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1. INTRODUCTION

1.1. Background

The glaciers are melting, the level of the seas is growing, the desertification is advancing,
natural disasters are increasingly common. They are consequences of the Earth temperature
growth driven by the greenhouse gas emissions. The energetic production is responsible for
the 87% of global greenhouse gas emissions, which are divided unequally between countries.
There is a correlation between the wellness and the CO, emissions; since the current
technology relies most on the use of fossil fuels, the poorer countries have the lowest level of
emissions, because they lack access to such energy sources and, therefore, they are suffering
of energy poverty. On the other hand, in the countries on the right side of Figure 1.1.1, living
conditions are better, people are not suffering of energy poverty and, consequently, the
greenhouse gas emissions of richest countries are too high to be sustainable. In order to keep
the increase of the global average temperature well below 2°C above pre-industrial levels,
which is the goal of the Paris Agreement, emissions must fall to the net-zero level within the
coming decades. Firstly, it means that richer countries must switch from fossil to sustainable
energy sources, maintaining their living conditions. Secondly, that the poorer countries should
improve their wellness without increasing their emissions, but this will not be possible until

the cheapest energy source is fossil-based [1].
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Figure 1.1.1: CO; emissions per capita as a function of gross domestic product per capita [1].

The European Parliament and the Council decided on 6 April 2022 for a General Union

Environment Action Programme to 2030, confirming the Union’s environmental agenda of the

7™ EAP focusing on the achievement of climate neutrality by 2050 at the latest. The 8" EAP

should accelerate the green transition, to a sustainable, renewable energy-based and

competitive circular economy. As decided by the 8™ EAP, the energy production from

renewable sources is quickly increasing in Europe, relying mostly on the improvement of wind

and solar sources, reaching in the 2021 the production of slightly less of 700 TWh, as outlined

in figure 1.1.2.
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Figure 1.1.2: European renewable energy generation trend between 2000 and 2021 [1].



The use of solar panels and wind turbines is constantly increasing and the amount of
renewable energy consumption should reach the 32% of the total within the 2030. On the
other hand, these types of sources are suffering of instability since they depend on the
weather. In particular, there is a time discontinuity in the power generation. It varies between
the night and the day, in the same day and from day to day. This behavior translates into the
presence of production peaks and of periods of low power generation, which completely do
not match with the electrical grid demand. In order to solve these discontinuity issues, the
peak shaving techniques can be used. Peak shaving is a set of strategies, based on energy
storage devices, which acts as intermediary between the power generation plant and the
consumption users. Precisely, their use enables to reduce the power demand at the highest
consumption periods, relying on the energy generated during the low power demand periods
[2]. Moreover, the switch between fossil fuels-based market and renewables-based one
determines that also the automotive sector, which is responsible for the 16.2% of the
greenhouse gas emissions [1], must rely on newly energy storage technology. The current
options to directly store electrical energy are batteries and supercapacitors. These two
technologies are compared in the Ragone plot in Figure 1.1.3, highlighting the range of the
specific power and of the specific energy currently achieved for both of them and their time

of charge along the diagonal lines [3].
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Batteries are based on the electrochemical accumulation of charges through reduction and
oxidation bulk reactions occurring in an electrochemical cell. Thanks to their ability of store a
high energy amount per kilogram, nowadays rechargeable batteries represent the leading
technology for the energy accumulation. On the other side, this technology still has many
drawbacks, such as poor cyclability, as it can operate only for few thousands charge/discharge
cycles with acceptable capacity retention. Secondly, batteries possess rather low specific
energy and power, as compared with fossil fuels; this fact determines the oversizing of battery
packs for reaching the required energy and power output demand, further increasing their
cost. Moreover, batteries low specific power determines a slow charge rate, which limits the
charging time in the order of hours. Lastly, they still display many sustainability, eco-
compatibility and safety problems, since they rely on the use of toxic and pollutant elements
such us manganese, nickel and cobalt, and on the use highly flammable liquid organic
electrolytes [4].

The second option for the energy storage is represented by supercapacitors (SCs), which rely
on the electrochemical accumulation of charges that are based on electrostatic and
pseudocapacitive effects, instead of bulk redox reactions. Since, from a kinetic point of view,
these mechanisms are faster than bulk redox reactions, SCs can achieve higher specific power
than batteries, allowing their application wherever a high power, instead of a high energy
amount, is needed. For the same reason, they can be charged very quickly, ranging from few
seconds to few minutes. Furthermore, their accumulation effects are highly reversible
enabling an almost unlimited cyclability. Additionally, the usual materials used have a high
degree of eco-compatibility, sustainability and safety. On the other hand, as compared with
secondary batteries, they display a limited specific energy.

Currently, SCs find application in the automotive, in the grid, in the renewables and in the
industrial sectors. Research is ongoing in order to extend their availability for optimizing the
application in combination or in substitution of traditional energy storage devices [5].
Specifically, in the last decade, research focused their efforts towards four specific SC

application sectors, highlighted in Figure 1.1.4.
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Figure 1.1.4: Classification of the research publications related to supercapacitors in the last

decade respect their application.

More in details, in the automotive sector a SC can be coupled with fuel cells or batteries to
level the power demand load. When the vehicle is demanding a high power consumption, for
example during acceleration or when starting, the SC can support the fuel cell or the battery
in supplying the required energy. On the contrary, during low power demand the vehicle is
powered by the fuel cell, or the battery, and the SCis charged. This process reduces the power
demand to the main powering system, enabling to lower its size with benefits in terms of cost
and weight [6—8]. Moreover, using SCs, the voltage fluctuations at the battery electrodes, due
for example to the acceleration, are mostly deleted. Thus, SCs reduce the batteries stress,
extending their cycle life and efficiency [8]. Tipically, in electric vehicles SCs are used in energy
recovery systems, such as regenerative breaking and suspensions. Since these systems,
recovering energy from breaking or suspension shocks, produce high power, SCs are the best
way to store this energy, to preserve batteries from degradation [9,10].

Regarding renewables and grid systems, SC find application in the peak shaving technology.
Since the renewable energy generation suffer of discontinuity, the grid alone does not support
the required level of power demand, causing problems such as power failure, instability and
voltage fluctuations. The peak shaving technique can solve these grid issues and SCs, thanks
to their reversibility and power capability, are valuable candidates, storing energy during
periods of high generation and releasing it during high power consumption demand [2,11].
Moreover, SCs, in their miniaturized version, represent an ideal choice to supply energy in the

so-called Internet of Things (loT) applications, such as watches, cloths, shoes and all wearable



consumer technologies. Their role consists in powering sensors, assuring both fast
rechargeable times, efficiency and long-life spans. In order to be used at the large scale in loT
sector, micro-SCs need flexible designs and an environmentally friendly nature, therefore
using environmental non-dangerous materials [12].

Looking to the future, the enhancement of the specific energy of SCs could allow their use on

a large scale, achieving better efficiency, longer lifespan, and higher power than batteries.

1.2 From capacitors to supercapacitors

1.2.1 Dielectric capacitors

An electric capacitor, named first generation capacitor, is a device able to store charge through
an electrostatic field. It has a sandwich structure which is composed of two conductive plates
enclosing a dielectric or insulator, as shown in Figure 1.2.1. Once an external voltage
difference, hence an electrostatic field, is applied across the plates, the positive charges
accumulate on one plate (positive electrode) and negative charges accumulate on the other
plate (negative electrode). Removing the external voltage difference, the charges remain
separated on the plates and the capacitor is charged. The voltage difference between the
electrodes is called the cell voltage of the SC. Once the two electrodes are connected by a

wire, with or without a load, the charges flow through the wire and the capacitor discharges.
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Figure 1.2.1: Dielectric capacitor structure.
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The parameter that describes the ability to store charges is the capacitance C, shown in
Equation 1, which is dependent on the materials properties and on the geometry. For instance,
A is the surface area of the plates, d is the distance between them and ¢,¢, are the vacuum
electric permittivity and the relative dielectric constant of the dielectric material, respectively.
The choice of the dielectric affects the maximum voltage difference that can be applied
between the electrodes, since a higher voltage may break the insulation, resulting in a flow of
electrons inside of the capacitor and in the device breakdown. An appropriate dielectric
material briefly consists of an insulator material, where no charges are moving and, once the

voltage is applied, the molecules polarize in the direction of the applied electric field.

JVW R

] = e ~t/RtotC Eqg. 2
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The mechanism of charge storage is purely electrostatic, no chemical reaction is involved,
therefore the kinetic is fast. Beyond the capacitance, a real capacitor has an intrinsic resistance
(R) in parallel with the capacitance, dependent on the dielectric material, and another
resistance (R) in series, which relies on the electrode contacts and on the capacitor materials.
Its equivalent circuit is described by Figure 1.2.2. During charging and discharging phases,
closing the circuit on a generator or on a load, the current which flows is described by the
Equation 2, where V is the applied voltage, R:: is the total series resistance (eventually the
load resistance plus the capacitor series resistance), Cis the capacitance and tis the time. Rto:C
is an important parameter of a capacitor which is named time constant, and consists in the
time necessary for charging and discharging the device up to 63%. Since the area of the plates
is of 103 m? magnitude order, the distance between the electrodes is around 10* m and the
dielectric constant is between 1012 and 1077, following the equation 1, the capacitance falls in
the range 10°-10'2 F depending mainly on the dielectric material used. Capacitor capacitance

common values are listed in the table 1.1.

Table 1.1: Characteristics of common dielectric materials used in capacitors.

Material Capacitance Relative dielectric constant Dielectric strength
(F) £ (MV/m)

Air 10710 - 1077 1.0005 3

Paper 1072 —-10"° 2—-6 16

Glass 10712 — 10710 48—8 9-20

Mica 107 —10"° 7 118

Ceramics 10713 —-107° 12 — 400,000 very high values

The dielectric strength defines which is the maximum voltage applicable between the
electrodes without undergoing into dielectric electrical breakdown, which consists in the
rising of an electrically conductive path through the dielectric and therefore, in the runaway
of the device. The resistance in parallel of the capacitor in the Fig. 1.2.2 is the source of the
leakage current which is dependent on the insulation resistance and induce self-discharging

processes.
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(a) E = > CAV?
Eq. 3

(b) P = 11AV
2

Capacitors find application in almost every electronic and electrical system for a fast energy
storage, which is proportional to the capacitance following equation 3a. Moreover, since the
self-discharging current is comparable with their capacitance, capacitors cannot maintain the
stored energy for a long time. For these reasons, they are not used for the purpose of storing
energy for long time, but they find application as a circuital component and or in high power

systems since they feature a high-power capability, evaluated through equation 3b.

1.2.2 Electrolytic capacitors
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Figure 1.2.3: Electrolytic capacitor scheme.

An electrolytic capacitor is a particular type of polarized capacitor that has high capacitance
values. It consists of a metallic electrode (typically aluminum, niobium, or tantalum), a thin
oxide film of the same metal as a dielectric and a semi-liquid electrolyte which acts as the
second electrode (typically the anode). Since the thickness of the metal oxide is typically few
nanometers, the capacitance value reaches some Farads per device. Being the energy
proportional to the capacitance following equation 3, electrolytic capacitors are able to
achieve a capacitance up to few Farads. Electrolytic capacitors embody the second-generation

capacitors.
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1.3 Electrochemical double-layer supercapacitors

Electrochemical double-layer SCs represent the third generation capacitors. They are
composed by two porous electrodes parted by a separator soaked with an electrolyte, as
described by Figure 1.3.

porous
electrodes

electrolyte ions

electrolyte
Figure 1.3: Electrochemical double-layer supercapacitor scheme.

Once the voltage is applied between the electrodes, the electrolyte ions approach the surface
of the electrodes balancing the charges accumulated on the electrode and forming an
electrical double-layer. The electrical double-layer and its theory are at the bases of SC
application.

Since the capacitance is proportional to the area exposed to the electrolyte following equation
2, most of the SCs use activated carbons as electrodes, which consist of a highly disordered
porous carbon matrix with high surface area [13]. Beside activated carbons, also graphene
gained a growing attention, thanks its high surface area, hierarchical porosity and good
conductivity. As far as the electrolyte is concerned, a wide range is available, ranging from
aqueous to organic and ionic liquids [14,15]. Even though the SCs have greater capacitances
with respect common capacitors, they can store a smaller energy amount than batteries.
Therefore, to close the stored energy distance between batteries and SCs, many strategies are
pursued. Firstly, the introduction of redox reactions, such as pseudocapacitive effects or
battery-like reactions, enable to enhance the specific energy. Pseudocapacitive effects are fast
redox reactions localized at the electrode surface, which do not slow the kinetics of the charge

accumulation. They rely on uncommon metals, such as ruthenium, molybdenum and

14



manganese in their oxidized forms, and on conductive redox active polymers. Battery-like
reactions, on the other way, tend to slow down the kinetics, which should be controlled by a
good dispersion and by the nano-engineering of redox active metals in carbon matrix. Such
SCs are named hybrid SCs. Recently, the class of hybrid SCs has been parted into hybrid
capacitors based on pseudocapacitive effects and on the so called supercapatteries, which are
hybrid SCs relying on battery-like reactions [16—18]. Furthermore, the specific energy can be
enhanced designing asymmetric SCs. This peculiar strategy, coupling two different electrode
materials, enables to enlarge the working voltage window and therefore the stored energy
following equation 3 (a) [19]. Each aspect, briefly described here, will be further explored in

the next chapter.

1.4 Graphene

Electrodes play a fundamental role in SCs. For instance, conductive materials with high surface
areas and a porosity, ranging from the nano to the micro scale, are needed for the electrodes.
In fact, carbon-based materials, owning very high specific surface areas and a wide ranged
porosity, are mainly used. Among these, graphene exhibits an enormous potential, having a
theoretical specific surface area of 2600 m?/g and a very good electrical conductivity. In
particular, bulk graphene produced by scalable and cost-effective methods, such as the
thermal exfoliation of graphite oxide (TEGO) or the photo-thermal conversion to graphene of
suitable precursors with the use of laser (LIG), presents good conductive properties and a
hierarchical porosity, fitting with the SC electrodes requirements. Furthermore, both TEGO
and LIG can be easily decorated with metal, metal oxides and other nanoparticles, whose
presence can strongly enhance the stored energy. These materials will be described in depth

in the fourth chapter.
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1.5 Redox-active materials

In order to enhance the specific energy stored in SCs, redox-active materials can be used. In
this work we investigated the effect of the decoration of graphene with Ni(OH), and TiO2
nanoparticles on the electrochemical performance of hybrid supercapacitors.

Recently, the interest of the scientific community on Ni(OH), based electrode materials has
greatly increased, due to its high theoretical capacity, low cost, high chemical stability, well
defined redox transitions, high rate performance. Typically, Ni(OH),-based positive electrodes
are coupled with negative carbon electrodes in asymmetric devices operating with aqueous
electrolytes [20,21].

On the other hand, TiO,, which is a well known anode material for Li-ion batteries, can display
fast and reversible surface or near-surface redox reactions, hence it is considered a promising
material for SCs. Furthermore, it recently gained a growing attention, due to its high specific

energy density, low cost, non-toxicity, environmental friendliness, and abundant availability.

1.6 Aim of the thesis

As previously discussed, SCs have the potential to be largely applied for energy storage
applications, either alone or coupled with batteries, but their energy capability must be
enhanced for closing the energy-gap with batteries [22]. Based on this premise, strong
research for newly nanostructured electrode materials and high specific energy SCs must be
pursued. The aim of this thesis is to investigate graphene-based materials for the application
in the SC electrodes exploiting different strategies and SC designs. In this thesis, the
properties of graphene related materials and their application in different typologies of SC are
investigated to increase their energy storage capacity. The materials and typologies of SC

explored and discussed are:

=  Asymmetric and hybrid supercapacitor based on TEGO decorated with nickel
nanoparticles. This work exploits two different strategies for enhancing the specific
stored energy. The first strategy relies on the introduction of battery-like redox

reactions in the cathode, through the decoration of TEGO with nickel nanoparticles
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uniformly dispersed in the carbon matrix. Thanks to the high reactivity of Ni
nanoparticles, it is easy to convert them in the Ni(OH)2 redox active material. The
second one relies on the coupling of the battery-like positive electrode with a pure
capacitive TEGO, therefore, building an asymmetric device, with the aim to enlarge the
working voltage window using an aqueous electrolyte.

Microsupercapacitors based on laser induced graphene and laser induced graphene
decorated with titanium dioxide. The aim of this work is to build planar, flexible and
highly scalable micro-SCs based on the laser induced graphene technology. Two types
of SCs are explored. The former is a symmetric SC with both the electrodes made from
pure laser induced graphene. The latter is a symmetric hybrid SC where both the
electrodes are made of titanium dioxide decorated laser induced graphene.
Lithium-ions capacitors based on TEGO. The aim of this work is to build a completely
TEGO-based capacitor exploiting the wide voltage window assured by an organic
lithium-based electrolyte and approaching the conditions used in batteries.
Specifically, TEGO is used both as a purely capacitive material and as a source of redox

reactions in an asymmetric hybrid capacitor design.
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2. THEORY OF SUPERCAPACITORS

This chapter will be dedicated to the deepening of the of SCs properties beginning from their
fundamental theory, i.e. the electrical double layer, until their late hybridizations with battery-
like materials. In fact, besides the ideal SCs based only on electrostatic effects, their family
includes a wide range of devices. In particular, the name SC is used, so far, also for those
devices that uses hybrid materials, thus exploiting the electric double layer coupled with

pseudocapacitive and diffusion-controlled processes.

2.1. Electrochemical double-layer theory

The electrical double-layer model was initially proposed by Helmholtz and successively
developed by Gouy, Chapman, Grahame and Stern. The Grahame-Stern model combines the
previous one and describes in detail the electrical double layer occurring at the electrode-
electrolyte interface. Grahame and Stern described the electrode-electrolyte system parting
it in different layers outlined in figure 2.1.1. The Helmholtz layer comprises the electrode
charges and the first array of ions with their solvation sphere radius. In order to describe the
possible ions specific absorption at the surface, it is parted in the inner Helmholtz plane (IHP),
which comprises the electrode charges and the first array of the electrolyte molecules and
ions without the solvation sphere, and in the outer Helmholtz plane (OHP), which comprises
the remaining part of the HL. In both these layers, the net charge ion concentration is high,
and they are packed near the electrode surface and into the pores. Outer from the Helmholtz
layer, begins the diffuse layer (DL), where the ions are more diffuse, thus there is a lower net
charges ions concentration. Such layer, with thickness Lgif;, is delimited by the HL and the bulk

electrolyte, where both positive and negative ions are present in equal concentration.
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Figure 2.1.1: Graham-Stern model of the electrical double-layer. dup and dowe are the
thickness of the inner Helmholtz plane and outer Helmholtz plane, respectively. Lais

represents the thickness of the diffuse layer.

The potential drop across the electrical double-layer and, therefore, its capacitance, are
dependent on the charge carried by the ions (z), on the dielectric constant (g,&5) and on the
concentration of the electrolyte (C°). More in detail, the total potential drop AW across the
electrical double-layer can be divided into the potential drop AWy, between the outer
electrode surface and the end of the Helmholtz layer, and the potential cross across the diffuse

layer AWy, ¢ ¢, following equation 2.1.

Therefore, the electrical double-layer can be seen as two series capacitors and its total
theoretical differential capacitance (Ca) is described by equation 2.2.

_ _Cmlairr Eq. 2.2

ar =
Cyr + Caify

In the approximation of no specific ion absorption at the electrode surface, i.e. without any
chemical reaction, the thickness and the differential capacitance of the Helmholtz layer is
constant as a function of the potential. On the other hand, the differential capacitance of the
diffuse layer is strongly dependent on the potential drop as shown by equation 2.3. Both the
differential capacitances (Cui,Cuif) are functions of the electrolyte concentration, of the

dielectric constant and of the charges number carried by ions. The behavior of the capacitance
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as a function of the potential drop across the diffuse layer and of the electrolyte concentration

is outlined in Figure 2.1.2.[23]
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Figure 2.1.2: Differential capacitance as a function of the potential drop across the diffuse layer
at four concentrations of the electrolyte according to the equation 2.3. It was assumed a
Helmholtz layer differential capacitance of 28 uF/cm? a relative dielectric constant of 40, a

charge number carried by ions of 1 and at temperature and pressure room conditions. [19]

In a very dilute electrolyte solution, the differential capacitance of the double-layer is much
smaller than that of the Helmholtz layer and closer to the diffuse layer one. However, with a
highly concentrated electrolyte the differential capacitance of the diffuse layer is much higher
than that of the Helmholtz and, therefore, the entire double-layer capacitance is close to the
Helmholtz layer one. In conclusion, higher concentration, dielectric constant, and ion charges

carried drive to maximize the overall capacitance.
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2.2. Supercapacitor equivalent circuit

Ideally, a SC is composed by two electrodes with a double-layer capacitance, then it can be
rationalized as two capacitors in series. Since the electrode material and the electrolyte are
not ideal, in the equivalent circuit of a real SC we must add a resistance in parallel with the

capacitors and a resistance in series with them, as shown in figure 2.2.1.

R.’eak

ESR

Figure 2.2.1: Equivalent circuit of a real supercapacitor.

The parallel resistance is named leakage resistance (Rieak), While the series resistance is named
equivalence series resistance (ESR). A SC with electrodes with the same charge capability
(C, = C_) has a total capacitance (Cgl) equal to half of a single electrode capacitance (Cy),
following equation 2.4, which describes the equivalent capacitance associated at the

equivalent circuit in figure 2.2.1.

A7, +C 7 2¢, 2 Eq. 2.4

In an ideal SC, the charges are not crossing the double-layer interface when any chemical
reactions occur. However, in a real electrochemical SC, there exists a leakage current density
due to undesired reactions that occur at the interface electrode-electrolyte where charge
exchange processes are involved. Since the leakage resistance is normally high implying low
leakage current density and since the SCs are charged and discharged with high current
density, the presence of a leakage does not affect their normal operation. However, during
long storage time, the leakage current can lead the SC to self-discharge, and it is something to
pay attention in the evaluation of the performances.

The ESR is a real series resistance due to many factors, such as the electrode material and the
electrolyte. The ESR is also affected by the resistance of the collector contacts with the

electrodes and of the external lead contacts with the collectors. The equivalent real
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impedance (Z,.q;), i.€. the resistance, calculated for the equivalent circuit in figure 2.2.1 is
described by the equation 2.5. For high frequency, the factors associated with the capacitance
and with the leakage resistance go to zero and the real impedance goes to the value of the
equivalence series resistance. The ESR is an important parameter for the evaluation of the
performances of SCs and we will focus deeply on it and on its evaluation in the electrochemical

impedance spectroscopy section of the methods chapter (see chapter 3).

> 2
Rieak 21tf RE, i Cay
Z - n Eq. 2.5
reat ( PR 1+ nf Riear Ch))? 14 (2nf Riear Cqr)?

2.3. Charging and discharging processes

Veeu = Ve +£: Vo + 1 ui

cr, ¢ R ch Eq. 2.6
An ideal SC, with no series resistance, no losses, and no faradaic processes, operates following
equation 2.6, where Vs is the SC initial voltage, Icei is the current, t is the time and C4 is the
total double-layer capacitance of the equivalent circuit in figure 2.2.1.
Therefore, with a constant current and an ideal capacitance, which does not depend on the
potential difference, the voltage is growing linearly as a function of the time, resulting in a
curve with a triangular shape as shown in figure 2.3.1 (a) in black. It is important to note that
in a potential step experiment, the capacitive current is directly proportional to the charging-
discharging voltage rate, namely the ratio between the voltage and the time.
A real device, which, as mentioned, has a non-zero series resistance and a finite leakage
resistance, owes a charging-discharging V-t profile which approximate to the triangular shape
only for very low Resg and for very high Rieak. The voltage-time relation is described in equations
2.7, which is reduced to the equation 9 for Rieak =2 o0 and for Resg=> 0.

t
Vcell = IcellRESR - ng + (ng + IcellRleak) ll — exp <_ W)l Eq. 2.7
leak™dl
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In particular, for non-zero Resg, a voltage drop (AVarep) is occurring at the beginning of each
charging or discharging phase which correspond to the double of the cell current multiplied
for the equivalent series resistance, as shown in the gray curve of figure 2.3 (a).

On the contrary, a finite leakage resistance is affecting the triangular shape of the charging-
discharging curve as seen in figure 2.3 (b). In particular, the charging time increase, and so
does the area under the charging curve, while the discharging time and the area enclosed into
the discharging curve decrease. These are the footprints that the leakage is hindering the
current during the accumulation and lowering the number of charges recovered during the

discharging process, following the equation outlined in figure 2.3 (b).
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Figure 2.3: Charging-discharging curves of a simulated supercapacitor, following eq. 2.7. The
curves outline the resistance-related footprints. Both the capacitance and the module of the
current are maintained constant. The sign of the current is changed between the charging and
the discharging processes. (a) Outlines the change produced by a non-zero Ress while the
leakage resistance is maintained constant and extremely high. (b) Outlines the change

produced by a low Rieq while the ESR is maintained constant and extremely low.[17]

2.4. Specific energy and specific power

The specific energy (Es) and the specific power (Ps) are important parameters for evaluating
an electrochemical SC performance allowing the comparison with other energy storage
devices. In anideal SC, such as in a capacitor, the energy and the power are evaluated through

the equations 1.3 of the Introduction chapter. Regarding a real electrochemical SC, equations
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1.3 are no more suitable since the equivalent series resistance affects the specific power,
slowing down the charging-discharging rates, and the leakage resistance affects the specific
energy, through self-discharging processes, particularly when the storage time is long or when
the charging-discharging rates are slow. In general, the equations 1.3 should be substituted
by equations 2.5, where the energy is evaluated integrating the voltage, with a constant
current, over the charging or discharging time. The relative power is calculated from the ratio
between the energy and the time needed for charging or discharging. The maximum power
available is limited by the equivalent series resistance following equation 2.8 (c).

t

1 (b 1
@ Eg=o-| (V)de=1C@V)?

M to
YU V) dt
(b) P = lfto— — é Eq. 2.8
M At At
1 AV?
(c) Ps max = mRESR

Hence, in order to increase the specific energy, two ways are available. The first one is to
increase the capacitance of the electrochemical SC. Being the capacitance proportional to the
available area of the electrodes, this can be obtained using materials with a large surface area,
such as porous carbon-based materials, that we will focus on section 2.6. Furthermore, the
capacitance can be enhanced introducing redox reactions, such as pseudocapacitive effects or
battery-like processes. These types of mechanisms and their related features will be deeply
treated in the following section. The second way to enhance the specific energy is to enlarge
the working voltage window (AV) of the device. It depends on the type of the electrolyte, on
the electrode materials and on the design of the SC. Section 2.7 and following will be focused

on these strategies.
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2.5. Pseudocapacitance and battery-like capacity

In the section 2.3, the relation between the voltage difference and the capacitive current was
mentioned and it is recalled following in the equation 2.9. The ideal capacitive current is

directly proportional to the voltage rate AV/At and grows linearly with it.

AV et
Ic = Cgl AC: Eq. 2.9

This behavior translates experimentally in the figure 2.5 (a) depicting the three-electrodes
cyclic voltammetry EDLC curve, which has a quasi-rectangular shape, i.e the capacitive current
is constant as a function of the potential. This important technique will be deeply explored in
the chapter 3. As previously discussed, the double-layer capacitance is based only on the
electrostatic effects that occur at the interface between the electrodes and the electrolyte,
precisely between the electrode surface and the ions solvated in the electrolyte.

Beside electrostatic interactions, at the electrode-electrolyte interface, faradaic processes can
occur. These reactions can be divided into pseudocapacitive effects and battery-like reactions.
The first type consists in localized, superficial fast faradaic reactions that give rise to a
pseudocapacitance, which behaves such as a traditional capacitance. The second type
basically comprises the same reduction and oxidation (redox) reactions that occur in batteries.
Although their nature is similar, battery-like reactions are potential dependent, while
pseudocapacitive are not [24]. Normally, performing a three electrodes cyclic voltammetry
experiment, redox reactions present at least an oxidation and a reduction peak such as the
curve of figure 2.5 (c). That is the case of batteries reactions. Three electrode cyclic
voltammetry curve of a pseudocapacitive material does not present any strictly localized peak

as shown in figure 2.5 (b), and it is similar to the double-layer capacitive curve [25].
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Figure 2.5: Examples of three-electrodes cyclic voltammetry curves related with different
charge storage mechanisms. (a) Electrochemical double-layer capacitance. (b) Material

with a pseudocapacitance. (c) Battery-like material with redox related peaks.

In other words, the charges stored in a pseudocapacitive material depend on the voltage
difference between the electrodes as in common EDLCs, while battery-like materials store
charge independently from the voltage difference, but at a precise potential [26]. This
difference translates in a mathematical way as described by equations 2.10, which show the
dependence of the current from the voltage rate (v = AV/At) of battery-like reactions and of
pseudocapacitive effects. As for the electrostatic current, the pseudocapacitive current
directly depends on the voltage rate, depicted in equation 2.10 (a). On the contrary, the
faradaic current as a function of the voltage rate is outlined in the equation 2.10 (b), which is
derived from the Nernst equation. The k parameter depends on the system in exam including

the electrolyte, the electrode and the way they interact [27].

(a) Ipseudo = LpseudoV
Eq. 2.10

(b) Lredox = k\/;
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2.6. Electrode materials

Since the capacitance, following equation 1.2 of the previous chapter, is directly proportional
to the electrode surface area accessible to the ions solvated in the electrolyte, an ideal
electrode material should have the greatest possible ratio between the surface area and its
weight. Moreover, the whole electrode surface area must be accessible by the ions with their
solvation sphere; therefore, the material should have a porosity resulting in a mix of micro-
pores, under 2 nm of diameter, and meso-pores, between 2 to 50 nm. Micro-pores are likely
to match the dimension of solvated ions, whose size is usually under the nanometer [28,29].
On the contrary, meso-pores are needed for an efficient and fast propagation of solvated ions

through the electrode material.

2.6.1. Activated carbons

The most used materials for SC electrodes are activated carbons, which are porous, high
specific surface area and conductive carbon matrices. Usually, they are obtained through the
pyrolysis of organic precursors. Removing organic molecules, only carbon atoms and non-
volatile elements remain in a highly disordered structure with high specific surface area and a
wide pore distribution, which depends mostly on the precursor. In order to obtain a more
controlled pore distribution, this process is often followed by a chemical or a physical
activation, which, fracturing the carbon matrix, produces a quasi-controlled pore size
distribution. The role of the porosity is to create available pathways and sites for the diffusion
and for storing electrolyte solvated ions. Mainly, the porous size should match the dimension
of the ion solvation sphere (commonly below 2 nm diameter), but a minority part should be

mesopores (between 2 nm to 50 nm), thus facilitating their diffusion in the carbon matrix [30].
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2.6.2. Graphene

Besides activated carbons, graphene has a high potential as a SC electrode. Graphene, ideally,
is a single layer of carbon atoms forming a honeycomb lattice, where every carbon is sp?

hybridized (figure 2.6.1).

Figure 2.6.1: Theoretical graphene lattice. A and B

sublattices are highlighted in red and blue, respectively.

The honeycomb structure, which is divided into two sublattices (A and B in figure 2.6.1) for
symmetry reasons, is responsible of unusual electronic properties. In fact, ideal graphene
behaves as a gap-less semiconductor where the charge carriers exhibit a linear dispersion
relation, moving as they were massless relativistic particles. This is due to the overlapping of
the band structures of the two sublattices A and B, which results in the conical energy
spectrum at the Dirac points near the edges of the Brillouin zone [31], as shown in Figure 2.6.2.
Therefore, thanks to the 2D structure and conjugated m bonds, graphene owes superior
properties, such as high conductivity (2000 S/cm) and a theoretical specific surface area of
2630 m?/g. Such properties give to graphene an extraordinary potential for the application in

SC electrodes [32].
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Figure 2.6.2: Band structure of graphene.
A nearly-ideal graphene can be obtained only through very expensive synthesis routes, such
as chemical vapor deposition or mechanical exfoliation, which are unaffordable for mass
production. However, there are many synthesis routes able to obtain a less-ideal cost-
effective graphene-based material. These techniques, such as chemi-physical reduction and
exfoliation of graphene/graphite oxide (figure 2.6.3), or laser conversion of polymers,

described deeply in chapter 4, are able to produce a massive amount of few-layer graphene.
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Figure 2.6.3: schematic synthesis of reduced graphene.

Few-layers graphene consists in a distribution of carbon single-layers and multilayers,
commonly with a turbostratic arrangement, i.e. with a disorder in the layer stacking structure
[33-37]. Few-layer graphenes usually have a high defect density, spacing from point defects,
such as vacances or non-ideal aromatic rings, to edge defects and extrinsic impurities [38]. The
defective and disordered structure grants a high specific surface area with many pathways for
ions diffusion, i.e. a porous structure. Moreover, the presence of defects, such as dangling
bonds, or distortion of the electronic structure, generates sites available for the decoration

with hetero-atoms, such as oxygen and nitrogen, or with metal nanoparticles [39—-43].
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2.6.3. Hybrid materials

To enhance the specific energy stored in a SC, electrodes made of hybrid materials can be
engineered, taking advantage of both faradaic and capacitive storing mechanisms. Therefore,
they are obtained combining purely capacitive and redox-active materials in the same
electrode. The first one provides electronic conductive paths to the redox sources, high
surface area exposed to the electrolyte and available for electrochemical reactions, cushion
of mechanical compression and heat conductive paths. All these aspects contribute to
enhance the reaction kinetic and to improve the faradaic process efficiency [44]. Regarding
the redox source material, two categories can be chosen. The first one is represented by
pseudocapacitive materials, which display capacitive-like redox reaction, typically observed in
peculiar metal oxides, such as MnO or RuO; [45]. The second one is represented by battery-
like materials, such as Ni(OH), and TiO,, which exploit the high energy density Nernstian
diffusion-controlled processes. The use of a highly defective and porous graphene as a carbon
matrix enables to anchor and grow metal oxide nanoparticles of small size, typically around
10 nm [41,43,46], maximizing the surface area of the redox source exposed to the electrolyte

and, therefore, the kinetics of faradaic reactions.

Ni(OH), redox active material

Nickel (Ni) has long attracted the attention of the scientific community due to its chemical and
physical properties, which make it a promising material for electrochemical applications.
These properties include a remarkable chemical stability in alkaline media, a valuable
reversibility in repetitive potential cycles, good catalytic activity. Therefore, Ni-based
electrodes have been used in a wide range of electrochemical applications, such as batteries
(e.g., nickel-cadmium, nickel-metal hydride, nickel-hydrogen), alkaline fuel cells, and alkaline
water electrolysers. Recent advances in materials synthesis and characterization have led to
an even greater variety of Ni-based hybrid micro-, meso-, and nano-materials proposed firstly
as electrocatalysts [47]. The preparation of nanostructured Ni materials, such as flower-like or
nano-rods [48,49], leads to improved surface area values. Such exceptional electrochemical

properties and the improvement in high surface area led to Ni-based compounds application
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also in hybrid SCs [46,50-53]. In fact, in alkaline agueous media Ni(OH), presents the
reversible redox reaction described in eq. 2.11.

oxidation

Ni(OH), —e™ + OH™ "NiOOH + H,0 Eq. 2.11
(—
reduction

However, the poor conductivity of Ni(OH) [54] requires a conductive scaffold for an efficient

electrochemical activity, such as porous graphene.

TiO, redox active material

Titanium dioxide (TiO.), also called titania, is a wide band-gap semiconductor metal oxide. It
has three main polymorphs: anatase, rutile and brookite. TiO, has been widely investigated
for many applications thanks to its chemical stability, low cost, eco-compatibility and high
abundance. Some of its main application fields are photocatalysis of organic pollutants,
photovoltaic cells, sensors and energy storage [54-56].

Specifically, anatase is a meta-stable phase and converts into rutile at temperature exceeding
600 °C. On the other hand, rutile is the most thermodynamically stable phase. On the contrary,
brookite is a meta-stable phase as well as anatase.

The titania many applications led to develop a wide range of synthesis routes, obtaining
particles from the nano- to the micro-meter scale. For instance, the sol-gel and the
solvothermal synthesis enable to synthesize nanoparticles under 20 nm diameter through the
hydrolysis of titanium alkoxide in aqueous media [57].

From an electrochemical point of view, titania represents a valuable material both for
batteries and SCs. In fact, titania can act as an anode material in batteries, intercalating lithium
in a highly reversible way [58]. On the other hand, in aqueous-based SCs, titania can perform
as a fast redox reaction source, reacting superficially with cations as described by equations
2.12 [59,60].

oxidation

. i
(Ti03)surface + H;0* +e* (Ti03 H30") surface Eq. 2.12

reduction
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Specifically, titania polymorphs present a different electrochemical activity, with anatase
granting large capacitance, while rutile high reversibility [59,61].
Similarly to Ni(OH),, TiO; is poorly conductive, thus, it strongly benefits from a supporting

conductive matrix to work, such as porous graphene or activated carbons [62].

2.7. Electrolytes

The electrolyte is one of the most important parts of an electrochemical energy storage device
since, in combination with the electrodes, it defines the operating voltage, the speed of charge
and discharge and the device time life. In particular, the SC stored energy depends on the
working voltage window of the device relying mostly on the electrochemical stability of the
electrolyte used. The second most important electrolyte parameter is the ionic conductivity,
since it is affecting the power achievable from the SC, therefore the charging and discharging
rate. The electrolytes can be divided into three categories: aqueous, organic, or ionic liquids.
Aqueous electrolytes own the highest ionic conductivity (10> mS/cm magnitude order), but
their electrochemical stability window is limited to that of the water, therefore it is around 1
V. Meanwhile, organic electrolytes assure a wider operating voltage, falling between 2.5V and
3 V, but they display an ion conductivity which is 1 to 2 magnitude order lower than the
aqueous electrolytes. lonic liquids, relying on room temperature liquid salts, which are very
viscous, have the lowest ionic conductivity, but the widest stability voltage window, reaching
up to 4 V. Organic electrolytes and ionic liquids are beneficial because of the wider
electrochemical stability voltage window, but their weak points are represented by high costs
and safety problems, since they are air sensitive and flammable in a device short circuit
scenario. On the other hand, aqueous electrolytes are safer, easier to handle, cheaper and
more environment friendly, but the available voltage window is narrow and, therefore, the
stored energy is low. The table 2.1 summarizes the main characteristics of common
electrolytes based on each typology. Some of them, such as agueous KOH and organic LiClO4

in ethylene carbonate and dimethyl carbonate (EC:DMC), are used in this thesis.
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Table 2.1. Conductivity and operating voltages of common electrolytes.

Electrolyte solution Concentration (mol/l) Conductivity (mS cm™) Aav(v)
Aqueous, KOH 3.5 540 [63] 1
Aqueous, Na;SO4 2 125 [64] 1
Aqueous, H,SO4 1 800 [28] 1
Organic, LiClIO4/EC:DMC 1 ~20 25-3
Organic, TEABF4/ACN 1 59.9 [28] 25-3
lonic Liquid, [EMIM]*[BF4] - 14 [28] 4

SC performances, such as the energy and the power, depends also on the compatibility

between the electrodes and the electrolyte, i.e. the size of the pores and the dimension of

solvated ions. Mesopores are needed for maximizing the ions diffusion speed in the

electrodes, already limited by the ionic conductivity of the electrolyte. Micropores are needed

forincreasing the electrodes active surface and, therefore, its specific capacitance and specific

energy. Usually, positive and negative ions have different sizes, hence the porosity matching

with the ions sizes should be done independently for both the positive and the negative

electrodes. In particular, the ions solvation sphere depends on the solvent used. For instance,

organic electrolytes, being their solvents composed typically by larger molecules than water,

have usually wider solvation spheres than an aqueous medium. A brief overview of ions size

and of their solvation spheres in different solvents are outlined in the following table.

Table 2.2. lon size with and without the solvation sphere in aqueous and in organic electrolytes [28,29].

lon Bare size (A) Hydration sphere (A) Organic solvation sphere (A)
K* 1.33 3.31 -
OH 1.76 3.00 -
Li* 0.60 3.82 ~4
ClOos 2.92 3.38 ~5
H* 1.15 2.80 -
Nera 2.90 3.79 -

Beside the compatibility between ions and pores sizes, two electrodes with a fixed surface

area store less wider ions than smaller ones, therefore, directly influencing the capacitance.

Hence, smaller ions should be desirable in order to maximize the energy density.
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The electrochemical stability voltage window depends on the peculiar electrolyte-electrode
system. The voltage window maximum value is fixed by the employed solvents, following the
Table 2.1, but it is eventually tight if the electrode facilitates the solvent decomposition. For
example, in aqueous alkaline electrolytes, the presence of nickel hydroxide promotes the
irreversible hydrogen reduction, which, occurring at 0.55 V — 0.6 V with respect Ag/AgCl
reference electrode, shrinks the electrochemical stability window. On the contrary, in the

same electrolyte, a purely capacitive carbon material is stable up to 0.8-0.9 V.

2.8. Designs

Designing a SC consists in the engineering of the electrode-electrolyte-electrode system, in
order to tune the properties to achieve the best possible performance, for example increasing

the specific energy, while maintaining a good specific power.

Figure 2.8.1: Supercapacitor and hybrid supercapacitors designs. a) symmetric supercapacitor

design: both electrodes have the same mass and are made by the same material; b)
asymmetric purely capacitive supercapacitor design: the electrodes are made with different
carbon materials and/or with different mass amounts; c) design of hybrid asymmetric
supercapacitor: one electrode is purely capacitive while the other is a hybrid material, i.e. with

a predominantly pseudocapacitive or battery-like behavior.

The basic design is the symmetric one, hence with the same electrode as a positive and as a
negative (fig. 2.8.1 a). Another possible design is the asymmetric one, which consists of
coupling two different electrodes. The asymmetric design can be further divided into two

categories. Firstly, there are asymmetric SCs which relies on the use of two capacitive
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electrodes, e.g. an activated carbon coupled with a graphene-based electrode (fig. 2.8.1 b), or
a capacitive electrode coupled with a pseudocapacitive one (fig. 2.8.1 c). Secondly, there are
hybrid SC, recently named supercapatteries, which are based on a capacitive electrode
coupled with a battery-like one, therefore, placing itself halfway between the behavior of a

battery and that of a SC (fig. 2.8.1 c).

2.8.1. Symmetric supercapacitors

A symmetric SC is composed by two identical electrodes soaked by the electrolyte. Thus, the
electrodes are made of the same material with the same mass, porosity, composition, and
surface area, as shown in figure 2.8.1a. The symmetric design is valuable when negative and
positive electrolyte solvated ions have approximately an equal size, which translates in the
same specific capacitance for both electrodes, thus maximizing the total capacitance,
following equation 2.4. In this configuration, the operating voltage window of the device
matches with the electrolyte-electrode electrochemical stability window. The total specific
capacitance of the SC, being composed by two series double-layer capacitances, is equal to a
qguarter of the electrode specific capacitance, following equation 2.11, where C: and m: are

respectively the electrodes capacitances and the masses.

S
" My 2Ci2my 4

C, Eq. 2.11

2.8.2. Asymmetric design

An asymmetric configuration differs from a symmetric one since it is composed by two
different electrodes. They can differ in terms of material and/or in terms of mass amount.

Their electrodes are made of carbon-based and/or of hybrid materials, i.e. materials which
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show redox reactions, due to a pseudocapacitance, or to a battery-like capacity. In particular,
the asymmetric SC design, i.e. with purely capacitive electrodes, is valuable when the solvated
anions and cations have different sizes and two electrode of different materials, or with
different mass amount, are needed for matching their porosity with the solvated ions and
achieving an equal electrodes capacitance. In the example of figure 2.8.1 b), the electrode
porosity fits better with cations and, since the capacitance depends on the number of charges
stored in pores, i.e. on the reachable surface, the negative electrode has a higher specific
capacitance than the positive one, defined as C; and CJ, respectively. In order to have the
same capacitance, it is mandatory to balance the electrodes masses (m,, m_) following
equation 2.12.

+

m*C, =m~Cy~ Eqg. 2.12

Equation 2.14 describes the masses balance in the case of an equal electrochemical stability
voltage window and enables to use the maximum capacitance and voltage window available.
If the electrochemical stability voltage window of the electrodes materials is not equal, which
typically happens when hybrid materials are used, it must be used equation 2.13, which is
precisely the charge balancing equation and reduces to equation 2.12 in the case of an equal

stability potential difference AV.

Q™ =Q* »m*AV*CH =m AV C; Eq. 2.13

In order to enhance the specific energy of a SC, a redox source can be introduced in a carbon-
based electrode, giving rise to a pseudocapacitance or to a battery-like capacity. In both cases,
the electrode ability to store charge increases with beneficials for the specific energy. Coupling
the hybrid material with a capacitive one in the asymmetric configuration enables to increase
the stored energy, lowering the side effects coming from the use of a battery-like material.
Moreover, since usually the negative and the positive electrodes have different
electrochemical stability windows, the total voltage difference available results extended as a
combination of the two, and it is maximized when the stored charges are balanced following
equation 2.13. Such asymmetric device is commonly named hybrid SC and, recently, is divided
into asymmetric pseudocapacitor and supercapattery, as the redox source is pseudocapacitive
or battery-like, respectively. Specifically, the hybrid SC which relies on lithium-based organic

electrolytes and on a battery-like electrode is named Li-lon Capacitor (LIC).

36



3. EXPERIMENTAL TECHNIQUES

This chapter will be dedicated to present the experimental techniques employed in this thesis.
Electrochemical, chemi-physical and combined techniques will be discussed. Specifically, two
and three electrodes cyclic voltammetry, galvanostatic charge-discharge cycles,
electrochemical impedance spectroscopy, Raman spectroscopy, scanning and transmission
electron microscopy, powder X-ray diffraction and Raman spectroscopy combined with three

electrode cyclic voltammetry are presented.

3.1. Cyclic voltammetry

Cyclic voltammetry (CV) is a powerful technique able to deeply characterize the
electrochemical behavior of an electrochemical cell. It consists in the application of a
controlled potential sweep to an electrode in an electrochemical cell and the measurement
of the current as a function of the potential. The three-electrodes configuration allows to
investigate the electrode-electrolyte system, characterizing the electrochemical behavior of
the electrode material and it is a preliminary measurement useful to build the final device. It
enables to investigate the possible presence of electrochemical reactions, their nature, their
reversibility, the system stability, the kinetics and the electrode capacitance. It consists of
three different electrodes, the working electrode (WE), the counter electrode (CE) and the
reference electrode (RE) immersed in the electrolyte as shown in figure 3.1.1. The WE
coincides with the electrode material under investigation, the CE, usually platinum, is an
electrode which, ideally not participating in any reaction, is not monitored during the
experiment. Besides the WE, the RE is the most important and delicate part of the cell. It
consists in the probe through the potential of the WE is investigated and referred. The second
design, i.e. the two-electrode cell, is usually used for the final device testing performances and
it is made out of two electrodes divided by a separator soaked into the electrolyte. Specifically,
it enables to characterize the full electrode-electrolyte-electrode system, investigating its

stability voltage window, the electrochemical behavior, and kinetics. In this case the RE is
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missing and the current flowing across the entire cell is evaluated with respect to the applied

voltage difference.

RE

WE

buffering
solution
electrode

. electrolyte
material v

Figure 3.1.1. Three-electrode cell typical setup. It is composed by working electrode (WE),
by the reference electrode (RE) and by the counter electrode (CE) immersed into the
electrolyte. The RE is not directly in contact with the electrolyte but is buffered with a

solution separated from the electrolyte by a frit.

The RE is a material which has a stable potential and, usually, is composed by a highly
reversible redox couple immersed in a buffering, separated from the electrolyte by a frit.
During the experiment, the RE maintains stable its potential being in electrochemical
equilibrium with its buffering solution and not participating actively to the experiment. RE
potentials are referred to the potential of the standard hydrogen electrode, based on the
hydrogen reduction reaction. Other common REs are the couple Ag/AgCl, namely a silver wire
covered by a silver chloride film immersed in a KCl saturated aqueous solution, or the couple
Li/Li+, namely a metallic Li wire immersed in lithium-based organic electrolytes.

The curves collected through CV, named voltammograms, can be ideally of three typologies,
i.e. rectangular, pseudo-rectangular or with current peaks, as described in the 2" chapter and
recalled in the following figure. In practical terms, the experimental curves might deviate from
the ideality since the resistances are not ideal, showing not rectangular and/or symmetric
shapes with respect to the zero current value. Furthermore, being the electrodes complex
systems, the curve can result as a combination of different behaviors, showing both capacitive

and faradaic effects.
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Figure 3.1.2: Examples of three-electrodes cyclic voltammetry curves related with
different charge storage mechanisms. (a) Electrochemical double-layer capacitance. (b)

Material with a pseudocapacitance. (c) Battery-like material with redox related peaks.

As a first information, with a single rate measurement, it is possible to determine the stability
voltage window of the electrode material coupled with the electrolyte. The voltage window is
tightened by the decomposition of the electrolyte which must be avoided, as it irreparably
prejudices the reversibility of the system. Since the current of such decomposition reactions
increases exponentially as a function of the voltage applied [65], it is possible to recognize in
the CV at which potential the electrolyte decomposition starts and, therefore, which is the
maximum voltage difference reachable with the electrode-electrolyte analyzed system. As an
example, two CV curves are represented in figure 3.1.3 showing the irreversible

decomposition of the electrolyte.

electrolyte decomposition

(b)
— /\)

(a)

Current

Potential
Figure 3.1.3: Examples of the electrochemical stability voltage window evaluation. a)

cyclic voltammogram of capacitive material; b) cyclic voltammogram of a battery-like
material. The hypothetic material is stable until the potential of the electrolyte

decomposition marked by an exponential increase behaving of the current.
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Once that the stability voltage window is determined, it is possible, independently from the
presence of redox contributes and if the active material mass is known, to evaluate its specific
capacitance from the CV curve through equation 3.1.1.

Co = 1 gﬁIdV
ST m2uAV

Eq. 3.1.1

Precisely, the stored charge is proportional to the half of the area enclosed into the curve,
thus, the specific capacitance is calculated as the integration of the current / over the voltage
V, divided by 2, by the voltage rate v, by the material mass and by the voltage window
investigated.

CV allows also to investigate the charge storage kinetics, through successive measurements
performed at different voltage rates. First of all, it enables to establish the capacitance
dependency on the voltage rate, which is strictly related with the ions storage mechanisms
and with their diffusion into the electrolyte-electrode system. For an ideal capacitor with high
ionic conductive electrolyte, the capacitance should not depend on the voltage rate. However,
the presence of diffusion-controlled processes, namely redox reactions, determines a non-
linear dependence of the current from the voltage rate and then, a variation of the
capacitance with the increasing of the voltage scan rate [27].

Subsequently, through a method firstly applied from Trasatti [66,67], it is possible to
differentiate the capacitive contribution from the diffusion controlled one, i.e. related to
redox reactions. It relies on the equations 12 and 13, shown in the second chapter of this
thesis and combined in equation 3.1.2, which state the voltage scan rate-current relation for

different typologies of charge storage mechanisms.

1
It = Ic—pseudo + Lregox =@V +bv /2 Eq. 3.1.2

Thus, replacing / in equation 3.1.1 with equation 3.1.2, the capacitance can be rewritten as a
linear function of v %2, where the constant represents the capacitance contribution rising
from capacitive behaving processes and the v "2 coefficient derives from battery-like
reactions.

99(av+bv1/2)dV 1§adv  1¢bdV
=— — v

! - _1
“C=m 20AV =t VT = Copgeuao + FV7 /2 Eq.3.13
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Moreover, equation 3.1.3, expressed as the inverse of the capacitance as a function of the
scan rate square root, results in the evaluation of the electrode theoretical maximum

capacitance, as described by equation 3.1.4 when v goes to zero [67].

1 1/
=—tyv/z2 Eq.3.1.4

1

c Cr
Equations 3.1.3 and 3.1.4 translate graphically in figure 3.1.4 a) and b), where the capacitance
is plotted as a function of v 2and v/ respectively. The intercept of the linear regression

with the capacitance axes coincides with Cc.pseudo and with Cr. In the case of Figure 3.1.4 a), the

line slope represents the redox reactions weight.

a) b) 1
C= Cc—pseudo + ﬁv_l/z 1/C = l/CT +yv /2
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Figure 3.1.4: Linear regression example of the capacitance (a) and of the inverse of the
capacitance (b) (vertical axis) as a function of the voltage scan rate (horizontal axis)
following equation 3.1.3 and 3.1.4, respectively. The intercepts with the C and with the
1/C axes correspond, respectively, to the surface storage mechanisms related

capacitance, and to the inverse of the total capacitance.

A single CV curve is not enough for the analysis early described. However, a multiple voltage
scan rate experiment, which consists in the acquisition of cyclic voltammograms with several
different scan rates, enables to disentangle the contributions. In a real experiment, since the
system intrinsic resistance is causing an ohmic drop that affects the diffusion kinetics, the
capacitance behavior is non-linear as a function of the scan rate square root (v ¥?) for very
high v values [67].

Furthermore, Dunn developed another method [67,68], schematically described in figure
1.3.5, which, relying still on the different kinetics of surface-related and of bulk diffusion-
controlled charge storage mechanisms, allows to carefully separate, quantitatively and

graphically, the two contributions. This method, instead of the capacitance evaluation for each
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rate, relies on the coefficients assessment, i.e. a and b of equation 3.1.2, for several fixed
values of the voltage, scanning all the potential window investigated. Operatively, fixed the
voltage value, the current is evaluated for each voltage scan rate, as shown in figure 3.1.5 a).
The coefficients are extrapolated through a linear regression fit of I/v%/? as a function of V2
(figure 3.1.5 b). The coefficients extrapolation, carried out at least for 100 voltage values and
for both the oxidation and the reduction curve, allows to separate each cyclic voltammogram
curve into two parts, associated to the surface-related (filled curve in figure 1.3.5 c) and to the

diffusion-controlled charge storage mechanisms.

a) b) L c)

Va 1/1/=av/2+b

v /2

Va
E Vq o~ E
Q = 4]
5 2 5

AN
b
Potential yliz Potential

Figure 3.1.5: Dunn method scheme for the visual separation of the capacitive contribution from
the diffusion controlled one. a) fixed the voltage value V,, the current is evaluated for each scan
rate. This evaluation must be carried out for as much as possible number of voltage values; b)
the linear regression of the current values as a function of the voltage scan rate must be
performed for each voltage selected. Inset: equation to be used for the fit; c) visual separation
of the contributions, the curve filled with the blue lines corresponds to the surface-related

mechanisms.

Both the Trasatti and the Dunn methods are very useful for evaluating the weight and the
presence of different charge storage mechanisms. However, the results might be evaluated
carefully and compared with those of other techniques in order to deeply understand the
physics and electrochemistry of the analyzed system [69,70].

As far as the CV setup is concerned, a swagelok-type cell is used, which is shown in figure 3.1.6.
It consists of a three-arms PTFE cell, each one used for a different electrode. The horizontal
arms are used for the CE and the WE, which are divided by a separator, soaked with the cell
electrolyte. The RE is inserted in the vertical arm and is separated from the cell electrolyte by
a porous frit. For aqueous electrolytes, a platinum disk is used as a CE and, Ag/AgCl immersed
in KCl 3.5M aqueous solution is used as a RE. For organic lithium-based electrolytes, metallic

lithium is used as both the CE and the RE.
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Figure 3.1.6. Three-electrodes Swagelok setup.

The two-electrodes cyclic voltammetry, instead, can be performed on final devices, in our case
stainless steel coin cells (standard CR2032). The instruments used in this work were a Keithley

Sourcemeter 2400C and a Gamry Interface 1010 potentiostat/galvanostat.

3.2. Galvanostatic charge-discharge technique

Galvanostatic charge-discharge technique is a valuable probe for the performance evaluation
of charge storage final devices, such as SCs, batteries or hybrid systems, simulating the energy
storage device real-life use. It consists in applying a constant current, while the voltage is
measured as a function of the time. Since both the voltage and the time are accurately
measured, it provides the exact values of capacitance/capacity, the specific energy for each

current rate and the relative specific power, following equations 3.2.1 [71].

) o] I At
a s =
m (AV — AVgrop)
1 2
b) Es = Cs (AV = AVyyop) Eq.3.2.1
2
0 p_lo (AV = AVgrop)
$7 278 At

Galvanostatic charge-discharge cycles of a SC and of a battery own peculiar signature and
differ in the curves shape. As seen in the second chapter, a SC owns a triangular charge-

discharge cycle, where the potential is directly proportional to the charge, and, therefore, to
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the time being the current constant. On the contrary, applying a constant current, the battery
potential is not directly proportional to the time and presents a charge/discharge plateau in
correspondence of the potential where redox reactions occur. A hybrid system, with both
capacitive-like effects and diffusion-controlled processes, which are mainly due to Nernstian
redox reactions, has a charge-discharge cycle behavior in the middle of the formers, with a

deviation from the triangular shape. The three behaviors are presented below in figure 3.2.1.

a) b) c)
g g S
c c =
g 2 2
o o o
[s% Q a
time time time

Figure 3.2.1: Galvanostatic charge-discharge cycles example behaviors of a supercapacitor (a),

a hybrid system (b) and a battery (c).

Another factor responsible for the deviation from the triangular shape, as seen in the section
2.3 of the second chapter, is the possible presence of a leakage current, which can be
evaluated through the collection of the cell voltage as a function of time with a zero current
applied. Moreover, performing charge-discharge cycles, the coulombic efficiency Cy and the
energy retention Ey4 carried out over thousands of cycles can be evaluated as described by

equations 3.2.2.

c C
a) %= ¢,
Eqg.3.2.2
b) Ey, = K
%~ E,

Another important parameter provided by galvanostatic charge-discharge cycles is the ESR,
described in the 2" chapter, which equals to the half of the voltage drop occurring at the

beginning of each charge-discharge curve, divided by the current, following equation 3.2.3.

AVdrop

ESR =
21

Eq.3.2.3

Galvanostatic charge-discharge cycles are performed on final devices, thus using stainless
steel coin cell (standard CR2032). The instruments used in this work are a Landt CT2001 A and

a Neware CT-4008T Battery testing systems.
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3.3. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful technique able to characterize
the electrochemical cell dynamics [72]. In particular, in SCs, it allows to accurately evaluate
the final device equivalent series resistance. Operatively, the experiment is performed
applying a sine wave voltage V as a function of the time and of the frequency f=a/2m, going
from low (1 Hz) to very high (10° Hz) frequencies, and measuring the resultant current /, which
is phased with respect V of 6. From the current response and the voltage applied, the

impedance is evaluated and separated in its real and imaginary parts, following equations

3.3.1.
a) V(t) = VipaxSin (wt) b) [(t) = Lyaxsin (wt +9)

Eq. 3.3.1
c) Z(w) = % =Re(Z) +jIm(Z)

EIS experiment enables the evaluation of the ESR, which can be extrapolated from the Nyquist
plot, that is one of the most used charts for representing EIS data. A porous carbon-based
electrode, coupled with an electrolyte, can be schematized as a circuit through two vertical
RC ladder networks in series with a RC parallel network as shown in figure 3.3.1. If a symmetric
SCis analyzed, only one vertical RC ladder network must be considered. The vertical RC ladder
network is necessary for describing a porous electrode with a wide distribution of pores, going
from micro-pores to meso-pores. Since each pore has its own resistance and capacitance, a
simple equivalent circuit, such as that shown in the second chapter, might be not able to
describe the open circuit voltage decay and the behavior of carbon-based SCs, particularly at
high frequencies [73]. The RC parallel network in series describe the electrolyte, for instance,
R corresponds to the bulk solution resistance and C to its capacitance, i.e. the dielectric

polarization.
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Figure 3.3.1: Equivalent circuit of an asymmetric carbon-based
supercapacitor. The vertical ladders describe the porous carbon-based

electrodes. The RC parallel network describe the electrolyte.

The RC parallel network in the center dominates the impedance response for low frequencies?
on the contrary, the vertical RC ladder networks dominates at high frequencies, as described

by equations 3.3.2.

R ~ wCR? _
a) Zpc = 1+ (wCR)? —J 1+ (wCR)? w—>0§ R = Reectrotyte
Eq.3.3.2
Z” e\ IR
Jwli 1 It
b) Z = - = ESR

The combination of these components gives, ideally, a response appearing in the Nyquist plot
as that shown in figure 3.3.2. Thus, at very high frequencies, the SC equivalent series
resistance (ESR), which ideally as shown in Figure 3.3.2 should be very small, is evaluable as

the imaginary impedance goes to zero.

The semi-circle at middle frequencies, displayed in figure 3.3.2, is related to the parallel
resistance R. In liquid electrolyte-based SC analysis, the semicircle emerges when charge-
transfer processes occur at the interface electrode-electrolyte, generating, consequently, a
resistance. In fact, the lower frequency intercept of the semicircle with the real impedance
axis corresponds to such resistance, which might be related to faradaic processes or to charge
leaks. Otherwise, the semicircle should not be present. The straight line at low frequencies is
related to the finite ladder networks but, in that frequency range, it is approximate as an
infinite ladder network or, operatively, as a constant phase element (CPE), which is described

by equation 3.3.3.
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1
ZCPE = W Eq 3.3.3

A CPE consists in a capacitance in parallel with a resistance, thus with a leakage resistance,
whose intensities are dependent upon the frequency (w) and the a and b coefficients.
Specifically, while the coefficient a can have any real number, b has a real value between 0 to
1. If it is equal to 1, the CPE is equivalent to an ideal capacitance with no leakage resistance.
On the contrary, if it is equal to 0, the CPE corresponds to an ideal resistance. In all the other
situations (b values), the CPE is behaving as a capacitance with a parallel resistance.

Going back to the Niquist plot, the angle between the straight line and the real impedance
axis indicates that the ladder network capacitances are charging at different rates. At very long
times, i.e. low frequencies, the line angle should reach 90° with respect to the horizontal axis,
behaving as a single capacitance in series with the RC-parallel, equal to the maximum
capacitance of the SC [73].

EIS experiments are performed on final devices, thus, using stainless steel coin cells (standard
CR2032). The instruments used are a Gamry Interface 1010 potentiostat/galvanostat and a HP

4192A Impedance analyser.

3.4. Scanning and Transmission electron microscopy

The scanning (SEM) and the transmission (TEM) electron microscopy are techniques for
characterizing the materials morphology, composition, and structure, relying on similar
principles, both based on an electron beam scattered by a sample, but using different
detection techniques, different energies and, therefore, investigating different length scale.
While SEM is able to successfully characterize the micro-meter scale with high resolution, TEM
allows to study the materials with high resolution at the nano-meter scale. The advantage of
using electrons instead of visible light is that the shorter electrons wavelength interacts with
the matter at the nano and micro scale, therefore giving better image resolution than optical

microscopes. The electron beam, accelerated through a voltage difference, is focused on the
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sample through a set of electromagnetic lenses. Then, many types of radiations scattered are
collected and analyzed, providing a wide range of information, ranging from morphological to
compositional and structural. A scheme of the two instruments is depicted below in figure

3.4.1.

Xy
scancoils

Intermediate
lens

Back-scattered _
lectron detector
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rrrrrr etector electron detector

Figure 3.4.1: Schematic representation of the design, optics and detection
system of TEM (a) and SEM (b). The light blue beam represents the electrons

sourced by the electron gun and interacting with the sample.

In the case of SEM, the collected radiations are mainly secondary electrons and characteristics
X-ray. The formers consist in the electrons extracted through the ionization of the sample
atoms and provide information related to the morphology, allowing to produce a detailed
image of the material from the micro to the nano-meter scale. The latters, produced by the
electrons of the outer shells falling to inner shells, i.e. to core holes, provide information
related to the atoms energy levels and, therefore, to the material composition enabling the
chemical micro-analysis. SEM characterization involves the material surface, and in the case
of a conductive sample, it does not need any particular preparation. Instead, TEM works
mainly in transmission, collecting the radiation below the sample, which must be very thin;
usually, a small amount of the material is deposited onto a conductive grid. Beyond the
secondary electrons and the characteristic X-rays, TEM detects the elastically and inelastically
scattered electrons which provide diffraction patterns and images with a very high resolution,
up to the atomic scale. Moreover, TEM can operate even in scanning mode (STEM), thus

rastering over the sample with a very focused electron beam. Thus, STEM is suitable for
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analytical techniques, such as high-angle annular dark-field imaging (HAADF), energy

dispersive X-ray spectroscopy (EDX) and electron energy loss spectroscopy (EELS).

3.5. Powder X-ray diffraction

Powder X-ray diffraction (PXRD) is a structural characterization technique for crystalline
powders based on the elastic scattering of the X-rays with matter. Since X-ray photons have a
wavelength comparable with atomic distances, they can interact elastically with the atomic
lattice. Thus, a XRD experiment relies on the fact that, if a sample has spatially ordered atoms,
as for crystals, scattered photons give interference patterns, related to the periodicity of atom

positions, typical of crystalline materials.
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Figure 3.5.1: Bragg law scheme. Crystal lattice family planes reflect the

radiation giving constructive interference when Bragg law is satisfied.

In particular, photons scatter coherently and elastically giving constructive interference and

producing a well-defined pattern when they satisfy the Bragg law (equation 3.5.1).
niA = 2d sind Eq.3.5.1

Bragg’s law considers crystalline planes (indexed by Miller indices h, k and 1), placed at a
distance of dny from each other. Adjacent planes scatter photons at angles 8, giving
constructive interference once that member on the right is an integer (n) multiple of the X-
rays wavelength A, which is about 1.54 A for a laboratory X-ray Cu source. The resulting image,
typically collected by a CCD detector, results as a series of arches, whose integrated intensities

as a function of arches-center distance, translates into diffractograms peaks as a function of
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the angle 26. Their position, intensity and shape are related to the crystal symmetry, to the
atomic position in the unit cell and to the crystal size, respectively. In this thesis work the
measurements were performed with a D8 Advance Bruker diffractometer (figure 3.5.2), in a
Debye Scherrer geometry, equipped with a Cu anode, and a MARCCD MX225 2D detector.
Powder samples were sealed in 0.5 mm diameter glass capillaries at room atmosphere
conditions. Concerning the data analysis, Fit2D software is used for the image intensities
integration, Crystal impact Match software for the crystal structure identification. The Rietveld
refinements, through GSASII suite, is used for the structural model refinement and for the

particle size evaluation.

Figure 3.5.2: D8 Advance Bruker diffractometer in a Debye-
Scherrer geometry. On the left: 2D detector MARCCD.

3.6. Raman spectroscopy and spectro-electrochemistry

3.6.1. Raman spectroscopy

Raman spectroscopy is a powerful technique which, through a laser, is able to investigate the

vibrational modes of a material. It relies on the use of a monocromatic radiation (laser) with
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a visible wavelength, or in the near infrared, which is focused on the sample. Photons interact
mainly elastically with the sample (Rayleight scattering), although, a minor number of photons
scatter inelastically, exchanging energy with it. The quantized exchanged energy is strictly
related with the vibrational modes of the material. More in detail, the electrons of the
material, once excited by photons to a virtual energy state, can decay to a ground state
different by the initial one, due to the creation or to the annihilation of a lattice phonon.
Hence, the emitted photon will have an energy hv equal to the difference between the energy

levels. Such scattering mechanisms are depicted in figure 3.6.1.
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Figure 3.6.1: Scattering scheme for a laser source. Both

Rayleigh scattering and Raman scattering are drawn.

The frequencies vaps, related to the energies absorbed by the sample, i.e. the vass=(Ei-Ef)/h,
coincide with the bonding vibrational modes, which, as a consequence, are activated or
deactivated. These vibrational modes enable to determine the vibrational spectrum which is
peculiar of each material. Such inelastic scattering is named Raman scattering and the
consequential modes are of Stokes or Anti-Stokes, corresponding to the activation and
deactivation of phonon modes, respectively. Raman scattering data are plotted in a spectrum
as the relative radiation intensity I/ly, i.e. the number of absorbed photons normalized on its
maximum, with respect to the Raman shift frequency, calculated with respect to the Rayleigh

scattering frequency. An ideal spectrum of a Raman scattering is shown in figure 3.6.2. Since
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the Raman Anti-Stokes intensity is usually lower than Raman Stokes one, it is worth to focus

on the latter in an experiment.
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Figure 3.6.2: Ideal Raman scattering spectrum with a single

Stokes and Anti-Stokes frequency couple is showed.

The instrument used for Raman spectroscopy is a Horiba Jobin Yvon LabRam (HORIBA
Scientific, Kyoto, Japan) confocal micro-spectrometer (300 mm focal length), equipped with
an Olympus BX40 microscope (Olympus, Tokyo, Japan), using a 50x ULWD objective, an 1800
groves/mm grating, a XY motorized stage and a Peltier cooled silicon CCD. The 473.1 nm line

of a doubled Nd:YAG laser was used as excitation.

3.6.2. Raman spectro-electrochemistry

Raman spectro-electrochemistry consists in a combination of the Raman spectroscopy and
electrochemical analytical techniques in operando state. For instance, in this thesis, Raman
spectroscopy is performed during a three-electrodes CV experiment. The purpose of this
analysis is to clarify the electrode material processes ongoing during the oxidation and
reduction curves [74,75]. Such experiment takes advantage by the fact that glass and aqueous
electrolyte are transparent to the visible radiation, thus, the laser photons are not absorbed
or scattered until they reach the electrode surface, enabling the Raman spectroscopy during

an electrochemical experiment [27]. The set-up used is shown in figure 3.6.3 and consists in a

52



three-electrodes cell with a horizontal glass window on the working electrode. The active
material is made out of a slurry, or it is directly deposited on a Pt spot on the top of the WE
glass tube, as displayed on the figure. Silver is used as a quasi-reference electrode (Q-RE) in

direct contact with the electrolyte and a platinum wire is used as a counter electrode.

glaser
glass

Ag window - «— WE
pseudoreference __

—\

CE

glass cell filled
with KOH 3.5
M electroclyte |}

Cu wire
collector

Figure 3.6.3: Three-electrode cell used for Raman spectro-electrochemical experiments; a) upper
cell view. The WE is on the top of a glass covered electrode. The Raman spectroscopy is performed
in reflection through the upper glass window. b) Front cell view without the electrode insertion.

¢) Three-electrode cell scheme for spectro-electrochemistry measurements.

Operatively, the experiment is carried out applying a voltage scan rate between the counter
and the working electrodes, such as in a normal CV experiment, and collecting a Raman
spectrum at each voltage step, for both the oxidation and the reduction curves.

The instruments used for Raman spectroscopy combined with cyclic voltammetry are a Horiba
LabRam HR evolution and a Metrohm Autolab apparatus. The Raman apparatus is equipped
with a 633 nm laser source and a 1800 |/mm grating and the Raman shift calibration is carried
out with the 520.70 cm™ Raman line of Si. The softwires used for the Raman spectra analysis

were LabSpec 6 and Mathworks Matlab.
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4. MATERIALS

This chapter is dedicated to the synthesis and to the physical characterization of the electrode
materials. All the considered electrodes are made of graphene-based materials and graphene
is the main component. Specifically, two graphene typologies are synthesized and
investigated, such as thermally exfoliated graphene oxide (TEGO) and laser induced graphene
(LIG). Both have a wide porosity distribution, large specific surface area, high defect density
and are industrially scalable. Moreover, the defectiveness of such graphene materials enables
a facile route for decoration with metallic and metal oxide nanoparticles. The decoration with
nanoparticles is valuable from an electrochemical point of view, since it enables to introduce
redox active sites, enhancing the material specific capacitance, and to build asymmetric
devices with a wide electrochemical voltage window. Many techniques were used for their
physical characterization, such as the methylene blue technique for surface area evaluation,
SEM, TEM, powder XRD and Raman spectroscopy. Moreover, these materials were deeply
characterized in past research works [35,39,76,77]. Regarding graphene-based materials, the
aim of this thesis is to investigate their charge storage mechanisms with different electrolytes,
both aqueous and organic Li-based electrolytes, as well as realizing and characterizing hybrid

and asymmetric devices, in order to exploit the strengths of both SCs and batteries.

4.1. Thermally Exfoliated Graphite Oxide (TEGO)

Thermally exfoliated graphite oxide (TEGO) is obtained through high temperature graphite
oxide thermal exfoliation. The graphite oxidation is obtained by the Brodie method [78]. The
subsequent thermal exfoliation is carried out through a thermal shock at a temperature higher
than 1000°C under dynamic vacuum, following a synthesis route earlier developed [35]. TEGO
is chosen thanks to its good physical properties, its potential industrial scalability, and since
this synthesis method enables to obtain a material without any contaminants with respect to
other exfoliation methods [79]. TEGO is characterized by domains of few-layer graphene, with

an average layers number of three, surrounded by amorphous carbon domains (Figure 4.1.1)
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[43], resulting in a highly disordered material. TEGO displays high defect density (graphene
platelets have a typical average lateral size of 12 nm) [43], good conductivity (9.4 S/cm [80]),
large specific surface area of 650 m?/g [80] and hierarchical porosity. More in detail, BET
analysis shows that TEGO mainly possesses a micro- and meso-porosity arising from slit-
shaped pores, as expected from aggregates of plate-like particles. Such features make TEGO
an extremely encouraging material for electrode applications. Indeed, it is already

demonstrated that such material behaves as a good negative electrode in LIBs [77,80,81].

D

'5‘;@'.;:5»;,5;;.4 Lol " F) =0 Fmy
Energy Loss (eV) Wavenumber (cm™)

Figure 4.1.1: High-resolution TEM image of TEGO (magnification of the inset flat region).
In the image are shown graphene domains surrounded by amorphous carbon regions.
(b) Magnification of a graphene domain, which results made mostly by single layers
highlighted in green. (c) Graphene domain Fast Fourier Transform, which proves the
typical hexagonal graphene pattern. (e) Raman spectrum with the characteristic D, G

and 2D bands of highly disordered few-layers graphene. [6]

Two different routes are followed for making the electrodes. In the case of aqueous
electrolyte based SCs, graphene, dispersed in a solution of MilliQ® water and ethanol, 1:1 in
volume, is deposited on a nickel foam disk, successively pressed for maximizing the contact
between the nickel foam and the TEGO. Instead, for organic Li-based electrolyte, the TEGO is

mixed with polyacrylic acid (PAA), 2:8 in weight, and n-methyl-2-pyrrolidone (NMP) in order
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to obtain a slurry, subsequently deposited on a copper foil and dried at 70°C in dynamic

vacuum.

4.1.1. Nickel decorated TEGO

With the aim to obtain a positive redox active electrode, TEGO is decorated with metallic
nickel nanoparticles, successively electrochemically oxidized to nickel oxide-hydroxide
through cyclic voltammetry in potassium hydroxide aqueous solution. The decoration
undergoes via a well-established organo-metallic synthesis route and a subsequent thermal
decomposition [43]. Precisely, the nickel acetyl acetonate (Ni(acac),), dissolved into a THF
anhydrous solution, is mixed with a solution of THF and TEGO. The solution obtained is left
under magnetic stirring overnight in an oil bath at 60°C, obtaining a homogeneous dispersion
of the Ni precursor into the TEGO. All the procedure is made under an inert argon atmosphere.
Then, the THF is removed via evaporation and using a nitrogen trap. The obtained solid
solution, sealed in a two-exit vial, is placed in an oven at 300°C under dynamic vacuum for 15
min, removing the precursor solvent. The molar ratio between the nickel and the TEGO is 1:10.
The material is, subsequently, physically characterized by high resolution and scanning

transmission electron microscopy and by powder X-ray diffraction.
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Figure 4.1.2: STEM, HRTEM, EELS and relative analysis of Ni-TEGO. a) STEM
image of a Ni-TEGO sample. The Ni-NPs are visible as white dots well
dispersed on TEGO; b) HRTEM image of a Ni-NP; c) diameter distribution of
Ni-NPs obtained from the STEM image; d) EELS spectrum of Ni-TEGO.

The STEM image (Figure 4.1.2 a) reveals the effective decoration of the TEGO with nickel
nanoparticles (Ni-NPs) with an average diameter of 20(9) nm, according with previous
literature [43]. The Ni-NPs diameter distribution (Figure 4.1.2 c) is obtained analyzing the over
500 nanoparticles visible in the STEM image. The HRTEM image in Fig. 4.1.2 b) of a NP on a
TEGO sheet presents fringes with a 0.20 nm distance relative to (101) reflection planes family
of the hexagonal close-packed (hcp) metallic nickel structure. The diffractogram image is
shown ininthe inset. The EELS spectrum (Fig. 4.1.2 d) allows to determine the valence number
of the nickel, which results in +0.6(0.2). The Ni partial oxidation is attributable to the sample
air exposition occurred during the microscope analysis preparation.

The powder X-ray diffractogram (Figure 4.1.3) confirms the precursor total decomposition into
metallic nickel presenting three wide peaks at 39.3°, 42.6° and 44.5° of 26, which correspond
respectively to the (100), (002) and (101) plane reflections of hexagonal P63/mmc metallic
nickel structure, refined with Rietveld refinement method. It is worth to say that the 45° peak
calculated intensity does not match with the experimental data. It suggests that a minority Ni

cubic phase (fcc), which has its main peak at 44.6°, should be also present. Furthermore, it
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justifies the observed asymmetric peak broadening since it could be related to phase
transition stacking fault and strain defects between the two structures. Moreover, the
Scherrer analysis of Ni peaks broadening allows to determine 14(5) nm Ni-NP crystal average
diameter, which agrees with the STEM analysis. Lastly, around 24° of 20 is present a wide band
associated with the (002) reflections of few-layers graphene nanocrystals, according with

previous literature [82].
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Figure 4.2.3: powder X-ray diffraction pattern of Ni-TEGO.

Since the TEGO is decorated with nickel for obtaining a positive electrode for aqueous
electrolyte SCs, the Ni-TEGO is deposited on a nickel metallic foam, following the same

procedure of TEGO.

4.2. Laser Induced Graphene (LIG)

Laser induced graphene is obtained through photo-thermal conversion of polymeric precursor
rich of aromatic carbon cycles. Specifically, the precursor used is Kapton®, which is a
commercial polyimide film with three aromatic rings in a single monomer (Figure 4.2.1). The
graphene presence in the final materials is mostly dependent on the number of aromatic rings,
i.e. the number of sp? bonds maintained after the synthesis treatment, which give to the
material a graphene-like dress and behavior. The synthesis of LIG consists in the exposition of
the polymeric film to high power CO; laser [36,83]. The synthesis route is very simple and,

therefore, industrially interesting since it is highly scalable.
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PO OO

Figure 4.2.1: Kapton® monomer. In its structure are present three carbon

hexagons, typical of an ideal graphene pattern, and two pentagons.

During the conversion, nitrogen and oxygen atoms detach from the polymeric chain, leaving
a defective porous structure made of carbon atoms only, mainly arranged in hexagons,
pentagons and amorphous carbon [36].

For the polyimide conversion, it is initially used an industrial laser cut machine t for high power
applications, i.e. a RM-Lasermark 1613 with a 100 W nominal maximum power, at the Parma
FabLab, an incubation facility for innovation projects. Since polyimide photo-thermal
conversion occurs at lower laser power, the machine is used between a maximum power of
22 W (the 22% of its nominal value) and a minimum value of 11W (11% of Pmax). It is worth to
say that below that power value the laser is unstable and the machine is unable to work. This
research brought a collaboration with the Start-up ESANanotech® and to the development of
dedicated machine for the conversion of polyimide in graphene.

The material synthetized this way has promising characteristics for micro-electronic
applications since it is attached to an insulator substrate (polyimide), which is flexible, and has
a thickness of few micrometers, tunable as a function of the substrate thickness and of the
conversion deepness. The design chosen for the material is a two electrodes interdigitated
geometry, displayed in Figure 4.2.2, with a fingers thickness of 2 mm separated by a 0.4 mm
of unconverted polymer, which is the minimum distance for avoiding the undesired
connection between the electrodes. The geometry is chosen in order to obtain prototypes for

SC application.
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0.4 mm

Figure 4.2.2: Laser induced graphene interdigitated design

image. The black and white areas correspond, respectively, to

the sectors for the conversion and leave unconverted.
The laser cut machine has four tunable parameters which determine the type of conversion
of the polymer in graphene-based material. Specifically, since the work time at the facility was
limited, it was chosen initially to fix the height of the laser head, keeping the film at the laser
spot focus, and to tune the laser scanning speed, the overlapping of successive conversions,
which is identified by the distance of two converted line, and the laser power. The sample
production parameters were chosen in order to obtain the most possible uniform and
mechanically stable material, avoiding its ablation during the synthesis process. In Figure 4.2.4
are shown some examples of optical microscope images of sample, together with their
synthesis parameter. It is worth noting that a power increment over 16 W allows to obtain a
more porous carbon material, but mechanically instable, which tends to detach from the
substrate. The sample chosen for further analysis is the LIG-12-200-50, i.e. produced with a

12W power, a 200 mm/s scanning speed and an overlap of 50 pm.

60



Figure 4.2.4: Optical images of LIG examples. The synthesis parameters, nominally power,
scanning speed and overlap, for each sample are: a) 20 W, 400 mm/s, 0.1 mm; b) 18 W, 300
mmy/s, 50 um; c) 16 W, 300 mm/s, 50 um; d) 15 W, 400 mm/s, 50 um; e) 14W, 250 mm/s,

50 um; f) 12W, 200 mm/s, 50 um; The sample f) was chosen for further characterizations.

The sample LIG-12-200-50, displayed in Figure 4.2.4 f) and in Figure 4.2.5, even if optimized,
still presents a non-uniform conversion. This is due to a non-equally distributed power on the
laser converted zones. Precisely, it is observed a conversion difference between the edges and

the center of the irradiated sections.

Figure 4.2.5: Optical images of LIG sample with the
interdigitated design. The conversion is occurred with a 12W
power, 200 mm/s scanning speed and 50 um of overlap

parameter.
In fact, the conductivity along the y axis (49.4 £ 0.5 S/cm) is 3 times higher than the x axis (14.0
+ 0.3 S/cm) of figure 4.2.4 f), confirming the non-uniform conversion. However, it owns a good

ohmic behavior in both the x and y directions, which is displayed in Figure 4.2.6 a) and b).

Precisely, the conductivity is higher along the laser movement direction and lower along the
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orthogonal one. The conductivity is evaluated by a four-probe conductivity experiment,
applying the Van Der Pauw method and, specifically, equation 4.2.1, which is valid for thin film
samples, i.e. with W (the thickness) << d (contact distance). The sample thickness, 15(5) um,

is evaluated analyzing a cross-sectional microscope optical image.
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Figure 4.2.6: Ohmic behavior of LIG along the y (a) and x (b) axis directions of Figure 4.2.5.

The chosen sample is successively characterized with SEM, with methylene blue technique
(explained below) and with Raman spectroscopy. The SEM images, displayed in Figure 4.2.7,
confirm the difference of conversion already explained, and outline the wide range porosity

of the material at the micro-scale. In the left image, the conversion lines are recognizable from

the macro-pores obtained mainly along the edges, which are magnified on the right image.
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Figure 4.2.7: SEM images of sample 12-200-50.
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The methylene blue technique is a useful method for the specific surface area evaluation when
a small material mass amount is available [84,85]. It determines indirectly the surface area
evaluating the concentration variation of a methylene blue solution by an UV-VIS absorbance
spectroscopy experiment. The methylene blue molecule has a dimension between 10.2 nm to
10.8 nm [85] and, since it is absorbed by porous materials and covers uniformly the surface
areas, the number of absorbed molecules gives indirectly the surface area value. The specific
surface area, evaluated by this method, resulted of 200(10) m?/g, which is comparable with
the specific surface area of other graphene-related materials obtained with similar methods
[41,77,86,87].

Finally, Raman spectroscopy is performed on LIG samples collecting the spectra on the edge
and on the center of the converted area. The spectra collected (Figure 4.2.8) in both cases

exhibit the characteristic peaks (D, G and 2D) of a defective graphene-like material.
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Figure 4.2.8: Raman spectroscopy spectra of LIG 12-200-50 collected at the center
(black) and at the edge (blue) of the laser converted region. The blue spectrum
shows a higher G-D and 2D-G peak ratios.

In fact, while the G peak is associated with the first order phonon modes at the center of the
Brillouin zone (E2g symmetry), and is always present in sp? carbon materials, the D peak, being
a second order modes related to breathing sp?, is activated from the presence of defects [88].
From the comparison of D and G peaks intensity, Ip and /g respectively, it is possible to evaluate
the graphene flakes lateral size and the defect density following equations 4.2.2 a) and b),

where A, is the laser wavelength (532.1 nm).
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The two spectra differ in the relative intensity of the D peak and, as a consequence, in the
amount of defects and in the width of graphene flakes. In fact, the lateral size results higher
at the edge of the converted area (18(5) nm) than at the center (14(4) nm). Regarding the
defect density, the trend is obviously inverted, with the center of the conversion regions
resulting more defective (1.6(4) x 101! defects/cm?) than the edge (1.0(3) x 10*! defects/cm?).
Such difference might be related with the conversion features observed in the SEM images of
figure 4.2.7, i.e. with the pore size difference between the conversion edges and centers. In
fact, the smallest pores are seen at the center of the converted areas, which are interested by
a higher laser power density, generating more defects and tightening the size of graphene
flakes. On the other hand, larger pores are found in the regions affected by a minor laser
power density of conversion, achieved at the edge of the laser spot, translating in flakes with
a higher lateral size and a minor defectivity [89]. The last peak, nominally the 2D band, is
related to second order vibrational modes of the D peak, and it is associated with the number
of layers. Precisely, single layer graphene has a single peak which splits into a 4-bands in few-
layer graphene and molds into an asymmetric peak in graphite [88]. Thus, being the 2D band
a single peak, it is plausible that a certain amount of single layer is present [90]. Moreover, the
peaks broadening might be due to the disordering and inhomogeneous nature of the

graphene [91].

4.2.1. TiO, decorated LIG

In order to enhance the LIG specific capacitance, the decoration of the material with titanium
dioxide is investigated [41]. The TiO, choice was made paying attention to the eco-
compatibility of the final electrodes, its high chemical stability and to our previous results, as

previously described in the 3™ chapter. The decoration was obtained by simultaneously
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converting under the laser influence both the polymer and a TiO3 precursor, respectively into
graphene and TiO,. As a precursor for TiO,, it was identified a titanium tetra-isopropoxide
(TTIP) sol-gel solution with ethanol and water. During the sol-gel process, the TTIP undergoes
to a hydrolysis reaction, releasing ethanol. Thus, an amorphous phase of titanium dioxide was
formed. Then, the sol-gel was deposited with a home-made spin-coater onto the polyimide
film in order to obtain a uniform covering. Subsequently, the sample was treated with the
laser cut machine using a 14 W power, slightly higher with respect to the required power for
the conversion of bare polyimide, a scanning speed of 200 mm/s and an overlap of 50 um. In
figure 4.2.9 a) it is shown an optical microscope image of the polyimide covered with TiO; film,
after the laser treatment. At the optical microscope it appears almost unchanged with respect
to the sample LIG12-200-50 but, as shown in SEM images in Figure 4.2.9 b) and c), the
morphology is slightly different, with a higher number of macro-pores (bigger than 50 nm).
Moreover, the graphene results to be successfully decorated with titanium dioxide particles

of a micro-meter size, appearing brighter in the SEM images of figure 4.2.9.
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Figure 4.2.9: Optical (a) and scanning electron (b,c) microscope images of TiO, decorated LIG.

The effective recrystallization of TiO, although partial and non-uniform, is proved by Raman



spectroscopy (Figure 4.2.10). In fact, either rutile, anatase and amorphous titanium dioxide
are found in the sample [92-94]. Noteworthy, the treated TiO> was mainly a multi-phase
structure, presenting a main phase and, at least, a secondary phase. Specifically, anatase
spectrum (blue line) has a minor contribute from rutile, rutile (green line) from anatase,
amorphous (gray and black lines) from both rutile and anatase. It suggests that the laser
irradiated power, as previously stated, is non-equally distributed over the laser spot area, thus
causing a non-uniform conversion of polyimide and a partial recrystallization of the TiO,. The

black line identifies the unreacted amorphous titanium dioxide.
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Figure 4.2.10: Raman spectra of four different TiO2 grains. Each grain presents a main
phase (curve color) and at least a minor phase highlighted by the dashed lines of the
same color. The red spectrum is collected on an area of the sample without the TiO;
decoration and corresponds to the spectrum of laser induced graphene. The red

dashed lines indicate the graphene D, G bandes.
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5. TEGO-BASED AQUEOUS ASYMMETRIC HYBRID
SUPERCAPACITOR

In order to extend the stability voltage window over the water evolution limit, enhancing the
SC specific energy, a hybrid SC with an asymmetric configuration is explored. Nickel decorated
TEGO (Ni-TEGO) is used as a positive electrode and TEGO is exploited as a negative electrode.
The SC is working with a KOH 3.5M aqueous electrolyte. The aim to couple the Ni-TEGO with
TEGO is to build an asymmetric device, where the positive electrode is built in-situ during
cycling. In fact, in the first cell cycle Ni nanoparticles anchored to TEGO sheets easily react with
OH- and undergo an irreversible reaction to NiOOH, which has a Nernstian quasi-reversible
process to Ni(OH); in the voltage window 0-0.6V. As described in the Chapter 2, coupling a
battery-like electrode with a capacitive one enables to enlarge the operative voltage window.
This chapter is dedicated to the study of an asymmetric hybrid SC based on TEGO, and to its
performance evaluation, investigating different mass ratios between the positive and the

negative electrode. This work has been also published in a peer-reviewed journal [46].

5.1. Nickel oxidation to nickel oxide-hydroxide

5.1.1. Three-electrodes cyclic voltammetry

The positive electrode formation is investigated by a three-electrode CV experiment,
performed on the Ni-TEGO electrode, shown in Figure 5.1.1. The first and the second cycle are
compared, observing the differences. In the very first oxidation, CV curve presents a peak at
0.58 V with respect to the Ag/AgCl RE. Such high peak disappears in the second cycle, lowering
its height and shifting to lower potential, suggesting the irreversible nature of the first process,
which corresponds to the oxidation of Ni to Ni(OH), and to NiOOH. This process has been
clearly confirmed by extensive analysis discussed below [46], such as spectro-electrochemical

characterization, p-XRD, HR-TEM. On the other hand, the second cycle peak (at 0.5 V vs RE)
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corresponds to the oxidation of Ni(OH), to NiOOH. During the reduction curve, both the first
and the second cycles exhibit a reduction peak at 0.3 V with respect to the RE, associated to

the reduction of NiOOH to Ni(OH); [46,53].
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Figure 5.1.1. Oxidation of TEGO Ni-NPs into NiOOH

monitored by three-electrodes CV.

5.1.2. TEM characterization

The morphology changes of Ni-TEGO structure, due to the oxidation of Ni-NPs, are observed
by means of TEM measurements on cycled electrodes. Such images, with the relative analysis,
are displayed in Figure 5.1.2 and 5.1.3. The Ni nanoparticles (Ni-NPs) fall apart into a
complexed coverage on TEGO sheets, with a rough structure, shown in STEM and HRTEM
images of Figure 5.1.2 a) and b). As a comparison, Ni-NPs on a TEGO sheet of the non-oxidized
sample are shown in Figure 5.1.2 d). The inset diffractogram pattern of Figure 5.1.2 b) shows
a broad ring related to the Ni(OH). structure plane reflections (001). The NiO presence,
highlighted in the diffraction pattern of Figure 5.1.2 b) derives from the dehydration of the
Ni(OH). exposed to the 200 keV electron beam. The EELS line edges, shown in Figure 5.1.2 ¢),
present a very different shape from that of the metallic nickel, shown in the 15t section of the
4t chapter. In fact, the valence number, which is evaluated from the L2 and L3 ratio following
literature route [95], results of +1.8(0.2), accordingly to the oxidation number expected for

Ni(OH).
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Figure 5.1.2: TEM characterization of Ni(OH),-TEGO. a) STEM image of a NiOH);
complex covering the TEGO sheets. b) HRTEM image of Ni(OH),-TEGO; in the inset
is shown the diffractogram of Ni(OH),. The NiO presence is due to the influence of
the microscope. d) STEM image of Ni-TEGO sample previous oxidation. Ni-NPs are

outlined as white dots on a TEGO sheet, visible in the background.

The effective coverage of TEGO with oxidized Ni is confirmed by the EDX analysis, displayed in
Figure 5.1.3. Here, the presence of carbon (b), nickel (c) and oxygen (d) is outlined by the EDX
signals. The nickel and the oxygen signals match the brighter area of the annular dark-field

(ADF) STEM image (a), where the carbon (b), being with lower atomic number, is only partially

visible.
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Figure 5.1.3: STEM images with EDX analysis. a) STEM pristine image. b) EDX

carbon signal. c) EDX nickel signal. d) EDX oxygen signal.

5.1.3. Powder X-ray diffraction

The crystalline structure of the Ni(OH),-TEGO, i.e. of the sample after the oxidation, is
investigated with powder X-ray diffraction (Figure 5.1.4 black diffractogram). The metallic Ni
peaks (20=39.3°, 42.6° and 44.5°, marked in red) of the Ni-TEGO pattern (shown in blue)
disappear completely after the oxidation. In their place, three broad bands appear in the
ranges 10° - 30°, 32° - 35° and 36° - 40° of 20 due to the presence of both Ni(OH). and NiOOH.
Specifically, the peaks at 21°, 33° and 40° of 20, highlighted in green, are related to the (001),
(100) and (101)/(101) plane reflections of the P3m1 hexagonal structure of B-Ni(OH), [96].
The first reflection coincides with that observed in the TEM diffraction. On the other hand, the
peak at 13°, the broadening of the band between 20° and 30°, and the asymmetric shape of
the peak around 38° of 26, suggest the presence of y-NiOOH, which has its main peaks at 13°,
25°, 28°, 37° and 38° of 26, corresponding respectively to the (003), (006), (101), (102) and

(104) plane reflections [97]. Its presence could be due to a non-complete reduction of the
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sample during the electrochemical preparation performed in cyclic voltammetry. The main
contribute to the wide band around 25° (marked in gray) is due to the graphene structure. The
presence of a diffuse broadening throughout the pattern suggests a highly disordered
structure with small domains of nickel hydroxide forms, which is in agreement with the STEM

images of a Ni(OH), complexed coverage of TEGO, previously shown.
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Figure 5.1.4: powder X-ray diffraction pattern of Ni(OH),/NiOOH-TEGO (blue),
thus after the oxidation, and of Ni-TEGO pristine sample before the oxidation

(black). The peaks of NiOOH (yellow), Ni(OH), (green), TEGO (gray) and Ni° (red)
are highlighted.

5.1.4. Raman spectro-electrochemistry

The oxidation and reduction processes are further investigated by Raman spectroscopy
combined with three-electrode CV measurements. These measurements have been carried
out during a traineeship at the Heyrovsky Institute of Physical Chemistry of Prague, under the
supervision of Prof. Martin Kalbac. Raman spectro-electrochemistry, perhaps well known
among electrochemist, is not a very common technique, thus, in order to understand how the
combination of three electrode CV and Raman spectroscopy is carried out, more experimental
details are needed. Specifically, the experiment is performed applying a low voltage scan rate,
hence maintaining the voltage level constant for a long time. During the time interval at a

constant voltage level, a Raman spectrum is acquired. Reaching a tradeoff between the
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available time and an accurate characterization, a voltage step of 0.05 V and a time step of
350 s are chosen, resulting in an equivalent 140 uV/s voltage scan rate. During each time
interval, a Raman spectrum is acquired in the wavenumber window (300-900) cm™?, with a 30
s acquisition time, repeated 10 times, thus resulting in a total time of 300 s for each spectrum.
The electrode investigated is a slurry of Ni-TEGO mixed with PVDF and deposited on a Cu
collector. In order to prevent the contact between the copper and the electrolyte, the
electrode is finely sealed on the top of a glass tube with the Torr-seal epoxy resin, as deeply

described by Figure 5.1.5.
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Figure 5.1.5: Preparation of the Ni-TEGO WE for Raman spectro-electrochemistry measurements.
a) The working electrode is contacted on the back with a Cu wire by mean of silver paste; b) the
copper wire is inserted in a glass tube, while the WE is set on the top; c): sealing of the contact
point between the glass tube and the WE by mean of Torr-seal epoxy resin; d) WE final

appearance from the top and from the side.

The Ni-TEGO spectrum, before the irreversible oxidation to NiOOH, is compared in Figure 5.1.6
b) with the spectra of NIOOH-TEGO and of Ni(OH).-TEGO recorded in three electrodes CV. The
Ni-TEGO spectrum (pristine blue curve) shows a broad peak between 330 cm™ and 490 cm™
compatible with the TO and LO vibrational modes of NiO, according to literature [98]. Its
presence is probably due to the spontaneous oxidation of Ni-NPs once exposed for long times
to air during the electrode preparation. In fact, it was not detectable in the X-ray powder
diffraction performed on the sample not exposed to the ambient conditions. After the
oxidation, occurred at 0.55 V vs Ag RE in the electrochemical cell, the NiO peak disappears and
two peaks rise at 477 cm™ and 557 cm™ related, respectively, to NiOOH Eg and A1 vibrational
modes [99]. Finally, after the reduction, which occurs at 0.4 V with respect the Ag RE, the
NiOOH peaks are substituted by the wide band between 250 cm™ and 550 cm™, which might

be associated to the 315 cm™ Eg, to the 450 cm™ Ay and, to the 510 cm™ acoustic modes of
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Ni(OH); [100]. The other features might be due to the substrate, to the binder, to the KOH
aqueous electrolyte or to graphene impurities which do not participate in any reaction. The
evolution of the WE Raman spectrum is accurately recorded as a function of the voltage, and

it is shown for completion in Figure 5.1.6 a) for two CV cycles.
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Figure 5.1.6: Raman spectroscopy combined with three-electrodes CV. a) Raman
spectra graphed as a function of the three-electrodes CV voltage. b) three
electrodes CV cycle relative to the spectra in (a).

Moreover, in order to have deeper insights on the electrode evolution, the 2" cycle is shown
in Figure 5.1.7 a) in a 3D representation. The two present peaks start rising at 0.5 V vs Ag
pseudo-reference electrode, suddenly reach their maximum at 0.6 V, then decrease
disappearing totally at 0.4 V with respect the Ag reference electrode. In Figure 5.1.7 b) the
three electrodes CV of Ni(OH),-TEGO acquired with an equivalent voltage scan rate, but with
shorter voltage steps, are shown. The CV potential and the shape of the CV curves slightly
change from those already shown in this thesis. It is probably due to Ag pseudo-reference
electrode and to the different electrode preparation, constrained imposed by the peculiar

spectro-electrochemistry set-up. Although, the CV curve reflects accurately the behavior
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noticed by the Raman spectroscopy spectra, i.e. the oxidation and reduction of the redox-

active couple, at 0.55 V and 0.4 V with respect the RE, respectively.
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Figure 5.1.7: Raman spectroscopy combined with three-electrodes cyclic voltammetry. a) Raman
spectra graphed as a function of the three-electrodes CV voltage. b) three electrodes CV cycle

relative to the spectra in (a).

5.2. Three-electrodes cyclic voltammetry

Three-electrodes CV experiments are carried out to evaluate the electrodes electrochemical
behavior. Specifically, their storage charge capability and their voltage stability windows are
evaluated, allowing to design the asymmetric hybrid SC. The working electrodes preparation
consisted in the deposition of the active material, previously dissolved in a solution of MilliQ
water-ethanol, 1:1 in volume, on nickel foam by drop casting. The nickel foam is chosen as a
collector since it is conductive and able to entrap the active material without using any binder.
Its electrochemical activity is negligible in the investigated voltage windows. Specifically, being
nickel redox-active in the voltage window 0 V — 0.6 V, the Ni-foam charge capability is
evaluated and resulted 45 mC, which is negligible with respect the 1.2 C Ni(OH),-TEGO one.
Both the set-ups consisted in a swagelok three-electrodes cell with Ag/AgCl RE, which is in
contact with the 3.5 M KOH electrolyte through a buffering saturated KCl aqueous solution. A

Pt disk is used as a counter electrode.
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The TEGO is investigated upon the voltage window 0 V to -1V, and its CV curve (Figure 5.2.1
a) exhibits a quasi-rectangular shape, indicating the capacitive nature of the main contribute
to the capacitance. This slightly deviates from an ideal capacitive behavior, due to two small
peaks between -0.6 V and -0.45 V, which suggests the presence of faradaic effects. Such
mechanisms, accordingly to the literature, might be related to residual oxygen-containing
groups attached to the TEGO defects (C-O, C=0 and COOH) that act as active redox sites
[43,101]. On the contrary, the Ni-TEGO displayed the expected two peaks associated with the
oxidation to NiOOH and with the reduction to Ni(OH); in the voltage window 0V —-0.6 V [102].
The stability voltage window results tightened to 0.55 V at 2 mV/s due to both the nickel

substrate and to nickel NPs presence, which act as catalysts for the water evolution (Figure

5.2.1b) [52].
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Figure 5.2.1: Three-electrodes cyclic voltammetry curves of TEGO (a) and Ni(OH),-TEGO

performed at different voltage scan rates.

Thus, the specific charge stored in TEGO and Ni(OH),-TEGO electrodes is evaluated as a

function of the voltage scan rate. Such values are reported in the following Table 5.2.1.

Table 5.2.1. Ni(OH),-TEGO and TEGO specific charge storable, evaluated by three-electrodes CV as a

function of v.

2mV/s 5mV/s 10mV/s 20mV/s 50mV/s
Ni(OH).TEGO | 1200(60) 900(50)  800(40)  504(25) 405(20)
Specific Charge
(C/g) TEGO 310(40) 165(20) 110(15) 100(13) 95(12)
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The high value of the TEGO specific capacitance, which is obtained multiplying the charge
capability for the voltage difference (1 V), is ascribable to its specific surface area and to the
elevated number of micro-pores [80,101]. On the other hand, the TEGO charge capability is
increased by a factor between 5 to 8, thanks to the Ni nanoparticle decoration. Such
enhancement is ascribable to the presence of the redox-active couples NiOOH-Ni(OH)2, which
promote battery-like reactions [20]. The evaluation of the charge capability enabled the
charge balance between the negative and the positive electrode. Furthermore, in order to
exploit the high charge capability of Ni(OH),-TEGO positive electrode, this was coupled with a
negative TEGO electrode with an excess of mass. 1:8, 1:12 and 1:16 different mass ratios
between the positive and the negative electrodes are investigated, to expand the stability
voltage window to the maximum available [103]. Thus, the final devices, called respectively
SC-1/8, SC-1/12 and SC-1/16, consisted in a standard coin cell with a glass microfiber

separator, provided by Whatman™.

5.3. Two-electrodes cyclic voltammetry

The three cells, characterized in cyclic voltammetry, showed an improved stability up to about
1.5 V (Figure 5.3.1 a, b and c), overcoming the voltage limit of an aqueous electrolyte. The
shapes of CV curves are peculiar, being neither rectangular, neither peak-shaped, showing a
different behavior between the first part (up to 0.9 V) and the second part (between 0.9 V and
1.5 V). Precisely, in the first part, the specific current is almost constant as a function of the
voltage, as for ideal SC. In fact, since the Ni(OH); oxidation potential is about 0.45 V vs Ag/AgCl
RE as shown in three electrode CV, up to a total voltage difference of 0.9 V only TEGO-related
EDL-mechanisms are expected to occur. On the other hand, in the second part, it is noticeable
the battery-like role of the Ni(OH),-NiOOH couple. In fact, a wide peak is shown in the
reduction curve, while the oxidation curve presents a quick increase in the specific current at
about 0.9 V, which, then, almost stabilizes up to 1.5 V. The current stabilization above 1 V
might be due to the combined storage mechanism of the hybrid devices, being both
capacitive, for the negative electrode, and battery-like for the positive one. Noteworthy, the
higher mass ratio cells, i.e. SC-1/12 and SC-1/16, showed a better stability in oxidation, having
a flatter shape than SC-1/8 between 1Vand 1.5 V.
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Figure 5.3.1: Two-electrodes cyclic voltammetry curves at different rates of SC. a) SC-1/8; b) SC-

1/12; b) SC-1/16.
Such behavior is far from simple to explain but must be related with the mass difference
between the three device negative electrodes, thus with their capacitance difference. A daring
hypothesis could be that the higher capability of SC-1/12 and SC-1/16 negative electrodes are
determining a slower voltage drop upon the positive electrode, thus granting a higher
available reaction time to the oxidation of Ni(OH),. On the other hand, the reduction curves
of SC-1/16 and SC-1/12 show a more pronounced peak than SC-1/8 around 1V, suggesting
that in the last device the reduction reactions are distributed on a wider potential range than

in the other two.

5.4. Electrochemical impedance spectroscopy

Before of the CV characterization, an EIS experiment is performed for evaluating the devices
ESR. The tests are carried out in the frequency range 1 Hz — 2 MHz, with a voltage wave
amplitude of 10 mV, applied at the 0 V voltage difference. In fact, the shape of the EIS curves,
displaying only an intercept with the real impedance axis and not exhibiting a clear semicircle
at low impedance values, suggests the absence of charge-transfer processes, as expected at
the 0 V difference between the electrodes, i.e. at the voltage where any redox reaction occur
for the system in exam [104]. Every SC has a very low series resistance, with the SC-1/8
showing the best value (0.37 Q). Since the devices ESR values are increasing with the TEGO
mass, reaching 0.5 Q for SC-1/12 and 0.6 Q for SC-1/16, it is probably due to the higher TEGO

mass load used.
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Figure 5.4.1: EIS curves of the three hybrid asymmetric supercapacitors. a) SC-1/8; b) SC-
1/12; ¢) SC-1/16; The insets display the behavior at very high frequencies. The ESR values

correspond to the intercept with the real impedance axis.

5.5. Galvanostatic charge-discharge cycles

Successively, galvanostatic charge-discharge cycles (GCDCs) are carried out with eight
different current densities, namely 100 mA/g, 200 mA/g, 400 mA/g, 1 A/g, 2 A/g, 4 A/g, 10
A/g. The results are displayed in Figure 5.5.1 a, b and c. Every GCDC shows the typical shape
of a hybrid device, without any plateau, typical of batteries, and without the ideal triangular

shape, typical of SCs.
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Figure 5.5.1: Galvanostatic charge-discharge cycles of the asymmetric hybrid

supercapacitor performed at different current densities. a) SC-1/8; b) SC-1/12; c) SC-1/16.

Focusing deeply on the curve features, as expected, two kinetic behaviors are identified, the
first is linear from O V up to 1 V and the second is slightly non-linear between 1V and 1.5 V.

The first one is related to the fast charging of the capacitive part of the hybrid device, due to
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the presence of TEGO. The second behavior is related to the presence of Ni(OH); in the
positive electrode, which, being a battery-like material, slows the charge-discharge kinetics.
Between 1V and 1.5V, the behavior is still almost linear, probably because of the asymmetric
configuration, i.e. of the combination between a battery-like material (Ni(OH),) and a
capacitive one (TEGO). Furthermore, a weak potential shift is observable between the
charging and the discharging curves. Specifically, the potential shift is concomitant to the
NiOOH-Ni(OH); reaction, which starts around 1 V and 0.8 V in the charging and in the
discharging process, respectively. Such potential shift, named overpotential, is common in
batteries [80]. Such polarization is also evident in CV curves, either in the two-electrodes, or
in the Ni(OH),-TEGO three-electrodes, from the enlargement of the peaks distance and from
their potential shifting. From GCDCs, the specific energy and specific power of each cell are
evaluated, as well as the capability retention over 10000 cycles performed with 200 mA/g

current density. These data are shown in Figure 5.5.2 and 5.5.3.

100 {5 : : . . _
\,

T 80t |
= R
S
]
§ 60T 1
t
Z a0 — Ni(OH),-TEGO//TEGO 1:8 |
E —N(OH),i-TEGO//TEGO 1:12
S 20t Ni(OH),-TEGO//TEGO 1:16 -

0 1 1 1 1 1

0 2000 4000 6000 8000 10000

N° of cycles
Figure 5.5.2: Capability retention comparison of SC 1/8, 1/12 and 1/16.

The measurements were carried out testing three devices, each repeated three times. The
capability of the devices falls rapidly during the first two thousand cycles.

Specifically, the SC-1/12 shows initially the worst performance dropping of 31 % after 1500
cycles, but then falls slowly to the 57 % over the successive 8500 cycles. On the other hand,
the SC-1/16 after 1500 cycles retains the 83 % of its initial value, then constantly decay until
the 68 % after 10000 cycles. Lastly, the SC-1/8 retention drops almost immediately to the 76
% over the first thousand cycles, but then almost retains this value over the successive cycles
reaching the 73% of retention at the end of the 10000 cycles. Since similar decays are common

in batteries [20], thus, such initial fast decay is probably ascribable to the battery-like nature
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of the positive electrode. In addition, the fact that the capability retention almost stabilizes
after 2000 cycles at a values still acceptable (60 % ~ 70 % after 10k cycles) suggests that only
a part of Ni(OH); is involved in irreversible reactions. Paying attention to the morphology of
Ni(OH)2 on the TEGO sheets observed in STEM, which is highly disordered, it is probable that
a part of the superficial Ni(OH), detaches from TEGO, causing the loss of capability observed.
Unfortunately, there is no direct evidence of such process, and it should be further
investigated by post-mortem analysis. Moreover, the greater capability loss in higher SC ratios
suggests that in those devices is occurring deeper charging/discharging processes than in SC-
1/8 [20]. From the galvanostatic charge-discharge cycles, shown in Figure 5.5.1, the

performance characteristic specific values are calculated and plotted in the Ragone plot in

Figure 5.5.3.
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Figure 5.5.3: Ragone plot of the three hybrid asymmetric SCs compared to

other literature similar devices. NiO//Carbon references: [51,105]

The SC-1/8 shows the best performance values, confirming the expectations from CV curves,
and reaching the highest 34.5 Wh/kg specific energy among the three devices studied,
obtained at a specific power of 21 W/kg. Incrementing the discharging rate, SC-1/8 maintains
almost the 30 % of the previous specific energy but increasing its specific power of almost 200
times, reaching 7.9 kW/kg. SC-1/12 and SC-1/16, although show a lower specific energy than

SC-1/8 at equal specific powers, increasing Ps exhibit a minor Es decrease, retaining almost the
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50 % of the specific energy with respect to the specific power 200 times increase. Since EDL
mechanism are expected to have a faster kinetic than the redox one, the different energy
dependence from the specific current of the higher mass ratios SC suggests that in SC-1/12
and SC-1/16 the capacitive effects have a major weight than in SC-1/8, which is in agreement
with the previous observations. In conclusion, even though asymmetric SC capability retention
decrease, and the overall performances can be improved, the performance of these devices

is comparable with other literature devices with similar technology [51,105].
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6. LASER INDUCED GRAPHENE MICRO-
SUPERCAPACITORS

This chapter will focus on the preparation and performance evaluation of two micro-
supercapacitor (m-SC) based on laser induced graphene (LIG). The idea is to exploit the planar
geometry of LIG-based materials for obtaining flexible and environmentally friendly devices
which might be able to power loT technologies. Thus, aqueous gel electrolyte and eco-
compatible materials, such as titanium dioxide, are used. In fact, in order to improve the
performances of LIG-based m-SC, accordingly to our previous results [41], a graphene
decoration with TiO; is implemented. The devices are characterized by means of two-
electrodes CV, electrochemical impedance spectroscopy and galvanostatic charge-discharge

cycles.

6.1. Micro-supercapacitor (m-SC) preparation

In order to build the m-SCs, both LIG and TiO, decorated LIG electrodes with interdigitated
designs are contacted on the electrode side with silver paste and copper tape. The collectors
were covered with a Kapton® tape for avoiding the contact with the electrolyte, as shown in
Figure 6.1.1. Subsequently, a gel electrolyte, based on water and polyvinyl alcohol (PVA), is
deposited onto the area between the collectors which are non-covered by the Kapton tape,
as shown on the right of Figure 6.1.1. It allows to maintain the flexibility and the planarity of
the device. Moreover, being the electrode material rather fragile if touched or scraped, the

gel protects the electrodes from possible abrasion and ablation.
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Figure 6.1.1: LIG micro-supercapacitor preparation.

For the hydrogel liquid phase, a 1M H2S04 aqueous solution is selected. This choice is made
considering the stability of the electrolyte at room conditions, the compatibility with the
electrodes and based on our previous [41] and literature results [106—108]. The hydrogel is
made mixing the solution 1 M of H,SO4 in milliQ® water with PVA, in proportion 10:1 in weight.
In order to dissolve completely the PVA, and to obtain a homogeneous hydrogel, the solution
is left under magnetic stirring for a couple of hours at room temperature. Then, the hydrogel
is left resting for other two hours to allow the release of any entrapped bubble. Subsequently,
the hydrogel is deposited, as previously described, for both LIG and TiO; decorated LIG micro-

SCs (m-SC). In Figure 6.1.2 an example of the final m-SC is shown.

Figure 6.1.2: LIG and TiO,-LIG m-SC appearance example.

6.2. Symmetric laser induced graphene (LIG) m-SC

In order to investigate the LIG-based m-SC performances, two-electrodes cyclic voltammetry,
electrochemical impedance spectroscopy and galvanostatic charge-discharge cycles were

performed.
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6.2.1. Cyclic voltammetry

The two-electrodes CV experiment was performed for determining the electrochemical
stability voltage window, investigating the kinetics and the behavior of symmetric LIG-based
m-SC. The CV is carried out with 7 different voltage rates, going from 5 mV/s to 500 mV/s,
shown in Figure 6.2.1 a) and b). The shape of the CV curve is quasi-rectangular with rounded
corners, indicating a non negligible ESR [109]. The stability voltage window is about 1 V, which

is near to the maximum for an aqueous electrolyte in a symmetric design.
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Figure 6.2.1: Cyclic voltammetry curves of LIG-based m-SC.

The capacitance dependence as a function of the voltage rate, evaluated through the CV
experiment, is plotted in figure 6.2.2 a) and b). Applying the Trasatti method, the maximum
areal capacitance Cr and the fast capacitance contribution Csus are determined. Examining
Figure 6.2.2 b), in order to extrapolate the capacitances from the linear fit, it is chosen to
consider only the three slower voltage rates, following the theory described in the 3 chapter.
Such choice is made observing that the trend diverges from a linear behavior for higher rates,

probably due to the non negligible ESR value [66,67].
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Figure 6.2.2: Behavior of the LIG-based m-SC areal capacitance as a function of the voltage
scan rate applying Trasatti method. a) Inverse of the areal capacitance as a function of the
scan rate square root. The vertical axis intercept coincides with the maximum value of the
areal capacitance. b) Areal capacitance as a function of inverse of the scan rate square root.

The intercept estimates the capacitive behaving contribution to the capacitance.

Apparently, only the 43% of the total capacitance is due to capacitive behaving processes.
Although defective carbon materials can show faradaic effects related with defects and
oxygen-containing groups [101], the cyclic voltammetry curves shapes suggests that the
slowing kinetic factor is mostly ascribable to the device equivalent series resistance [109]. The
maximum areal capacitance and the capacitive-like contribution results to be respectively,
2.06 mF/cm? and 0.86 mF/cm?. It is worth noting that, in order to make comparison with other
literature devices, the parameters used for describing the energy and power capability are,
respectively, the areal energy and the areal power, which are calculated by the ratios between
the formers and the electrodes area covered by the electrolyte. In particular, the electrodes
area is evaluated with the software Imagel analyzing the device images, such as that shown
in figure 6.1.2. Since the evaluation is made for characterizing the final devices, which has
substantially a planar geometry, the area of both the electrodes is evaluated neglecting the

porosity of the material.
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6.2.2. Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy (EIS) is carried out to evaluate the equivalence
series resistance (ESR). The frequency range examined is 1 Hz — 2 MHz with a voltage
amplitude pulse of 10 mV. The impedance is measured at the open circuit voltage before of
the CV experiment, i.e. at a 0 V voltage difference between the electrodes. The shape of the
EIS curve, displayed in figure 6.2.3, is linear for low frequencies and approaches at high
frequencies the real impedance axis. As expected, any charge-transfer process, which might
be revealed by an impedance arch, is observed [104]. The ESR is evaluated from the intercept
with the real impedance axis and resulted of 38.6 Q. Such value is comparable with similar m-
SC resistance values of the literature [110,111] and it is also affected by the inhomogeneous

LIG morphology, as described in detail in the Chapter 4.
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Figure 6.2.3: EIS curve of LIG-based micro-supercapacitor.

6.2.3. Galvanostatic charge-discharge cycles

Galvanostatic charge-discharge cycles (GCDCs) are used for evaluating accurately the overall
m-SC performances. The shape of charge-discharge cycles, displayed in Figure 6.2.4 a) and b),
is quasi-triangular with a weak distortion, which is mostly present at low specific current and
could be attributed to a non-negligible leakage current at such low rates. Specifically, while
the discharging time matches the charging time for areal currents higher than 20 pA/cm?, at

10 pA/cm? a leakage current participates to the discharging process, determining a
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discharging time (159 s) shorter than the charging time (177 s) of about 18 s. In fact, at 200

uA/cm?, the shape of the cycle approaches the ideal triangular one.
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Figure 6.2.4: Galvanostatic charge-discharge cycles of LIG-based m-SC, performed

at different current values. a) low current densities. b) high current densities.

Cycling the m-SC over 3500 cycles with a 200 puA/cm? current density, the capacitance
retention and the coulombic efficiency of the system are evaluated (Figure 6.2.5). The
coulombic efficiency oscillates around the maximum, certifying an almost complete
reversibility of the system over the single cycle. Nevertheless, such fluctuating behavior
suggests the presence of non-completely reversible reactions, probably between the
graphene defects and the electrolyte ions [112], which seems to be nearly exhausted after
few thousands of cycles. In fact, the capacitance retention falls to 93-94% over the first 1000
cycles, attesting the exhaustion of irreversible reactions, then it is maintained almost constant

over 2500 cycles, suggesting an excellent reversibility of the residual storage mechanisms.
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Figure 6.2.5: Capacitance retention and coulombic efficiency of LIG-based m-SC

over 3500 charge-discharge cycles.

From the galvanostatic cycles the areal capacitance, the energy density and the power density are
evaluated and synthetized in the Table 6.2. The energy density, starting from a maximum value of
221 nWh/cm? at 10 pA/cm? drops to the 54 % of its initial value at 500 uA/cm?. A similar behavior
is followed by the areal capacitance, while the power density increases 50 times. Such decrease of
capacitance and energy density is related to their dependence upon the diffusion kinetics of the
electrolyte ions into the graphene pores, which is mainly limited by a high value of the ESR
[109,113]. Nevertheless, the m-SC measured capacitance and energy density values are comparable
with other similar devices [114], as showed in the Ragone plot of Figure 6.4.2, at the end of this

chapter.

Table 6.2: Power and energy densities as a function of the current density for the LIG-based m-SC.

Current density
10 uA/ecm? 20 uA/cm? 50 uA/cm? 100 uA/cm? 200 uA/cm? 500 uA/cm?
Areal capacitance
1.58(1) 1.39(2) 1.19(2) 1.05(2) 0.92(2) 0.86(2)
(mF/cm?)
Power density
4.9(2 10.1(1 25.7(4 51.9(8 102(2 244(9
(uW/cm?) (2) (1) (4) (8) (2) €)
Energy density
221(1 193(2 164(2 146(2 128(2 119(2
(nWh/crm?) (1) (2) (2) (2) (2) (2)
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6.3. TiO, decorated LIG symmetric m-SC

The same analysis made for the LIG-based m-SC, are performed on the TiO;-decorated LIG

devices, as a comparison.

6.3.1. Cyclic voltammetry

The two-electrodes CV is performed with the same voltage scan rates (displayed in the Figure
6.1.2 legends) and the behavior of the m-SC seems almost equal, with quasi-rectangular CV
curves, although the current densities are slightly higher. Although the CV curves does not
show any particular feature, the current enhancement is attributable to the presence of TiO»

particles which are expected to introduce fast faradaic processes in similar devices [41].
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Figure 6.3.1: Cyclic voltammetry curves of TiO,-decorated LIG m-SC performed with

voltage scan rates of 5, 10, 20, 50, 100, 200 and 500 mV/s.

Applying the Trasatti method as before, the areal capacitance dependence from the voltage
scan rate is valuated and plotted in Figure 6.3.2 a) and b). As previously done, only the three
lower voltage rates are considered for the linear regressions. The total areal capacitance, as
expected, results slightly increased to 2.17 mF/cm?, probably due to the presence of TiO»-
related faradaic reactions, described by equation 2.12 of the 2™ chapter, here recalled [41].

oxidation
. s
(TLOZ)surface + H30+ +e* (TLOZ H30+)surface Eq.2.12

reduction

89



On the contrary, the capacitive-like contribution value remains almost equal (0.92 mF/cm?),

suggesting that the reactions introduced by the TiO, decoration might be diffusion controlled.
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Figure 6.3.2: Behavior of the TiO,-LIG micro-SC areal capacitance as a function of the voltage
scan rate applying Trasatti method. a) Inverse of the areal capacitance as a function of the
scan rate square root. The vertical axis intercept coincides with the maximum value of the
areal capacitance. b) Areal capacitance as a function of inverse of the scan rate square root.

The intercept estimates the capacitive behaving contribution to the capacitance.

The total expected areal capacitance of TiO2-LIG (2.17 mF/cm?), for v tending to zero, is higher
than the LIG one (2.06 mF/cm?) of only the 5 % of its value. In our previous work [41], the
decoration with titanium oxide, obtained in a similar way, more than doubled the specific
capacitance and the specific energy of graphene-based electrodes. Thus, here the TiO;
contribute is unexpectedly low, suggesting that only a small part of the TiO; decorations

participate to the electrochemical storage process.

6.3.2. Electrochemical impedance spectroscopy

The ESR of the TiO2-LIG m-SC is evaluated with EIS with a voltage wave amplitude of 10 mV
applied at the open circuit voltage. The frequency range investigated is 1 Hz — 2 MHz. The
resulting curve has an identical behavior to the LIG one, i.e. without charge-transfer semicircle
and with a single real impedance axis intercept, but, noteworthy, it shows a lower equivalent

series resistance (31.8 Q).
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Figure 6.3.3: EIS curve for TiO decorated LIG m-SC.

Such impedance decrease is compatible with an increase in the material conductivity, which,
although not proved directly, could be related to a different graphene morphology of TiO,-LIG
with respect the bare LIG. In fact, as shown in the SEM images in Chapter 4, the TiO»-LIG
displays a more macro-porous and uniform structure than the bare LIG. Moreover, as
suggested from the Raman spectroscopy analysis of LIG as a function of the converted region
(i.e. the center or the edge of the conversion laser spot), the areas with higher macropore
density have a lower defectiveness (1.0(3) x 10 ' defects/cm?), larger graphene sheets (lateral
size of 18(3) nm) and, as a consequence, greater conductivity [101]. Such insights are
compatible with the observation of a lower ESR for the TiO,-LIG and suggests that the TiO;
promotes a more uniform conversion of the polyimide. It is probable that the TiO2 conversion
process absorbed part of the energy transferred from the laser to the polyimide, thus,
lowering the LIG conversion energy. In fact, in the TiO, presence, the LIG presented a more
macro porous morphology, as previously observed in the bare LIG at the edge of the

conversion area, where the laser power density is lower.

6.3.3. Galvanostatic charge-discharge cycles

Galvanostatic charge-discharge cycles (GCDCs) are performed at the same current densities of
the bare LIG characterization. The cycles shapes, even if being with a quasi-triangular shape,
diverge from an ideal SC behavior mainly for the slower current densities, attesting the

Nernstian processes contribution rising from the TiO, crystals and amorphous grains.



Specifically, the cycle shape at 10 pA/cm? is affected also by the presence of a leakage current,
suggested by the time difference between the charging and the discharging curves. For higher
current density shown in Figure 6.3.4 b), the cycle shape approaches that of the LIG-based m-
SC, although maintaining a greater specific capacitance than the former. It can be noted
observing the larger charge-discharge times of the cycles, which suggests that the TiO;

contributes also with fast and superficial faradaic processes to the overall capacitance.

a) 1 —10 pA/cm? b) 1 —100 pA/cm?
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Figure 6.3.4: Galvanostatic charge-discharge cycles of LIG-based m-SC, performed at
different current values.
Performing 3500 GCDCs with a current density of 200 uA/cm?, at which the leakage current is
negligible, as shown from the symmetric cycle in figure 6.3.4 b), the capacitance retention and

the coulombic efficiency are evaluated.
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Figure 6.3.5: Capacitance retention and coulombic efficiency of TiO,-LIG- m-SC

over 3500 GCDCs.
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The initial coulombic efficiency is around 93 % but suddenly increases during the first cycles,
remaining then almost always constant near the maximum (99%). Consequently, the
capacitance falls initially to 93% of its initial value, then increases at 95% for more than 3400
cycles. Such behavior is not simple to explain, but it could be also related to the beneficial
presence of TiO, probably the rutile polymorph, which is already found to stabilize the

reversibility of similar systems [41].

Current density
10 yA/em? 20 pA/cm? 50 uA/cm? 100 uA/cm? 200 uA/cm? 500 uA/cm?
Areal capacitance
1.95(1) 1.71(2) 1.44(2) 1.31(2) 1.18(2) 1.05(2)
(mF/cm?)
Power density
5.0(1 10.3(1 25.0(3 51.1(7 104(1.5 255(8
(W) (1) (1) (3) (7) (1.5) (8)
Energy density
271(1 237(3 200(3 182.5(2.5 164(2 146(2
(nWh/crm?) (1) (3) (3) (2.5) (2) (2)

Finally, the areal capacitance, the energy and the power densities are calculated as a function
of the current densities. As for the previous case examined, the energy density from 0.271
nWh/cm? with a related power density of 5 uW/cm?, drops to the 54% of its initial value
reaching 146 nWh/cm? but increasing the power density of about 50 times, reaching 255
uW/cm?2,

6.4. LIG and TiO,-LIG comparison

In order to compare the two m-SCs, the power and energy densities are plotted together in
two Ragone plots in Figure 6.4.1 a) and, compared with literature results, in Figure 6.4.2.

The parameters used in Figure 6.4.2 are the volumetric densities of power and energy, which
are calculated dividing the respective areal densities by the estimated width (35 um) of the

laser induced graphene. The width estimation is carried out analyzing with ImagelJ a cross
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sectional image, collected with the optical microscope and shown in the inset of Figure 6.4.1

b).
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Figure 6.4.1: a) Ragone plot with the comparison of TiO,-LIG and LIG-

based m-SCs. b) cross-sectional optical microscope image of LIG.

First of all, the TiO2 contributes actively to the energy density introducing faradaic processes,
as already demonstrated in L. Fornasini, A. Morenghi et al. in an aqueous acid environment
[41]. In particular, since the energy and the capacitance increase also at high current densities,
it seems that either Nernstian, or capacitive-like processes, or very fast redox reactions, are
present, even though the Trasatti method detected only slightly increase of the Csyurv. The small
increment of the power density of TiO, decorated m-SC, with respect to the non-decorated
one, is ascribable to the lower ESR of the decorated one, evaluated through the EIS
experiment. Secondly, the TiO, decoration improve even the reversibility of the system,
retaining higher capacitance value than the non-decorated LIG-based m-SC, over more than
3500 charge-discharge cycles, with a 200 uA/cm? current density, as displayed in Figure 6.4.1.
Specifically, since the Anatase is known to behave as the more active TiO2 polymorph in
storage processes, the small capacitance and energy density enhancement suggest that only
a small part of the TiO; is in the form of Anatase. On the contrary, the improved capacitance
stability of the TiO,-LIG based m-SC suggests a considerable amount of Rutile, which is known
for improving the cycle stability of similar electrochemical systems [41]. Such insights are in
agreement with the Raman spectroscopy analysis, shown in the Chapter 4. In fact, the TiO;

resulted mainly in form of multiphase structures, containing either amorphous, rutile or
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anatase fractions. The poor capacitance enhancement suggests that the amorphous phase, as

the rutile phase, is poorly active in storage processes.
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Figure 6.4.2: Ragone plot with the comparison of TiO,-LIG and LIG-based m-SCs

with other literature systems [114].

The LIG-based m-SCs performance places in the middle between the aluminum-based
electrolytic capacitors and the Li-based thin-film batteries. With respect to the LIG-based SCs,
the Al electrolytic capacitors have greater power density, while the thin-film Li-based batteries
can store a higher amount of energy in an equal volume. On the other hand, LIG-SCs deliver
the energy 10 to 20 times faster than Li-based thin-film batteries and have a two order of
magnitude greater energy density than Al-based capacitors. Comparing with the Tour LIG-
based m-SCs state-of-art, our LIG-based micro-SCs are performing in comparatively way in
terms of power density, but they still are 10 times lower in energy capability [114].

In order to improve such performances, the laser conversion method must be further
optimized. First of all, the morphology uniformity must be improved, and this is expected to
be reached by optimizing the laser writing parameters, such as laser power and speed. Such
conversion optimization might enable to maximize the conductivity, thus lowering the
equivalence series resistance, and also to tune the LIG porosity.

Secondly, a uniform laser power distribution, thus uniform conversion to graphene, is
expected to convert the TiO; precursor in in the TiO2 polymorphs in a more reliable way. Such
optimizations could be obtained investigating a wider range of laser power, laser scanning
speeds, and/or operating with the laser in a defocusing mode, i.e. with the substrate out of

the focus point, controlling more accurately the laser power and the overlapping between
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successive conversion areas. Unfortunately, all these parameters could not be finely tunable
in the laser cut machine we have available for this study. However, such preliminary
encouraging results enabled us to start a collaboration with a company for the production and

optimization of a laser machine, entirely dedicated to the LIG production.
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/. TEGO-BASED LI-ION CAPACITOR

7.1. Introduction

This chapter will focus on asymmetric and hybrid capacitors with lithium-based organic
electrolyte and TEGO, which is used as both the negative and the positive electrode. The
concept behind this application is to exploit the large electrochemical stability window of the
organic electrolyte coupled with the TEGO ability to store charges at a high rate. In fact, TEGO
is able to substitute the graphite as a negative electrode in batteries, thus, working in the
potential window 0.05 V - 1.5 V with respect to the metallic lithium potential. As already
demonstrated [80], TEGO ensures a higher storage kinetics than graphite. Specifically, TEGO
exploits both the lithium intercalation between the few-layered planes and the EDL, formed
at the surface and inside the nanopores, as described in Figure 7.1. On the other hand, as a
positive electrode, thus working between 1.5 V and 3 V with respect to lithium, TEGO is

expected to act mainly as a capacitive material.

Nanopore
insertion

Surface
adsorption

Figure 7.1: Intercalation (diffusion inside the graphene planes) and EDL mechanisms of Lithium in TEGO [80].
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7.2. Three electrodes cyclic voltammetry

In the following experiments, three-electrode CV is carried out in a three-arms swagelok-type
cell in an Ar-filled glovebox, using metallic lithium as both the reference and the counter
electrode and TEGO as working electrode. The employed electrolytes consisted in LiClO4 and
LiPFs, dissolved in a solution 1:1 in weight of ethylene carbonate (EC) and dimethyl carbonate
(DMCQ).

First of all, the behavior of TEGO with LiClO4 and with LiPFs electrolytes is evaluated with three
electrode CV in the voltage window 1 V — 3 V (Figure 7.2.1) with respect to metallic lithium
reference electrode, where TEGO is expected to work mainly as a capacitive electrode
[80,115]. Such experiment enabled to select the best electrolyte for the asymmetric hybrid
supercapacitor. As expected, TEGO works as a quasi-ideal capacitive electrode with both the
considered electrolytes, showing quasi-rectangular CV curves. The observed slopes are due
probably to a non-negligible ESR. In fact, the CV curves present an excellent symmetry with
respect to the zero current value, if the enhancement of the negative current approaching 1
V vs Li/Li* is neglected. Such current increase is likely related to the solid electrolyte interphase

(SEI) formation, which is expected to start at such potential [80,116].
0.1 __LiPF,

0.05 . _L|CIO4

-0.05 ¢

0.1+

Specific current (A/g)

-0.15 | 2mv/s

1 15 2 2.5 3
Voltage (V) vs Li/Li"

Figure 7.2.1: Comparison of TEGO performance with LiClO4/EC:DMC
(red curve) and with LiPFs/EC:DMC (blue curve) electrolytes.

Comparing the CV curves, since the capacitance is proportional to the enclosed area, it is clear
that TEGO shows a higher capacitance in presence of LiClOs-based electrolyte. Such result
suggests that the TEGO porosity matches better with the dimension of the perchlorate ion
than the size of the hexafluorophosphate one. Thus, LiClOs in EC:DMC organic solvent is

chosen for designing the asymmetric hybrid capacitor.
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Since the TEGO potential, with respect metallic lithium, is about 3V, and the lithium
intercalation potential of TEGO is about 0.1 V [81], it is chosen to design the hybrid capacitor
coupling the bare TEGO, as a positive electrode, with TEGO intercalated with lithium, as a
negative electrode. Thus, it is necessary to evaluate the behavior of TEGO at two different
voltage windows, i.e. at 0.05V - 1.5 Vand at 1.5V - 3 V. Before the evaluation as a function of
the scan rate in the range 0.05 V - 1.5 V, the negative TEGO electrode must undergo a
conditioning process, i.e. the SEl formation. It consists in a series of irreversible reactions that
occur at the interphase between the negative electrode and the Li-based organic electrolyte
[116]. Precisely, the SEl is an electronic insulating and ionic conductive layer, and its presence
depends on the surface area available for storing charges. Its formation, which occur around
0.7 Vvs Li/Li* in TEGO [80], is carried out and recorded in three electrode CV experiment. Such
process is shown partially in Figure 7.2.2 for LiClOs-based electrolyte and in Figure 7.2.3 for

the LiPF¢ electrolyte.
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Figure 7.2.2: Visualization of the SEIl formation by three-electrodes cyclic

voltammetry curves of TEGO with LiClO4-EC:DMC 1:1 in weight electrolyte,
in the voltage windows 0.05 V - 1.5 V performed at 750 uV/s.

Since TEGO has a high specific surface area, it is expected an important loss of lithium ions
involved in the SEl irreversible reactions. Unfortunately, in the case of LiClO4, the very first
cycle has been lost because of instrumentation issues and, being the SEI formation recorded
already for TEGO/LiPFs-EC:DMC, shown in Figure 7.2.3, it was reputed not necessary to repeat
such time-demanding experiment, which, for instance, consisted in 25 cycles at 0.1 mV/s
voltage rate, corresponding to more than 5 days of experiment for an accurate SEl formation

evaluation in the LiPFs electrolyte. The SEl irreversible reactions required a high number of
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charges, as confirmed, in the case of LiPFs-based electrolyte, from the comparison between
the very first cycle specific capacity (640 mAh/g) and the 25%™ cycle one (75 mAh/g),
corresponding to an irreversible specific capacity of about 565 mAh/g, mainly due to SEI
formation processes. Such high loss of charges is directly related to the high surface area of

TEGO (about 600 m?/g), which, being accessible to the electrolyte, is affected by the formation

of the solid interphase

Specific current (mA/g)

Figure 7.2.3: Visualization of the SEl formation by three-electrodes
cyclic voltammetry curves of TEGO with LiPFs-EC:DMC 1:1 in weight
electrolyte in the voltage windows 0.05 V - 2 V performed at 100 uV/s.

However, it is evident that, after few cycles, both systems (Figure 7.2.2 and Figure 7.2.3)
stabilize, suggesting the end of the SEI formation irreversible process. In fact, the
voltammogram of the 21° cycle of Figure 7.2.2 is smoother and without fast current increase
at the extremes, which might be associated with degradation processes, thus, allowing the

successive characterization as a function of the rate with the LiClO4-based electrolyte (Figure

7.2.4 a and b).
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Figure 7.2.4: Three-electrodes cyclic voltammetry curves of TEGO in the voltage windows

0.05V-1.5V(a)and 1.5V -3V (b).

The TEGO behavior is evaluated in the voltage windows 0.05V - 1.5 V (Figure 7.2.4 a), and 1.5
V -3V (Figure 7.2.4 b). In the first one (a), it is investigated the lithium intercalation, in fact,
the voltammograms are asymmetrical, exhibiting a pronounced tail near 0.05 V in the
reduction curve, associated with the intercalation of lithium ion in few-layered graphene
[117,118]. On the contrary, even if not ideal, in the second potential range studied, the CV
curves are mostly symmetrical and resemble the behavior of a capacitive material, suggesting
that ClO4 ions are diffusing in TEGO forming the electrochemical double layer [115].

Moreover, the TEGO storing kinetics are evaluated by means of the Trasatti method previously
described (3" chapter). Thus, in Figure 7.2.5 a) and b) Cs (F/g) and 1/Cs(g/mAh) are plotted as
a function of v¥2and /2, respectively. Here, both the capacity (mAh/g) and capacitance (F/g)
units are used in order to describe properly the system. As described in the 2™ chapter, the
analysis of Cs as a function of v/ returns the capacitive contribution, thus it is appropriate
using F/g. On the other hand, from the analysis shown in Figure 7.2.5 a), it is evaluated the
total capacity of the system, rising from both capacitive and battery-like mechanisms, thus,

the unit mAh/g is more suitable.

101



0.25 200

a) O 0.05V-1.5V data b) O 0.05V-1.5V data
—Linear regression —Linear regression
020 1._5v-3v data . 150! © 1.5V-3Vdata
= —Linear regression o —Linear regression
< —
E 0.15 o _‘EE
o L 100
o° 01 o”
= 0
50 o
Q)O
0 — 0 - - -
0 1 2 3 4 5 0 1 2 3 4
1/2 1/2
7 ((mv/s)?) (1) ((s/mv)*?)

Figure 7.2.5: Graphical extrapolation applying Trasatti method of the total capacity (a) and

of the capacitive-like contribute (b) of TEGO in the two different potential range.

In the voltage window 0.05 V - 1.5 V, the TEGO shows a higher maximum capacity (102(9)
mAh/g) than in the window 1.5V -3V (32(4) mAh/g), both in terms of capacitive effects (42(3)
F/g with respect to 21(2) F/g), and in terms of diffusion-controlled processes. The specific
capacity/capacitance values are obtained from the intercepts of the linear fit with the chart
vertical axis of Figure 7.2.4 a) and b). As expected, being TEGO intercalating lithium, the
capacity is higher for the negative electrode with respect the positive electrode, where ClO4
is only forming an electrical double layer at the TEGO surface. In addition, in the 0.05V — 1.5
V window TEGO displays also a higher capacitance. Such storage difference suggests that Li*,
when does not intercalate, forms the electrical double layer on the TEGO surface, as
demonstrated in S. Scaravonati, A. Morenghi et al. [80]. Since lithium ion has a smaller size
than the perchlorate one, it is reasonable that TEGO stores a larger number of the former ions

on its surface [119,120].

7.3. Mass electrodes balancing and cell preparation

The different specific capacity of TEGO displayed in the two considered voltage windows
requires to balance the positive and negative masses following equation 2.13 of the chapter

2, in order to build an asymmetric Li-ions capacitor with equal electrode capacities. Since the
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specific capacity, looking at the CV curves, is also dependent on the voltage rates, it is chosen
to evaluate the capacities from the voltammograms acquired at 1mV/s, which is an
intermediate scan rate between the battery and the SC kinetics. The specific capacity was
found to be 25.6(7) mAh/g for the negative electrode and 13.1(5) mAh/g for the positive
electrode, in which corresponds to a ratio of about 2:1 between the positive and the negative
mass, respectively. The asymmetric lithium-based organic electrolyte capacitor is built using a
standard coin cell CR2032. Both the electrodes were made of a TEGO slurry, obtained mixing
the carbon material in a NMP solution with PAA, as a binder, and depositing it on a copper
foil. As a separator, Celgard is employed. The negative electrode underwent onto a pre-
lithiation process for avoiding the SEI formation in the final cell, which might deplete the

electrolyte from Li-ions and hence degrade the electrolyte itself.

7.4. Electrochemical impedance spectroscopy

The tests are carried out in the frequency range 1 Hz — 2 MHz, with a voltage wave amplitude

of 10 mV, applied when the capacitor is charged, hence at 3 V voltage difference. The EIS

1
Zcpg = W Eq. 3.3.3

curve, displayed in Figure 7.4.1, exhibits a complex behavior caused by the presence of the
solid electrolyte interface, which is responsible of the arch at intermediate and high
frequencies. Specifically, the EIS curve is fitted with an equivalent circuit model (inset of Figure
7.4.1) consisting in a parallel of the impedance of each electrode and of the geometric
impedance, in series with the ESR. As discussed in the Chapter 3, a CPE consists in a variable
capacitance in parallel with a variable resistance as described by eq. 3.3.3 of the 3™ chapter,
below recalled.

The first branch represents the geometric CPE, thus, due to the geometry of the
electrochemical cell, the coin cell contribution. The second branch describes the negative
electrode impedance, consisting mainly in the SEI contribution. Specifically, it is composed by
a CPE, which describes the ion polarization at the electrode-electrolyte interphase, in series

with the interphase ionic charge-transfer resistance. The third branch represents the porous
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positive electrode; thus, the CPE represents the capacitance and the leakage resistance
related to the ionic polarization at double layer, while Rep, represents the resistance to the

diffusion in the electrode. Each parameter is evaluated fitting the EIS data and are summarized

in Table 7.4.
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Figure 7.4.1: EIS curve of the final Li-ion capacitor. In the inset is shown the magnification
at the intercept which corresponds to the ESR value. Inset: Equivalent circuit model used

for fitting the EIS data.

Table 7.4: Parameter values of the equivalent circuit of the inset of Figure 7.4.1, which is used for EIS
data analysis. The parameters a and b are the coefficient of the CPE impedance described by equation
3.3.3.

element GEOMETRIC SEl EDL ESR
CPE
Ocpe 2.3(1)x10° 3(1)x10? 2.7(1)x10* -
bcpe 0.68 0.94 0.61 -
R(Q2) - 303(9) 27(3) 8.4(1)
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As described in the Chapter 3, a b coefficient equal to 1 means that the CPE equals to a
capacitance without any leakage resistance. Thus, the SEI has a low leakage resistance, while
the geometric capacitance and the EDL capacitance have non-negligible leakages. Regarding
the resistances in series, the EDL-related resistance might be due to complex system of pores
interconnection [73]. On the contrary, the SEI resistance is strictly related with the local
structure of the interphase and, although not monitored, could change during the life cycle of
the cell [116]. The last parameter determined is the ESR, which directly affects the SC
performances and is an estimation of the total resistance upon the cell. Its sizeable value might

be due mainly to the ionic resistance of the organic electrolyte [109].

7.5. Two electrodes cyclic voltammetry

The CV performed on the complete device shows that the system is stable, as expected, up to
2.75V -3 V. At higher applied voltage, at least for the lower scan voltage rate examined, the
cell exhibits some instabilities, represented by a sudden current increase, probably related to
the beginning of lithium plating at the negative electrode. Such process occurs when the
negative electrode reaches the 0 V with respect metallic Li. Moreover, the CV curves have a
guasi-rectangular shape, suggesting that the capacitive contribution is comparable with the
diffusion-controlled one, as also proved by the previously analysis with Trasatti method. In
fact, up to 2 V applied voltage, only EDL mechanisms is expected to occur, hence no redox
peaks are observable. On the other hand, above 2 V two broad peaks are visible in Figure
7.5 (a), one at 2.5 V in the oxidation curve, and another at 2.3 V in the reduction curve, which

might be associated with the lithium intercalation in the negative electrode.
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Figure 7.5. Two electrodes cyclic voltammetry of TEGO/LiCIO+EC:DMC/TEGO capacitor at

different voltage scan rates.

7.6. Galvanostatic charge-discharge cycles

Galvanostatic charge-discharge cycles, displayed in Figure 7.6.1, are performed on the TEGO
based Li hybrid capacitor between 0 V to 2.75 V, at seven different current densities, namely
at5mA/g, 10 mA/g, 50 mA/g, 100 mA/g, 200 mA/g, 500 mA/g and 1 A/g, and allow to calculate
the specific energy and the specific power. The GCDCs shape outlines a behavior between a
capacitive and a battery-like material, thus, without a potential plateau and without a linear
voltage dependence on time. Although, it reaches the linear behavior at 1 A/g (shown in the

inset of Figure 7.6.1 b).
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Figure 7.6.1: Galvanostatic charge-discharge cycles of the lithium-based capacitor performed at

different current densities between 0V and 2.75V.

It is worth noting that for slower cycles (at 5 mA/g and 10 mA/g), the charging time is longer
than the discharging time, while for faster cycles the two times substantially match each other.
This suggests the presence of a leakage current comparable with the smaller current densities,
thus, of the order of A, being the electrodes total mass 1.8 mg. Then, the capacity retention
and the coulombic efficiency, displayed in the Figure 7.6.2, are evaluated over 2000 cycles
performed at 200 mA/g. The capacity drops during the first 500 cycles to the 73% of its initial
value, then, stops to fall and oscillates between 73% and 70% for the successive 1500 cycles.
On the other hand, the coulombic efficiency, which is evaluated on each single cycle, after an

initial 90% value, that last for 50 cycles, is stabilized on the 97%.

100 100
5§ 90! 90 g
= @
o &
I e
¢ 80+ 180 o
g 2
@ o
% =)
8 70 70

60 : : : 60

0 500 1000 1500 2000
N° of Cycles

Figure 7.6.2. Capacity retention and coulombic efficiency evaluated over

2000 GCD-cycles with a 200 mA/g current density.
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The initial drop of the capacity, such as the initial coulombic efficiency, might be due to a non-
complete formation of the SEl and/or to its evolution during the first thousand cycles [80,116].
Nevertheless, since after 1000 cycles the capacity stabilizes and the coulombic efficiency
reaches almost the maximum value, it could be that, once the SEl is completely formed the
capacitor is able to maintain a good reversibility even after 2000 cycles. Such hypothesis could
be eventually confirmed performing an operando monitoring of the EIS impedance related to
the SEI.

Moreover, from galvanostatic charge-discharge cycles, the specific energy as a function of the

specific power is calculated and graphed in Figure 7.7.
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Figure 7.7: Specific energy as a function of the specific
power for the TEGO-based Li-lon capacitor, evaluated

from the GCDCs previously presented.

The TEGO-based Li hybrid capacitor displays a 12(1) Wh/kg specific energy at the 1 A/g specific
current, thus delivering a high specific power (1.21(1) kWh/kg). Such valuable performance
must be attributed to the TEGO exploitation. In fact, being a few-layered graphene [39], it
grants a high charge storing pace, profiteering from both fast Li intercalation and EDL

mechanisms [80].
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8. CONCLUSIONS

The aim of this work was to investigate different typologies of supercapacitors based on
graphene and graphene-based materials. Two different graphene-based materials were
employed and optimized for the application in supercapacitor electrodes and three
supercapacitor designs were investigated. The main concept behind this thesis was to
investigate hybrid supercapacitors exploiting the strength of both battery and supercapacitor

technology.

8.1 TEGO/Ni-TEGO based supercapacitor

An aqueous supercapacitor based on TEGO, as negative electrode, and on TEGO-decorated

with Ni-NPs, as positive electrode, was built.

Thanks to the decoration with nickel, electrochemically oxidized to nickel oxide-hydroxide and
deeplyinvestigated by TEM, p-XRD, Raman spectro-electrochemistry and three-electrodes CV,
the charges storing ability of TEGO has improved, going from 110 C/g to 800 C/g at 10 mV/s.

Such high enhancement must be attributed to the introduction of the NiOOH/Ni(OH); redox-
active couple, obtained through an in-situ and operando oxidation of the TEGO Ni-NPs

decorations, as proved in A. Morenghi et al. [46].

Then, the final device is obtained by coupling the Ni-TEGO battery-like positive electrode with
TEGO capacitive-like negative electrode. Two-electrodes CV tests confirmed that the device
was able to overcome the voltage window limit of aqueous electrolytes, reaching an

operational voltage of 1.5 V.

Furthermore, three different mass ratios between the positive and the negative electrode
were investigated and compared. The 1/8 mass ratio device showed the best specific energy,
reaching 34.5 Wh/kg at a 40 mA/g specific current and a maximum specific power of 7.9 kW/kg
maintaining a 12 Wh/kg specific energy. On the other hand, SC-1/12 and SC-1/16 showed the
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best energy dependence upon the specific power, losing only half of the energy storable
increasing the specific power to 7.9 kW/kg. The specific energies and powers of Ni-TEGO based
SCs are comparable with the SCs state-of-market [121] and with other literature SCs based on

similar technologies [50-53,105,122]

Concerning the capability retention, the three devices retained between the 57% and the 73%
of their initial capability over 10000 cycles, with the best performance reached by SC-1/8.
Nevertheless, their performances in terms of capability retention must be further improved,
in order to match the standard life span of a supercapacitor (>100000 cycles). Thus, further
operando analysis, such as EIS operando experiments or operando spectroscopic techniques,
might be performed to understand the mechanisms that affects these device efficiencies and

capacity retentions

8.2 LIG-based micro-supercapacitors

Laser induced graphene synthesis was successfully employed and improved introducing TiO»
micro-particles decoration, through a one-pot and easily scalable synthesis reaction. This
strategy has been already successfully employed to produce high performance m-SCs with the
Lightscribe® technology, exploiting the low power laser of a DVD burner. Here, the technique

was successfully extended to LIG based devices.

The morphologies were investigated in depth with SEM and Raman spectroscopy, revealing
that both the polyimide and the titania precursor were efficiently converted during the laser
treatment. After the termoconversion, rutile and anatase microparticles were found upon the

graphene sheets.

Then, symmetric m-SCs were built exploiting a hydrogel electrolyte based on sulfuric acid.
Their performances were evaluated by two-electrodes CV, electrochemical impedance

spectroscopy and galvanostatic charge-discharge cycles.

110



Both LIG and TiO»-LIG showed a good capacitive behavior, with quasi-rectangular CV curves.
Moreover, through the Trasatti method, the maximum capacitances and the capacitive-like

contributions are calculated.

Finally, the areal and volumetric energy density, the areal power density and the capacitance
retention were evaluated. The TiO,-LIG showed an improved performance retaining more

capacitance and storing more energy at equal power density than LIG-based m-SC.

It is worth noting, that the decoration with TiO2 not only boosted the performances of the m-
SC introducing fast redox reactions, but also improved the homogeneity of conversion,

suggested by SEM images, and proved by the smaller ESR measured in EIS.

The m-SCs reached higher power density than thin-film Li-ion batteries and higher energy
density than electrolytic capacitors. Nevertheless, their energy density is still lower than to
the state-of-art m-SCs based on similar technology, as the laser apparatus employed for this

study needs to be further optimized for this specific application [114].

For this purpose, this study disclosed to a collaboration of our research group with a company

for developing a laser cut machine specifically dedicated to LIG synthesis.

8.3 TEGO-based Li-lon capacitor

A hybrid Li-ion capacitor based on TEGO electrodes was developed, using Li-based organic
electrolyte and exploiting the peculiar combined capacitive and electrochemical charge

storage mechanism of TEGO [80].

First of all, it was investigated the behavior of TEGO with two different Li salts based
electrolytes. We found thatLiClO4 dissolved in EC:DMC) grants a larger TEGO capacitance than
LiPFe in the voltage window 1V — 2.5 V vs Li/Li*. Such difference could be related with a better

fitting of TEGO pores with the ClO4 ions [120].
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Thus, with the LiClOs-based electrolyte, three-electrode CV was performed on TEGO. At higher
potentials, TEGO showed a predominant capacitive behavior. On the other hand, at lower
potentials, the CV curve exhibited features related to the Li-ion intercalation. In fact, the
maximum total capacity of the TEGO negative electrode, extrapolated by the Trasatti method,
resulted almost 3 times larger than for the TEGO positive electrode. Moreover, for the
negative electrode, even the non-diffusion-controlled process contribution was enhanced.
Such features are due the simultaneous intercalation (diffusion-controlled processes) and
adsorption (EDL mechanisms) of Li-ions in the few-layered TEGO, as previously proved in S.

Scaravonati, A. Morenghi et al. [80].

Then a capacitor using a mass ratio of 1:2 between the negative and the positive electrodes

was produced and characterized in CV, GCD cycles and EIS.

The device performed halfway between a supercapacitor and a battery, exhibiting quasi-
triangular charge-discharge profiles. The SC impedance evaluation exhibited a complex

behavior associated with the SEI presence and leakage resistances of the interphases.

From GCD cycles the coulombic efficiency, the capacity retention, the specific energy and the
specific power are evaluated. The coulombic efficiency, after an initial 90% value, is stabilized
around 97% over 2000 cycles. On the other hand, the capacity retention initial decay suggests
that TEGO might need a long time of conditioning in order to achieve stability. It could be
related to a non-complete formation of the SEl during the first cycles. In order to understand
deeply such mechanisms, operando EIS experiment could be performed, investigating the

eventual evolution of the SEI by monitoring its impedance.

Concerning the energy and power densities, the SC achieved a high 35 Wh/kg at 7 W/kg,
retaining a good 12 Wh/kg at the 1.2 kW/kg specific power, thus delivering very good

performance as compared with other Li-ion capacitor based on carbon materials [115,118].
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Nevertheless, better understanding the processes occurring at the interphases might enable
to optimize its performances. Moreover, the decoration of TEGO with metal or metal oxide

nanoparticles, is expected to further boost these results.
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