the OCP values are reproducible, with the same consideration made in advance.
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Figure 7.11: AC electrode in 0.8 M KPF6 in EC:DEC. (a) Coupled anodic
and cathodic ESW versus OCP w.r.t coulombic efficiency and (b) complete ESW
including OCP comparison.

Figure 7.12: Electrochemical impedance spectroscopy of the AC electrode in
electrolyte 0.8 M KPF6 in EC:DEC 1:1
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7.2 MnO2 electrode characterization
Characterization of MnO2 electrode was made the same as the one done for
activated-carbon. According to literature[26], predicted ESW considered stable
is in the range between 0 and 1 V versus Ag/AgCl reference electrode[26], so the
best suitable configuration for its use is the anodic one, completely disregarding
potential negatives. However, to fully typify the hand-made MnO2 powder, also
cathodic measurements were made.

7.2.1 1 M KPF6 in PC
Despite the initial choice of the use of electrolyte with as solvent the combined
EC:DEC, characterization with PC as solvent was also made, in a future matter of
comparison. In fact, firstly, tests were performed with the latter electrolyte, since
they were made simultaneously with AC characterization. The settings were the
same as the one used for the AC electrode, except in the number of cycles, which
were lowered to 20 just to provide rapid information. An initial consideration is
related to the OCP, which wasn’t stable between different measurements of the same
electrode, and higher one order of magnitude w.r.t. the one found in Section 7.1
(from 400 mV to nearly 800 mV). A probable pairing with an AC electrode could not
be suitable, since the overall OCP of the device isn’t stable. In anodic test (Figure
7.13) the maximum potential found was 1.3 V, which is higher than carbon-based
electrode, however the coulombic efficiency never reached values higher than 95%,
which is the main drawback found during all the measurements made with that
electrolyte. In fact, the one at the maximum potential is equal to 92.6%. Despite
the good energetic efficiency, the specific capacitance is far away from the values
evaluated in carbon-based electrode, 25.25 F/g. For the cathodic one, the highest
potential found was -0.5 V, even if the applied potential VS OCP was high, and this
was due to the higher value of OCP. In this case coulombic efficiency was higher
than 98%, and that result wasn’t expected since from theory[27] it should have
been destroyed as soon as the potential dropped to negative potentials. However,
strange behaviour of energetic efficiency is reported, as it dropped significantly to
40% and started to slightly increase at higher potential.
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(a) (b)

(c)

Figure 7.13: MnO2 electrode characterization in anodic potential window in 1
M KPF6 in PC, separated by each applied potential. For each, there were made
50 cycles. In order: (a) Coulombic efficiency; (b) Energetic efficiency; (c) Specific
capacitance in discharge.
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(a) (b)

(c)

Figure 7.14: MnO2 electrode characterization in cathodic potential window in 1
M KPF6 in PC, separated by each applied potential. For each, there were made
50 cycles. In order: (a) Coulombic efficiency; (b) Energetic efficiency; (c) Specific
capacitance in discharge.
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Table 7.5: Evaluated parameters of specific capacitance and efficiencies w.r.t.
potential VS OCP of MnO2 electrode, in anodic characterization 1 M KPF6 in PC.

∆V VS OCP (V) CD (F/g) ηC (%) ηE (%)
0.1 7.89 93.41 90.64
0.2 9.62 93.84 88.71
0.3 11.10 94.02 86.54
0.4 13.09 93.56 83.74
0.5 15.88 92.56 80.83
0.6 19.42 92.52 78.09
0.7 25.25 92.60 75.52

Table 7.6: Evaluated parameters of specific capacitance and efficiencies w.r.t.
potential VS OCP of MnO2 electrode, in cathodic characterization 1 M KPF6 in
PC.

∆V VS OCP (V) CD (F/g) ηC (%) ηE (%)
-0.2 8.42 95.07 99.14
-0.3 10.39 97.61 90.32
-0.4 13.21 98.89 80.90
-0.5 17.13 99.74 70.97
-0.6 22.07 99.65 60.98
-0.7 29.41 98.78 50.92
-0.8 38.85 98.18 42.02
-0.9 50.14 98.37 40.31
-1.0 60.93 98.90 44.16
-1.1 71.00 98.89 50.38
-1.2 78.76 98.69 57.10
-1.3 83.86 98.71 63.96

That behaviour can be explained looking at the CVs in Figure 7.15, where,
during discharge, current still kept negative values for a wide range of potential.
A possible interpretation of it can be a succession of internal reactions inside the
electrode that are sign of future degradation of electrode.

Specific capacitance followed a non-linear increase in intensity up to 83.86 F/g.
The reason of that non-linearity is due to the choice of the cycles number, which
was too low to provide good settlement.

Electrochemical impedance showed classical pseudocapacitive behaviour. The
tilted diffusion line demonstrated the presence of internal redox that happen at
lower frequency, which is usual in a pseudocapacitive electrode. Also, the intensity
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in terms of real and imaginary parts of the high frequency semicircle can be
attributed to the intensity of internal charge transfer.

Since from the anodic/cathodic characterizations results were beyond expec-
tations, a complete ESW with the boundaries found before was tested. Again,
scan rate was scaled down to 1 mV/s to avoid resistance contribution, which in
this case was also higher than the AC case. Figure 7.17 reports the results of this
measurement. Despite a little increase in specific capacitance, after few cycles
the electrode started a rapid degradation until complete destruction. From the
first cycles it was possible to predict the electrode malfunction in this ESW just
evaluating the coulombic and energetic efficiencies. Even reducing the potential
window, while keeping it in the range of negative values, didn’t provide stability
over tens of cycles. This confirmed the instability of this particular electrode for
negative potential, so further consideration in the complete ESW were made only
in the positive range of potential.
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Figure 7.15: MnO2 electrode in 1 M KPF6 in PC. (a) Coupled anodic and cathodic
ESW versus OCP w.r.t coulombic efficiency and (b) complete ESW including OCP
comparison (Right). The OCPs reported are the one for the measurement made,
but its value was unstable between different tests made.

Figure 7.16: Electrochemical impedance spectroscopy of the electrode in elec-
trolyte 1 M KPF6 in PC.
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(a)

(b)

Figure 7.17: Complete ESW of MnO2 electrode in 1 M KPF6 in PC. it is reported
the best cyclic voltammetry (a) and the variation of coulombic and energetic
efficiency (b - Left), and specific capacitance in discharge (b - Right) versus cycle
of C/D.
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7.2.2 0.8 M KPF6 in EC:DEC
Moving forward to the analysis, MnO2-based electrode was tested in the electrolyte
with EC:DEC as solvent. Since from previous measurements low cycles number
didn’t provide a stable value of most of the parameters, its quantity was again
increased to 50. W.r.t. the previous electrolyte, the OCP found was stable to
values near to 400 mV and repetitive among different measurements, which are
good factors even if a possible coupling with a AC electrode still provide hundreds
of mV of OCP. In all the anodic potential till the maximum found, whose value
found was again 1.3 V, the coulombic efficiency never reached completely values
higher than 99% but was kept to a range higher than 95%, which for this electrode
was the lower limit, despite the initial condition imposed. Similar behaviour was
found for all the cathodic potential investigated, where its maximum value found
was reduced to -0.3 V. Specific capacitance in anodic increased to a maximum of
44.49 F/g, almost the double of the previous electrolyte, while in cathodic decreased
up to 55.09 F/g. The reason of convergence found in their values must be found
in the quasi-symmetric potential applied w.r.t the OCP, since in the previous
electrolyte the cathodic window was favoured by a wider range of potential. A
note of merit must be said about the stability over the cycles, which, due to the
increased number of cycles, is confirmed. The unusual trend of energetic efficiency
was found again, in less intensity, and the reasons for this are again to be found in
the shapes of the CVs, the non-regularity of which is due to the larger contributions
of parasitic resistances, with an extra focus on the current peaks, which are not
perfectly symmetrical with each other.
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(a) (b)

(c)

Figure 7.18: MnO2 electrode characterization in anodic potential window in 0.8
M KPF6 in EC:DEC, separated by each applied potential. For each, there were
made 50 cycles. In order: (a) Coulombic efficiency; (b) Energetic efficiency; (c)
Specific capacitance in discharge.
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(a) (b)

(c)

Figure 7.19: MnO2 electrode characterization in cathodic potential window in
0.8 M KPF6 in EC:DEC, separated by each applied potential. For each, there were
made 50 cycles. In order: (a) Coulombic efficiency; (b) Energetic efficiency; (c)
Specific capacitance in discharge.

94



7.2 – MnO2 electrode characterization

Table 7.7: Evaluated parameters of specific capacitance and efficiencies w.r.t.
potential VS OCP of MnO2 electrode, in anodic characterization 0.8 M KPF6 in
EC:DEC.

∆V VS OCP (V) CD (F/g) ηC (%) ηE (%)
0.2 23.10 97.84 92.14
0.3 25.31 97.11 89.97
0.4 27.93 99.48 90.84
0.5 30.74 990.80 89.11
0.6 34.24 98.66 87.30
0.7 37.99 97.83 84.47
0.8 41.66 96.64 80.61
0.9 44.49 95.36 75.94

Table 7.8: Evaluated parameters of specific capacitance and efficiencies w.r.t.
potential VS OCP of MnO2 electrode, in cathodic characterization 0.8 M KPF6 in
EC:DEC.

∆V VS OCP (V) CD (F/g) ηC (%) ηE (%)
-0.2 23.95 99.75 88.27
-0.3 28.29 99.67 79.03
-0.4 34.29 99.82 63.74
-0.5 41.36 99.06 57.32
-0.6 48.21 98.20 69.52
-0.7 55.09 97.21 98.33

W.r.t the EIS made before, the ESR are comparable while the IR showed a
reduction of almost 40% of its value. The high fluctuations found in ESR evaluation
may be due to a non conform electrode sample, because the probability to get it
when small sample are considered is higher. As before, titled diffusion line and
more marked high frequency semicircle are characteristic of these Nyquist plots in
that electrolyte.
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Figure 7.20: MnO2 electrode in 0.8 M KPF6 in EC:DEC. (a) Coupled anodic
and cathodic ESW versus OCP w.r.t coulombic efficiency and (b) complete ESW
including OCP comparison (Right).

Figure 7.21: Electrochemical impedance spectroscopy of the electrode in elec-
trolyte 1 M KPF6 in EC:DEC 1:1.
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(a)

(b)

Figure 7.22: Complete ESW of MnO2 electrode in 0.8 M KPF6 in EC:DEC. it is
reported the cyclic voltammetry (a) and the variation of coulombic and energetic
efficiency (b - Left), and specific capacitance in discharge (b - Right) versus cycle
of charge/discharge

Knowing from the last complete ESW test that widing the window to negative
potential can lead to a degradation of the electrode, for that case the potential
were limited only in the positive range. A cyclic stability measurement was made
keeping the boundaries between the maximum found in anodic and 0.1 V, which,
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according to the cathodic characterization, provided good coulombic and energetic
efficiencies. The results plotted in Figure 7.22 show a nice stability over cycles,
in which the capacitance retention was limited to 90%. The CV shape is mainly
attributable to the anodic contribution, as expected, with a marked peak current
at the lower limit.

Confirmed that the best electrolyte for this electrode is 0.8 M KPF6 in EC:DEC,
a possible asymmetric configuration with AC electrode is showed in Figure 7.23, in
which the MnO2 is fixed in anodic to a maximum of 1.3 V, while the AC one to a
minimum of -1.5 V, so an overall voltage range of 2.8 V, slightly higher w.r.t. the
symmetric AC/AC 2.7 V.

Figure 7.23: Asymmetric configuration between MnO2 and AC electrodes, w.r.t.
their OCP.
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7.3 Carbon-black electrode characterization
The reason for choosing this material for the battery-type electrode is due to its
simplicity in electrode production, its availability and possible scalability. According
to recent studies[28], its properties in a potassium ion battery (PIB) system are
promising, with the future prospect of their use in large-scale devices. One of
the challenges that unites electrode employed in PIB is defining the kinetics of
intercalation/deintercalation reactions of K-ion into the structure of the electrode,
which usually cause huge volume expansion that destroys its integrity[28].

Figure 7.24: First CV cycle, in which in Red the CE used is OCE, mostly used
in this thesis, while in Blue the CE used was a Potassium disc.

Since, from the previous characterization, this topic was never take into account,
as it wasn’t needed, a first try in characterize it was done using the same config-
uration made with the other electrodes. The CE used was always OCE and the
reference was Ag Pseudo. The scan rate was set to the lowest value possible, in this
case 0.1 mV/s, in order to enhance the intercalation process. Given the absence
of a sacrificial potassium source, which usually is a potassium disc fixed as the
CE, the first CV cycle provided a small intercalation sign when it reached 0 V VS
K/K+, but the deintercalation step has never been achieved. Due to the lack of the
latter, the amount of K-ion inside the electrolyte reduced dramatically after the
very first cycles of intercalation and the subsequent cycles provided always lower
current and smaller CV shape. Also, the current intensity was mainly negative in
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most of the potential range.
Convinced that this system would never work, the same measurement was

repeated using a K source for both CE and Ref. Figure 7.25 reports the significant
CV cycle of this test. In the first cycle it is noted a peak in current between 0.4 V to
1.0 V, mainly attributed to the formation of a solid electrolyte interphase (SEI)[28],
while the highest peak reached between 0 V and 0.45 V is due to ion intercalation
onto the substrate. The reduction of these two peaks can be attributed to the
greater difficulty of intercalating other ions and a greater contribution of SEI. The
current fluctuations in the various cycles can be attributed to contamination of the
cell by the kerosene present in the potassium disc.

Figure 7.25: Significant CVs of the Super C65 electrode with K/K+ as Ref. and
CE.

Nyquist plots of both the system considered are reported in Figure 7.26. The not
perfect straight diffusion line of the K/K+ case is mostly related to contamination
previously cited. In fact, the ESR found for the two cases and the estimated specific
capacitance using the last imaginary part value were comparable between each
other.

From the CV, it was possible to quantify the specific capacity, or the equivalent
capacitance, for each cycle. Even if the mass loading provided by the electrode
was the lowest w.r.t. the others (0.53 mg/cm2), the obtained values were higher
than the ones found for the AC and MnO2 electrode. Despite the promising values,
efficiencies still remain the main drawback, as for the coulombic efficiency values
never reached 99 %.
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Figure 7.26: Nyquist plot of two cells, in which the reference used was different.

(a) (b)

Figure 7.27: Evaluation, related to Super C65 electrode, of characterization
parameters. In order: (a) Specific capacity and capacitance in discharge w.r.t
cycles of C/D; b) Coulombic and energetic efficiency w.r.t cycles of C/D.

Finally, it is reported the CV comparison between Super C65 and AC electrode
in Figure 7.28. The EDLC region of CB, defined between 1.0 V and 2.5 V, is an
order of magnitude much lower than that of the AC. In an hybrid configuration,
the CB electrode is expected to accumulated an higher level of charge, increasing
the energy density, while the AC one will provide that amount of charge quickly,
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so provide an higher power density.

Figure 7.28: AC and Super C65 electrodes in comparison w.r.t. their OCP VS
K/K+.
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Chapter 8

Device characterization

8.1 Separator
A crucial component for assembling the final device is the separator. They are
characterised by different parameters such as thickness, porosity, density, and
resistance to heat and stress. In this thesis were investigated two different type
of separator from two different providers: Celgard® 3501 monolayer microporous
membrane and NKK® TF40xx cellulose membrane. They differ in the type of
material used, so as in the overall features they can provide. From the TF40xx
series, were considered two separator, TF4030 and TF4050, whose main difference
is the thickness. In Table 8.1 are reported the properties of these separator.

Table 8.1: Information about the separator used.

Separator Thickness µm Density g/cm3 Porosity % Material type
TF4030 30 0.40 73 Cellulose
TF4050 50 0.40 73 Cellulose

Celgard3501 25 / 55 Plastic

In order to evaluate the most suitable separator for the devices under study,
were made 3 symmetric devices AC/AC for each separator and tested with variable
scan rate cyclic voltammetry. The voltage range was set up to 2.0 V, while the
scan rate was set in a logarithmic scale. For further analysis of the impedance, EIS
measurement was also made. Only for this purpose, no charge balance was made,
so the mass of both the electrodes were the same. Table 8.2 reports the correlation
between code device and separator used.

Ragone plot with all the devices is reported in Figure 8.1. From the results
obtained, the Celgard 3501 and TF4030 seem to be the best for this device, even if
the TF4030 provided higher values of energy and power density, while the TF4050
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Table 8.2: Correlation between code used for the devices and the separator used.
The letter X indicates the number of the device.

Code Separator
Y1X TF4030
Y2X TF4050
Y3X Celgard 3501

case seems to have an higher resistance contribution, since the energy density
drastically drops for higher power density. Also, repeatability is confirmed for the
two first separator, even if the more stable among all the tests was the Celgard
3501 one.

Figure 8.1: Ragone plot of all the devices (Left) and the best for each type
(Right).

The choice of the most suitable one therefore falls on impedance spectroscopy,
since by analysing the Nyquist plot it’s possible to determine all the resistance
contribution. Figure 8.2 shows the Nyquist plot of all the best devices. The
diffusion line of the TF4050 case is the one with the highest titled angle w.r.t.
the other cases, leading to an higher IR for the device, and this is also correlated
to the reason of its bad performance among all the scan rate. Celgard 3501 case
has the lowest resistance contribution w.r.t. the TF4030 one. However, the most
pronounced high frequency semicircle can be a drawback in the overall performance
of it.

Although the results seem to report the TF4030 as the best of all, the repeti-
tiveness of the results among the various devices in the same category has led to
a reassessment of the situation. Table 8.3 reports all the ESR and IR evaluated
during EIS of all the devices. As it shows, Celgard 3501 was the one that provided
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Figure 8.2: Nyquist plot of the best devices for each separator category.

similar values among the measurements, while for the cellulose case fluctuation
of all the values was too high to be consider negligible. So, despite the better
performance of a single device with TF4030, it was selected the Celgard 3501, since
it provided repeatability among all the measurements.

Table 8.3: Evaluated ESR and IR of all the devices.

Code ESR IR
Y11 5.7 14.1
Y12 22.6 33.8
Y13 25.4 31.1
Y21 8.1 53.0
Y22 10.60 61.1
Y23 4.2 32.6
Y31 3.6 11.2
Y32 4.4 11.0
Y33 4.1 9.6

To conclude, Figure 8.3 reports the variation of energetic efficiency among the
scan rate applied and capacitance retention of the device.
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Figure 8.3: Variation of energetic efficiency (Left) w.r.t scan rate. Capacitance
retention of the device (Right).

8.2 Symmetric AC/AC device

8.2.1 Setup
Before analysing the results, a note of merit must be said about the choice of the
electrodes for the final device. Symmetric electrode with the same applied potential
charge and discharge with the same quantity. However, to reach the maximum
ESW with the same electrodes, an imbalance occurs in the accumulated charges in
both, in which the one with the lower charge takes precedence. To overcome this
disadvantage and exploit the entire ESW, a charge balancing must be carried out.
In order to provide that balancing, the following equation must be valid:

Q+ = Q− (8.1)
where Q+ and Q− are the charge of the anode and cathode electrodes. Knowing

the relationship between charge and voltage in a ideal capacitor:

m+ · V+ · C+ = m− · V− · C− (8.2)
in which the V contribution is the potential applied w.r.t. OCP, C is the specific

capacitance and m is the corresponding active mass of the electrode. Wanting to
respect equality, the ratio between the masses is calculated as:

Π+ = m+

m−
= V− · C−

V+ · C+
(8.3)

Since the specific capacitance and the maximum potential are known for electrode
characterization, the ratio evaluated defines how many times the positive electrode
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(anode) must be bigger/smaller w.r.t. the negative one (cathode).
For the symmetric device AC/AC with as electrolyte 1 M KPF6 in PC, taking

the values obtained during characterization, the mass ratio found was:

Π+ = m+

m−
= 1.5V · 89.31F/g

1.2V · 83.93F/g
= 1.33 (8.4)

Keeping in mind the tolerance evaluated during the coating step, it’s not
necessary to do two different coating for getting two electrodes with that mass ratio.
The overall specific capacitance is evaluated as the half of the parallel between the
two values:

Cdevice = C+//C−

2 (8.5)

which in this case provides final value of 21.63 F/g. In comparison with the one
evaluated for symmetric device without charge balancing, it’s comparable, leading
to the statement that for these devices charge balancing is not so required. The
final voltage applied to the device will be 2.7 V.

8.2.2 Small device
From the first characterization of the device, through activation cycles (Figure
8.4), the CV shape presents an higher current peak at the highest voltage applied.
Its intensity drops after few cycles, as a matter of internal settlement of charge
distribution, until it fixed up to 200 mA/g. Nyquist plot is comparable with the one
found during the separator analysis, even if the ESR and IR are almost completely
different, since the first showed a slightly lower value, while the IR almost double
its intensity.

The device was then tested with GCD in different current rate. The range
selected was 0.1, 0.2, 0.5, 1.0, 2.0 A/g. After all these current, the last rate applied
was again 0.1 A/g in order to evaluate the capacitance retention of the device.
Variation of GCD at different current rate is shown in figure 8.5.

The almost perfect triangular shapes are those expected, since the nature of
the device is completely EDLC. The iR-drop in all the rate were respectively
14.03, 54.73, 140.82, 151.20 and 295.57 mV. Their variations seem not to follow a
particular trend, as is the case with charge and discharge time. Coulombic efficiency
reached a maximum of 96 % for the lowest current rate, which is still expected since
it’s limited by the cathodic ESW, but for the highest current rate the efficiency was
stable to values higher than 99 %. For the specific capacitance, from the initial rate
it reached 22.92 F/g, which is higher than the one expected, while going up with
the current it drops to 18.63, with a capacitance retention of 81.3 %. Returning to
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Figure 8.4: AC/AC coin cell device. (a) CV from activation cycles and (b)
Nyquist plot.

Figure 8.5: GCD of the AC/AC coin cell device at different current rate.

the lower current rate, the value stabilised at 22.55 F/g, with a final retention of
98.4 %, almost negligible.

According to the Ragone plot in Figure 8.7, energy density reached a maximum
up to 25 Wh/kg with 138.7 W/kg as power density, while it drops to 16.75 Wh/kg
increasing power up to 2.55 kW/kg. Those values are comparable with the one
found in literature[29] regarding the symmetric AC/AC EDLC device. However, it
wasn’t found something similar to this device, so the comparison is just a matter
of order of magnitude.
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Figure 8.6: AC/AC coin cell device. (a) Variation of coulombic and energetic
efficiencies w.r.t current rate and cycles. (b) Capacitance retention of the device
with different current rate.

Figure 8.7: Ragone plot of the AC/AC coin cell device. The raw data were fitted
with polynomial fit at 2nd order, in order to roughly evaluate the trend.

The cyclic stability of the device at repetitive charge and discharge cycles was
tested. The process is to evaluated the response of the device to an accelerated
degradation. The number of cycles considered were 5000 at a fixed current rate of
0.5 A/g. Over time, as Figure 8.8 shows, the time of charge/discharge is reduced,
with an overall increase in the iR-drop from an initial 96.46 mV to a final 261.45
mV, which is actually the reason of GCD time shortening. Despite the three times
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Figure 8.8: Variation of GCD during cyclic stability test of AC/AC coin cell
device.

Figure 8.9: Capacitance retention of the AC/AC coin cell device among GCD
cycles.

higher value obtained, the profile of the GCD is still rectangular, and the iR-drop
is acceptable.
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The overall capacitance was around 20 F/g, a little bit lower than the one
found before, and the capacitance retention was kept over 90 %, which is good in
comparison to the number of cycles.

To conclude the analysis of device response to accelerated degradation, since
cyclic stability provided good results, float test (FT) was also performed. After 50
cycles of C/D, performed with constant current of 0.5 A/g, the device voltage was
kept to its maximum for over 20 hours. The purpose of this test was to evaluate
capacitance retention over time instead over number of cycles. GCD profiles during
FT are plotted in Figure 8.10. As it happened before, the main consequences
related to this test are GCD shortening of time and increase in the iR-drop, from
104.51 mV up to 213.46 mV.

The effect of float test in these case are major in terms of capacitance retention,
since just after the first test, the retention evaluated was 89 %, while after 160
hours of FT the device can be considered no longer functional due to the 44 % of
retention.
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Figure 8.10: Variation of GCD during float test of AC/AC coin cell device.

Figure 8.11: Capacitance retention of the AC/AC coin cell device over time.
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8.2.3 Scaled device
Tests were performed also for the bigger device (pouch cell), to test the concept of
scalability, even on a small scale. All the tests made for that case were the same
as before. The CV shape shows a more resistive contribution, mainly related to
IR since in this case there is not a fast drops to negative current during the first
seconds of discharge. That statement is in part confirmed by the Nyquist plot, in
which despite the low ESR of 0.24 Ω the diffusion line doesn’t follow a straight line,
increasing drastically the IR up to 3.26 Ω.

Figure 8.12: AC/AC pouch cell device. (a) CV from activation cycles and (b)
Nyquist plot.

Figure 8.13 reports the profile for each current rate. Even if the triangular shape
is confirmed, what immediately springs to mind is the higher iR-drop variation
among the currents, whose values are 107.2, 228.0 and 626.3 mV for the first three,
and 1.19 and 1.99 V for the two highest rate. These values are not remotely
comparable with those obtained in coin cell, and seems that the highest current
rate that the device can hold is only 0.2 A/g, comparing it with the coin cell results.
All these drawback can be searched in the device assembly. After some tests, it
was found that a mono-layer into the self-made coffee pocket was too sensible to
vibrations, since the vacuum sealing wasn’t able to provide enough contact pressure
to these too-thin foils. For the coin cell, there was a spring whose rules was to
provide this contact pressure between the electrodes and the separator, while for
the pouch it was assumed that the pressure given by the vacuum was sufficient.

Also, efficiencies and specific capacitance confirms this trend, as Figure 8.14
shows. The first two rate are comparable with the two highest one evaluated in
the coin cell system, even if the values of the capacitance are lower

The bad performance of this device is more evident in the Ragone plot (Figure
8.15). Whereas in the previous case there was a drop in energy towards power
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Figure 8.13: GCD of the AC/AC pouch cell device at different current rate.

Figure 8.14: AC/AC pouch cell device. (a) Variation of coulombic and energetic
efficiencies w.r.t current rate and cycles. (b) Capacitance retention of the device
with different current rate.

densities greater than 70%, in this case the drop is an order of magnitude. Moreover,
both energy and power are drastically decreased compared to those calculated for
the coin cell system. These inefficiencies are the direct consequence of a significant
increase in the device’s internal resistance, which not only lowers performance but
also reduces its life expectancy. These considerations must necessarily be taken
into account when making the transition from small to large scale.

The cyclic stability of the pouch cell was tested under the same conditions used

114



8.2 – Symmetric AC/AC device

Figure 8.15: Ragone plot of the AC/AC pouch cell device. The raw data were
fitted with polynomial fit at 2nd order, in order to roughly evaluate the trend.

for the small device. As expected, the change in iR-drop is significant already
after the first few hundred cycles. It went from an initial value of 202.5 mV
to intermediate values of 371.7 mV and 454.4 mV and increased to 606.9 mV,
comparable with that obtained in the previous test. The first consequence of this
increase is a decrease in charge and discharge time, as well as a drastic drop in
energetic efficiency. The low stability of the device to a considerable number of
C/D processes can be deduced from these results.

Parallel situation was noted regarding capacitance retention. After a noticeable
drop in the first few cycles, which could only be attributed to the activation of the
device, after 5000 cycles the retention settled down to 80 %, which is slightly lower
than that assessed in the case of the coin cell. It is to be assumed that although
the device’s capacitance depends on the internal electrode resistances, its decrease
after countless C/D cycles leads to its stabilisation in any case. The intensity of
this decrease is in any case to be attributed to the intensity of the device’s parasitic
resistances.
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Figure 8.16: Variation of GCD during cyclic stability test for the AC/AC pouch
cell device.

Figure 8.17: Capacitance retention of the AC/AC pouch cell device among GCD
cycles.

116



8.3 – Asymmetric MnO2/AC device

8.3 Asymmetric MnO2/AC device

8.3.1 Setup
As it was made for the symmetric AC/AC device, considerations about electrode
mass choice were made. According to the characterization made of the two electrodes
in 0.8 KPF6 in EC:DEC, taking the maximum potential applicable for both, the
final voltage will be 2.8 V, slightly higher w.r.t. the AC symmetric device. Due
to the different OCP, the expected final one of the device will be the difference
between the two of them, so around 400 mV. Using the Equation 8.3 and the
evaluated parameters from characterizations, the mass ratio is:

Π+ = m+

m−
= 1.5V · 80.76F/g

0.9V · 44.49F/g
= 3.0254 (8.6)

The choice of electrodes that respected this ratio was difficult, as the minimum
mass loading limit obtained for the AC electrodes was 1.59 mg/cm2 and the MnO2
electrode should have a triple mass, the which exceeded the maximum mass loading
limit such as to have a homogeneous structure without the presence of breakages
(4.2 mg/cm2). Considering that for small electrodes, such as those used for coin
cells, the mass variations are higher, it was possible to respect this mass ratio, at
least on the small scale, while for pouch cells the maximum ratio achieved did
not exceed 2.2, which is in agreement with the mass loading values calculated
previously.

The final specific capacitance expected, using again Equation 8.5, is 14.34 F/g,
way lower than the symmetric AC device, due to the lower capacitance provided
by MnO2 electrode.

8.3.2 Small device
As a first characterization of the asymmetric device, small device was tested. From
the activation cycles are reported the CV and Nyquist plot, in Figure 8.18.

The OCP evaluated is 332 mV, which is a bit less than the one expected.
However, fluctuation of its value when single electrode was characterize in different
measurements was not negligible, so this value is still acceptable. The shape of the
CV is similar to that obtained with the symmetric device, with an accentuated
current peak even towards 0 V. As in the previous case, the intensity of the
two peaks gradually decreases with the activation cycles. However, during the
first discharge phase, there is no drastic drop in current as occurred in the case
of the small symmetrical AC device. This absence led to the assumption of a
greater contribution in terms of internal resistance, which is in agreement with
the resistance values found during the characterization of the single electrode of
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Figure 8.18: MnO2/AC coin cell device. (a) CV from activation cycles and (b)
Nyquist plot.

Figure 8.19: GCD of MnO2/AC coin cell device at different current rate.

MnO2. These assumptions are partly confirmed by the Nyquist plot, where the IR
is almost three times greater (59.47 Ω) than that obtained in the other device. As
has been noted in single electrode impedance spectroscopy, also in this case the
presence of the semicircle at high frequencies is marked.

GCD with different current rate is shown in Figure 8.19. The voltage trend over
time is no longer linear but takes on a more curved shape, and this respects the fact
that there is no longer only EDLC type contribution but that of a pseudocapacitive
type also takes over. A more linear trend is noted mainly during discharge profile.
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As assumed during the CV analysis, the variation of the iR-drop is notable between
one rate and another. Already from the lowest rate its value is 116.2 mV, an order
of magnitude larger than its AC/AC counterpart. Furthermore, the values found
in the other rates were 242.8 mV, 615.7 mV, 1.1 V and 1.9 V respectively.

Figure 8.20: MnO2/AC coin cell device. (a) Variation of coulombic and energetic
efficiencies w.r.t current rate and cycles. (b) Capacitance retention of the device
with different current rate.

Figure 8.21: Ragone plot of MnO2/AC coin cell device. The raw data were fitted
with polynomial fit at 2nd order, in order to roughly evaluate the trend.

As happened in the case of the symmetric pouch cell device, the rates that allow
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the device to function correctly without having an excessive resistive contribution
are the first three. Even looking at energy efficiency it is possible to confirm
the previous statement. Furthermore, since for the highest rates iR-drop is too
large compared to the applied voltage, the coulombic efficiency presents a notable
variation in the range between 95 and 99% between one cycle and another, in
addition to an energy efficiency less than 30% most of the time. The specific
capacity evaluated in the first rate is slightly lower than that calculated previously,
but the main problem is the instability along the various C/D cycles. Stability
is achieved only in the highest rates, whose values do not correspond to initial
expectations.

Ragone plot is reported in Figure 8.21. The resistive contribution of the device
is most marked by the drastic drop in energy density at larger powers. This drop
is more than an order of magnitude between the two limits. Furthermore, there
is a notable variation in the powers and energies calculated in the last rate, and
this is also due to the instability of the iR-drop in the various cycles, significantly
changing the charging and discharging periods. This variation is marked even in
the lowest rate, confirming the instability assumed in the first analysis.

Figure 8.22: Variation of GCD during cyclic stability test for MnO2/AC coin cell
device.

Despite the conclusions dictated previously, to define terms of comparison
between the various devices, the cyclic stability was evaluated again at a rate of 0.5
A/g. GCD variation among the cycles is reported in Figure 8.22. As happened in
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the case of the symmetric device, the increase in iR-drop is marked in the various
C/D cycles. We go from an initial value of 285.9 mV, moving towards intermediate
values of 310.2 and 374.2 mV, up to a final value of 490.1 mV, almost double
the first. As before, the shape of the GCD shows a non-linear trend in all cycles
considered. Capacitance retention (Figure 8.23) set at 70 %, which is still low
compared to those obtained for the AC/AC device, but considering the problems
found, it’s still acceptable.

Figure 8.23: Capacitance retention of MnO2/AC coin cell device among GCD
cycles.

The performance of this device is not such as to take into account a scalability
process, even on a small scale. Furthermore, the scalability process used did not
bring good results compared to those obtained on a small scale, due to the problems
encountered during its development. An attempt at scalability was carried out
anyway, but as expected it was not possible to obtain results that were comparable
with those obtained so far. Furthermore, it presented relative problems regarding
its stability after a few charge and discharge cycles.

8.4 Hybrid AC/CB device

8.4.1 Setup
As regards the hybrid device, charge balancing is more to be investigated, since
however simple and reductive the method is, it does not take into account the
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charge accumulation method. If on the one hand we have an EDLC electrode
which exploits the separation of charges, on the other both EDLC-type, albeit in
minimal quantities, and redox-type reactions occur, in which the latter uses the
intercalation of ions in the structure. Since the processes are distinct, it turns out
to evaluate the Equation 8.1 simply using the ratio between specific capacity in
charge and discharge:

Π+ = m+

m−
= Q−(mAh/g)

Q+(mAh/g) (8.7)

According to the evaluated capacity for both the electrodes, it turns out that:

Π+ = m+

m−
= 388.35mAh/g

26.96mAh/g
= 14.4046 (8.8)

which is impossible to reach with the electrode made in this thesis. It turns
out that for that device it was impossible to define a right mass ratio, therefore as
a procedure it was chosen to use the highest ratio obtainable with the electrodes
under consideration.

According to the potential boundaries evaluated through characterization, the
maximum voltage applicable is 3.6 V

8.4.2 Small device
Activation cycle and EIS are reported in Figure 8.24. From 0 V to 2 V there is
a purely EDLC-type contribution, the intensity of which is negligible compared
to that obtained with only EDLC-type electrodes. This is because the capacitive
contribution of the Super C65 electrode is minimal compared to that of the AC,
therefore with two capacitors in series the one with the lower capacity prevails.
From 2 V upwards the faradic contribution of the cathode electrode begins, with
a current increase of up to 350 mA/g, a much higher value than the symmetric
(AC/AC) and asymmetric (MnO2/AC) counterparts. During the discharge phase,
the current almost immediately reaches negative values, but the intensity is not
comparable with that obtained during charging, leading to a coulombic efficiency
of no more than 50 %. Also it’s noted a slight current peak towards the lowest
potential. Due to that unwanted peak, the settings were changed in order to bring
the voltage back to OCP instead of 0 V, which for this device was around 196 mV.
In subsequent cycles, the intensity of charging and discharging in the range between
2 V and 3.6 V is significantly reduced. However, a settlement of the coulombic
efficiency above 60 % was reached. Regarding the impedance, the ESR is decreased
compared to the other cases, but due to the CB electrode, the IR is not remotely
comparable (685 Ω).
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Figure 8.24: AC/CB coin cell device. (a) CV from activation cycles and (b)
Nyquist plot..

Figure 8.25: GCD of AC/CB coin cell device at different current rate.

Despite the not good expectations after the first analyzes of the device, the
measurement of variable current rate was carried out, with the same settings as
the previous two cases except for the lower limit, set at OCP instead of 0 V. In
Figure 8.25 are reported the profiles of GCD. The almost linear growth during the
charging phase leads to the assumption that the major contribution is due to the
AC electrode. During the discharge, a sharp drop in voltage was noticed after the
first few seconds. This drop is not to be understood as relating to the iR-drop, as
in the first rate it was estimated at 86.6 mV, but relating to a significant loss of
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accumulated charge. This behavior was found to be repetitive over all cycles. The
iR-drop variation in the other rates were evaluated as 207.7 mV, 542.8 mV, 1.11 V
and 2.34 V.

Figure 8.26: AC/CB coin cell device. (a) Variation of coulombic and energetic
efficiencies w.r.t current rate and cycles. (b) Capacitance retention of the device
with different current rate.

Due to this drastic drop in potential during the discharge phase, the energy effi-
ciency does not exceed 50 %. Furthermore, due to these sudden changes in voltage,
which do not appear to be constant in the various cycles, the efficiency Coulombic
does not appear to be stable but presents fluctuations that are uncorrelated with
each other, even leading to values greater than 100 %, which is physically and
mathematically impossible and therefore to be attributed to instrument errors. It
should be noted that this instability has repercussions on the estimated value of
specific capacity, which seems to reach values around 30 F/g but subsequently
decreases to lower values, up to the striking case of the highest rate in which it
does not even exceed 1 F/g.

As a matter of comparison, Ragone plot of hybrid AC/CB configuration is
reported in Figure 8.27. The high dispersion of the energy and power values for
each rate led to an estimate of the trend with a high error rate. In addition, the
energy density values drop by more than an order of magnitude for higher power
densities.

8.4.3 Further investigation

Since the treatment of this last device has not been completely explored, more
complete investigations have been carried out in this regard.
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Figure 8.27: Ragone plot of AC/CB coin cell device. The raw data were fitted
with polynomial fit at 2nd order, in order to roughly evaluate the trend.

Intercalation test

During the development of this device, the concept of intercalation was never
considered, as the required process is not always scalable and always requires a
quantity of K ions coming from an expendable layer or from the anode of the cell
itself[30], which in battery systems it always has an excess of ions. In the case in
question this availability is not present, as the electrodes are mainly carbon-based.
The only source of K ions is due to the electrolyte itself, which however requires
these ions for the device to work correctly. Knowing this concept, an intercalation
process has been studied in the literature[30] based on the availability that the
electrolyte can provide to the intercalation process. However, since this availability
is more limited compared to an external source of ions, such as an expendable
layer or the anode itself, it was decided to significantly increase the quantity of
electrolyte inside the cell so that the quantity of ions remains such as to allow the
device to function even after intercalation[30]. This type of process is much simpler
as it does not require disassembly of the cell to remove worn sacrificial layers, but
only additional activation steps before its use. The intercalation process consists of
periods of charging at progressive voltages up to the calculated maximum value
followed by moments of relaxation in which no voltage or current is applied.

This test was performed into a pouch cell with as separator GF/D, since it
provide an higher quantity of electrolyte w.r.t. to the thinner Celgard 3501 one.
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Figure 8.28: Voltage VS Time during charge/relaxation step of the intercalation
test of K-ion using as source the electrolyte salt KPF6.

Even if from previous test assembly of a pouch cell didn’t provide nice results, in that
case it was more suitable since the higher thickness of the separator together with
the vacuum sealing provided enough contact pressure between the two micrometric
electrodes. The current chosen for the intercalation test was 0.01 A/g, as to avoid
resistive contribution and enhance the intercalation process. The profile of the
voltage across time is reported in Figure 8.28. The progressive voltage values
chosen were 3.4 V, 3.5 V and finally 3.6 V. In agreement with the profiles found in
the literature[30], the charge time is faster up to 2 V, while moving forward the
voltage start to slowly increase until the limit imposed. During discharge time,
the voltage drops significantly up to 3 V, while the trend start to decrease until it
stopped in the range between 2 and 2.4 V. As it was stated before, this potential
drop cannot be attributed to a high iR-drop, as in this case it was estimated to be
equal to 3.1 mV, but to a rapid discharge of the CB electrode in the first seconds
of discharge. The fast discharge started to increase significantly as the maximum
voltage increased. All the profile found were in agreement to the one expected.

In order to evaluate the effectiveness of this step, multiple GCDs at the same
current rate were performed, and the profiles are reported in Figure 8.29. Those
reported were sampled from those carried out in reality. The first change noticed
in the first cycles was regarding the charging tendency in the first voltage values,
in which there is no longer a rapid charge but a more gradual process. The
potential drop during the discharge, however, still remains an excessive factor.
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Figure 8.29: Evaluation of single potential of both AC and CB electrodes

In the subsequent cycles it’s noted an increase in charging and discharging times
and the profile during charging begins to no longer present the sudden increase in
voltage up to 2 V. Furthermore, the rapid discharge of the CB electrode decreases
in the various cycles to follow, leading to the statement that this intercalation
process has effectively modified its structure, changing its performances. From
subsequent cycles, the GCD appears to have stabilized, maintaining a profile similar
to subsequent ones with reduced charging and discharging times.

Figure 8.30: All the evaluated parameters of the AC/CB pouch cell device
after intercalation. In order: (a) coulombic and energetic efficiency, (b) specific
capacitance in discharge, (c) energy and power density w.r.t. cycles.

All the evaluated parameters of this device are reported in Figure 8.30. Despite
an initial drop in coulombic and energy efficiencies, their values settled at values
above 80% and 30% respectively, however presenting a decline in the final cycles.
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As regards the energy density, an improvement was obtained compared to the case
without intercalation, even if the power values are not remotely comparable with
the others obtained, and this is due to the different current rates.

Differential potential of the electrodes

Since the previously analyzed GCD profile was not fully understood, a 3-electrode
measurement was performed, with the AC electrode as WE, the CB electrode as
CE and the OCE as reference. The separator used in this test was again glass fibre,
this to provide a greater quantity of electrolyte to the system. The measurement
consisted of a first charging phase at a very low constant current (0.01 A/g) until
reaching 3.1 V, a value found by the sum of the maximum potential of the AC
electrode and the 2 V obtained by the CB electrode without the final current
peak, maintaining this voltage until the accumulated charge exceeded half of the
estimated specific capacity of the CB electrode (∼ 200 mAh/g) and finally relax the
cell for 4 hours, with no current and potential applied. The profile of potential are
reported in Figure 8.31. As expected, the WE electrode charged itself until almost
1.1 V, while the CE reached the 2 V upper limit. It’s noted that the rapid growth
in potential of the device was mainly due to CB electrode, since it is the easiest to
polarize in the voltage range in which it works as an EDLC type electrode.

Figure 8.31: Evaluation of single potential of both AC and CB electrodes.

During the hold phase, the AC electrode begins to increase its potential up to
values of 1.3 V, while the CB electrode, with the same tendency evaluated in the
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other electrode, decreases until it reaches 1.8 V. This behavior, in accordance with
the characterizations made regarding the AC electrode, it is a factor that leads
to its degradation, as it is exiting the ESW. When there is the relaxation phase,
as hypothesized in the other measurements, the abrupt drop in potential mostly
concerns the CB electrode, while the AC electrode presents the classic discharge
profile of a capacitor with a time constant lower than to that found for the CB
electrode. This behavior leads to the inference that the CB electrode is not reliable
for this type of device, at least without processes that correct these charge losses.
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Chapter 9

Conclusions and future
developments

9.1 Conclusions
The scalability process of a SC is a complex challenge from every point of view.
The study required analyzing the electrode manufacturing process and their char-
acterization to understand the best configuration suitable for them, between the
choice of the electrode itself and the maximum applicable voltage. From the study
of rheology, a marked dependence on temperature was found regarding the slurries,
which leads to the assumption of keeping the ambient temperature fixed in order to
avoid such variations. In accordance with the studied theory, the variations in the
electrode coating mainly depend on the amount of solvent used for the preparation
of the slurry, the type of active material used and the distance between the blade
and the contact surface. From the calculated variations it is possible to predict
the thickness and mass of the final electrode when the manufacturing process is
subsequently repeated on a large scale. According to the methodology used for
the electrode manufacture, calendering didn’t provide improvement in the overall
performance. From the characterizations it was possible to identify the performance
of the individual electrodes in response to variations in potential, anodic or cathodic
as they are, quantifying them. Taking these parameters into consideration, it was
possible to identify the possible configurations between multiple electrodes of the
same type or not, additionally evaluating the concept of charge balancing, which
made it possible to further increase the performance of the individual SCs. In
order to evaluate the concept of scalability of the final device, small (coin cell) and
medium (pouch cell) scale measurements were carried out in order to determine
the advantages and disadvantages, also evaluating the possible problems of such
scalability.
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The final results of this thesis were three different devices, whose parameters are
reported in Table 9.1. Despite the idea of using asymmetric devices to increase the
performance of the supercapacitor in question, at present the device that provided
the best performance was the symmetric one with carbon-based electrodes, since
according to Figure 9.1, it is the one with the highest energy and power density.
In a situation in which the parasitic resistance of the medium device are reduced,
its Ragone plot could be ideally superimposed on that of the small device one. As
a future perspective in exploiting asymmetric and/or hybrid systems, the common
idea is to minimise parasitic resistance contributions in order to increase energy
density and, directly related, power density.

Figure 9.1: Ragone plot with all the device of this thesis.
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Table 9.1: Summary of the main parameters evaluated of the devices studied.

∆V (V) ESR (Ω) IR (Ω) Max. Energy
(Wh/kg)

Max. Power
(kW/kg)

AC/AC
small device 2.7 3.0 28.3 25.0 2.5

AC/AC
scaled device 2.7 0.24 3.26 15.0 1.0

MnO2/AC
small device 2.8 2.4 59.5 7.0 0.7

AC/CB
small device 3.6 2.5 685.7 8 1.0

9.2 Future developments
In this section are present possible developments that can be useful to optimize
the devices listed above. All these are considerations made along the development
of the thesis.

The choice of Super C65 as the active material for the battery-type electrode
was made on the basis of a recent article, which although promising performance
had not yet been used for a final device. In order to improve it, more in-depth
investigations are needed regarding the mechanisms that allow it to work properly.
From this, it’s also necessary to delve deeper into the intercalation process, in
particular regarding K-ions, the literature on which is still poorly provided.

From the analyses carried out during the choice of the separator, a positive
factor was found regarding those of the cellulose type. In addition to their ease of
use, they are also promising in their resistance to external stress. The fact that they
were not used for the devices considered is linked to the non-reproducibility of the
results obtained. Since it still presented promising results, it would be necessary to
further investigate their use in hybrid devices.

The concept of scalability between small- and medium-scale devices has been
strongly influenced by cell assembly methodology. This is because the self-produced
package system was not suitable for the type of device considered, the thickness
of the electrodes and the separator were such that they were more sensitive to
vibrations and did not allow good adhesion between them. In order for this problem
to be resolved, it is necessary to modify the packaging system, which may include
the transition from mono-layer to multi-layer and/or the addition of spacers that
allow a greater contact pressure between the two electrodes.
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