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Abstract

The continuous growth of the global population together with the rising incomes bring about
the willingness to spend these incomes on energy-water-intensive goods. These two sectors
(energy and water) are deeply interlinked in the so-called water-energy nexus. Common
strategies capable of simultaneously addressing sustainable water consumption, limiting the
depletion of this precious resource, together with a reduced environmental footprint are needed
to tackle the challenges of the nexus. In this context, electrochemical energy storage systems
based on bioderived components and sustainable processes, together with novel
electrochemical conversion systems such as microbial fuel cells rise as a valuable strategy that
aims to produce clean water while providing direct electric energy stored in sustainable
devices. The low power output of the MFCs is the main limit to their practical applications.
The low cell voltage is an intrinsic characteristic of MFCs and therefore strategies that aim at

improving the output current are more likely to be adopted to improve power performances.

For this reason, this Ph.D. thesis addresses the challenging goal of integrating supercapacitive
features in MFCs by sustainable materials and processes and valorizing wastes by their
processing as key components of supercapacitors and MFCs. Three main research lines have
been pursued: i) the development of green supercapacitors by exploiting natural polymers as
binders and electrospun separators, ii) the improvement of the power output of MFCs by the
external integration of commercial and green supercapacitors, and ii) the development of
supercapacitive microbial fuel cells by the monolithic integration of supercapacitive features
in MFCs. This Thesis is articulated in the following Sections. Chapter 1 introduce the energy-
water nexus, highlights the role played by supercapacitors and MFCs in this context, and
describes the main components, and processes in these devices. In Chapter 2, different
approaches followed to improve the sustainability of supercapacitor manufacturing are
reported. The strategies to both integrate external supercapacitors and monolithic
supercapacitive features in MFCs that have been carried out are reported in Chapter 3. Finally,
a third more explorative line of research followed on this thesis, that regards the study of
electrochemical interfaces and is reported and discussed in Chapter 4. Overall, the activities
carried out during my Ph.D. project are extremely challenging and include a wide spectrum of
the different electrochemical processes, from capacitive, to bioelectrochemical and
electrocatalytic, the optimization of electrode and system manufacturing, with a focus on
sustainability, and device characterization and system integration studies. The main novelty of
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my work has therefore been the exploitation and merging of different electrochemical systems
and their components, by a green approach, to boost MFCs performance up to two orders of
magnitude than conventional air-breathing MFCs. The interdisciplinarity of my work was
strengthened by the opportunity to collaborate with different research groups of the Department
of Chemistry “Giacomo Ciamcian” (Polymer science and biomaterials Lab — Prof.
ML.Focarete and Prof. C. Gualandi, and the Nanobio interface Lab-Prof. M. Calvareis), with
the University of Padova (Electrocatalysis and Applied Electrochemistry Lab -Prof. C.
Durante), the University of Firenze (Dept. of Chemistry Ugo Shiff, Prof. M. Innocenti), Prof.
C. Santoro (University of Milano-Bicocca), the University of Pretoria (Research Group Carbon
Technology and material - Prof. N. Manyala), and the Polytechnique Montreal (Organic
electronics labs-Prof. C. Santato and Prof F. Cicoira).

These extremely fruitful collaborations were carried out under different national and
international projects, namely ISARP 2018-2020/Italy-South Africa joint Research Programme
2018-2020 (Italian Ministers of Foreign Affairs and the Environment and NRF of South Africa,
grant No. 113132), Fondazione CARISBO/Progetto ricerca n°® 354, Piano Triennale di
Realizzazione 2019-2021/Progetto ricerca n® 354, Subvention de projets de recherche IE/Appel
a projets 2020, OAK RIDGE NATIONAL LABORATORY/CENTER FOR NANOPHASE
MATERIALS SCIENCESPROJECT.

The outcomes of my Ph.D. work have contributed to 8 papers published in peer-review

international scientific Journals and 12 oral presentations at Conferences.



Chapter 1: Introduction

1.1 The energetic landscape and the Water energy nexus

Today, global warming and its disruptive outcome are widely accepted. The scientific
community is continuously trying to propose factual solutions to the matter, as well as the
majority of the first world population, through media marketing and social activity shows
positive support to tackle these issues by adopting a more sustainable living style. The major
indicator of global warming is the earth’s surface temperature. Its increase has been related to
the greenhouse effect, which is related to the huge amount in the atmosphere of greenhouse
gasses. Greenhouse gases, due to their ability to absorb/emit infrared radiations, slow down the
radiative dispersion of thermal energy, that earth adsorb from the sun. This causes a constant
heat accumulation that in turn increases the surface temperature. The two most abundant
atmospheric gases that have Infra-Red (IR) activities are COz (four vibrational modes, of which
three are active in the IR region) and HzO (three vibrational modes all active in the IR). Clouds
and water in the atmosphere are the biggest contributors to the greenhouse effect, although H20
emits in the infrared region, it is not considered a greenhouse gas. Indeed, the amount of H20
in the atmosphere increases monotonically with the increase of the surface temperature, and
therefore atmospheric H20 in its different physical form is considered as a consequence, with
amplification capability (positive feedback effect), rather than a cause of global warming. On
the other hand, heat-independent gas like CO2, CHa, chlorofluorocarbon, nitrous oxide, and
carbon aerosols are considered responsible for the greenhouse effect [1,2]. A sudden spike of
greenhouse gases emission, driven by the volcanic activity, and its consequent global warming,
before the appearance of humankind, are kept under consideration as a possible cause of the
sudden warm-up that led to the oceanic anoxia, that today is considered as the main cause of
the second largest of the five mass extinctions in Earth history [3]. Nowadays, volcanic activity
covers 1% of the global CO2 emission in the atmosphere, the rest is produced by human activity
and by the combustion of fossil fuel as a power source combustible [4]. Indeed, both CO2 and
methane, emissions have started to strongly increase from the industrial revolution, that is when

humankind started to massively adopt fossil fuel to substitute manpower.



The wide exploitation of fossil fuel is related to the growing demand for immediate and cheap
power. Indeed, Figure 1.1a) reports the world energy consumption per year that increases
together with the CO> production per country (Figure 1.1b)). Noticeably, the CO> production
of Europe decreases, while, in the same years, one of China, USA, and Asia, strongly increase.
Interestingly, this is intimately related to the fact that the average richness (Gross Domestic
Product, GDP per capita) increases with a similar trend, as highlighted by Figure 1.1d). This
trend is confirmed by the constant growth of the GDP that, for thee developed Countries, after
the industrial revolution, has increased by a 104% with respect to the preindustrial period,
along with the human footprint.

35
140000 - Coal a) Russia b)
| Oil 04| |Europe
= 120000 - Gas Chlna .
E Aisa (No China)
o 2.5
= 100000 Q [ JusA
5 &)
g § 204
£ 80000 1 =
5 o]
[} 12}
S 60000 -] 5 157
o =
> 3
o
5 40000 - 1.0
c
i}
20000 05+
/‘//
0 i 5 T T T 0 0 T T — T T T
1800 1850 1900 1950 2000 1750 1800 1850 1900 1950 2000
year year
200 300 -
c) = Total population . d)
“ o e Real GDP per capita =4
No climate policies | —a— Energy consumption per GDP vy ..."
150 - 4.14.8°C > | v— Annual CO2 emission vy ¢
/ 200 v e
v' o’
h ad 3
150 o v,.,v"" o
100 4

= 100
Current policies 2.7-3.1°C

\

Target 2.4°C

50 £ 50 -

Variation percentage from y. 1960

0=

Equivalent annual CO, emission (10° ton)

0 pathways

T T T T T -50 T T T T T
2000 2020 2040 2060 2080 2100 1960 1970 1980 1990 2000 2010 2020

year year

Figure 1.1: a) World energy consumption in TWh, b) billions of CO, emissions per country c) equivalent billions
of CO, emissions and possible predicted scenario, d) variation percentage of the total population, Real GDP per
capita, energy consumption, and Annual CO; emission.

At the global level, the major producer of CO per capita is in the United States. Their energy
source is composed of 80% of fossil fuel in particular, natural gas, petroleum, and coal. This

energy is consumed mostly for transportation 28.2%, industrial 32.4 %, and commercial 18.1%
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activity. It is worth mentioning that this distribution is in line with the main recognized
greenhouse gases sources, by transportation, manufacturing, heating, and electricity generation
[5]. The international community, driven by the activity of scientific one, has recognized the
danger of climate change, and several mitigation actions are being pursued nowadays. Starting
from the United Nations Framework Council on Climate Change, 1994, (UNFCCC), in which
greenhouse gas concentrations were established to limit the harmful capability of humankind
to interfere with the climate system. The treaty called for scientific research, regular meeting,
negotiations, and planned future policy to mitigate the climate changes and to adapt to their
eventual impact. With the Kyoto protocol in 1997, the UNFCC objectives were subsequently
extended with a legally binding agreement. The adhering developed countries were supposed
to reduce their greenhouse gases emission in the period 2008-2012. The developed country's
responsibilities, the fact that the matter was becoming more urgent, and that quantified actions
were needed were highlighted. This has set the base for the Paris agreement in2016, which, at
first, sets the long-term temperature goals below 2°C, and to pursue efforts to limit the
temperature increase to 1.5°C above the pre-industrial level. Secondly, the agreement defines
the need for climate resilience and low greenhouse emissions, in a manner that doesn’t treat
food production, and finally defines a financial flow that has to be consistent with a pathway
towards low greenhouse emission and climate resilience. The objectives of the Paris agreement
are extremely ambitious, and they need urgent actions. The Paris agreement is implemented
through national actions that aim to improve energy efficiency, reduce energy intensity, and
fossil fuel cut back in favour of sustainable energy sources [6]. The urgency of climate action
is highlighted by the possible scenario reported in Figure 1.1 d), according to which, nowadays
we are at the turning point and strong policies are needed to invert the trend that the data in
Figure 1.1 are reporting. To sustain an extremely energetically consumptive lifestyle, the
widespread use of renewable energy sources must be balanced by performances and reduced
cost as well as raw materials availability. It is known that renewable energy sources are
intermittent by their nature which in turn affect power performances that depend upon the
climatic condition, such as the sun and wind availability. In this context, an energy storage
system will play a critical role to improve the power output and sustain a power grid that is
required to be independent of fossil fuel. Electrochemical energy storage systems like batteries
and supercapacitors will play a critical role given their ubiquitous nature, their modularity, and
the fact that at the present state of technology these are the only available solution for
sustainable mobility. Nowadays, the exploitation of critical raw materials (CRMS) in

electrochemical energy storage as well as in sustainable power sources is a major concern for
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their adoption, in particular, concerns are related to their price volatility and rise [7]. Indeed,
the criticality of a material refers to a broad concept that includes a risk of supply disruption
(or supply risk) and the economic relevance of materials (the price impact resulting from a
shortage). More precisely, the European Union recognizes as the main source of danger both
the geographical localization of raw materials as well as its processing in violation of human
rights. The first is related to the danger of escalating trade tension (e.g China and the US) that
could lead to price volatility and shortage with dramatic consequences for the industry. And
the second is based on the consideration that it is not acceptable to exploit the violation of
human rights in the 21% century. Nowadays, critical raw materials, such as transition metal
oxides and rare earth elements, play a central role both in electrochemical energy storage
systems and renewable power sources. Indeed, wind turbines exploit rare earth elements like
neodymium, dysprosium, praseodymium, and terbium for the permanent magnet as well as
concrete, steel, plastic, glass, iron, chromium, copper, aluminum, manganese, nickel, zinc, and
molybdenum for the structural side. While the materials for the permanent magnet require
significant R&D efforts to be substituted, steel and concrete are major players in the greenhouse
gases emission, and their substitution is mandatory. In addition, solar panels where rare earth
such as germanium, cadmium, tellurium, silicon, selenium, gallium, indium, and silver are
exploited together with critical materials such as crystalline silicon [8]. Similar considerations
can be drawn for electrochemical energy storage systems (EES). In general, an EES is
composed of an anode a cathode, an electrolyte, and a membrane that the two electrodes.
Nowadays, the best performing EES on the market in terms of energy density, are lithium-ion
batteries (LiBs). The main critical materials of LiBs today are cobalt and lithium, these raw
materials are highly concentrated in a few countries. For example, from 2014 through 2016 an
average of 53% of global mined cobalt production came from the Democratic Republic of
Congo (DRC), while 47 % of the cobalt refinement took place in China. Indeed, in these years,
4.5 billion dollars’ worth of cobalt have been extracted from the DRC with about 3.5 billion
dollars’ worth imported in China in the same period. Additionally, more than 80% of the global
lithium production comes from Australia, Chile, and Argentina while more than 60% of
manganese is mined in South Africa, China, Australia. Due to the high geographic
concentration in production, the markets for most of these materials are generally less
transparent than those of conventional materials like aluminum and copper. These materials
are also used in other industries, but in recent years given the growing demand mostly pushed
by electric vehicles, battery production is becoming an increasingly important source of

demand. This analysis suggests that the cobalt supply chain is relatively less secure than the
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lithium supply chain. Moreover, cobalt experienced strong price volatility between 2014 and
2016. Cobalt is mainly produced as a by-product of copper and nickel and both these materials
have a volatile market. Although Australia holds about 47% of the lithium reserves, China
controls 47% of the lithium carbonate refinery mostly because it possesses most of the

Australian lithium.

3 In 2017, 32 countries accounted for all global production of key NMC materials

; * 43,000 tons lithium: 44% Australia 34% Chile, Argentina 13%

5] * 1.2 million tons natural graphite : 67% China, 13% India, Brazil 8%
2.1 million tons nickel: 11% Philippines, 10% Canada, 9% Russia, 9% Australia
16 million tons manganese: 33% South Africa, 16% China, 14% Australia
110,000 tons cobalt: 59% Democratic Republic of Congo, 5% Russia, 5% Australia

Figure 1.2: Critical raw material distribution [9]

The European Union considers extremely critical the exploitation of raw materials that come
from the Democratic Republic of Congo and in the report for critical raw materials defines the
Country as “one of the world's poorest and most fragile countries. Perhaps unsurprisingly,
many of these precious critical raw materials are also associated with pronounced risks of
human rights violations, such as child labor and environmental degradation.” To tackle these
issues the European Union launched in March 2020 the Critical Raw Materials action plans
(CRMs that is focused on four actions i) the development of resilient value chains for EU
industrial ecosystems, ii) reduction of dependency upon primary CRMs through circular
economy use of resources, sustainable products of raw materials in EU, iii) strengthening the
sustainable and responsible domestic sourcing and processing of raw materials in EU, and iv)

diversity in supply with sustainable and responsible sourcing.

A further argument that needs to be discussed is the consumption or the utilization of water for

energy storage. Indeed, all types of energy generation processes, as well as many industrial
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processes, consume water, either for raw material processing or for operation. This link
between water consumption and energy production is the so-called water-energy Nexus. The
water-energy nexus underlines the inextricable relation between water and energy utilization.
Indeed, the production of energy often requires significant quantities of water, and energy is

needed for water purification.

1.1 The water-energy nexus
The nexus between water and energy is well highlighted in the 2014 US Department of Energy

(DOE) report [10]. The report of the DOE highlights the inextricable relation that correlates
water consumption and energy production. In addition, the depletion of the hydric sources due
to climate change is reported as a matter of national security. These concepts have been further
developed into the 2019 water, energy, and food security nexus, stated by the Food and
Agriculture Organization (FAO) [11]. Indeed, the international organization underlines that
due to the evolution that our society is facing, namely the growth of the population, the
migration from rural areas to urban ones, rising incomes, more human beings are willing to
spend their incomes on energy-intensive goods. These three sectors (energy, food, and water)
are necessary for the sustainable development of human well-being and poverty reduction. The
nexus approach aims to highlight potential synergies and to identify critical conflicts to be dealt

with, two of them had a central role in this thesis which are

e Water security is defined in the Millennium Development Goals as “the access to safe

drinking water and sanitation”, both of which have recently become a human right [12].

e Energy security is defined as “access to clean, reliable, and affordable energy services”

in terms of continuity of the service and affordability of the cost [13].

To tackle the challenges addressed by the water-energy nexus, novel electrochemical energy
conversion systems like microbial fuel cells (MFCs) will play a critical role in the next future.
Indeed, microbial fuel cells exploit microbial colonies to oxidize the organic pollutants that are
present in water, while directly producing electric energy. Indeed, MFCs water while producing
electric energy and are extremely interesting candidates for water purification [14]. Today, the
major limitation of MFCs is their extremely low power output and, therefore, novel strategies

are required to improve the power output of these devices [15].

Moreover, to meet the target of the Paris agreement, the energy transition must face a change
of paradigm, in which sustainable processes as well non-CRMs such as bioderived
10



components, that inherently avoid the exploitation of harmful substances, are central to the
realization of novel EES capable to provide performances that could sustain the energetic
consumption of our lives. In this context, carbon-based electrochemical energy storage arises
as a suitable solution both for EES and as the main component of alternative electrochemical
energy sources such as MFCs. Indeed, carbon is the sixth most abundant material on Earth and
therefore is not a CRMs. Moreover, carbon is the main building block of all organic matter and
therefore is ubiquitous. Electrochemical double-layer capacitors (EDLCs) are high-power EES
devices that exploit activated carbon as the main component and store electric energy in an
electrical double layer at the interface between the electrodes and the current electrolyte [16].
The integration of EDLCs in MFC systems has been demonstrated as a promising approach to
boost MFC performance [17].

However, as highlighted in the following sections, which are devoted to the description of
EDLC and MFC components, manufacturing, and operation processes, still both MFCs and
EDLCs cannot be considered as totally green in terms of materials and manufacturing
processes. Specifically, in Sections 1.3 and 1.4, EES, and particularly EDLCs, and MFCs are
briefly introduced, and the main features of these systems are discussed. The main formula that
has been used in this thesis to evaluate the performances of EDLCs are discussed in detail in
Appendix A. Appendix B is devoted to the description of one of the main techniques adopted
for the quantitative evaluation of the carbon-specific surface area and pore size distribution,
that are key features both for EDLC and MFC electrodes.

1.2 Electrochemical energy storage devices (EES)

Figure 1.3 summarizes the different types of EES available today. In EES devices, electric
energy can be stored within two main mechanisms: i) in batteries as potential available
chemical energy-requiring simultaneous reduction and oxidation reaction of electrochemically
active compound, that spontaneously discharge when connected to an external load, and ii) in
capacitors as the potential energy of an electrostatic field to maintain the accumulation of
charges at the electrodes. The first mechanism is driven by reversible Faradaic reactions, while

the latter exploit non Faradaic processes.
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Electrochemical Energy Storage and
Conversion Systems
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Figure 1.3.1: Classification of EES systems [18]

Although the overall energy conversion can be conducted in a relatively reversible
thermodynamic way, if compared to an internal combustion engine, batteries charge/discharge
cycles often involve a certain degree of irreversibility that limits the cycle life of batteries to
several thousand discharges and recharge cycles. By contrast, capacitors have almost unlimited
cyclability since no chemical and phase changes are involved in charging/discharging. These
profound differences, which are related to the physical principle according to which the energy
is stored, are highlighted by the position in which energy storage devices are positioned in
specific energy and power diagram, referred to as the Ragone plot (Figure 1.4). Indeed, in real-
world application constraints like the available volume, the kind of application (high power
small time, low power for a longer time) defines which energy storage system better suits the
desired application. High specific energy low power devices are exploited when a long
discharge time at modest power is required. Typical examples are fuel cells and batteries, in
which the real-world application lasts for hours or even days. However, in these systems, the
kinetics of the faradaic processes, typically limit power performance. On the contrary, when
high power for a short time, and therefore, lower specific energy is required, electrochemical
double-layer capacitors or, at higher power levels and smaller times, capacitors are exploited.
Therefore, the Ragone plot region in which an electrochemical energy storage device is placed

reflects the typical time scale of the processes that drive energy storage.
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Figures 1.3.2: a) Ragone plot with data digitized from the work of Kotz et al [16], b) Ragone plot from [19]

In Figures 1.3.2 are reported Ragone plots of different families of electrochemical energy
storage devices, it is possible to appreciate that electrochemical energy storage systems can be
classified into high specific energy, low specific power, high specific power, low specific
energy, respectively lower right side and upper left side. According to this classification, fuel
cells are high energy density devices with a typical gravimetric specific energy of 800-100 Wh
kg1 and specific powers of 5-200 W kg-1, Batteries are more versatile since they occupy the
middle region of the Ragone plot, with a specific energy of 4-250 Wh kg! and specific power
of 4-400 kW kg1, Electrochemical capacitors, on the other hand, are low specific energy
devices, ranging from 0.01-230 Wh kgt with outstanding specific power ranging from 10-10>
W kg-1. The family of batteries and electrochemical capacitors contains other subfamilies that
usually are classified according to the chemistry of the species involved in the electrochemical
energy storage or based on the cell construction (e.g. Electrolytic capacitors vs. Electrical
double-layer capacitors). Capacitors can be divided into Electrolytic capacitors and Electrical
double-layer capacitors. Electrolytic capacitors feature specific energy in the range of 0.01-0.3
Wh kg-1, with impressive specific power, up to 10> W kg-1 but with modest discharge times
ranging from 106 to 10-3 s and capacitance from 1 uF to 50 mF. Electrolytic capacitors are
polarized capacitors in which the anode (or the positive plate) is a valve metal (a metal that
undergoes spontaneous oxidation, e.g. Al Ta or Zr), this forms an insulating layer that acts as
a dielectric. A solid or liquid electrolyte is exploited that serves as the cathode to maximize the
available surface area; the energy is stored as charge separation at the interface between the

oxide. This mechanism is extremely fast and reversible and requires very high voltage to be
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maintained since the dielectric materials are usually insulating ones, therefore the specific
energy is extremely low, but the specific power is considerably high since a very high current
can stand for a small time. Electrical double-layer supercapacitors (EDLCs) are characterized
by greater energy densities, ranging from 5-10 Wh kg1, with smaller specific power from 1-
10 kW kg1, and longer discharge times from fraction of seconds to several minutes but
impressive specific capacitance from 20 to 50 F g1(of the device), respect to electrolytic
capacitors. EDLCs exploit the formation of the double layers at the interface between the
electrolyte and a high surface area electrode, usually realized with carbon materials. The
charge/discharge mechanism of the electrical double layer doesn’t involve chemical reactions
and therefore these devices featured extremely high cycle life and high specific power with
respect to batteries [16,20,21]. A further family of supercapacitors is the one that exploits fast
electrochemical surface reactions, also referred to as pseudocapacitive materials.
Pseudocapacitance occurs when the fast electrochemical reaction occurs at the interface of the
polarized electrode. The exploitation of this fast Faradaic reaction allows reaching higher
specific energy with respect to EDLCs, which can be even higher than 10 Wh kg1 at
comparable power densities of 1-10 kW kg1. Metal oxides, as well as electroactive polymers,
are exploited in these systems and examples are MnOz2, RuOz, and polyaniline or derivatives of
the polythiophene. In hybrid supercapacitors, one electrode is the pseudocapacitive one while
the other one exploits an electrostatic process to store the electrochemical energy [16,20,21].
This concept can be further pushed by exploiting material adopted also for lithium-ion
batteries, as an anode and electrical double layer electrode as a cathode. Anodes that can
undergo a rapid intercalation reaction of lithium-ion are exploited such as lithium titanium
oxides (LTO), which strongly improves the energy density of these devices. For
supercapacitors, the presence of these subfamilies is highlighted by the shape of the Ragone
plot in Figure 1.3.2b, where the supercapacitor region has two evident areas: one that bends
like in the case of the batteries, at higher specific energy and lowers specific power, and another
one that bends with a different slope, at higher specific power and lowers specific energies.
These two regions are characterized also by different discharge times. The former has times
between 0.36 s and 1 h, and the latter has discharge time in the order of 3.6 ms-3.6 s. This
reflects the fact that nowadays supercapacitors also exploit different energy storage

mechanisms as previously discussed [22].

Moreover, the evolution of the Ragone plot in these 20 years strongly reflects the evolution of

the electrochemical energy storage devices. The expansion of the area of batteries towards
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higher specific energies and power values reflects the present capability to widely exploit
lithium intercalation/deintercalation reactions in Lithium-ion batteries. In turn, the
supercapacitor region is expanding towards high specific energy values by the smart
combination and design of capacitive, pseudocapacitive, and battery-like electrodes. h higher
specific power. Noteworthy, for both systems, the electrolyte plays a key role, and it has to be

designed accordingly to the electrode materials and processes.

In this thesis, the focus has been on EDLCs. The main components of these devices are
discussed in the next section while the expected performances, as well as the typical
electrochemical response together with the main characterization technique exploited to
evaluate the BET surface, are discussed in appendix sections A and B.

1.3 Electrochemical double-layer supercapacitors

Electric double-layer capacitors (EDLCs) are electrochemical energy storage systems that,
unlike batteries, do not exploit chemical reactions to store electric energy but electrostatic
interactions between the electrolyte and the electrodes. In this thesis work, the focus has been
on Electric double-layer capacitors (EDLCs). EDLCs enable high specific power up to 10 kW
kg1 with more modest specific energy typically lower than 10 Wh kg!. EDLCs are
characterized by robust performances due to the absence of a faradaic process, simplicity of
design, impressive cycle life, and rapid response times. This unique combination of features
enables the use of EDLC in a great number of applications such as stabilization of fluctuating
loads both in consumer electronics and at grid level, low-power equipment buffer, voltage
stabilizer in photovoltaic and wind system, motor start-up, and special application in electric

mobility (kinetic energy recovery system and acceleration boost) [23,24].

Nowadays, it is recognized that capacitive behaviors are associated with two kinds of physical
phenomena, the double layer at the electrode interfaces or pseudocapacitive ones. These two
phenomena are developed in certain kinds of processes in which the amount of charge (q) that
passes is some function of the potential V so that a derivative dg/dV arises that is equivalent to

a capacitance. Indeed, capacitance is defined as

C= (1.3.1)

4
v
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Where ¢, is the charge (Coulomb) and V is the voltage (Volt) leading to a capacitance C
(Farad). In EDLCs, the large capacitance, and hence the energy storage potential of
supercapacitors arises due to the small separation distance d (c.a. 1 nm), and from the high
specific surface area that is exploited in this system (typical values are from 500 to 2000 m? g
1), The first is related to the thickness of the electrical double layer that is formed at the interface
of the electrolyte electrode, during the cell polarization, while the latter is related to the
synthetic high specific surface area that is targeted during the synthesis of the main component
of the electrodes, typically carbon. The first proposed model was the one of Helmholtz (1879),
Figure 1.3.2 [25], the author proposed this model at the first interface of colloidal particles.
According to this model, the capacitance C associated with the formation of the electrical
double layer at the interface between the electrode and the electrolyte can be treated as a parallel
plate condenser, described by the following equation, in which

ET‘. Eo

=A
C ™

(1.3.2)

A is the electrode area, with a plate placed at a distance dy, that is the average thickness of the
double layer structures (dy ~ 1 — 2 nm, depending on the temperature, concentration, and
nature of the electrolyte), €, dielectric of effective dielectric constant €,, that is the local
relative permittivity of the double layer, that depends upon the nature of the electrolyte and ¢,
which represents the vacuum permittivity. The potential along dy decreases linearly through
the bulk of the solution. In this model, the thickness of this layer is not affected by the thermal
energy due to the strong electrostatic forces, the positive charges of the ions are balanced by a
greater electronic/vacation density at the electrode interface. This latter phenomenon implies
the existence of a distribution of charges that decreases through the bulk of the electrode, this
distribution follows exactly the mathematical description of a diffused double layer and
therefore can be represented as a further capacitor in series with the Helmholtz one. The main
limitation of the Helmholtz model is the assumption that the capacitance is constant at the
electrode/electrolyte interface and independent from the concentration of the electrolyte or
surface potential. The formation and the formal study of the double layer at the
electrolyte/electrodes involves several physical quantities both from the solution side and from
the electrode side, therefore is a complex phenomenon [20].
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Figure 1.3.1 Sketch of the Helmholtz double layer model [20]

Nevertheless, the model proposed by Helmholtz, equation 1.3.2, is widely adopted in the
current scientific literature to give an intuitive representation of the governing phenomena
involved in the formation of the electrical double layer in supercapacitors, indeed the relation
between C and A postulated equation (1.3.2), high specific surface area electrodes will feature
greater specific capacitance. Indeed, in EDLCs electrodes, high specific surface area (4 >
1500 m2g~1), together with extremely small charge separations (Amstrong) lead to high
specific capacitance value. Moreover, this equation highlights the dependency of the specific
capacitance to the nature of the electrolyte. Indeed, considering two electrodes with the same
surface area exploiting different electrolytes, the one that features the solvent with the higher
dielectric constant, will show a greater capacitance. This is the case of aqueous electrolytes

with respect to organic ones, indeed, the first (e.g. K(OH) solutions.

In Figure 1.3.2 is reported a sketch of an EDLC, where the main components are highlighted.
The device is composed of two electrodes that are polarized as positive and negative during
the charge phase. The polarization is accompanied by the formation of two electrical double
layers at the interphases between the electrodes and the electrolyte with opposite polarization,

where the energy is stored [17,20,21].
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Figure 1.3.2: Sketch of an electrical double layer supercapacitor

The main components of an EDLC are

1)
2)

3)

4)

5)

Negative and positive terminal: Physical poles of the device.

Current collectors: In commercial devices are made of aluminum foil. The current
collector gives mechanical resistance to the electrode and allows the electric
connection between the terminal and the surface of the electrode.

Electrodes: Composite of high surface area powder, polymeric binder to improve the
inter-particle contacts as well as the contact of the composite with the current
collector, and conductive additive to further improve the electronic percolation
between the electrode’s particles.

Electrolyte: Solution of ionic salts into an organic or aqueous solvent that contains
the ions that are responsible for the formation of the electrical double layer in which
the charge is stored

Separator: Usually made of electronic insulating material, its main purpose is to
avoid short circuits between the electrode when pressed one against the other.

The electrodes are placed over a metallic current collector from which the electrical contact is

taken out from the device. In between, there is the separator that is made of an electronically
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insulating material to avoid the short circuits of the two electrodes during the polarization. The
first practical exploitation of storing electric energy in the double layer at the interface of high
surface area carbonaceous electrodes appears in 1957 with the General Electric patent [26] of
a porous carbon electrode exploiting an aqueous electrolyte. The first commercial
supercapacitor was commercialized by SOHIO in 1966. The first successful commercial
applications were memory backup applications, NEC in 1971 [27]. These early devices had a
low voltage and high internal resistance if compared with the modern ones. By 1980 extremely
different products were on the market, from the Matsushita (Gold capacitor), Elna (Dynacap),
and PRI ultracapacitor, the latter featured relatively expensive metal oxide electrodes, for
military applications [16]. Today the trend is of cells from few mF to traction-oriented cells,
that feature more than 100kF [23]. The EDLCs market can be therefore divided into large scale
and small scale, in Figure 1.6 reports the market forecast for EDLCs up to 2026. Based on this
forecast it is evident that the main market driving force in the next years is going to be
sustainable mobility. The high cost per kWh however requires this technology to improve
energy densities to increase its market penetration [24]. The cell production process involves

three main steps

e Electrode fabrication
e Cell preparation that is conducted in a dry room

e Formation cycling

Each of these steps is accompanied by a material and production cost, in 2013 it was estimated
that the production/materials cost ratio was in the order of 70/30 [28]. The greatest cost for the
materials was the electrolyte salt, with the second larger one the NMP required for the

manufacturing of the electrodes.
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Figure 1.3.3: Picture of an actual EDLCs cell with an exploded view and cost distribution of the EDLCs
components [24].

A more recent estimation of the component’s cost distribution is reported in Figure 1.3.3

The percentage of the material/production is slightly different to those reported by [24], indeed
from Figure 1.3.3 it is possible to see that: In 2019, the production/material cost ratio was c.a.
20/80 each cell component almost equally weighed into cell cost. Moreover, the cost of the
electrolyte is dominated by the salt, while the electrode by the current collector. The future cost
projection is attributed to the wide adoption of thick electrodes that will reduce the current
collector fraction in the final device and therefore is important as cost fraction. In applied

research, the reduction of production costs is one of the main critical goals.

EDLCs: Main components
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1.3.1 Current collectors
Current collectors in electrochemical energy storage devices play a critical role. A current

collector must equally distribute the charge/discharge current along the surface of the electrode
and therefore it must have an extremely low bulk resistance to electron conduction to minimize
the equivalent series resistance (ESR), i.e. the internal resistance, of the device. It must have a
good chemical and electrochemical inertia to the electrolyte, to avoid both spontaneous
corrosions, which could lead to passivation or loss of electric contact with the electrode, as well
as a parasitic reaction during the charge/discharge process, that will reduce the final efficiency
of the device. The current collector must be a low mass element since it doesn’t participate in
the charge/discharge process and therefore all the mass that is not involved in its mechanical
stability is considered as pure dead weight. It must be made of a cheap element that exploits
scalable and cheap manufacturing processes. Moreover, it must be chemically compatible with
the solvent exploited during the electrode’s productive process, which, in the case of EDLCs,
is often a “roll to roll” coating procedure, capable of meeting fast production time together with

high scalability [24].

For these reasons, the most common commercially exploited material is aluminum. Indeed,
aluminum current collectors are extremely cheap, light, and allow the possibility to cheaply
prepare thin light foil with good mechanical integrity. It must be stressed that in today’s
commercial EDLCs organic solvents are exploited both for electrodes processing and as main
electrolytes components. The major limitation of aluminum is related to the impossibility to
exploit it in aqueous electrolytes due to corrosion problems. For what concerns the aqueous
processing of electrodes, several strategies to avoid aluminum corrosion have been developed.
Indeed, it has been already demonstrated that with some particular attention it is possible to run

aqueous electrode processing on aluminum foil both in Li-ion batteries and SCs [29].

In today’s scientific literature, other materials than aluminum foil are exploited especially given
the use of aqueous electrolytes. Examples are Ni foam, Stainless steel, and carbon-based
materials. Among the latter, carbon felt, carbon tissues, carbon paper, and graphite foil have
been reported. This is because carbon-based materials offer a unique combination of light,
cheapness, and both chemical and electrochemical stability with most of the common
electrolytes [30]. It should be highlighted that materials other than aluminum are not suitable
for commercial application either because they are too expensive or because they are

significantly reducing the energy density of the device, for example, stainless steel [24].
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1.3.2 High surface area carbon electrode

The most widely exploited material for EDLCs electrodes is carbon, this is due to its unique
combination of physical and chemical properties. Indeed, carbonaceous materials feature high
conductivity, high surface area range (from c.a 1 m?g! to 2000 m2g! ), good corrosion
resistance, high-temperature stability, controlled pore structure, processability, and
compatibility in composite material, and relatively low cost. EDLC’s electrodes are composite
of high surface area carbonaceous material, that is the main specific component, together with
conductive additive, and a polymeric binder. Obtained usually, starting from a suspension with
an adequate composition and viscosity that is subsequently used to coat the current collector,
the control of the variable that is involved in the electrode’s formation process have tremendous
consequence over the SC’s performance and it is not trivial to distinguish the different
contribution to the final performance of both electrodes and device. Carbonaceous material
allows, by means of different processes to reach an extremely different value of the specific
surface area, conductivity, and pores size distribution, these quantities together with the
electrolyte play a critical role in supercapacitors performances. Elemental carbon has four
crystalline allotropes, diamond (sp3), graphite (sp2), carbyne (spl), and fullerene (distorted
sp2). Two of these allotropes are found in nature as mineral, graphite, and diamond, while the
other is synthetic. While the term carbon refers to the chemical element, to avoid confusion,
carbonaceous materials can be classified as “carbon black”, “vitreous carbon”, “graphites” or

“activated carbon” [16,20,21].

Table 1.1 reports the main kinds of carbons, grouped by the physical phase of the precursor, as
well as the most common precursor, the controlling production factor, and the main structural
and textural features. These qualifiers univocally identify precise material that features a unique
combination of physical properties, most of the carbon that is exploited today has an amorphous

structure with disordered microstructures based on graphite.

Table 1.3.1: Common precursors, controlling production factor, and main structural and textural features of

different kinds of carbon materials, from [16,21]
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Carbon material (phase during aggregation)

Common precursors

Controlling production factor

Structural/textural feature

Gas phase
Carbon blacks
Pyrolytic carbon
Vapour-grown carbon fibres
Fullerene
Nanotubes

Liquid phase

Cokes

Graphite

Carbon fibres (pitch derived)
Solid phase

Activated carbons

Molecular sieve carbon
Glass-like carbons

Carbon fibres (polymer derived)
Highly oriented graphite

Hydrocarbon gas or liquid
Hydrocarbon gas
Hydrocarbon gas
Graphite rod
Hydrocarbon vapour

Coals, petroleum pitch
Petroleum coke
Coal pitch, petroleum pitch

Biomass, coals, petroleum coke, selected
polymers

Selected biomass, coals, polymers
Thermosetting polymers (e.g.. polyfurfuryl
alcohol)

Selected polymers (e.g.. polyacrylonitrile)
Pyrolytic carbon, poly-imide film

Precursor concentration
Deposition on a substrate
Presence of a catalyst
Condensation of carbon vapour
Condensation of carbon vapour

Shear stress
High temperature
Spinning

Carbonization/activation

Selective pore development
Slow carbonization

Slow carbonization
High molecular orientation

Colloidal/nanosized

Preferred orientation

Catalyst particle size/shape
Nanosize molecule

Single wall, multi-wall, chiral

Mesophase formation and growth
Mesophase formation and growth
Mesophase formation and growth

Nanosize pores

Nanosize pore/constrictions
Random crystallites, impervious

Random crystallites, non-porous
Highly oriented crystallites

Mostly, carbonaceous materials are obtained from organic precursors (C, O, N-based chemical
compounds) by heat treatment at high temperatures, the carbonization. The combination of
physical properties of the obtained material depends upon the carbon precursor, its aggregation
states (liquid, solid), and the structural and textural features of the products [21]. During the
carbonization process, the carbon precursor goes through a thermal decomposition (pyrolysis),
which eliminates the volatile components that include the heteroatoms. Increasing
temperatures, condensation reaction starts to occur accompanied by the growth and allineation
of a graphitic unit into small graphite-like microcrystals. The carbon precursor and its
processing conditions will determine the size of the graphite sheets and the relative orientation
of the crystallite, these two properties define the texture of the obtained material and are
strongly related to the electrical conductivity [31]. Petroleum, coal, and some polymers pass
through a fluid stage (referred to as mesophase) during carbonization, which allows large
aromatic molecules to align with each other forming an extensive pre-graphitic structure, that
at high temperatures (>2500 °C) is converted into highly ordered graphite [32]. Other carbon
precursors retain a solid phase during carbonization and the limited mobility of the crystallite
leads to the formation of rigid amorphous structures that consist of randomly oriented graphene
layers [33]. These materials cannot be readily converted into graphite by further high-
temperature treatment and are referred to as non-graphitizing carbons. Non-graphitizing carbon
is obtained from materials such as biomass, non-fusing coals, and many thermosetting
polymers. The loss of volatiles and the retention of a rigid and complex molecular structure
during the carbonization of many non-graphitizing carbons led to highly porous structures
without the need for further activation.
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Electrode resistivity plays a critical role in SC (as highlighted by equation A.2.8) therefore the
minimization of this quantity is critical to maximizing the power performance of EDLCs. The
intrinsic resistivity of carbon material depends upon its chemical and structural morphology,
while the electrical resistance of a packed bed of carbon particles depends upon both intra-
particle and inter-particle resistance. Graphite crystals show anisotropic resistivity. Indeed,
considering a single lattice in the direction of the aromatic ring (a-axis) is 10-5> Q-cm, while
along the perpendicular plane (c-axis) is c.a. 102 Q cm Similar considerations can be drawn
for other sp2 allotropes of carbon. In the a-axis, the electrons of the sp2 hybridized carbon
exploit the delocalized bond as a charge carrier while in the other direction they can’t. Since
the electrical conductivity of carbon materials is entangled with the carbon structure, the
carbonization process temperature plays a critical role; Indeed, increasing the temperature leads
to an increased degree of ordered graphitization and electronic conductivity. Nevertheless, it
should be underlined that an increased degree of graphitization usually is accompanied by a
diminution of the specific surface area. An interesting example of the process that occurs at
carbonaceous material under heat treatments at increasing temperatures is given by the work
of Chu and Kinoshita reported by Conway in [20]. Here the authors show the effect of the
temperature on the modification of surface area and in terms of the oxygen content of the
commercial carbon Vulcan XC-72. Figure 1.3.4 reports the trend of the specific surface area
versus the temperature of the heat treatment as well as the oxygen content. The heat treatment
lasted 2h. There is an interval of temperatures in which there is a maximum of the specific
surface area. The increasing temperature at values higher than those of the maximum leads to

a continuous decrease of the specific surface area.
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Figure 1.3.4: Specific surface area black, oxygen content data digitalized from [20], referring to the work of
[35].

The presence of surface oxygen also affects the resistivity of carbon powders, oxygen
functionalities, which preferentially form at the edges of the graphite-like microcrystallites,
increase the barrier for electron transfer [16,21]. As reported in Figure 1.3.4 the oxygen content
during the carbonization process decreases continuously increasing the temperature. This trend
has been related to the fact that oxygen present on the surface of the carbon has surface
functionalities such as carboxylic acid, phenol, and other organic molecules containing oxygen
groups. Increasing the heat treatment temperature leads to the removal of these surface
functionalities that are converted to CO2z or CO. Therefore, a process that increases the surface
oxygen content for example by the exposure of carbon to oxygen at elevated temperatures or
by prolonged grinding also increases their electrical resistivity [20]. Conversely, carbon heat
treatment at 1000°C under an inert atmosphere, decreases the electrical resistivity due to the
elimination of oxygen moieties. Oxygen moieties are classified as acidic and basic,
respectively. Acidic surface oxides are formed when carbon is exposed to oxygen between 200
and 700 °C or by reaction with oxidizing solutions at room temperature, acidic surface oxides

are considered less stable and include functional groups such as carboxylic acids, lactonic and
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phenolic functionalities. Basic and neutral surface oxides on the other hand are considered
more stable than acidic ones and tend to form after a carbon surface free from all surface
compounds encounters oxygen at low temperatures. Functional groups that are
electrochemically inert in the potential range of operation of the electrode, could enhance the
wettability of the electrode and consequently increase the specific capacitance of the electrode.
On the other hand, it has been highlighted that carbon with a high concentration of acidic
surface functionalities exhibits high rates of self-discharge. This increase in leakage current
suggests that the oxygen functional group may serve as an active site, which can catalyze the
electrochemical oxidation or reduction of the carbon or the electrolyte decomposition [35].
Conversely, the removal of oxygen moieties by high-temperature treatment in inert gas has
been related to lower leakage currents. The exploitation of surface moieties to improve the
charge storage of carbonaceous material has been explored widely but a modest increase in the
electrode capacitance, due to the pseudocapacitive faradaic reactions, comes at a price that is

the increased leakage current and internal resistance.

The most exploited carbonaceous materials are activated carbon, carbon fibers, carbon felts,
and carbon aerogels. As said, these are obtained employing heat treatment under an inert
atmosphere (carbonization of the precursor). One of the main advantages of carbonaceous
materials is the possibility to engineer them by controlling the process condition, the nature of
the precursor that allows the precise modification of the surface in terms of introduction of new
functionalities, the opening or changing in the pores structures and increasing in the degree of
graphitization. In the next subsection, the main kind of carbonaceous material exploited in
EDLCs is briefly discussed, with a particular focus on the ones that exploit bioderived

precursors.

Carbon aerogel

Carbon aerogel is a highly porous material prepared by the pyrolysis of organic aerogel. They
are usually synthesized by polycondensation of resorcinol and formaldehyde through a sol-gel
process that allows strong control over the density, pores size, and shape of the resulting
carbonaceous aerogel. Carbon aerogels are more electrically conductive than most activated
carbon. Carbon aerogel obtained from the pyrolysis of resorcinol-formaldehyde are preferred
as they tend to have a high surface area, (400-1000 m? g%), uniform pores size between 2 and

50 nm, and high density. It is possible to also produce monolith, composites, thin-film,
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powders, and micro-spheres. Interestingly, in carbon aerogel, the capacitance is more strongly
correlated with mesopore surface area rather than with the total BET surface area. Increasing
the surface area of carbon aerogels by thermal activation results in a high specific surface area
of 650-2500 m?g* with a relatively small increase in the electrode capacitance [21].

Carbon fiber

Commercial carbon fibers are produced by thermosetting organic materials such as cellulose
or rayon, phenolic resin, polyacrylonitrile. Starting from the polymer, at first, there is the
preparation of the fiber by the extrusion, a first thermal treatment referred to as stabilization
(200-400°C) and carbonization at (800-1500°C), the raw fibers can be activated in a controlled
oxidizing environment at 400-900°C or graphitized (at elevated temperatures). As in other
kinds of carbons, the quality of the fibers strongly depends on the precursor and assembly of
aromatic constituents and their alignment. Usually, carbon fiber features extremely thin fiber,
e.g., 10 pum of diameter and in case of activation, and unlike particular forms of activated
carbon, both pore diameter and pore length can be more readily controlled in activated carbon
fiber. Carbon fiber is available in many forms, tow (bundles), chopped fiber, math, felt, cloth
and thread. ACF cloths with surface area up to 2500 m?g™* are now commercially available
[32]. Compared with electrodes realized with powder, ACF offers the advantage of high surface
area, good electrical conductivity, and ease of electrode formation and containment. On the
other hand, the cost of ACF is in general higher with respect to the cost of powdered forms of
carbon. Moreover, although carbon fiber-based materials are not very resistive, the
metal/carbon electrical contact, as well as the carbon/carbon inter-fiber contact, could be a
source of increased electrode resistivity. Similarly, to the powdered-based materials, increasing
the pressure on a mechanical contact could be a solution as well as metallization of one layer

e.g. by plasma spraying [21].
Activated carbon (AC)

High surface area carbonaceous material for EDLCs electrodes must fulfill well-developed
specific surface area, high microporosity, chemical and thermal stability, good conductivity,
tailorable porosity, low cost, and ease of processability [21]. Nowadays, the lion part is played
by the activated carbonaceous electrode. The process employed to increase surface area (and
porosity) from a carbonized organic precursor (a “char”) is referred to as activation and the
resulting materials are referred to as activated carbons. Chars, usually have relatively low

porosity and their structures consist of elementary crystallites with a large number of
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interstices, that are usually filled with “disorganized” carbon residues (tar). The activation
process opens the pores and can create additional porosity. There are mainly two routes to

activate carbonaceous materials, the physical activation, and the chemical activation [16].

Physical or thermal activation consists of carbonization at temperatures between 400 °C and
850 °C and activation of the resulting carbon char by controlled gasification using oxidizing
agents such as carbon dioxide, air or steam or a mixture of these gas in a range of temperatures
of 700 °C to 1100-1200°C. During the high-temperature phase of the thermal activation, the
oxidizing atmosphere generally increases the pore volume and surface area of the material by
means of a controlled carbon “burn-off” with the elimination of volatile pyrolysis products.
The level of burn-off is extremely important and is controlled by the temperature during the

activation; a high degree of activation is achieved by increased burn-off [21].

Chemical activation, on the other hand, is carried out at slightly lower temperatures (400-700
°C). In chemical activation, the precursor material is mixed with activating agents such as
K(OH), Na(OH), ZnClz, K2COs3, KHCOs, H3PO4, and FeCls. According to the activation
agents, the carbon precursor, and the process conditions (the maximum temperature, the
heating rate comprising of eventual preheating before the pyrolysis, the flow rate of the inert
gas, the ratio of activating agent to biomass, but also chemical or physical post-process
comprising water or acidic wash), the obtained AC will possess extremely different textural
properties, pores size distributions and specific surface area. Exceptionally high specific

surface carbons have been obtained exploiting potassium hydroxide (>2500 m?g™ [36]).
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Figure 1.3.5: Comparison of the nitrogen adsorption isotherm and pore size distribution of carbon fibers derived
from coal tar pitch precursor [32].

Figure 1.3.5: reports a comparison of the nitrogen adsorption isotherm and pore size
distribution of carbon fibers derived from coal tar pitch precursor from [32]. Here the authors
report that increasing the burn-off time led to an increase of the BET area with the major
drawback of a great consumption of the material and a wider pores size distribution. These two
facts lead the authors to the conclusion that for industrial application, the chemical activation
process is more interesting, due to the higher yields and more sharp pore size distribution. The
mechanism of the activation process is not yet completely elucidated. Models of activation of
coke or lignocellulosic material with K(OH) and Na(OH) have been suggested, combining
Gibbs free energy of reaction with inline analysis of the gas that is evolved during the pyrolysis.
Interestingly, several authors propend through the idea that alkali metals are produced during
the high-temperature process following the chemical reaction. At first, between 300-400°C

there is the dehydration reaction that is [37].

2-KOH) — K;0() + Hy0(y)

According to some authors, this reaction is accompanied by an expansion of the
carbon/precursor matrix due to the presence of K20, this mechanical action will subsequently
lead to a fragmentation of the material [38]. The authors underline that the melting temperature
of KOH is around 360-380°C attributing this phenomenon to the tendency of KOH to produce
fragmented carbon, with respect to more mild activating agents e.g. KoCOgz that melts at 890°C
[39]. Itis likely that e melting increases the activity of the dehydration reaction. Increasing the
temperature at 500-600°C there is the carbonization reaction of the precursor, in case of organic
material and at temperatures greater than 700°C there is the reduction reaction of K>O

3-K;0)+Cs)y > 4Ky + K2C03(s)

This reaction mechanism has been proposed by [40] by analyzing the is confirmed by the
observation of metallic potassium in the furnace after pyrolysis with K(OH) as activating agent.
Through TGA studies it has been shown that potassium bicarbonate can react with C at a
temperature higher than 700°C leading to a further activation step that brings about the

formation of metallic potassium

K2C03(s) +2- C(s) -2 K(s) +3- CO(g)
Detection of white stain, attributed to metallic potassium in the cold part of the reactor, as well

as the lower porosity, developed when K2COs is exploited instead of KOH, together with TGA
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studies, are the main evidence of this reaction path. Finally, at 850°C, there is the

decomposition of the potassium carbonate that slowly start to take place as

K2C03(S) - Kzo(s) + COZ(Q)

At these temperatures CO- can act as a physical activating agent since it exercises an oxidative
action over the C matrix according to the burn-off reaction, that is

COzg) +Cis) = 2 €Oy
Although K(OH) is the most exploited activation agent, its corrosivity poses serious concern
and other mild activation agents such as KHCO3 and K2COs. The exploitation of KHCO3 as an
activating agent allows a further activation step which is the decomposition reaction of KHCO3

that according to TGA studies becomes relevant at 150°C.

2-KHCO35) = K;C03(5) + COyg) + Hy 0

Indeed, some authors report that this reaction is also responsible for carbon fragmentation. It
should be highlighted that since this reaction leads to the formation of K,COgz, and becomes
important at 150°C, the only difference in the exploitation of Ko2COs with respect to KHCOs is
this decomposition reaction that occurs at relatively low temperatures. However, the
exploitation of both KHCO3 and K>COs offers a more mild and less corrosive activation agent
with respect to KOH. Moreover, sodium bicarbonate has been explored as an activating agent
with biochar leading to poor textural properties (e.g. BET surface are of 550 m?g™), which are
in agreement with the general concept that sodium salts are less effective as activating agents
than potassium salt [40,41]. In the work of [39], the authors report SEM images of glucose-
derived hydro-char (carbonization reaction takes place under high-pressure steam) treated with
K(OH), KHCO3s and K>COs reported in Figure 1.3.6. In ref [39], the authors report SEM images
of glucose-derived hydro-char (carbonization reaction takes place under high-pressure steam)
treated with K(OH), KHCO3 and K>COs reported in Figure 1.3.6. From these SEM images, it
is evident that K(OH) destroys the material whereas the spherical morphology of the is well
preserved both for KHCO3 and K>COs [39].
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Figure 1.3.6: SEM images of glucose-derived hydro-char (carbonization reaction takes place under high-
pressure steam) treated with K(OH), KHCO3, and K,COs, from the work of [39]

From these SEM images, it is evident that K(OH) destroys the material whereas the spherical
morphology of the is well preserved both for KHCO3z and K>COs [39]. In Figure 1.3.7, nitrogen
adsorption isotherms of carbon activated by exploiting K(OH), KHCO3, and K>COs3 as
activating agents, highlight that, the amount of N> adsorbed depends substantially on the
activating agent. In this case, porosity development follows the trend KOH>KHCO3 ~ K>COsa.
The fact that the nitrogen adsorption isotherm of the carbons activated by KHCO3 and K>COs
are extremely similar highlights the fact that a similar activation mechanism takes place during
the activation reaction. Moreover, the authors comment that this could be attributed to the fact
the CO> generated during the decomposition of KHCOz doesn’t have a significant effect.
Indeed, since the reaction is quantitative at low temperatures, it is reasonable to assume that
the “burn-off” carried out by CO2, which usually in physical activation is exploited at

temperatures between 400-600°C, doesn’t play a significant role.
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Figure 1.3.7: Nitrogen adsorption isotherms of four different carbonaceous materials obtained by
carbonization of glucose, with blue K(OH), red K,COs3, black KHCOj3 as activating agents, and green without
activating agents, from ref [39].

From Figure 1.3.7 it is evident that the exploitation of activating agents leads to a greater BET
area: the BET specific area of the carbon obtained without an activating agent is c.a. one-fourth
of the others. Moreover, K(OH) leads to the largest surface area (2760 m? g') with respect to
K2COs3 (2230 m? g1), and KHCO3 (2150 m? g1). The fact that the latter two nitrogen adsorption
isotherms are comparable may indicate that similar activation mechanisms are present, for
these two activating agents and that the decomposition at low temperature that KHCOs
experience doesn’t play a significant role in developing the AC area. Further confirmation of
this fact could be the pores size distribution of carbons activated with KHCO3 and K>COs that
share extremely similar distributions. Chemically activated carbonaceous materials require to
be washed by the residual of the activating agents adsorbed on their surface. Although this
post-treatment could seem a simple matter, this step is critical and strongly affects carbon
porosity. This post-treatment is called “deashing”. Since activated carbon features a high
specific surface area, they tend to strongly adsorb chemical compounds on their surface. The
micropores, due to their high surface area and less accessible surface, require several water-
rinsing to be free from the residual of the activation agent. Acid solutions such as HCI, HF, and
H3PO4 are exploited to facilitate the dissolution of the residual of the activating agent, as well
as mild temperature. The exploitation of oxidizing agents such as H2SO4, HNO3, and high
temperature should be avoided because it has been reported that these conditions could lead to
pore’s wall thinning that lead to micropores collapses into bigger pores with a reduction of the

BET surface area and consequently of the capacitance [42].
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Commercial activated carbons are produced from fossil fuels (petroleum and coal) which made
them not environmentally friendly hence, in recent years a lot of efforts have been focused on
biomass precursors, which are cheaper, readily available, structurally porous, and
environmentally friendly. The renewable organic materials derived from plants and animals’
wastes can serve as a source of carbon for developing activated carbons for EDLCs. Woody
biomasses contain in varying proportions hemicellulose, cellulose, and lignin that are referred
to as lignocellulose materials, and a small amount of simple sugar and protein and starches and
lipids. The constituents of lignocellulose are strongly intermeshed and are chemically bonded
by either non-covalent forces or covalent linkage [39], and their composition varies from one
plant species to another. As an example, in recent years different biomass precursors have been
studied as a precursor of high surface area carbon e.g. coffee beans, lignin coconut shell,
cassava peel waste, sunflower seed shell, oil palm empty fruit brunch, camelia oleifera shell,
palm kernel shell, olive stone and waste [43]. It should be highlighted that for practical
purposes, a biomass source for this application must be abundant and cheap. Indeed, the
exploitation of exotic biomass may allow high specific surface area as well as high capacitance
due to a combination of chemical composition/matrices effect. The impossibility to scale up
the process due to the availability of the biomass is a serious constraint that must be always
considered when applied research is conducted. In summary, to conclude this section, the
exploitation of chemical activation of bio-derived carbons featuring proper textural properties
suitable for EDLCs represents a low-cost approach to valorize wastes, mild activating agents
such as KHCO3 and K>COz allow to reach high surface area and are fewer corrosives with

respect to KOH, therefore they are of interest in view of the upscaling of the activation process.

1.3.3 Conductive carbon additive
The mechanical stability of supercapacitor electrodes is achieved by mechanical binding of
carbon particles between each other and with the current collector exploiting a polymeric
binder. This in turn reduces both the electronic conductivity across the electrodes and the
specific surface area and therefore, to overcome these issues, conductive carbon additives are
exploited. Graphite nanoparticles, carbon nanotubes, carbon onions, and carbon black have
been investigated. Among these materials, carbon black is one of the most widely exploited
conductive carbon additives due to its combination of relatively high specific surface area, low
particle size, and high electronic conductivity [44].
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Carbon black

Carbon blacks are a group of materials that are characterized by having near-spherical carbon
particles, which are produced by the partial combustion or thermal decomposition of
hydrocarbon (usually gas, oil, or distillates) in the gas phase. During the production, the
spherical carbon particles coalesce into chemically fused aggregates with various
morphologies. Their fundamental properties vary with manufacturing conditions and
precursors. This carbon is categorized by the method of preparation or intended application.
The key properties of carbon blacks are the particle size, structures of the particles, porosity,
and surface chemistry. Carbon blacks are used mainly as conductive additives in batteries and
supercapacitors electrodes. Highly conductive carbon blacks are characterized by aggregates
with high branched open structure, high porosity, small particle size, and oxygen-free surface.
The conductivity of carbon black is typically in the range of 102-102 Q cm™ and it is influenced
by the ability of electrons to jump the gap between aggregates or pass across a graphitic
junction of toughing aggregates. The loading of carbon black is of critical importance, because,
at low loading, the average inter aggregate gap is too large to permit conduction. As the loading
increases, the mean interparticle distance decreases until the percolation threshold is reached
whereby the conduction increases up to a limiting value. High porosity or carbon blacks
featuring a small particle size have more particles per unit and therefore smaller average
distance between aggregates. The BET surface area of carbon black covers a wide range, from
< 10 to greater than 1500 m2g™. For what concerns the porosity, the surface area of carbon
black is more accessible to other kinds of AC, and in some works, specific capacitances of 250
F g are reported [45,46]. On the other hand, given the fact that this carbon is made of
extremely small spherical size, to realize mechanically stable electrodes, a high level of binder
is required resulting in electrodes with low capacitance. The fine, highly branched structures
of carbon black make them ideally suited to filling interparticle voids created by coarse
particles and for this reason, are exploited as conductive carbon additives in electrodes.
Moreover, the ability of carbon black to fill the interparticle void can reduce the amount of

electrolyte between the particles giving the electrode further capacitance [21,47].

1.3.4 Binder

Supercapacitor performances are influenced by binder types and content in electrodes.
Electrodes are usually formed by brushing, casting, or printing electrode paste or slurry on
metallic current collectors. Electrode slurries are usually prepared by mechanical stirring or
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ultrasonically mixing high surface area carbonaceous materials particles with conductive
agents and a polymeric binder. The role of the binder is to provide enough mechanical strength
during electrode deformation, since the binder action is carried out by mechanical adhesion
between the surface of the connected particles of the high surface area carbon, the amount of
binder cannot exceed a certain threshold. Indeed, an excessive amount of polymeric binder
results in micropores clogging and therefore reduction of the capacitance, moreover, the
polymeric binder, unless electrochemically active polymers are exploited, doesn’t participate
in the electrical energy storage. Low binder content, lead to the poor mechanical strength of
the electrode as well as a poor connection between the current collector and the electrode,
increasing the equivalent series resistance. Indeed, mechanical strength capability to flex the
electrode has been related to binder content, type, and electrode processing. Indeed, to evaluate
this capability binding, that aim to measure the ability of the formed electrode to be rolled are
employed [48]. The electrochemical inertia of the binder plays a critical role, the binder must
allow drying at high temperature without degrading and being electrochemically inert to not

jeopardize the operation of the EDLC.

So far, due to the electrochemical/chemical inertia and good mechanical performances,
fluorinated thermoplastics binders, such as polytetrafluoroethylene (PTFE) and polyvinylidene
difluoride (PVdF), are the most widely exploited and represent the state-of-the-art binders in
EDLCs Moreover, while PTFE is usually used as aqueous suspensions, PVdF requires the use
of cost-expensive (and in some case toxic) organic solvents like N-methyl pyrrolidone (NMP).
Indeed, the exploitation of aqueous processable binders represents a critical turning point in
the reduction of the environmental footprint of the production process and cost [29,49]. Indeed,
in 1998, Sodium-carboxymethyl cellulose (CMC), an aqueous processable biopolymer, has
been proposed as a binder for EDLC electrodes [50]. CMC is environmentally more friendly
(fluorine-free) and most of all cheaper than the state-of-the-art fluorinated binders. Indeed,
nowadays (CMC) is the state-of-the-art aqueous binder for carbon-based supercapacitors. The
main drawback of CMC is the inability to realize high mass loading AC electrodes, and high
binder content (maximum AC as weight percentage in the electrode 80%) necessary to maintain
the mechanical stability. In their systematic study to realize green supercapacitors Dyatkin et
al. highlight that naturally derived biopolymer didn’t enable sufficient mechanical stability due
to poor elasticity, high molecular mass, and a number of bonds capable of binding the AC

particles [30].
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Other than CMC, mixtures of natural carbohydrates from potato starch and guar gum enable
flexible yet high-mass-loading electrodes. Their electrochemical stability and performance are
equivalent to CMC [51]. A valuable green solution is constituted by the exploitation of
polyisoprene and polyvinyl acetate and crosslinked PVA-based glue. Indeed, this polymer
provides comparable malleability to PTFE, resulting in flexible, but free-standing electrodes.
Comparison of the polymeric morphology by SEM images highlighted that while the PTFE-
based electrodes form a fibrous network, the PVA ones show a lamellar deposit on the carbon
surface, and most of all, in terms of electrode capacitance, none of the greener binders could
outperform PTFE. One of the main limitations of CMC is the high solubility of this biopolymer
in the aqueous electrolyte that therefore inhibits the exploitation of CMC based electrodes in
this solution, which are promising in terms of reducing the environmental footprint of the
organic ones and enabling the exploitation of fast faradaic reaction to improve the energy
density of EDLCs [29,48]. Recently, it has been shown that starch from nonedible potatoes can
be used as the main component for binder. Natural starch like sodium alginate is a linear
polymer composed of a mixture of amylose and amylopectin, it is cheap and abundant, and it
has been shown to be suitable for the production of EDLCs electrodes [52]. The exploitation
of protein-based binders, which have been widely used in painting since ancient times, e.g.
collagen and white egg have been exploited as the main component of aqueous processable
bioderived binder, in particular, casein has been shown to have excellent mechanical stability
without jeopardizing the performances of acetonitrile ET4ABF4 based EDLCs [52].

1.3.5 Electrolyte

The electrolyte is composed of a solvent and salt in the solution. According to the solvent, it is
possible to classify the electrolyte into organic and aqueous. The organic electrolyte family can
be further divided into two main subfamilies: organic solutions and ionic liquids. In turn, the
aqueous electrolyte can be classified as acidic, neutral, and alkaline. A third emerging group is

represented by water-in-alt electrolytes that will be discussed in this section [53].

Electrolytes strongly affect cell performances in terms of equivalent series resistance and
capacitance [54]. Nowadays, organic electrolytes are widely exploited in commercial EDLCs.
The advantage of the exploitation of organic electrolytes is mainly related to the higher
maximum energy achievable with these electrolytes. Indeed, according to the definition of
maximum specific energy in equation A.2.7, the maximum energy goes with the square of the

cell voltage. Typically, organic electrolytes feature cell voltage above 2 V (2.6 to 2.9 V). Liquid
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cyclic alkylene carbonates are polar aprotic solvents of great technological importance. Among
these solvents, propylene carbonates exhibit physical properties which are extremely suitable
for electrochemical energy storage purposes. Indeed, PC shows a liquid phase with a large
temperature range, with a melting temperature of about -49°C and a high boiling point of about
242°C, at ambient pressure, a good capability to dissolve both organic and inorganic
compounds together with a moderate biotoxicity and biodegradability. The electrochemical
attractiveness of PC results from its high static permittivity and high dipole moment and the
fact that these solvents are extremely cheap in large quantities.

Aqueous electrolytes, with respect to organic, have two significant advantages: higher ionic
conductivity and the fact that these electrolytes allow a simpler EDLC manufacturing process
both at laboratory and at industrial scale. Indeed, the preparation of aqueous electrolytes can
be performed in the atmosphere without the need for an anhydrous condition. However, they
feature the major drawbacks of both corrosion problems and lower cell voltage if compared
with organic electrolytes. Hence, supercapacitors exploiting aqueous electrolytes possess both
high conductivity and capacitance, but low energy density with respect to organic ones and

leakage problems [47].

lonic liquids (ILs) represent a relatively new class of electrolytes. ILs are organic salts (molten
salts) that have a lower melting point (<100 °C). Moreover, they are composed of organic
cations, such as pyridinium (PY) imidazolium (Im), and inorganic anion (PFe., BF4, TFSI") [55]
. Room temperature ionic liquids (RTILs) have been acknowledged with noteworthy attention
due to their excellent miscellaneous properties, such as thermal and chemical stability, tunable
structure over the wide range of operating temperature, a broad electrochemical stability
window, high ionic conductivity in the range of 10°-102 S cm™! at room temperature, and

non-flammability as a potential candidate for electric double-layer SCs [56,57].

1.3.6 Separator

The separator cost represents c.a. 23% of the cost of the complete cell [24], it avoids the short
circuit between the positive and the negative electrodes, allowing them to store the charge.
Therefore, the separator must be electronically insulating and capable to minimizing as much
as possible to resistance to be crossed by ions. It must feature a mechanical resistance capable
of overcoming the volume variation of the cell during cell operation. The separators include
materials such as glass paper, ceramic, and polymers such as polypropylene, polypropylene-

carbonate, polyvinylidene difluoride, polyethylene, and polyamide. An important quantity to
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quantify the performances of a separator is the porosity percentage, defined by following

equation

_W—Wo)

100
Pe -V

Where P is the porosity, W is the weight of the separator after immerging in the electrolyte,
W, is the weight of the separator before immerging in the electrolyte and, p, is the density of
the electrolyte, and V is the volume of the separator. The separator must feature sufficient
porosity to provide an optimal amount of the electrolyte to the supercapacitor. Indeed, an
excessive amount of electrolyte will act as a dead weight, taking down the specific cell
performances, at the same time, poorly wetted electrodes, will feature poor rate-capability
response and high equivalent series resistance [58,59].

1.4 Microbial fuel cell (MFC)

Fuel cells are primary electrochemical cells that convert chemical energy to electricity through
the oxidation process at the anode and reduction process at the cathode. Microbial fuel cells
(MFCs) are promising devices that use microorganisms as biocatalysts to convert the chemical
energy stored in organic matter to electricity [60]. The first scientific evidence of the
“disgregation of organic compound accompanied by the liberation of electric energy”, was
reported by Potter in 1911. Here the author, exploiting a platinum electrode, was able to
measure cell voltage from 300 to 500 mV under different conditions of temperature, the
concentration of the nutrient, and the number of active organisms present. These observations
brought to the conclusion that “the measured effects were only found within the limits of
temperature suitable to micro-organism and under conditions which are favorable to
protoplasmic activity”. The original work of Potter in 1991 has been a milestone in the
exploitation of biological systems for electrochemical energy conversion. Indeed, with his
work, it has been shown for the first time that simple living organisms can produce electricity

because of their metabolic activity [61].

Since the first decade of the past century, several advancements have been made in the field of
MCs. Indeed, today MFCs represent one of the most sustainable approaches for generating
bioelectricity from biomass. In an MFC, microorganisms degrade organic matter, producing
electrons that travel through a series of respiratory enzymes to form valuable biomolecules

such as ATP and NADH. The electrons are then released to a terminal electron acceptor (TEA)
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which, accepting electrons, becomes reduced. Examples of TEA are oxygen, nitrates, sulfate,
and other molecules that accept electrons to form products that diffuse out of the cell. However,
it is known that some bacteria can transfer electrons exogenously, that is to a TEA outside from
the cell, these bacteria are called exoelectrongens Figure 1.4.1 is the kind of MFC that has been
exploited in this Thesis, i.e a single chamber, air-breathing MFC. In single-chamber MFC no
separation membrane is adopted. The TEA that has been exploited is molecular oxygen through

an air-breathing cathode based on activated carbon as the main component [63].

Figure 1.4.1: a) Picture of the single chamber microbial fuel cell used in this Thesis work, b) sketch
with the main components of the microbial fuel cell exploited in this work.

In Figure are reported the main components of the single chamber microbial fuel cell that has
been used in this Thesis

1) Anode contact in Titanium wire

2) Electrolyte composed of activated sludge and Phosphate buffer saline solution
3) Anaerobic colony

4) Titanium grid for the cathode contact

5) Air-breathing cathode

6) Carbon brush

In the anode chamber, the oxidation of the organic substances that are present in the electrolyte
and that constitutes the fuel of the cell, equation 1.4.1 reports as an example the complete
oxidation reaction of the organic substance.
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Organic substance - x-C0, +y -H,0 +z-e~ (1.4.1)
At the cathode side, there is the reduction of the oxygen to water, reported as an example in

acidic condition, equation 1.4.2, and discussed in deepest detail in the following paragraph.

0, +4e” +4H* 5 2-H,0 (1.4.2)

The MFC open circuit cell voltage (AVy¢y) corresponds to the difference between the anode
and the cathode potentials (equation 1.4.3).

AV =Vear — Vanoae (1-4‘-3)

The practical voltage of an MFC is far more complicated to be predicted than that of inorganic
fuel cells. Indeed, MFCs are a real and complex environment, and it results difficult to point
out a precise anodic redox couple. The same issue occurs with the cathode since it has been
demonstrated that biofilms are capable also to act as an electron acceptor with a non-trivial

reaction mechanism [62].

1.4.1 Anode

For sake of clarity, it should be highlighted that the anode of an MFC is composed of mainly
two parts: the current collector and the biofilm that grows on the current collector. Given the
complex environment, the current collector material must have several features like high
conductivity, biocompatibility, chemical stability, resistance to corrosion, mechanical strength,
and reduced cost. Carbon materials are therefore predominantly applied as main current
collector anodic materials, including graphite rod, carbon brush, reticulated vitreous carbon,
carbon cloth, and carbon felt. On the other hand, the biofilm that grows on the current collector
is composed of a complex ecosystem of microorganisms capable of carrying out extracellular
electron transfer. The direct electron transfer from the biofilm to the electrode is fundamental
but today it is still an open issue since it involves an extremely complex environment with a

plethora of chemical compounds and biomolecules [63].

1.4.2 Current collector
Carbon papers current collectors have the main advantage to be very thin, easy to connect,
compact, and with a light structure that positively impacts the system's volumetric energy
density. The major drawback of carbon papers is the relatively smooth surface, low specific
area high cost, and brittleness. Logan et al reported in 2006 a power density of 600 mW m-
(0.98 W m3) on a cell volume of 320 mL with a cathode of wet proof carbon cloth with Pt-
based catalyst [64]. Carbon cloth-based current collectors, on the other hand, are more flexible
and thinner with respect to carbon paper, with higher porosity but also higher cost e. Logan et.
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al. in [65] reported a power density of 1070 mW cm-2, with a cell volume of 26 mL, and a
cathode of wet proof carbon cloth decorated with Pt-based catalyst. An alternative to the two
previously reported current collectors is graphite plates. These offer compact structures with a
relatively smooth surface, a low specific area with the major drawback of high cost. Dewan et
al. in [66] reported a maximum specific power, normalized by the area of anodic graphite plate
of 3290 mW cm2. Further electrode carbonaceous materials are reticulated vitreous carbon
(RVC), available with different pores sizes, highly conductive but rigid and brittle, and carbon
brush. Carbon brush is the ideal electrode material, with high surface area and high porosity.
Logan et al in [60] report that using a carbon brush anodes, power density in the order of 2400
mW m-2is achievable. Hence, carbon brushes have been used in this Thesis work as the anode

current collector material.

1.4.5 Biofilm

A microbial biofilm is a complex three-dimensional structure in which microorganisms grow
embedded in a polymeric matrix of extracellular substances. Several studies have highlighted
the ability of biofilms to achieve direct electron transfer to the electrode [66-69]. Indeed, in
MFCs, the series of oxidative metabolic reactions of the microorganism that are present in the
biofilm has been related to the electricity production of MFCs, referred to as exoelectrogenous
activity. The exoelectrogenous activity is carried out mainly by three reported mechanisms, i)
bacterial nanowire, ii) redox mediators in the electrolyte, and iii) trough shared metabolic
intermediates. Shewanella, is a genus of Gram-negative facultatively anaerobic bacteria
colonies. Its colonies grow filus type nanowires connecting the cells. Gorby et al. reported in
2006 demonstrated by conductive scanning tunnelling microscopy (STM) that these
nanoscopic filaments are electronic conductors and the possible role of this nanowire in
interspecies electron transport between fermentative bacteria to methanogen to regenerate
intracellular NADH [67,68]. That is if the metabolism of the fermentative bacteria is inhibited
by feedback on the coproduct that brings to the NADH e.g H,, the fermentative bacteria could
transfer electrons to the methanogen one, avoiding the feedback on the H, while producing

NADH. This cooperative behavior is known as the synergic effect.
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Figure 1.4.2: Nanowires produced by Shewanella oneidensis MR-1 growing on an electrode in an
MF [67].

The second mechanism for electron transfer is the exploitation of redox mediators, this has
been the first discovered mechanism. These exogenous mediators include, for example, neutral
red [69], antraquinone-2-6-disulfonate (AQDS), thionin, potassium ferrocyanide,
methylviologen, and others. It is not clear if these compounds are produced primarily as a
mechanism for exogenous electron transfer or other reasons. Some of these compounds are
also known for their antibiotic activity. Thus, one of the main reasons for execration may be
respiratory inhibitors or toxins to inactivate competitors [70]. Electron transfer can also occur
through interspecies hydrogen transfer or the production of intermediates metabolites such as
formiate and acetate and other chemicals. Thus, for all the reasons explained above mixed

culture seems to have a better capability to produce energy. [62].

1.4.6 Air-breathing cathode

Oxygen is an ideal choice as TEA for MFCs because of its high standard potential and
ubiquitous existence. Air-breathing cathodes are electrodes exposed to the atmosphere that
exploit the oxygen as reacting species. At the air-breathing cathode, the Oxygen Reduction
Reaction (ORR) occurs. The pathway of ORR depends upon the pH as well as on the electrode
material. Two main pathways are known, the direct 4e- mechanism and the sequential 2x2e"
ones that are reported in the following chemical equations (1.4.4-1.4..

0, +4e” +4H* - 2H,0 (acidic medium) (1.4.4)
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0, +2e~ + 2H" -» H,0, (2e™ pathway acidic medium ) (1.4.5)
H,0, + 2e~ = 20H™ ( 2e " pathway acidic medium) (1.4.6)
0, +4e™ + 2H,0 - 40H~ (4e pathway alkaline medium) (1.4.7)

Air-breathing cathodes have the main advantages of being extremely simple in construction
and passive (no need for agitation or oxygen insufflation). On the other hand, since the oxygen
freely diffuses to the cathode, these electrodes suffer from mass transport limitation at high
specific currents. To improve air-breathing cathode performances, in particular the ORR
Kinetics, catalysts are exploited. Historically, at first Pt group metal catalysts were exploited
due to their superior performances. The high cost and the poisoning that could occur due to the
complex chemical environment of MFCs [71], has driven the Pt group metal catalysts
substitution with more economical ones, such as Pt-group metal-free catalysts but also
carbonaceous ones. Indeed, carbonaceous catalysts are extremely attractive as the main
components of air breathing cathodes in MFCs. This is due to their contained cost if compared
with transition metal-based catalyst and their chemical stability in complex chemical
environments such as those of MFCs. Numerous researchers have reported on the use of carbon
nanotubes, carbon nanofibers, and graphene [72] as ORR catalysts. Activated carbons are
excellent candidates for ORR electrocatalytic activity. This is due to their tunable surface areas,
environmental friendliness, and sustainability. Indeed, activated carbon, as mentioned in
Section 1.3.2 can be obtained from sustainable sources like biomass pyrolysis and activation
with mild agents [73]. During pyrolysis in presence of an activating agent, a porous carbon
matrix is created depending on the type and amount of activating agent, reaction time as well
as temperature [39,40]. Thus, the surface area, as well as the pore volume of biomass-derived
carbons, can be tuned by selecting optimum reaction conditions large surface areas and
hierarchical porous structure enable faster ORR kinetics, more positive ORR onset potentials,
and high-power output in MFCs. Typically, activated carbons bring about a 2x2 ORR
mechanism [74]. In an air-breathing cathode, two different segments are present, one facing
the electrolyte and another one facing the atmosphere. To avoid water leaking and evaporation
the surface exposed to air should be hydrophobic, while the surface facing the sludge should
be hydrophilic to allow protons to reach the reaction sites. This architecture generates a
hydrophobic/hydrophilic gradient and creates the so-called triple-phase interface, which is an
interface in which gas/solid/liquid is present. High surface area carbon electrodes with

hydrophobic binder allow this kind of interface.
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In this thesis, activated carbon-based air-breathing cathodes have been exploited. Indeed, this
approach offers the possibility to have a sustainable air-breathing cathode that has both an ORR
catalytic activity t and the possibility to exploit the supercapacitive response of the high surface
area air-breathing cathode at high current densities. Indeed, as has been discussed in Section

1.5, AC-based electrodes are a valuable strategy to realize green supercapacitive systems.

To conclude, MFCs are very low energy sources, it has been widely shown that MFCs are
capable to degrade a plethora of simple organics and complex civil and industrial wastewaters
[14,62]. Microbial fuel cells have a great potential for many applications like electricity
generation [75], wastewater treatment [76], biosensors [77], and bioremediation. However,
their low power outputs limit real-world application. Indeed, the power density of MFCs is
affected by several factors such as the electron transfer from microbe, ohmic loss, microbial
inoculum, substrate, ORR at the cathode s as the cost of the components and the cell design
[64,78]. Cell design, electrode materials as well as the inoculum much affect MFC performance
[66].

Typically, MFCs operate in a (circum) neutral pH at room temperature to support the activity
of the bacteria and its survival. At a neutral pH of 7, the concentration of active reactants such
as H* (107 M) and OH" (107 M) is 7 orders of magnitude lower compared to extreme pH (acid
and alkaline) which consequently influence the oxygen reduction reaction [79-80]. Therefore,
given the low reactant concentration, the oxygen reduction reaction is extremely sluggish. The
microbial colony at the anode is responsible for the oxidation of the organic substances present
in the electrolyte. In this Thesis it has been added regularly a solution of sodium acetate as an

oxidable substrate.

1.5 Supercapacitive microbial fuel cell

Dewan and co-worker in [66] showed that a common procedure is to report the specific power
of microbial fuel cells as a function of the area of the limiting electrode. In particular, the
authors highlight that it is quite common to obtain a lab cell scale impressive values of specific
power that decrease when the volume of the cell increases. This fact urges to find alternative
strategies that allow improved power performance for MFCs. The exploitation of catalysts to
improve the sluggish cathode kinetics, as well as the introduction of supercapacitive features,
as system integration and at the cell level, are approaches that have been reported to improve
the power performance of MFCs [71]. MFCs are usually coupled with an energy storage system
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such as supercapacitors or batteries, that accumulate the energy produced by the cell during the
conversion and deliver it when needed. A successful example of this strategy is the combination
of MFCs with batteries and supercapacitors that comes from the field of robotics with
Gastrobot and EcoBot [81,82]. Other practical applications through a combination of MFCs
and supercapacitors have also been reported [83-85], and different combinations of MFCs with
power management systems are described in the literature [87]. A further strategy that has been
explored is the exploitation of the MFCs electrodes as the electrodes of an internal
supercapacitor, described as supercapacitive mode. In particular, the supercapacitive
operational mode of MFCs is an effective strategy to boost power [77]. The supercapacitive
mode on MFCs exploits the formation of the electrical double layer related to the natural
polarization that occurs at the electrodes, during the anodic colonization. That is, the first stage
of the anode is colonization by electroactive bacteria that act as biocatalysts for the oxidation
reaction. Oxygen is consumed, and anaerobic biotic conditions are established. Therefore, the
electrode is negatively polarized with respect to the initial conditions, where the bare anode
was in contact with an aqueous electrolyte with a certain content of O [81]. In parallel, the
cathode is exposed to air, and oxygen is used for the oxygen reduction reaction. The cathode
electrode is positively polarized, and the potential moves toward positive values [74]. Because
of these two different established bioelectrochemical environments, the electrodes are
polarized (Figure 1.4.3 a). Electrochemical double layers are therefore set at each
electrode/electrolyte interface (Figure 1.4.3 a). At the cathode surface, the excess of positive
charges is balanced by electrolyte anions. In parallel, on the anode surface, the excess of
negative charges is counterbalanced by the electrolyte cations (Figure 1.4.3 a). Opposite
charges move from the electrolyte to the charged electrodes, forming an electrochemical double
layer at each electrode/electrolyte interface. In such conditions, the cell can be described as a
charged EDLC. The anode and cathode of MFCs are behaving similarly to the negative and
positive electrodes of an internal supercapacitor. Once left in rest conditions and a stable cell
voltage is reached, the electrodes can be discharged electrostatically, the electrode charges are
neutralized, and the counterions are released in the electrolyte (Figure 1.4.3 b). The energy
stored electrostatically on the electrodes can then be released to an external load (Figure 1.4.3
b). Once the discharge is completed, the electrodes are self-recharged at their initial potential
value, self-polarized, and an electrochemical double layer is formed at each electrode. The
internal EDLC is, therefore self-recharged thanks to the different anaerobic and aerobic
environments and the specific bioelectrochemical environment [82]. The discharge process

during the operation of the supercapacitive MFC, in pulsed mode, is reported in Figure 1.4.3.
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The pulsed mode of an MFC consists in discharging the cell galvanostatic until a certain cell
voltage is reached, followed by an open circuit condition to recover the initial voltage. A further
approach that has been demonstrated to significantly boost MFC power is the use of an
Additional Electrode (AdE), which are described in Figure 1.4.3. The additional electrode is
short-circuited with the cathode, therefore is positively polarized. Given the cell geometry, this
strategy allows a strong reduction of the cell internal resistance enabling higher current, with
respect to supercapacitive MFCs without the AJE. Moreover, the increase of the cathode
surface area achieved by the short-circuited AdE, also increases the capacitive response of the

system.
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Figure 1.4.3: a) Supercapacitive microbial fuel cell in open circuit, b) closed circuit, c) Supercapacitive
microbial fuel cell with an additional electrode in open circuit d). Supercapacitive microbial fuel cell with an

additional electrode under load conditions [83].

However, it has to be underlined that in these supercapacitive MFCs, during discharge,
different processes overlap: the irreversible faradic reactions driving the MFC operation and
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the reversible discharge of the electrical double layers that occur simultaneously. This makes
it more appropriate to identify the capacitance as ‘apparent capacitance’ [82]. Faradaic and
electrostatic processes feature diverse rates and kinetics with the first one slower than the latter.
Apparent capacitance depends on current and pulse time: (i) at lowest currents and short times,
the electrostatic process drives the cell response; (ii) at low currents and long times, the faradic
contribution becomes predominant. The first supercapacitive MFC in which both anode and
cathode were considered as internal electrodes of a supercapacitor and where an AdE was
exploited, was patented in 2016 by scientists from the University of Bologna (Italy) and the
University of New Mexico (USA). In that study, the cell was galvanostatically discharged at
different currents (up to 4.5 mA) with a peak of maximum power (Pmax) achieved was of c.a.
0.67 mW (2.98 Wm2) [37].

1.6 Aim of the work

The challenging aim of this Ph.D. work is to exploit and merge of different electrochemical
systems and their components, like supercapacitors and MFCs, by a green approach, to design
a monolithically integrated system that boosts MFCs power well beyond State-of art air-
breathing MFCs. In parallel, sustainability and waste valorization are central themes in this
thesis. Indeed, the planned work targeted the exploitation of the main solid waste of the
biodigester from which the MFCs inoculum was taken, to produce carbon electrodes to be
implemented in the supercapacitive MFC systems. This approach fully addresses the water-
waste-energy nexus, by a circular economy. Three main strategic research lines have been
followed: i) the development of green supercapacitors, ii) the external integration of green
supercapacitors with MFCs and, ii) the development of supercapacitive microbial fuel cells by
the monolithic integration of supercapacitive features in MFC electrodes. In addition to getting
further insight into the electrode/electrolyte interface of electrochemical energy
storage/conversion technique, a novel approach, that is consolidated in the field of organic

electronics, like ion-gate transistor setup has been here exploited.

Chapter 1 introduces the energy-water nexus, highlights the role played by supercapacitors and
MFCs in this scenario, and describes the main components and processes in these devices. In
Chapter 2, different approaches followed to improve the sustainability of supercapacitor

manufacturing are reported. The strategies to both integrate external supercapacitors and
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integrate monolithic supercapacitive features in MCs have been carried out and are reported in
Chapter 3. The third more explorative line of research followed on this thesis regards the study

of electrochemical interfaces and is discussed in Chapter 4.
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This chapter is devoted to the description of the main achievements in the design and realization
of green supercapacitors, specifically, different challenges that have been addressed and are

here reported

The main part of my Ph.D. activity on this topic was focused on the exploitation of novel bio-
derived aqueous processable polymers, such as pullulan as main components, namely
separator, and binder, for high voltage green supercapacitors under the collaborative ISARP
project with the University of Pretoria (SA), the PTR 2019-2021 MISE-ENEA Project. The
main results and experimental approaches are summarized in section 2.1.1 and have been

published in the attached papers [1,2].

Moreover, | contributed to exploring different electrode and electrolyte components to improve
both the sustainability and the energy density of modern supercapacitors, working under a

collaborative project with groups from partner Universities, namely:

)} Together with the group “Gruppo di Elettrocatalisi ed Elettrochimica Applicata” of
Professor Christian Durante of UNIVERSITA DEGLI STUDI DI PADOVA, the
utilization of N-doped carbon as strategy to improve the energy density of ionic
liquid based EDLC has been investigated. The main results and experimental

approaches are summarized in Section 2.2 and have been published in the attached

paper [3].

i) With the group of Professor Massimo Innocenti, from the Department of Chemistry
“Ugo Schiff’ of the UNIVERSITA DEGLI STUDI DI FIRENZE a detailed
electrochemical study on the corrosion of current collectors in a novel class of
electrolytes, namely water in salt has been investigated. The main results and
experimental approaches are summarized in Subsection 2.3.1 and have been
published in the attached paper [4].

iii) With the group of NanoBio Interface Lab of Professor Calvaresi, University of
Bologna, in collaboration with Mohammad Said EIl Halimi, a Ph.D. student in Co-
tutele between the University of Bologna and the University of Tangeri, | have
worked in developing novel water in a salt electrolyte (WiSE) based on ammonium
acetate for EDLCs. The main results and experimental approaches are summarized

in Subsection 2.3.2 and have been published in the attached paper [5].
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2.1 Pullulan as water processable polymer for high voltage supercapacitors

Pullulan, a water processable bioderived polymer has been exploited as the main component
of novel binder and electrospun separator for green high voltage supercapacitors. The separator
has been obtained by means of electrospinning starting from an aqueous solution, therefore
overcoming issues related to conventional organic molecules-based separators that require
processing by organic solvents. To meet proper mechanical properties needed for EDLCs

separator, and the binder, pullulan has been used in a blend with glycerol.

At first, the work has been focused on the electrochemical response and thermal stability of
electrospun separators based on natural polymers, provided by the group of Professor Focarete,
POLYMER SCIENCE AND BIOMATERIALS of the University of Bologna. In particular,
pullulan (PU) and cellulose triacetate (CTA) electrospun separators have been studied in
different electrolytes, namely 1-ethyl-3-methyl-Imidazolium bis-(trifluoromethylsulfonyl)
imide (EmimTFSi), 0.5 m solution of lithium bis-(trifluoromethylsulfonyl)imide (LiTFSI) in
Tetraethylene glycol dimethyl ether (TEGDME), and 1-Butyl-1-methylpyrrolidinium bis-
(trifluoromethylsulfonyl)-imide (PYRwTFSI). The contribution to ionic resistance of the
electrospun separator soaked with the different electrolytes has been investigated by
Electrochemical Impedance Spectroscopy (EIS) at different temperatures. Pullulan/EmimTFSI
was the combination that showed the minimum resistance at each tested temperature, and
therefore, this combination of separator and electrolyte has been selected has to assemble two
different EDLCs with electrodes based on a commercial activated carbon (BP10, PICAactif):

e HBLME: low electrode mass loading and high binder content (HBLME)
e LBHME high mass loading and low binder content (LBHME).

The EDLCs have been tested by cyclic voltammetry, EIS, and galvanostatic charge/discharge
cycles. The highest specific capacitance was featured at the lowest scan rate of 5 mV s~ for
both devices and was 18 F g! and 14 F g™ for HBLME-EDLC and LBHME-EDLC,
respectively. Both supercapacitors featured good capacitance retention with the increase of the
scan rate, which however was higher for HBLME-EDLC (22%) than LBHME-EDLC (50%).
Galvanostatic cycling with high coulombic efficiency (higher than 98%) was demonstrated for
both devices at the high cell voltage of 3.2 V. Noticeably, the EDLC featured a very good
cycling behavior demonstrated over more than 2000 cycles even at low binder content,
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confirming the stability of the Pu-polymer in EmimTFSI. The high cell voltage and good
specific capacitance provided specific energy of 19.6 Wh kg™ and 7.2 Wh kg™ at 0.5 A g*
that well compared with those of EDLCs featuring the same electrolyte and active carbon but
employing a fluorinated binder and fiberglass separators. The highest specific power was 4.6
kW kg and 3.7 kW kg™ at 4-5 A g~ respectively for HBLME-EDLC and for the LBHME-
EDLC. The gravimetric performance of the HBLME-EDLC is superior to that of the LBHME-
EDLC. The experimental methods and the results of this study are reported in [1]. Following
such interesting results, pullulan was used as the electrospun separator and binder in EDLCs
featuring electrodes based on a bioderived carbon obtained from pepper-seeds waste (PP-AC).
IL EmimTFSi has been selected as the electrolyte. This IL is known for its good
electrochemical properties in terms of chemical and electrochemical stability, conductivity
ionic. However, here an additional advantage in the use of this IL was demonstrated. Indeed,
the exploitation of pullulan, an aqueous processable biopolymer in combination with
hydrophobic ionic liquid, brings about a smart combination of material that enables an easy to
dispose of strategy. That is, by soaking in water the device at its end of life, the aqueous
processable binder quickly dissolves and the immiscible ionic liquid separates enabling the
direct recovery of the EDLCs main components.

The pullulan-based supercapacitor delivered a maximum specific power of up to 5 kW kg,
and maximum specific energy of 27.8 Wh kg™ specific energy at 3.2 V, these values well
compare with conventional electrical double-layer capacitor performance with the added value
of being eco-friendly and cheap with cell capacitance of 20 F g~*. The Pullulan-based EDLCs
showed good cycling stability up to 5000 cycles.

Notably, a comparison of the findings achieved in [1] and [2] demonstrate that the biochar
EDLC, with pepper seeds-derived carbon, outperforms the EDLC based on a commercial

carbon.

The experimental methods and the results of this study are reported in [1,2], which are here

attached as complete publications
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Stratepics that simultancously target energyfpower performance, sustainable manufacturing prooesses,
valorization of green raw materials, and easy recycling of supercapacitors are urgently needed. Today,
efforts have to be devoted not only to improve system performance but also to address the sustainability
of matenals and devices manufacturing and recyclabiliny. Specifically, pullulan is herein proposed as a
mvel bio-degradalde binder aml separator for green supercapaciion, 11 is processed by elecirospanning
From agpeeous solutions, therefore overcoming issoes related o oomventional membrane processing by
organic soivenis. Furthermorne, combining the water-soluble, biodegradable pollulan with a hydrophobic
ionic liquid electrohyte brings about a novel approach for end-of-life management of devices. The use of
pullulan ks demonstrated in 2 supercapaciton with carbon electrodes obtained from pepper-seeds waste

Eeywuords:
Green supercapaciton

E::uu;nmmM and  1-Erhyl-3-methylimadassliombis irilluoosmethy ol fomgd Jimide o the  electrolyte, The  cupes
Tonic Niguid capaciion delivers up o 5 KW kg 1 apecilic power and 278 Wh kg ! specilic energy af 3.2V, that well
Bio-char carbon onmpare with comventional elecinical double-layer capacitor pedormance with the added vahse of being
coo-friendly and cheap.
& 2020 Elsevier Ltd. All rights reserved.
1. Introduction renewable sources, like the sun and wind. Beuer exploitation of

The skyrocketing demand for electricity and backup power for
advanced transportation and most portable electronic devices has
necessitated a great investment in energy research [1].

To fully exploit renewable energy sources, adequate storage
systems capable of dealing with the inconsistent generation asso-
dated with most renewahle energy sources are necded. Soper-
capacitors, on the other hand, are potential storage systems that
have been recently employed to complement battery systems and
adopted as stand-alone backup units in more complex systems.
With the numerous advancements being made by researchers to
solve the drawback of the low energry density, supercapacitors can
play a role for advanced applications requiring high-power, long
cycle life and low maintenance costs [2 4]

A key application is the storage of cnergy from intermittent

* Corresponding sulbor.
& Coorespondang asthos,
-l adedress; Franorsca soaviun ba it (F. Saav),
T These aurhars equally contribaried,

h s e oo N0 Gt tarta 2020 135872
0013456866 2020 Ebevier Ll All fights reserved.

renewable sources will render clectrical encrgy more available,
even in developing countries.

Today supercapacitors make use of organic electlytes, mosthy
based on acetonitrile, a Mammable and toxic solvent, and Muorinated
salts (eg etracthylammonium tetaliuveroborate). Expensive luori-
nated polymers such as polytetrallvomethylene and polyvinylidene
difluoride that even require solubilization in the tosdc M-Methyl-2-
pyrrolidone solvent [5] are also used as electrode hinders and sepa
rators. Motably, swch Fcontaining componenis impact on cell
manufacturing and waste managing cost. Indeed, toedic and volatile
fluorocarbons might be generated during the traditional incineration
of end-of-life systems, Thus, it can be harmiul to the environment,
considering the increasing demand and market of supercapacitors.

In this soenario, lowering the price and minimizing the envi-
ronmental and cconomic impact of disassembly and recycling of
end-of-life supercapacitors is mandatory [6,7]. The valorization of
organic wastes and natural sources by their transformation into
valuable componenis of supercapacitors within a circular economy
approach is also 1o be purswed.

Recently, the use of activated carbon from biological waste
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(biochar) as a mwans of oblaining abundant, low-cost super-
capacitor clocirode materials was cxtensively investigated and re-
ported [&—14]

Other studies have focused on developing suitable conductive
electrolytes which permil the electrode material w operate at the
largest achicvable potential ranges [15-19). Agueows clectrolytes
are limited to operation at a threshold voltage of 1.2 V doe to the
wiater present in them, but in some specific cases, valuses as high as
2.2V can be achieved. Moreover, conventional organic and aqueous
electrolyles cannot be used in high-lemperature applications due
to the lammability and low boiling point (cmperaturnes, rospec-
tively. lonic liquids (lls) provide the solution to the problems
associated with organic and aqueniis electrolytes bat are saddled
with low ionic conductivities and high costs. Thus, a trade-in on the
cost of other less crudal components (such as separator, binders,
current collectors) as compared to spedfic key elements could
compensate for the overall cost,

Water-processable binders (eg. carbosymethyl cellulose, algi
nate) are relatively cheaper oplions for use and improve Lhe envi-
ronmental compatibility of the clectrode preparation process that
can be done in ambient conditions. They represent an emerging
viable alternative in place of much more expensive fuorinated
polymers,

Thi present study demonstrates for the first time the design and
assembly of a pullulan-based electrical double layer capacitor
(EDICs), Pullulan is a  biodegradable  polysaccharide-based
biopolymer that is obtained from starch by the fungal species
Avreobasidiumn pullulan [20]. Pullulan Glms exhibil high solubility in
water. Their transparency, flexibility and low permeability o oxy-
gen make them ideal packaging materials for food, pharmacentical,
and biomedical applications [21,22], Specifically, here pullulan is
adopled as both a waler-processable binder and an electrospun
separator. Electrospinning is an cmerging  technology  for the
preparation of controlled diameter fibers ranging from tens of
nanometers o few micrometers. In recent years it has been
considered as a promising process for the preparation of free
standing fiber mats o be used as elecirode materials and separa-
tors in supercapacitors 23]

The pullulan-based EDLC featured 1-Ethyl-3-
miethylimidazolivm-bis{trifluoromethylsulfonyllimide  [EMINTESL
ionic hquid (IL) as the electrolyte. While its low volatility and flam
mabhility make it safer than the state-of-art electrolytes of super-
capacitors, it cannot be considered as a totally green alternative, For
this reasomn, it is of great interest to design strateqies to recover it [ 24).

The choice of this IL is driven by its good lonic conductivity
matched with wide electrochemical stability that enables EDLCS 1o
operate at voltages even higher than 3 WV [2,3,7.25). More impor-
tantly, EMIMTFSI is a hydrophobic electrolyte, and this peculiar
characteristic permits the design of a smart process to manage
pullulan-based EDLC waste disposal. Fig. 1 shows that at the end
ol-life, the pullulan-IL-based EDLC can be readily separated into
cach of its components by immersion in water. The pullulan binder
and separator are dissolved in water, Simultanecusly, a physical
separation of the carbon powder, the hydrophobic IL, the current
collecior and the agueows solulion containing Lhe biodegradable
biopolymer takes place. The carbon poweder and curment collector
can be recovered from the IL by filtration. The pullulan aqueous
solution s hindegradable and can be disposed off without any
negalive impact on Lhe environmentL

2 Experimental
21 Preparation of the electrospun pullulan separator

An clectrospinning technigue was wsed to prepare the pullulan

separator. The home-made electrospinning apparatus consisted of
a high-voltage power supply (Spellman SL 50 P 10fCE[230), a sy-
ringe pump (KD Scientific 200 series), a glass syringe containing the
palymer solution and connected to a stainless-stee]l blunt-ended
needle (inner diameter = 051 mm) through a polyletralluoro-
cthylene (PTFE) tube. The pullulan membrane was clecirospun
using a 23% wiv sohation of pullulan in Milli-Q) water. The solution
was spun at 18 kW at 20 cm from the collector with a flow rate of
0.9 mL/h., Electrospinning was performed at rogm temperature (KT
and relative humidity of 40 50%.

22 Synthesis of pepper seed-derived porous carbon

The synthesis of the porous carbon derived from pepper seeds
(PP-AC) is as described in our carlier work |25). Bricfly, the sceds
were obtained as waste from cheap Bell peppers and thoroughly
mixed with potassiom ydrogen carbonate (KHOO,) serving as the
activating agent to obtain a homoegenous mixture [ mass ratio of raw
malterial W KHOD; was 1:1). Compactivation of the linal mixture
into a rectangular mold was done by adding little deionized water
to the powder in an agate mortar before drying in an oven at 80 °C
for 6 h to remove the water, The dried mold was placed in a furnace
purged with a regulated flow of argon gas (250 scom) at a 5 °C
min ! ramp rate for 2.8 h to an 850 °C final temperature. The
carbonization process was run for a period of 2 h with subsequent
conling to 25 °C, The final product was sonicated for 0,5 h, washed
with 3 M HCl and rigorously rinsed with deionized water to attain a
neutral pH [ 14.2627]

23, Preparation of the electrodes

Ebectrode composition was 70% PP-AC, 10% Carbon black, 20%
pullulan-ghycerol (1:1 wi). To be spedfic, a shory containing
24,0 mg of M'P-AC, 3.4 mg of carbon black (as conducting additive ),
34 mg of pullulan (PO97E, TCN and 3.4 mg of Clycerol (Sigma
Aldrich), in 0.9 g of MilliQ) water was casted on pre-cut Nickel foams
(Alantum, Munich, Germany, diameter 0.9 em) and labelled as PP-
AC-EDLC. The clectrodes were then dricd in an oven (under vac-
uum) overnight at room temperature (Biichi glass oven B-585). The
composite elecirode loading (excluding the Mickel foam mass) was
in the range of 4-7.5 mg em 2 [28].

24, Supercapacitor assembly

Supercapacitors were assembled from two carbon composite
electrodes alienated by a circular sheet of electrospun puliulan
separator, with 1-Ethyl-3-methylimidazalium bis{tri-
fluoromethylsulforyl Jimide 1L (EMIMTESL, Solvionic) as the elec-
trolyte, A T Swagelok-type cell assembly (BOLA Cell made from
Tedflon) with a silver quasi-reference electrode disk was used. Cells
were assembled in a dry box (MBraun Labmaster 130, Hz0, and
Oy « 01 ppm). The separator and electrodes were soaked under
vacuum with the . before the assembly, The positive to negative
electrode composite loading ratio was >1 to achieve cell voltages
higher than 3 V.

25, Materials characterization

Scanning electron microscopy (SEM) images of the membrane
woere collected  uwsing a ZEISS EVOD 50 apparatus. Tensibe
stress—strain measurements of the electrospun membrane were
performed by using a Dynamic Mechanical Thermal Analyzer
(DMTA, TA Instruments Q800 series) equipped with tension-film
clamps. The analyses were performed on reclangular strips cut
from the clectrospun mat (width 5 mm; gauge length about
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10 mm). Stress-sirain measurcments were carmicd out at KT by
applying a preload foroe of 001 M and using a cross-head speed of
5 mmjmin, Six rectangular specimens were analyzed for each
sample. The specimen thickness {about 0,05 mm), measured with a
digital micro-meter, was used Lo oblain stress-sirain curves [rom
raw load-displacement data. Stress and strain at yickd (o, and «, ).
stress and strain at break (ap and £p) a5 well as the tensile modulus
(E) were determined as the average value + standard deviation,
Dedtails on Lthe electrode preparation and measurements are pro-
vided in the supplementary section.

HMitrogen adzorption porosimetry measurements for the PP-AC
carbons were cammied out at 77 K with an ASAP 2020 system
(Micromeritics) after a diying step for 24 h at 180 "C. The N;
adsorption isotherms were analyzed by densily functional Uheory
{DFT) to oblain the pores size distribution (PSD). The complete
chemical and physical characterization of the PP-AC carbon is re-
ported in the earlier work [25]. The electrochemical tests were
pedormed in a thermostatic oven al 30 °C using a BioLogic VP
multichanne] potentiostatjgalvanostat{FRA. Cyclic voltammogrames
were analyzed to evaluate the capacitance. Specifically, the capac-
itance values were ohitained by the slope of the discharge voltam
meiric current integrated over time vs. electrode potential (or cell
voltage for the 2-electrode case) plots. Values are normalized 1o the
omposile checrode mass. Electrochemical impedanoe spectros-
copy (EIS) was performed with a 100 kHz—100 mHz frequency
range and 5 mV AC perturhation, acquiring 10 points per decade,
For three electrode measurements, Lthe working and counter elec-
trodes were the positive and negative clectrodes of the EDLC
respectively. The silver disk was the reference electrode. For two
electrode measurements, the silver disk was disconnected, the
EDLE positive electiode was the working, and the EDLC negative
electrode was connecled Lo the counter and reference instrument
plugs. The clectronic resistivity of the PP-AC composite was cval-
uated with a Jandel multi-height four point probe apparatus con-
nected to an Amel 2053 galvanostat/potentinstat and a Hewlett
Packard 3478A multimeter. The west was carried oul on composile
matcrial deposited on a non-conductive substrate (Mylar film)

3. Results and discussion

Pullulam is a highly water-zoluble polymer that makes it of in
terest as the binder for water-processable electrodes, However, the
brittlencss of pullulan Glms reguires blending wilh plasticizers o
improve the mechanical propertics. In Refs. [21,22], it is reported
that glycerol is a suitable plasticizer, Indeed, pullulan-glycerol films
casted from aqueons solution with at glycerol concentration of
20 30% wjw leatured physical-mechanical properties acoeplable
for pharmaceutical and food packaging applications. This can be
visually apprecated in Fiz. 2a that shows a siretchable seli-
standing transparent film that is easily peeled-off from the Petri

We, Lherefore, used a blend of pullulan and glycerol as a binder
of supercapacitor carbon clectrodes. In our study, the best adhesion
of the carbon layer to the current collector was achieved by mixing
pullulan and glycerol with a 1:1 wt Ratio. Fig. 2b shows the image of
a carbon electrode obtained by casting a layer based on 70% high
surface carbon — 10% conductive carbon — 205 pullulan-glycerol
(121 wt) on nickel foam.

Fullulan was then processed from agqueous solutions as a non
woven mal to yield the bio-polymer separator used to assemble
the green supercapacitor. Fig. 3a and b report the images of the
clecmspun pullulan membranc. It features interconnected defect-
free fibers. The mat thickness was 55 pm and the mean fiber
diameter was around 003 pme Fig S displays the tensile stress
strain curve of the pullulan electrospun fiber mal. The mal
showed an clastic modulus E = 85 + 27 MPa, stress at break
@y — 34 + 0.4 MPa and a strain at break o, — 32 £ 9% It is known
that fiber arrangement in the mat usually changes in the course of a
stress-strain analysis, fibers tend to align in the direction of the
applied foroe before getting thinner and lnally breaking [29]. The
complex phenomena of fiber rearrangement that ooours during
scaffold deformation might explain the high variability of me-
chanical data that is often found when analyzing electrospun mats,

Fig. 3d reports the Nyquist plots of symmetric cells with stain-
Iess stee] blocking clectrodes separated by the pullulan membrane
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Fig. 2. ) Pullulan glycerol film obtained by drying at 60 “C a casted layer of 100 mg pullulan — 30 mg glycerol in ca. 15 g of water, and b) carbon electrode prepared by casting an

agueous ink with carbon powder, pullulan and glycerol on micked foam.
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(used in this work) or a commercial membrane (Whatman GFJA,
fiberglass) soaked in EMIMTFSL The intercept on the real axis of the
Nyquist plot at the highest frequency (ca. 150 kHz) is representative
of the ionic resistance through the membrane. For the pullulan
membrane, the resistance was 1.8 Q@ cm?® and well compared with
that of the commercial separator that featured 2.1 0 cm?

As it concerns the carbon clectrode material, biomass-derived
activated carbon prepared from a facile and environmentally safe
technique with a mild activating agent, was used. Specifically,
pepper seed waste was the carbon precursor, and potassium

carbonate  served as  the activatling  agent
[8-12,16,25,27.30.31).
Table 1 summarizes the main porosity features of the pepper

seed-derived activated carbon (PP-AC) along with the Raman Ipjl;
ratio of the D-band and G-band intensities. The Ipfl; ratio of 0.96
indicates a moderate degree of graphitization. PP-AC featured a BET
surface area of 1990 m”? g ' and a bi-modal pore size distribution
centered at 0.8 nm and 2.5 nm (see Supplementary Information
and Fig. 51). This pore size distribution fits with the requirement for
use in IL-based supercapacitors [32,33).

Indeed, to avoid electrolyte starving effects that cause limita-
tions in charge storage capability, carbon pores should be wider
than the IL-ion size. For EMIMTFSI, the optimal size that enables the
full exploitation of the carbon surface for the double-layer capaci-
tance is ca. 0.8 nm 25,33 36]. The cumulative volume for pores
larger than 04 nm is 094 cm? g
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The pullulan-based PP-AC electrodes and the eleclrospun
separator were uscd to assemble supercapacitor oclls with EMITFSI
as the electrolyte. The cells were electrochemically tested in both
three- and two-electrodes setup, Fig. 4a reports the cyclic valtam

intensities.
" — . " miograms of Lhe single electrode carmied ool in a 3-electrode sel up.
Carban Code  Swyme ! Voaswmome ! Comf® bl e Figure demonstrates that the positive and the negative clec-
Fepper-derived  PRAC 1990 o4 115 096 trodes can be polarized within the potential range of +1.4 V and —
* From Rel |25]. 14 V vz Ag without evidence of additional signatures evenfually
related to side reactions that can be ascribed to pullulan. The
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Fig 4 a) Cyclic voltammuograms of single PP AL electrode at 40mV s " carmied out ina 3 electrode st up, and b) Myquist plot (frequency range: 100 kHz to 10 mHz), ©) cpdic
wallammuograms at different scan rates, d) cell voltage profiles under gahamostatic chargejdischarge between 0V and 3.2 at different specific ourrents (1) of the PP AC based EDLC
carried out in a 2 electrode sstap and, &) trend of the percentage of the capadtance normalized o the higher value CJCGE at 1 A g ", and 1) Ragone plot of PP AC EDLC

61



] FE Poli ¢t ol f Flectrochimsion Acta 338 [2020) 135872

Tahbe 2

Compansan of the speoibc energy and power at 1 A g " af PP-MC EDILEC and of ather EMIMTES-hased FINS reported in literanee [ 253137535 and assembled with con-
wemtinnal kinders, separatnrs and differend carbnns, The BET surface arca of the carbons and clectrode mass Inadings ane also repoated,

Carbon source BET Surface area [mlg] Binder and Separatos” E [whkg] F [kwkg] Mass boading mgfom® kel
Bamibwan char 1732 PVIF An 1.4 1] 137
Palypropybene
Faper palp shidge waske IR0 FVIF a4 07z 25 138]
Parous polymer
Resorcinal-formaldebyde (el FIFE ne a5 613 131]
Fiber glass
Pepper soed TN PVIF E L1 58 125]
Filter paper
Pepper soed 1990 Pullulan 218 1.33 415 Thits wierk
Pullulan
* PVDE: polysinylidene Duosride; PTFE: pulyletal] Tiyhene.
" From pores larger than 1.5 am.
v ALDZ Al
specific capacitance averaged on the positive and negative domains
and normalized only to the mass of the PP-AC carbon (excluding P mgi (2]
L

carbon black amd binder) is 115 F g ' (Table 1). This value well
compares to that featured by electrodes produced with the same
carbon, the same electrolyte but with a polyvinylidene fluonde
(PN hinder (20%). These electrodes featured a specific capaci
tance of 116 Fg 'at 1A g ' [25].

Fig. 4a reports the 2-electrode vollammograms of the PP-AC
based EDLCs (PP-AC-EDLC) at different scan rates up to a ccll
valtage as high as 3.2 W,

Maotably, the wvoltammograms maintain a symmetric, box-like
shape even al a high scan rate up o 200 mV s ' AL this scan rate,
the spedific curmments (evaluated considering the total compaosite
maass loading of the twio clectrodes, myy ¢ ) approach a high valoe of
-4 A ', The analysis of the CVs at 5 mV ' provided a specific
capacitance of the PP-AC-EDLCof 27 F g . This value decreased by
I3E aL 200 mV s ' (see Figure 4).

The cycling performance of the PP-AC-EDLC was evaluawed by
galvanostatic charge-discharge cycles at different specific currents.
Iig. 4b reports the cell voltage as a function of the time at diferent
specific currents and between 0V amd 3.2 V. The charge/discharge
profiles are symmetric, triangular shaped with lincar voltage vs.
time profile. The coulombic efficiencies of the charge/discharge
cycles of the EDLC, reported in Fig. b approach 100 at the highest
currenis of 4-5 A g\, These high specific currents can be achieved
Lhanks 1o the low equivalent series resistance (ESR) of 2.7 £ am®.
The ESR of the 2-cledrode system was cvaluated from the high
frequency intercept of the Myquist plot on the real axis (Fig. 54). The
ESR was msch lower than that featured by an EDLC assembled with
Lhe same EMITFSI electrolyle, nickel foam current collectors, and
PP-AC carbon, but using PVDF binder, that was 20 £ cm” [25].

The contribution to ESK of the electrical resistance of the elec-
trode was evaluated by four-point probe resistivity measurements
that provided a sheet resistance of the PPAC composite of
4,09 + 0.01 Ohm cm

Fig. 4c shows the trend of the capactance of PP-AC-EDLC
normalized by the value featured at in the first cyce under
cycling at 1 A g™, Though preliminary, these results sugmest that
pullulan can also be ellective in keeping a pood cyclability of the
EDLCs.

The discharge profiles reported in Fig. b were analysed to build
the Ragone plot reported in Fig. 4d in terms of specific energy (E, in
Wh kg™') and power (F, in kW kg™) which were calculated using
Eqs. (1) and (2}

E=1|Vor (1

3600

where [ is the specific current (in A g ") and At is the discharge
Lime {in 5). The spedilic current is normalized Lo the todal amount of
composite material of the two clectrodes.

The Ragone plot shows that at the highest curment (5 A g ') the
PP-AC displayed 5 kw kg ' specific power. The highest specific
energy was delivered at the lowest current (025 A g ') and was
278 Whks *

A comparative summary in Table 2 shows that the use of pul-
lulan both as a hinder and separator results in specific power and
energy values that are of the same order of magnitude than those
leatured by lab-scale cells already reported in literature Lthat shane
the same EMIMTFSI clectrolyte, but that are assembled with con-
ventional binders and separator |25,31,37,38].

4. Conclusions

For the first time, we demonstrated that pullulan can be wsed w
diesign major components (binder and separator) of green super-
capacitors by sustainable, water-based manufacturing procedures
(electrospinning). The electrode and membrane priscesses that we
propose represent environmentally improved and safer routes that
can substitute the comventional manufacturing of feorinated
polymers hased on the use of the toxic solvent N-Methyl-pyrroli-
dane, Combining the binding properties of pullulan-glyceral hlends
with the adequate mechanical properties of the electrospun fibers
of pullulan mats and the electrochemical performance of the PP-AC
carbon clecirodes brings about EDLCs featuring up w 20 F g °,
5 kW kg ! and 27.8 Wh kg ' at 2.2 V. The IL is herein used not onky
for its good electrochemical properties in terms of stability and
conductivity but also because of its hydrophobicity, which enables
the development of a novel concept of an end-ol-life management
of the EDLC. Indeed, it can be casily separated from the water sol-
uhle, hin-degradable polymer, from the carbons and current col
lectors by simple immersion of the cell in water. Starting from this
concepl, lurther work will be carried oul 1o oplimize the recycling
of the carbon and the ionic liguid.

Our study demonstrates that supercapacitors can be manufac-
tured in compliance with the following green chemistry principles
[39)

(i), (W=1) Prevention: in PP-AC-EDLE, fluorinated polymers anid
toaic organic solvents (NMP and acefonitrile) are svoided

(ii). (N"6) Design for energy efficiency: PP-AC-EDLE electrodes
are manulactured al ambient conditions by exploiting nal-
ural and bio-inspircd components.
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(iii). (N=7) Use of renewable feedstocks. PP-AC-EDLC carbon is
derived [rom agricullure waste.

(iw). (N 10) Design for degradation: in PP-AC-EDLC, clectrode
hinder and separator are hio-degradable. Carbon, electrolyte
and metal grids can be easily recovered by physical means,

Furthermore, our approach can be applicd o develop new
supercapacitors making use of advanced clectrode materials and
inmic liquids to further improve energy and power performance, by
a green approach.
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Abstract: Water-processable natural polymiers represent a valuable altermative for the sustainable
manufacturing of electrical double layer capacitors (EDLCs). Here, we demonstrate for the first
time the feassibility of the wse of pullulan to produce high mass loading dlectrodes (=10 mg cm ™)
at low binder content (107%) for ionic-liquid based EDLCs. Fullulan has also been processed as a
porous separator by clectrospinning, s wonic nesistanoe and thermal stability have been evaluatesd
in different electrolytes and were found o be superior compared Lo those of a cellulose triacetate
clectruspun separator,. Pullulm-ionic lguid EDUCs were, thus, sssembled and charged ap o 3.2 W,
The EDNLCs delivered specific energy and power of 7.2 Wh kg~ and 3.7 kW kg ' and featured good
cycling stability over 3000 cyches,

Keywords: green supercapacitor; waler processable polymer; pullulan; ionic liquid; electrospinning,

1. Introduction

Today one of the biggest challenges our society is facing is how to replace the use of fossil energy
sources (coal, oil, gas) with renewable ones (solar and wind}. The inherent intermittence of the latter
sources regquires the development of cfficient energy storage systems. Among all the possibilities,
electrochemical energy storage by secondary batteries and electrical double layer capacitors (EDLCs)
is ong: of the most efficient approach [1-4]. EDLCs ane meceiving great atbention for their wnigues
characteristics of outstanding power and cycle lite, that are related to their electrostatic operating
miechanism,  However specific energies of EDLCs are one order of magnitude lower than that
of balteries.

Commercial EDLCs feature activated carbon (AC) electrodies, a porous polymer separator, and an
organic electrolyte, typically a solution of alkylamneonium aalls in acetonitrile or propylene carbonate.
T wsee wof e orgamic electrolyte enables cell voltages as high as 2.5 ¥ [5].

The energy density of EDNLCs can be improved by increasing: (i) the operaling vollage window,
(11) electrodes speafic capactance, and (1) the mass loading of the clectrodes.

High operating voltage can be achieved by using an electrolyte with a wide electrochemical
stability window, like ionic Bioguids (ILs) or highly concentrated acgueows electrolybes [6-9], Electrode
specific capacitance can be improved by Lailoring carbon porosity to the electrolyle, in order Lo
enbance ion acoess fo the carbon surfsce. An albermative stratepy & epresented by the use of
redox [pseudocapacitive) electrode materials, like metal oxides or electronically conductive polymers,
in asymmetric or hybrid supercapacitors. Regarding the third approach, literature provides a very
limited number of publications. Achieving mass loading higher than 5-10 rﬂgq:m‘2 s congidered a
great challenge. Indeed, thick electrodes might delaminate from the curment collector that is detrimental

Emmxim HIE, 13, 3005 coi: 1 3FHen 13173115 www1m‘i 11_1|r‘r_'_q.|rrulll'grq-rs,m
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tor cycling stability. Furthermore, high mass loading may lead to worse ionic and electronic connection
barbwecen the carbon particles, lesding to higher intermal resistance [10-12].

lomic liquids, thanks to their low tlammability, represent an even safer alternative to the more
vidlatile acetonitrile solutions,  In addition, [Ls are known for their high thermal stability, good
conductivity and wide electrochemical stability window (>3 V). Despite these interesting properties,
they cannot be considered as fotally green and strabegies to neeover them after use are needed. The maost
investigated ILs for EDLCa are based on the bis{trifluoromethanesulfonyl)imide (TFSI) anion | 13-15).
ILs feature bulky ions, therefore in order to promcte a high and efficient exploitstion of the clectron
carbon surface of the double layer, the porosity of the carbon has to be properly designed [16,17].
Furthermore, i has been demorstrated that the chemistry of [ls affects the doable layer thickness
and permittivily, and hence, the electrode capacitance. Indeed, in Ref. | 1,2]. the capacilive response of
different carbon electrodes. in N-butbyl-N-methylpyrrolidinium bis{rifluoromethane-sulfonyllimide
(PYE4TFSI), 1-ethyl-3-methylimidazolium bis(teiflusromethanesulfonyllimide (EmimTPSI) and
FY Ry TFS wins compared . In Emim TESI, all the tested clectrodes featured o specific capacitance
that was double than that exhibited in the other I1s.

In EDLCs the biggest share of the cost i related to electrodes (2896) and  electrolytes (2796).
Electrodes are processed by casting slurries made of AC, conductive carbon, binder, and suitable
solvents on metal current collectors, The binder material itself does not contribute significantly to the
owerall cost. However, its chemistry drives the selection of the solvent used for elecirode processing,
that has a great economic and environmental impact on EDLCs manufacturing [15]. Indeed, nowadays,
commercial AC electrodes are mostly fabricated with F-based polymers as binders, such as poly
(vinylidene diftuoride) (PVdF) which needs M-methyl-2-pyrrolidone (NMF) as solvent/dispersant,
both very toxic for humans and envirenment. This process requires expensive atmosphere-controlled
environments [19].

In light of that and to meet the requirements of sustainable and cheaper production processes, much
effort is being devoted to the substitution of F-based components with alternative ones. Transition to
aquenus electrode preparation by non-toxic binders is expected to provide a greal step forward towards
an ideally sustainable and environmentally friendly technology for energy storage systems [20,21].

l".arln”:lxj'nlr:!h_l," el lubose {l—'Mﬂ rrepn:‘:u:r‘rb: the state of the art of water-soluble binders |1fl,1'|—'24 I
Cme of the first attempts of substituting F-based compounds with CMC, was reported by Bonmefoi et al.
i 1999 [25]. Two of the major drawbacks in the use of CMC, ares (i) the relatively low achievable
electrode mass loading, and (i) the brittleness shown after the drying step. Winter et al. [23], first
proposed Natural Cellulose (NCh. While NC is cheaper ((1.5-15 FUR RE_' vs. 1-2 EUR kg~ ":I and mone
abundant than CMC, it cannot be dissolved in water nor in almost all organic solvents while being
spluble in cerfain iomie |iquidu [Iﬁ—zﬁi]. Vars et al. dissolved NC in 1-l;'l.h_l,.'l-ﬂ-llu-."l}rli.mida:?:l.ﬂ'ium
acetate (EmimAc) and demonstrated that MC has enhanced stability at high voltages. An EDLC
assembled with electrodes featuring 10% NC binder and a mass loading of ca. 3 mg o and
YRy TF5L ionic iquid electrolyte, exhibited a specific capacitance of ca. 13 F g T at 10 mA em 2, and
a capacitance retention of 529%, after cycling for 750 hoat 3.7 V [30]. Pursuing the research of even
more ecio-friendly binders, potato starch, a highly abundant polysaccharide that can be extracted from
non-edible |Jﬂlah“|¢‘:j\, was also |m'lp|ﬂ-|!. B_I,.' the wuse of this I:Il.'lll_lr':ﬁh'l:‘haridfv the pr wluchion of thick
electrodes (240 um, 9.3 mg cm ") was demonstrated [15]. These electrodes were used to assemnble a
25 V-EIALC with 1M EyNBFy in propylens carbonmate (PC) electrolyte, that delivered 036 F e at
10 mA em 2.

Rl’&c_'v.ﬂtl_',.', wie demonsbrated the wse of the hril.‘:dtﬁr&duh]l}! |J'|4.'|_E‘n"||}rr'|u-.r pullulal:l fPu} a% a walber
processable separator and binder for EDLCs. Specifically, the separator was obtained by electrospinning
and the BN .Cs featured Emim TRST electn ﬂ}'!l: anil pepper s derived bochar carbon. The ETH.C
was able to operate at 3.2 V and delivered up to 5 kW kg ' specific power and 27.8 Wh kg specific
energy. lis performances were compared with that of conventional electrical double-layer capacitor,
with the added value of being eco-friendly and cheap.
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Furthermore, the smart combination of the water-soluble, biodegradable Fu with the hydrophobic
fomie ligueid Ermim TR, enabled a novel and easy approsch for the recovery of EDLC components at
the end-of-lite. Indeed, the IL. and carbon easily separate when immersed in water. The expensive IL
cam thensfore be recollected for a second wse [31].

Following these preliminary results, here we report the challenging study that aims to demonstrate
the feasibility of the use of Pu te prooess clectrodes at low binder content (1009%) and high mass loading
(10 mg cm 7). In the first part of our work we compare the electrochemical response and thermal
stability of Muand cellulose triacette (CTA) in different clectrolytes, namely Emam TFS, 0.5 m LiTESI
TEGDME, F¥Rq4TFSL. The bwo natural polymers have been processed by electrospinning and their
contribution fo scmic resistance of the dectrolyie hes been investigated by Electrochemical Impedance
Spectroscopy (E15) al different lemperatures. On the basis of this investigation, Pu and EmimTFS]
wene selected to assemble two different EDLCs, one with low dectrode mass loading and high binder
content (HBLME) and a second one with high mass loading and low binder content (LEHME). The
EINLCs hivve been tessted by oyclic voltammetry, FIS and galvanostatic charge/discharge cycles. A deep
analysis of the EDLCs performance is reported and discussed o demonstrate that natural polymers
and, specifically Pu, may pave the way towards a new approach for a green manufactoring of EDLCs.

2. Materials and Methods

2.1. Malerialz

MN-butyl-N-methy lpyrrolidinnem bis{trifheoromethancsalfomyDimide (PR TESL, purity =99.04%)
was purchased from Solvionic (Toulouse, France). 1-Etfwl-3-methylimidazolium bes{rifluoromethanesulfonyl)
imide (EmimTFS], purity =999%) was purchased from Solvent Innevation (Kiln, Cermany). Lithium
bis{triflucromethanesulfonyimide and tetraethylene glycol dimethyl ether (TEGDME) {purity =99%)
were both purchased from Sigma-Abdrich (56 Louis, MO, USA), Activated carbon PICACTIF was
purchased from PICA (Basiano, ltaly). Conductive carbon additive (SUPER C45) was purchased from
TIMCAL {Bodio, Switzerlarad ). Pullulan (P97, n = 15.0 = 1800 mfa s, 108 in HpO at 30 °C) was
purchased from TCI Europe (Zwijndrecht, Belgium). Cellulose triacetate (CTA, Mw = 74,000 g/maol,
[¥5 3.0) was purchased from Honeywell Fluka (Charlotte, MC, USA). Clycerol (purity =99 5) was
purchased from Sigma-Aldreich. Nickel foam was purchased from Alantum (Munich, Germany).

2.2 Preparation of the Flactrosprn Sepatrator

Electrospinning was used to prepare the non-woven separator. In particular an home-made
electrogpinning apparatus has been wsed, this consisted of a high-voltage power supply (S0 50 P
TWCE230, Spellman, West Sussex, UK), a syringe pump (200 series, KL Scientific, Holliston, MA, USA),
F ] ula:ﬂ .-syring[- 1.'|:’!|"|.fai|1|'||5I i |m'|ym|3-r silution and connected 1o a stainless-stes] Blunt-ended necdle
(inmer diameter = (.51 mm) through a polytetrafluoroethylene (FTFE) tube. The Pu membrane was
electrospun starting from a 23% ayl selution of pullulan in Milli-Q) water. The solubion was spuan at
18 kV at 20 cm from the collector with a flow rate of 1 mL h~". The cellulose triacetate (CTA) separator
has been electrospun starling from a 6% wyjr. selution in DCMEROH 80720 solution. The solulion
was spun at 15 kY and at a 15 cm distance from the collector with a flowrate of 2 mL/h, at room
I'l?llllr.mtum I{Fﬂ'j with a relative |1u|||'||.|'||!_'rl of 40-50°%. After I‘.I.ti‘lnﬁpinnil:ls the muak has been soaked
inter a 0.1 M solution of sodium hydroxide in a mixture of Ethanol and water 4:1 oo for 24 h. In the end
the electrospun separator was washesd in Ml water twice for Aiffeen minutes each.

2.3, Membrane Charecterizafion

Electrospun membranes have been characterized al first by scanning electron microscopy (SEM)
using an EVO 50 apparatus (£eiss, Oberkochen, Germany). The feasibility of the use of the electrospun
mals as separalors was evaluated by EIS. Swagelok-type cells with bwo slainless steel blocking
electrodes (L% om diameter), separated by the membranes (dried overnight before use at K1) soaked in
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the different investigated electrolytes, were used. The EIS spectra were collected by a V5F multichannel
potentiostatfpalvanostat/FRA (Biologic, Seyssmet-Pariset, France) within S00 kHez-100 mbz fregquency
range and 5 m¥ AL perturbation, acquiring 10 points per decade. The cells were thermostated at 30,
4 and 60 °C by a thermostatic oven. The bulk conductivity of the clectrolybes without membranes
were measured by a CDM 210 Conductivity Meter (MeterLab, Milano, ltaly) with an Amel standard
cell {platinum clectrodes). The temperature was controlbed by o DCS0 K40 thermooryostat (Haske,
Thermo Fisher Scientific, Karlsruhe, Germany) with an accuracy of (L1 "C. Samples were thermostated
for 1 h before eviery messurement.

2.4, Preparation of the Clectrodes

Flectrodes were prepared wsing the mesoporous carbon PICACTTF from PICA (BP10) as repaorted
in [£] and described in Figure S1a. BP0 featuned a Brunaver, Emmett and Teller (BET) specific surface
= 2000 s g'l and a pores size distribubion centensd at 2.7 nm [8]. Two water processable formulations
have been studied. A first one with 700% B0, 10% Carbon black, 209 pullulan-ghycerol (1:1 wt) and
Tow mass loading (3646 my l1fl._2] i referred in the following text as high bander low mass electrode
(HBLME). A second one with 85% BI10, 5% Carbon black, 10% pullulan-ghyeerol and higher mass
loading is labelled as low binder high mass electrode (LBHME). Electrodes have been obtained by
casting on pre-cut nickel foams (diameter 0.9 cm) a slurry containing 23.5 mg of BP0, 3.5 mg of carbon
black (as conducting additive), 6.7 mg of pullulan (P78, TCT) and glycerol in 018 g of MilliQ) waler for
HEBLME. For LEIME the ink was composed of 402 mg of BP10, 2.3 mg of carbon black (as conducting
additive), 4.7 mg of pullulan and glycerol in .57 g of MilliQ) water. The electrodes were then dried
in an oven (under vacuum) overnight at room temperature (Bichi glass oven B-585). The composite
edectrode luud'ing:c {l?u"l.u]il:lg = kel foam ||:€|$.-1-} are n:-purhﬂ.i im Table 1.

Table 1. Compasition ] P ||u|.|'mﬁ of HiEh Bimder Liw Mases Electde (HELME) and Low Hinder
High Mass Electrode (LEHME).

Mame Compuosition Mass Loading Range *
TELMIEE TG BT CH20% binder 3.6—4.5"13{111"
LEHME 5% BPYES CB10°G binder 63 TSmgom ©

* gangghe erdevtrocles e kuding,

2.5. Supercapacitor Assembly

AT Swagclok-type coll assembly (BOLA Cell made from Teflon, BOLA CmbH, Grimsfeld,
Czermany) with a silver quasi-reference electrode disk and stainless-steel current collectors was used.
Cells wene assembled in a dry box (Labmaster 130, HO, and Qs <01 ppm MBraun, Carching,
Germany). The separator (12 mm diameter) and the electrodes (9 mm diameter) were soaked under
vapcuum fogether with the 1L before the assembly. The ratio of the positive to negative electrode:
composite loading was =1 to achieve cell voltages higher than 3 V [32]. EDLCs were assembled with
twor carbon based composite clectrodes alicnated by a circular sheet of clectrospun pullulin separator,
with 1-ethyl-3-methylimidazolium bis{trifluoro-methylsulfonyl) imide IL {EmimTF51) as the electrolyte,
as described in Figure Sib.

2.6, Supercapacitor Charscterization

The electrochemical tests consisted in EIS, cyclic voltammetry (V) and galvanostatic (GCFPL)
tests and were performed in a thermostatic oven at 30 “C using a BioLogic V5P multichannel
En.lmuthrdaljga]vxmnlulj‘FEA. EIS was |:n.-.an|1r‘|l,'-d with a 100 kHz—100 mH= [nu.j_urem_',.' range and 5 mV
AC perturbation, acquiring 10 points per decade. o evaluate the impedance of each of the EINLC
electrodes, three electrode measurements, have been done. A silver disk has been used as pseudo
reference. | lere, the working electrode was the fested one and counter the other. “To evaluate the
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complete cell impedance, two electrode measurement have been done. For two electrode measurements,
the mlver disk was discomnected, the EDLC posative chectrode was the working, and the EDLC negative
electrode was connected to the counter and reference instrument plugs.

CV discharge curves were analyesd fo get a first evalustion of the EDLC specific capacitano:
(Cppue). Specifically, Cprgc was caloulated from the slope of the voltammetric plots of the discharge
capacity vs, cell voltage. The capacity was caloulated by the integral of the CV current over time, Thae
slope values were divided by the total composite mass of the two electrodes (n.).

The GCPL curves wene analyzed to quantify the cquivalent series resistance (ESR) and the Ceg,
the specific energy and power of the devices at different discharge currents. ESR was caleulated
aceording to Eagquation (1), where AV gy 15 the ohmic voltage drop at the beginming of discharge, and
i is the current density (A cm—7):

ESR = AV punacl(2 X 1) ()

U was calculated from the reciprocal of the slope of the GUPL voltage profile during the
discharge (dUdV) by Faguation (2):
Cppue = 1 dt'dVima 2)

The single electrode specific capacitance {Cgeopode) Was therefore caleulated From the EDLC's one

Colectrode = 4 % Cppue (3)

The= EDILCs specific energy (E) and poswer () were caleulated from the GCPL discharge curves
through Equations (4) and (5):

E=i‘!\“xdn"[36ﬂﬂxm....} (4)

"= BO00 0 EfAL (5)
where At is the discharge time in seconds.
3. Resulls

3.1. Flectrospun Separalor and Flectrolyte Selection

Figure lab report the SEM images of the electrospun Pu and CTA membranes, respectively. They
feature intenconnected fibers, randomly deposited, with a low number of defects. The Pu mat thickness
was 55 pm and the mean fiber diameter was around 0.3 pm. The CTA mat thickness was 22 pm and the
imean fiber diameber was around (L& JLFTL. T fiber thickness of the Bwo mals i m L with the valoe
already reported for electrospun separators obtained with different polymers |33). Furthermore, the LU
and CTA mat thicknesses wene sdequate for an easy handling and assembly of the FINCs. In addition
to the difference in fiber diameter, the two polymers differ in terms of fiber diameter distribution, the
CTA fibeers besing less homogeneoas with a brosder distribution.

Betore the evaluation of the ionic conductivity response of the membranes, at first bulk conductivity
of the electrolybes was measunsd. The valees at different temperatures ane neported in Table 2. The ionic
conductivity of all the tested electrolytes grows with temperature. Among the considered electrolytes,
the: must conductive ome is the EmimTFSEL Specifically, at 30 °C EmimTFS features 1226 mS om 7,
which is 5-fold higher than the conductivity of 0.5 m LiTF51 in TEGDME (2.05 mS5 cm'ljl and FY Ry TF51
(301 mS an 1),

The separators of the EDLCs should be designed in order to achieve low ESE. This can be obtained
by minimizing their hindrance to the jon Aow during the charge/discharge, while guarantecing the
electronic separation of the two electrodes.

Irv ondeer to evaluate the contribution of the investigated separators and clectrolytes fo ESE, EI1S
measurements were performed. The lests were carried oul using cells with stainless steel Mocking
electrodes separated by the separator soaked with the dlechrolybe. EIS was carmied oot at constant
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interval of time (24 h) and at different temperature (30 °C, 40 °C and 60 °C) to check the chemical and
clectrochemical stability of the different membranes in the tested clectrolytes,

Figure 1. SEM images of electrospun membrane of (a) pullulan and (b) cellulose triacetale with their

molecular structures,
Table 2. Tonic conductivity of the tested clectrolytes at different temperatures.
Conductivity (mS cm™) o (30) o (407) o (607)
EmimTFSI 1260 15.10 2570
0.5 m LiTFSI in TEGDME 205 263 482
PYR; TFSI am 390 6.30

As an example, Figure 2 reports the Nyquist plots of the electrospun pullulan separator in
EmimTFSI over time at the different tested temperatures. The Nyquist plots for all the combination of
Pu and CTA membranes with the different clectrolytes are reported in Figure 52,

{Pululsn-EMIM-TFSI —e—Day 1. 30°C

«— Day2,30°C

ax10’ « Day2,40°C

* Day3,.40°C

.'.' = Day 3, 80°C

o bl = Days,€0°C

g 3x107 A d = Day 5 20°C

[= :¢ 3 6 :

5 & ¥
b Ve L {
g 2x10% W Oy A
— 5 £ 1
E =. " -g ' "; '.’
- ar = 55
,-p » — £
1108 ‘ﬁf » £ i
s o 4

o 2 z 4 El

Re 121/ ohm em?
[}] T

I I
1x10° 2x10° 10 4x10°
Re [Z] / ohm cm?

Figure 2. Nyquist plot of Pullulan electrospun membrane in EmimTFSI electrolyte.
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In Figure 2, the impedance spectra of the Pollulan membrane resemble a straight line. This
response can be modelled with a resistance (E) in series with a constant phase element (0), therefore
the resulting impedance is given by the following equation:

Z=R-1/jwQ" (&)

In Equation (6), R is the equivalent resistance of the separator soaked in the electrolyte and can
be evaluated from the intercept with the real axis in the 150-300 kI« frequencies resggsion. Tt includes
the electronic resistance of the current collectors and the ionic resistance of the cell which reasonably
dominates the response. When n = 1, the plot is a line parallel to the imaginary axis and () represents
the capacitive response of the cell. When n = 0.5, the plot is a line with a slope of 45° and Q) corresponds
to the Warburg element that is representative of diffusion-controlled processes.

Figure 2 shows that the temperature increase leads to the decrease of the resistance of the cell that
is related to the increase of the electrolyte conductivity (cf. Table 2). In parallel, it is noticeable that
the slope of the Nyquist plot decreases, unvealing that ion diffusion through the membrane becomes
more sluggish.

This behaviour could be explained with the swelling of the membrane at the highest temperature
that, in turn, brings about thickening of the fibres and narrowing of the inter-fibre voids. This might
result in a more tortuous path for ion conduction.

Tables 51 and 52 and Figure 3ab report the values of resistance of Pu and CTA membrane
respectively, at different temperatures over time, in the different electrolytes. The values are in the
same order of magnitude and span between ca. 2 and 5 ohm cm?. The first day at 30 °C, Pu features 2,
3 and 3.5 Ohm cm? when soaked with EmimTFSL, 0.5 m LiTFSI TEGDME and PYR,4TFSI, respectively.
CTA exhibits 2, 3 and 3.5 Ohm cm? with EmimTFSI, 0.5 m LiTFSI TEGDME and PYR;4TFSIL Therefore,
resistance values are similar for both membranes in the same electrolytes, with EmimTFST accounting
for the smallest values. A more straightforward comparison must consider the mat thickness of both
separators and can be carried oul referring to the effective resistivity {g.q) of the membrane-electrolyte
systemn. The value of gy can be obtained by Equation (7):

err =5 % RfL 7

where R is the resistance (in Ohm), 1. is the membrane thickness (om), and 5 is the corrent collector
area (cm?).

As commented above, Pu separator features a thickness of 55 pm that is almost 2.5 times larger
than the CTA's that is 22 pm. Therefore, ger of Pu at 30 *C in Emim TFSI results 450 Ohm cm and is
almost half than CTA" (over 1000 Ohm cm). This can be related to the thinner fibres of the former
membrane (L3 pm) vs. the latter (006 pm). Thinner fibres provide a greater surface area and a greater
density of free volume that can be exploited by ions to achieve higher conductivity. Noticeably, the
resistance values of Pu at the different temperatures keep almost constant during time. At the contrary,
those of CTA membrane gradually increase achieving 5 Ohm cm? at 60 °C, after 5 days, a value that
doubles the Pu ones. Furthermore, after six day, the temperature was lowered to 30 °C. The resistance
of Pu-EmimTFSI went back to its initial value while the CTA-Emim TFSI ones doubled (4 Ohm em®).
This indicates that the swelling process promoted by the increase of temperature is reversible for Pu
but not for CTA. Owverall, the data of Figure 2 suggest that Pu membrane is more stable than CTA.

In order to et further insight into the contribution of the separator to the ESRE, the Mac Mullin
number (M) has been caleulated for all the tested systems. Indeed, Ny quantifies the increase of
resistivity of the separator soaked in the electrolyte (p.4) with respect to the bulk resistivity of the
electrolyte solution (gg), and it is calculated after Equation (8):

M = dorron (8)
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where g5 has been evaluated by Equation (6) using the resistance values listed in Tables 53 and 54. In
turn, gy is the reciprocal of the electrolyte conductivity (o) and s calculated by Equation (9):

a = Yoy (@)

The My values for the different separator/electrolybe combinations at the different temperatures
are reported in Tables 55 and 56 and in Figure 3c.d as comparative histograms.
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Figure 3. Resistance normalized by the plain area and MacMullin number of (a,c) Pullulan and
(b.d) Cellulose triacetate electrospun separators in different tested electrolytes.

The values of the Fu are always smaller than those of the CTA in all the tested condition. For both
membranes, in all the tested conditions, EmimTFSI holds the greater values of My, while the smaller
omes are exhibited by (L5 m LiTFSi in TEGDME. The first day at 30 °C, P'u features My of 5, 1 and 2 when
soaked with EmimTFSL, 0.5 m LiTFSL TEGDME and Py TESL, respectively. For CTA, Ny is 13, 3 and
5 with EmimTFSI, 0.5 m LiTFSI and FYR;4TF51. These trends indicate that EmimTFSI is the electrolyte
that has a conductivity that is more affected by the presence of the membranes. In turn, this can be
explained taking into account the protic behaviour of EmimTFSL Indeed, unlike the other electrolytes,
EmimTFS! features an acidic proton in alpha position in the imidazolium ring, that contributes to its
bulk ionic conductivity. When EmimTFSI is in contact with the membranes this proton drives specific
acid-base interachons that decrease its activity. Specifically, it can be claimed that hydrogen bond with
the carboxyl functionalities of the membranes are formed (Figure 1).

For both separators soaked with EmimTFSI, Ny, increases with temperature. In case of Pu,
it reaches a maximum of 11 on the day 3 at 60 *C. For CTA Ny, is 65 during the day 5 at the same
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temperature. Onece cooled at 30 °C (day 6), Pu-EmimTFSs Ny reversibly reduces to 4 that is even
smaller than its indtial value, in agreement with the resistance trend (Figure 3a). At the contrary
CTA-Emim TFS1's My does not recover its initial value and doubles (25).

To conclude this section, EmimTFSI-Pu featured a resistance considerably smaller than the one
obtained with the other electrolyvtes. Pu ehibited a lower MoMullin number than CTA alomg with a
better thermal behaviour. Therefore, the pullulan based electrospun membrane and EmimTFSI were
selocted to assemble and test EDLCs as described in the next section below.

3.2, Supercapacilor Tesling

The EDLCs featured the commercial high surface area carbon BP10 and the conductive additive
Super C45. We already demonstrated the gpood binding properties of the pullulan: glycerol mixtures,
that was therefore selected for the aqueous processing of the carbon composite electrodes [31).

The following sections report the electrochemical characterization of EDLCs assembled with 20%
binder and low composite electrode mass loading (3.6-4.6 mg cm ?), referred as high binder low mass
electrode (HBLME, Section 3.2.1), and with 10% binder and higher mass loading, labelled as low binder
high mass electrode (LBAME, Section 3.2.2). The first compaosition was meant to verify the feasibility
of the use of Pu binder and Pu membrane in the tested electrolyte while the second is meant to reach a
formulation closer to that exploited commercial EDLCs. Section 3.2.3 compares the performances of
HBLME and LEHME bazed EIM.Cs.

The electrochemical tests at first included EIS measurements of both the individual electrodes and
of the full cell. These tests enable the evaluation of the EDLCs ESR that accounts for the contributions of
(i) the contact resistance between composite material and current collector and (i) the ionic resistance
of the separator/electrolyte. Two electrodes cyclic voltammetry (CV) experiments have been carried
out between 1V and 3.2 V to evaluate the electrochemical stability and the capacitance of the EDILC
as function of the scan rate. Galvanostatic (GCTPL) charge/discharge measurements between 0 and
3.2 V (CLV) at different specific currents were subsequently performed to evaluate the specific encrgy
and power. Finally, GCPL cycling has carried outat 1 A g Vin order to evaluate the stability of the
proposed EDLCs.

3.21.F Tig'h Binder Low Mass Load i,ng Electrodes (HBELME)

In this secHon, the results of the electrochemical characterization of the HELME-EDLCs are
reported. Figure 4a shows the Nyquist plots of the HBLME-EDLC single electrodes and the full cell.
The three Nyquist plots share all the same shape. They can be divided into three components: (i} a high
frequencies semicircle, (i) a middle frequencies line with a slope of ca. 45%, and (iii) a low frequency line
that approaches a slope of 90° The intercepts at the highest frequencies of the semicircles represents
the ohmic resistances (clectronic and ionic) of the electrodes and electrolyte-separator system. Values of
1.4, 1.5 and 3.3 Ohm cm?® have been measured, respectively for the negative, the positive electrode and
the full cell. The small semicircle has been attributed to (i) the ion transport at the electrolyte-carbon
interface and (ii) the contact between the electrode and the curment collector [34]. For the full cell the
semicircle diameter is 0.3 Ohm em®. The middle frequency line with 45° slope is representative of
diffusion limited phenomenon. Specifically, it refers to diffusion of ions required to charge inner pores
of the carbon electrodes. The low frequency line represents the capacitive behavior of the electrodes
and the EDLC. For an ideal EDLC, a vertical line is expected. In Figure 4a the lines deviate from this
ideal behavior because of the presence of different class of pores [35]. The real axis intercept of the
linear fit of the cell low frequency line gives the ESR that was quantified in 6.4 ohm cm®.

Figure 4b reports the CVs of the full HBLME-EDLC cell at different scan rate, between 0 and 3.2 V.
The voltammogram are symmetric and box shaped, which indicates the absence of faradic secondary
process and an electrical double layer driven process. The maximum current of 3 A g_l (25 mA cm ™)
is reached with a scan rate of 200 mV s, this value is comparable with the ILs based EDLC already
reported in literature [H]. Figure 4c reports the trend of Cgpypc versus the scan rate. The highest specific
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capacitance of HELME-EIN.C is 18 F E_l at 5 mV 57! and decreases to 14 F g“l at 200 mV 571 This
trend has been widely discussed in liberabure and is atbribubed to the jonic diffusion limitation upon
the double layer formation in the smallest pores at fast scan rates [36]. Indeed, micropores with an
internal area less exposed to the electrolytes need more time for the creation of the electrical double
layer than bigger pores. At low scan rate, the polarization is slow and ions have enough time to access
the internal area of micro-pores. Increasing the scan rate, only the external surface of the pores becomees
easily accessible. This process also explains the 45° Warburg line of the Nyquist plot of Figure 4a.
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Figure 4. Electrochemical characterization of HELME-EDLC (a) Nygquist plots of the (black) full cell,
(red) positive and (blue) negative clectrodes (500 kHz and 100 mie), (b) 2-clectrode Vs at different
sean rate from 5 mV 5! to 200 mV 5!, between 0V and 32V, (c) Capacitance of the EDLC evaluated
by CV reported as function of the scan rate; and (d) selected galvanostatic charge/discharge cycles
between 0V and 3.2 V at different current densities from 05 A gl wod A g,

Figure 4d reports selected voltage profiles of the HBLME-EDLC under galvanostatic
charge/discharge: cycles at different current demsity, between 0 and 3.2 V. The voltage profile of the
cell has a symmetric, triangular shape which is characteristic of electrical double layer driven process.
Increasing the current from 0.5 to 4 A g ! leads, as expected, to the decrease of the charge/discharge
time. Coulombic efficiency (n.), i.e., the ratio between the charge released during discharge and the
charge stored during charge, is reported as inset in Figure 3d. This quantity is always greater than 98%
and reaches the highest value of 100% at 4 A g7 The GCPL ohmic drops were analyzed to quantify
ESR of the device and resulted in 5.9 Ohm cm?, that well compares with the value obtained by EIS.
EDILC. Specific capacitance Cgpy ¢ has been calculated from the slope of the GCPL discharge profile
and for HBLM-EDLC resulted i 159, 154, 14.6 and 13.7 F g_] at5,1,2and 4 A g_l, respectively. The
corresponding single electrode specific capacitances (Caeomeae) are 63, 61, 58 and 548 F g7, These
values well compare with those of electrodes featuring the same clectrolybe and carbon but employing
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a fluorinated binder [8]. Table 3 reports the ESR and Cgpic at 0.5 A ! of the HBLME-EDLC along
with the EDLC areal capacitance.

Table 3. Gravimetric and surface quantities of I IBLME-EDLC and LBIIME-EDLC.

Electrode Label HBLME-EDLC LBHME-EDLC

Mass loading (mg em™2) 9.3 138
ESR (ohm) 59 79
Capacitance * (Fg ") 159 62

Areal capacitance (mF cm™2) 148.0 85.5
Specific energy ** (Wh kg ') 19.6 72
Specific power “* (kW kg™1) 46 37

Areal energy density (uWh cm %) 1823 9.4
Areal power density (mW cm?) 428 511

* Capacitance has been caleulated from the CV at 50 mV s 1, ** Specific energy has been caleulated from GCPL at
minimum current (05 A g 1), *** Spexific power has been calculated at maximum current (4and 5A g 7).
322, Lower Binder High Mass Loading Electrodes (LBHME)

In this section, the results of the electrochemical characterization of the LBHME-EDLCs are
reported. Figure 5a shows the Nyquist plots of the LBHME-EDLC single electrodes and full cell.
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Figure 5. Electrochemical characterization of LBHME-EDLC (a) Nyquist plots of the (black) full cell,
(red) positive and (blue) negative electrodes (500 kI 1z and 100 ml Iz), (b) 2-electrode CVs at different
scanrate from5mVs ! to200 mV s ',between()Vand.'&.ZV,(c)CawdtanceofﬁwEDlﬂevaluahed
by CV reported as function of the scan rate; and (d) selected galvanostatic charge/discharge cycles
between 0 V and 3.2 V at different current densities from05A g 'to5A g L.
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Like for HELME, the three MNyquist plots share all the same shape. For the physical interpretation
of the Myquist plots, the considerations that have been drawn in the previous section are still valid.
The high frequency intercepts with the real axis of the semicircles are 0.8, 0.9 and 1.7 Ohm cm? for
the positive and negative electrodes and full cell, respectively. Noticeably these values are halved
with respect to those of the HELME electrodes and EDLC (of. Figure 4a). In LBHME formulation, the
quantity of binder and conductive carbon are halved compared to the HBLME one. Therefore, the
decrease of the high frequency impedance achieved by LBHME can be explained with the decrease of
the insulating component of the electrode, i.e., the binder. Comparing the high frequency semicircles
in Figures 4a and 5a, it is possible to notice that the LBHME's is wider than HBLME's. Indeed, the
LBHME-EDLC semicircle diameter is 1.3 Ohm cm® while the HBLME's is 0.3 Ohm cm?. This difference
is due to the high mass loading of LEHME with respect to HBLME (1.5-fold), that brings about a
worse ionic and electronic connection between the carbon particles [10]. The LEHME-EDLC middle
frequency line (457 slope) span across the same range of resistance with respect to the HELME-EDILC.
The ESR of the LEHME-EDLC was evaluated from the real axis intercept of the low frequency line and
resulted in 7.6 Ohm em?.,

Figure 5b reports the CVs of the full LEHME-EDLC cell at different scan rate, between 0 and
3.2 V. From these measurements, voltammetric specific capacitance values have been calculated and
are reported as function of the scan rate in Figure 5c. The highest specific capacitance is 14 F g~ at
5mV s ! and decreases to 7 F g1 at 200 mV s~ 1. Therefore, from 5mV s ! to 200 mV s~ there is a 50%
specific capacitance reduction, that is higher than what observed for HELME-EDLC (22%). This can be
related to a not optimized electronic and ionic connection of the electrodes carbon particles that has
been highlighted by the Nyguist plot analysis reported above (Figure 5a).

The LBHME-EDLC galvanostatic charpe/discharge profiles at different current are reported in
Figure 5d. The coulombic efficiency was 98.3%, 99.6%, 100%, 100% at 0.5,1,2,5 A g !, respectively.
These values are slightly higher than those that have been observed for the HBLME. The ESR was
79 Ohm cm? in agreement with the EIS value. The Cppey, was 6.2, 58, 53 and 42 F g_] atD5,1,2
and 5 A g1, These values are lower than those featured by HBLME-EDLC and this can be explained
with the not optimized ionic and electronic connection highlighted by Table 3 that reports the ESE and
Cgpic at 05 A g of LBHME-EDLC. The EDLC areal capacitance is also reported in the Table 3.

3.2.3. Cycling Stability, Energy and Power of HBLME- and LEHME-EDLCs

Figure fa reports the trends of the specific capacitance of the two FDLCs over cyclingat 1 A gL
The values are normalized by the value of the specific capacitance of the first cycle. Both devices show
a good stability with capacitance retention of W at the 2000th cycle. This result demonstrates the
feasibility of the use of pullulan as alternative separator and binder for green supercapacitors.

MNote that the cycling stability of LBHME-EDLC at low binder content was further evaluated
even over 5000 cycles (Figure 53). The test indicated that also over prolonged cycling, a capacitance
retention of 77% can be obtained.

The specific energy and power values of the two EDLCs, calculated through Equations (4) and (5)
are compared in the Ragone plot reported in Figure 6b. Both devices deliver the maximum specific
energy at the lowest current, and the maximum power is delivered at the highest corrent.

Indeed, at 0.5 A g1, the specific encrgy is 19.6 Wh kg ! and 7.2 Wh kg ! for HBLME-EDLC
and LBHME-EDLC, respectively. At 4 A g !, the specific power is 4.7 kW kg ! for the HBLME
EDLC and 3.8 kW kg ! for the LBHME-EDLC. These values are reported in Table 3. If energy and
power are normalized by the electrode area, they become 182 pWh cm ™2 and 428 mW cm ™2 for
the HBLME-EDLC, and 994 pWh cm ™2 and 51 mW cm ™2 for the LEHME-EDLC (Table 3). These
results clearly demonstrate that increasing electrode thickness is detrimental for energy and power
performance, Indeed, specific energy of LBHME-EDLC is lower than HELME-EDLC and this is
mainly related to an imefficient exploitation of the electrode carbon surface. This is highlighted by the
comparison of the area capacitance of HBLME-EDLC (145 mFem ) and LBHME-EDLC (85.5 mF cm™2).
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Therefore, in LEHME-EDLC, the increase of the electrode mass is not enough to offset such specific
eneryey decrease, and the areal energy density keeps lower than that of HBME-EDLC. However, power
performance of the two EDLCs are comparable, suggesting that the decrease of the binder content has
a positive effect.
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Figure . EIN.C comparison by galvanostatic tests. (a) Trend of the capacitance percentage normalized
by the value at first cycle the as function of the cycle number (at 1 A g7, cell voltage cut-off: V=32 V)
and (b) Ragone plots of HELME-EDILC and LEHME-EIN.C.

4. Driscussion

Today many efforts are being devoled to increasing the specific energy of supercapacitors by
different strategries. Among them promises are held by the use of ionic liquids, thick electrodes
and pseudocapacitive active materials [2,6,12]. lonic liguids enable high practical voltage (=3 V)
and therefore encrgy density, but their major drawbacks are the greater ESE respect to commercial
electrolytes and high cost. The use of thick electrodes (=10 mg cm %) may seem the simpler solution,
but the achieving high performance ith thick electrodes is still an unsolved problem [10,11]. Indeed,
thick electrodes suffer of poor electronic and ionic connection between the particles, and only the
external portion of the clectrodes take part in the charge/discharge processes.

The increasing market for supercapacitors requires that sustainable manufacturing processes
and materials are exploited to manufacture green supercapacitors. Aqueous processable bio-derived
polymers represent a valuable alternative to today s fluormated separators and binders. Furthermore,
we have already demonstrated that the smart combination of a water processable binder and separator
(like pullulan) and a hydrophobic ionic liquid electrolyte (EmimTFSI) enables an easy recovery of the
expensive ionic liquid [31]. Indeed, the pullulan-Il-based EDLC can be readily separated into each of
its components by immersion in water. After these very interesting but preliminary results, in this
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paper we have carried out a study to get further insigght into the impact of the wse of natural polymer
in supercapacitors performance. We have investigated the use of cellulose, which is the most widely
studied bio-based polymer for green supercapacitors, and pullulan, that we have proposed for the
first time in [31]. CTA and Pu separators were processed as self-standing mats by electrospinning.
Their permeability to different electrolytes (EmimTEST, 0.5 m LiTFSI TEGDME, PYR 14 TFSI), which
is critical in the formation of the electrical double layer, has been evaluated by EIS and quantified
referring to the Mae Mullin number. This characterization has been done at different temperatures
over ome week, in order to get insight on the thermal and chemical stability of the tested bio-polymer
in the selected electrolytes. Both membranes at 30 *C featured the lower resistance {(Pu 2 Ohm cm?
CTA 2 Ohm om?) when soaked with EmimTFSL However, given that the thickness of P'u (55 pm) was
higher than that of CTA (22 pm), the resistivity of the Pu-EmimTFS] system was considerably smaller
(0.407 kOhm cm vs. 1.041 kOhm cm). Furthermore, Pu-EmimTFS] exhibited a better thermal stability
respect to the CTA-EmimTESI. Notably, the My for the Pu is always smaller than that of CTA, in
particular, in EmimTES] values of 5 and 12 were found, respectively. Oweerall, this study highlighted the
presence of different and specific interactions between the tested electrolytes and the membranes that
affect the ionic permeability and stability. It also indicated Pu-EmimTFSI as the best system. Indeed,
Pu-EmimTFSI was the combination capable to minimize the ESR and avoid performance degradation
due to temperature changes.

On the basis of these results, Pu was selected as separator and binder for Emim THS-based EDLCs.
The big challenge we faced in this study was to reach high electrode mass loading at low binder content.

Two EDLCs have been assembled featuring two different formulations, one with lower mass
loading and high binder content (HBLME) and a second one with higher mass loadmg and lower binder
content (LBHME). These have been characterized electrochemically to evaluate how binder decrease
and mass loading increase affect performance. In particular, these devices have been characterized
at first by EIS. Analysis of the Nyquist plots highlighted an increase of the ESE moving from the
HBELME-EDILC to the LBHME-EDLC, (5.9 Ohm cm? vs. 7.6 Ohm em?). This trend was mainly related
to thie increase of the ionic and electronic contact resistances between carbon particles with the increase
of electrode mass loading (1.5-fold from HBLME-EDLC to LEHME-EDLC).

For both devices” CVs have shown the absence of faradaic parasitic reactions within the cell
voltage range ) to 3.2 V. This wide rangre is feasible thanks to the yood electrochemical stability
of Pu-EmimTFSL. Specific capacitances have been caleulated for both EDLCs. The highest specific
capacitance was featured at the lowest scan rate of 5 mV 57! for both devices and was 18 F g1 and
14F g ! for HBLME-EDLC and LBHME-EDLC, respectively. Both supercapacitors featured a good
capacitance retention with the increase of the scan rate that however was higher for HELME-EDLC
(22%) than LBHME-EDLC (50%).

GLY cycling with high coulombic efficiency (higher than %8%) was demonstrated for both devices
at the high cell voltage of 3.2 V. Noticeably, the EDLC featured a very good cycling behaviour
demonstrated over more than 2000 cycles even at low binder content, confirming the stability of the
Pu-polymer in EmimTFSL

The high cell voltage and good specific capacitance provided specific energy of 19.6 Wh kg !
and 7.2 Whkg 'at0.5 A g ! that well compare with those of EDLCs featuring, the same electrolyte
and active carbon but employing a fluorinated binder and fiber glass separators [16]. The highest
specific power was 4.6 kKW kg~" and 3.7 kW kg at 45 A ¢! respectively for HBLME-EDLC and for
the LEHME-EDLC

The gravimetric performance of the HELME-EDLC is superior respect to that of the LBHME-EDLC.
This is due to the lower specific capacitance of the latter vs. the former. In turn, this is due to an
inefficient ionic electromic contact between electrode carbon particles that leads to a partial exploitation
of the electrodes surface.
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5. Conclusions

This work demonstrates that aqueous processable biodegradable polymers such as pullulan
can be effectively exploited for the development of the major components (separator and binder) of
ionic-liquid-based green EDLCs. After studying different combinations of biopolymer and organic
electrolyte, pullulan-EmimTFSI was found to be the best systemn in terms of resistivity and thermal
behavior. Therefore, we assembled Pu-based EDLCs with EmimTEFSI as electrolyte. Our study
demonstrates for the first time the feasibility of the use of pullulan to produce high mass loading
electrodes at low binder content for high voltage EDLCs. We prepared electrodes with mass loadings
up to 1384 mg cm 2 with 10% binder content. Pullulan-Emim TFSI EDLCs were chanzed up to 3.2 V
with good cycling stability over 5000 cyvcles. Pullulan-EmimTFSI EDLCs featured specific energy and
power comparable with those of supercapacitors based on the same activated carbon and ionic liquid,
but with fluorinated binder and fiberglass separator.

Further work is in progress to improve the specific capacitance of these thick electrodes by
using high surface area carbons with tailored porosity, different conductive carbon additives, and by
exploring different electrolytes.

Supplementary Materals: The following are available online at httpsfwowwomdplcomy1996- 1073131251151,
Figure 51. Schemes of the casting preparation of the pullulan-based electrodes and of the supercapacitor assembly,
Figure 52. Nyquist plot of Pullulan electrospun menmbrane soaked with (a) PYR; 3 TFSL, (c) EminTFSI, () 0.5 m
LiTFS1 THGDME and Cellulose triacetate electrospun membrane soaked with (b) PYR 1FS1, (d) Emim TSI,
(f) 0.5 m LiTFSl TEGDME, Figure 53. Trend of the capacitance percentage normalized by the value at first cycle
the s function of the cycle number (at 1A g7, cell voltage cut-off 0V-32 V), Table 51. Resistance normalieed by
the plain area of Pullulan electrospun separator in different tested electrolytes, Table 52. Resistance normalized by
the plain area of Cellulose triacetate electrospun separator in different tested electrolytes, Table 53. Resistivity
of Pullulan electrospun separator in different tested electrolytes, Table 54, Resistivity of Cellulose triacetate
electrospun separator in different tested electrolytes, Table 55. Mac Mullin number of Pullulan electrospun
separator in different tested electrolytes, Table 56, Mac Mullin number of Cellulose triscetate dlechrospun separator
in different tested electrolytes.
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2.2 Novel N-doped carbons

This section reports the main finding about the exploitation of Nitrogen-doped mesoporous
carbon, prepared by the group of Prof. C. Durante (University of Padua). My contribution was
the testing of these carbons as electrode components for high voltage ionic liquid-based
supercapacitors. Nitrogen-doped mesoporous carbonaceous materials featuring high surface
area were synthesized by the University of Padua according to an innovative hard template
method. The carbon precursor was sucrose and four different materials have been prepared and
tested. The carbonization procedure was common to all the four tested samples and consisted
of a preheated at 100°C for 1 h followed by a ramp 5°C min* up to 950°C and isotherm
treatment at that temperature for 2h, under Ar flux in a quartz tubular oven. The samples were
subsequently let cool down at room temperature. The obtained mesoporous carbonaceous

material was:

e MC-P200: mesoporous silica (P200) has been added to the sucrose as the templating
agent before the carbonization.

e nMC-PA: mesoporous silica functionalized with propylamine (PA) has been added to
the sucrose as the templating agent, before the carbonization.

e NMC-P200: mesoporous silica (P200) has been added to the sucrose as the templating
agent together with 1,10-phenanthroline, before the carbonization.

e NMC-PA: mesoporous silica functionalized with propylamine (PA) has been added to

the sucrose as the templating agent with 1,10-phenanthroline, before the carbonization.
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The materials have been characterized with X-ray photoemission spectroscopy, elemental
analysis, EDX to investigate the doping action of the adopted strategies. The morphology of
the obtained material has been investigated by means of TEM and for all the tested samples,
nitrogen adsorption isotherms have been run to investigate the specific surface area. The
nitrogen content decreases as NMC-P200>NMC-PA>nMC-PA. Nitrogen adsorption isotherm
measurements have been run to determine the BET area, and 1071 m?g? (NMC-PA), 1003
m2gt (nMC-PA), 1148 m?gt (NMC-P200), and 763 m?g* (MC-P200) have been measured.

The obtained materials have been tested as the main component of electrodes for EDLCs
featuring ionic liquid Pyr1 201 TFSI as electrolytes. Cyclic voltammetries have been run on all
the assembled EDLCs to investigate the presence of reversible faradaic. The cyclic
voltammograms were box shaped and symmetrical and only nMC-PA showed reversible broad
peaks. The measured electrodes specific capacitance was 65 F g for NMC-P200, 43 F g* for
MC-P200, 35 F g for NMC-PA and 24 F g* for nMC-PA. The EDLCs have been cycled under
galvanostatic charge/discharge conditions between 0 and 3 V of cell voltage and no evident
degradation of the carbon electrode performance could be observed over 5k charge/discharge
cycles. Highlighting the high stability of the surface chemistry of the mesoporous carbonaceous
samples. However, the specific capacitance of the tested carbons was lower than what was
achieved with the biochar carbon reported in section 2.1, therefore these materials, though
interesting for surface chemistry and porous architecture, were not further investigated for
EDLCs. The experimental methods and the results of this study are reported in [3] that is here

attached as the complete publication.
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Nitrogen-Doped Mesoporous Carbon Electrodes Prepared
from Templating Propylamine-Functionalized Silica

Riccardo Brandiele,® Federico Poli, Luca Picelli,® Roberto Pilot,”® 9 Gian Andrea Rizzi,?!

Francesca Soavi,™ and Christian Durante*®

In this paper, nitrogen doped carbon materials with mesopores
48 nm-wide and a high surface area of ca. 1100 m g™’ were
synthesized according to an innovative hard template method.
Sucrose was used as carbon source and propylamine function-
alized silica acted as both nitrogen source and templating
agent. The novel doped carbons were compared with meso-
porous carbons featuring similar texture properties (pore size
and surface area) but obtained by the pyrolysis of sucrose or
1,10-phenantholine and employing non-functionalized silica as
a templating agent. The interest of this investigation is to

1. Introduction

Mesoporous Carbons (MCs) are materials with pore size
distribution in the range 2-50nm. They are ubiquitously
employed in catalysis," in separation tachnology™ and because
of their good conductivity, combined with mechanical, chemical
and electro- chemical stability, they are widely used in
electrocatalysis™™ as well as in energy storage systems, like
supercapacitors,*™"

The synthesis of porous carbon materials with well con-
trolled pore sizas, high surface area and large pore volume is
accomplished using various methods, including (i) pyrolysis of a
carbon  precursor employing an inorganic template (hard
template approach),"*™ (i) pyrolysis of polymer blends
composed of a sacrificial polymer and a pyrolyzable polymer
(soft template approach),™ " {iii) hydro- thermal synthesis from
organic precursors,”™ and others™" The hard template syn-
thesis is of particular interest because it is robust and
reproducible and consists in the employment of an inorganic
template such as silica or alumina or Fe, Co and Mn oxide
nanoparticles. The template is embedded in the carbom
precurser of the carbon precursor is allowed to permeate into
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understand how doping occurs when a functionalized silica is
employed, and whether the nitrogen doping remains a surface
property or it is extended also to the bulk of the material,
influencing the morphological and the electrical properties of
the resulting carbon. X-ray photoemission spectroscopy, ele-
mental analysis, and EDX confirmed the doping action of the
functionalized silica and the electrochemical characterization
allowed to compare the different performances as super-
capacitor materials.

the pores of the template. After carbonization, the removal of
the template generates porous carbon materials with isolated
or interconnected pores (Figure 1),

MCs are hydrophobic and inert in nature; howewver, their
surface modification with hetercatoms such as nitrogen, sulfur,
boren, phosphorus can promote both the electrochemical
activity and the electrolyte wettability needed for the imple-
mentation of an electrode in an electrochemical davice. Nitro-
gen doped mesoporous carbons are without any doubts the
mast investigated materials since they can induce a beneficial
change on both the electronic and structural properties of the
carbon  supports, in particular N-doped carbons are by

themselves active wersus the oxygen reduction reaction;!*#!
they can trigger metal nanoparticle catalytic activity by metal
enhanced

support  interaction™®*  or
capacitance &

possess specific

MC-P200

B <o

Pyrodisis
#H0C sn-.l,

Pyetlisis
950°C 3h

Silica Exching

Silica Etching
EROH/EOH

ELOHOH

Silica Etching
ErdHMOH

Figure 1. Sketch of the procedure employed for the synthesis of dopad
mesoporous carbons.
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Nitrogen functional groups are commonly pinned onto the
carbon surface according to post functionalization procedure
fion implantation™ radical reaction,™ grafting™ etc) or by
employing a suitable carbon-nitrogen precursor during the
pyrolysis process™™ Organic precursors are nitrogan contain-
ing molecules or polymers such as 1,10-phenthroling or polyani-
line, but a plethora of examples including biomasses can be
found in literature.™

In this paper we present a novel approach for the hard
template synthesis of nitrogen doped carbons by employing 2
propylamine silica template (PAL PA is a mesoporous silica
functionalized with propylamine groups (Figura 1). The degra-
dation of the propylamine group during the pyrolysis process
would, in principle, provide mitrogen molecular fragments able
at doping the resulting carbon with nitrogen groups. Therefore,
the type of synthesis is in between the hard template and soft
template synthesis, where the employment of the sacrificial
propylamine group grafted on the silica particle surface should
provide a mora selective nitrogen functionalization in the
resulting carbon material without the employment of massive
nitrogen containing carbon precursor a5 1,104phenathroline of
polypyrrale polymers. Therefore, the novel concept of this
synthasis is that the silica itself acts as both nitrogen source and
templating agent, while the carbon source can be a cheap and
highly disposable material such as sucrose. Indeed, the propyl-
amine group is a sacrificial part of the template, while the silica
skeleton behaves and is managed exactly as a hard template. It
is worth noting that the PA is 3 commercially available reagent
and the functionalization of silica is a well consclidated
procedure employed for a plethora applications in separation 2
recognition technigues® Therefore, the scope of the paper is
to present the development of an innovative synthesis for the
preparation of a nitrogen doped carbon (MMC), the NMC
chemical and electrochemical characterization and its employ-
ment as supercapacitor electrode material. The chemical,
morphological and electrochemical properties of novel carbons
are also compared with the properties of carbon material
preparad with non-functionalized silica.

2. Results and Discussion

Mesoporous silica (P200) and propylamine modified mesopo-
rous silica (PA], both commercially available, were used as
inorganic templates. The two templating agents have the same
marphology in terms of particle dimension (200 nm) and pora
size (4nml, but they slightly differ for the surface area
543 m’g™ for the pristine silica and 489 m’g~" for propylamine
silica. Each template was properly mixed with the carbon
precursor: sucrose o 1,10-phenanthroline and pyrolyzed at
950°C (Figure 1). The resulting crude product was then treated
with an etching solution (EtOH/MNa0H) to remove the Si0,; NPs,
leaving the porous carbon structure (detailed information s
given in the experimental part). This synthetic approach aims at
understanding whether the employment of PA allows the
formation of a nitrogen-doped carbon and whether the nitro-
gen doping remains localized where it is strictly necessary L.e.

ChemBectroChem 2020, 7, 1914-1921  www.chemelectrochem.org

on the accessible carbon surface and not on the bulk carbon
miaterial. Therefore, four different carbons were preparad
combining the two templates and the two carbon precursors:
MC-P200 (P200 +sucrose), nMC-PA (PA+sucrosel, NMC-P200
(P200+1,10-phenanthroling} and NMMC-PA (PA+1,10-phenan-
throline).

Elemental analysis was performed on the differently
synthetized samplas and the results are summarized in Table 1.
EA confirmed the doping action of the propylamine functional-
ized silica, since the nitrogem content found in nMC-PA was
1.2%,, (1.96%, N/C). If 1,10-phenanthroline is used as carbon
pracursor, such as in NMC-PA, the nitrogen content increases to
3.6%, (5.64%, N'C). The nitrogen content i5 even higher
(5.7 %, 8.32%, N/C) when undoped silica is employed as in
NMC-P200, but 1,10-phenathroline plays bath as carbon and
nitrogen pracursor. Finally, MC-P200 obtained with sucrose and
silica P200, did not show, as expected, the presence of nitrogen.
It is worth noting that the small quantity of sulfur (< 0.8%)
prasent in all the samples is due to the sulfuric acdd used for
catalyzing the oligomerization process.

TEM images in Figure 2 show the formation of spherical
carbon structures with diameters in the range 150-200 nm for
all the prepared carbons, further images are reported in
Figure 51. MC-P200 and NMC-P200 are characterized by highly
ordered pores of cylindric form, as expected from the meso-
structured silica used for the synthesis. Conversely, the ordered
structure is absent when propylamine silica is wused as an
inorganic template. In fact, it is reasonable to assert that the
presence of propylamine influence the way sucrose or 1,10-
phenanthroline amange inside the template pores and over the
silica surface. The formation of spherical partides is confirmed
also by SEM-EDX analysis, which clearly show the presence of

Figure 2. TEM imapges of a) MC-P200 by NMC-P200 c) nMC-PA and di NMC-
PA
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clusters of carbon particles (Figure 52). Tha EDX measuraments
revealed the presence of carbon and oxygen along with
nitrogen in NMC-PA, NMC-P200 and, to a lower extend, in nC-
PA (Figure 52). Nitrogen content decreases with the following
order: NMC-P200 > NMC-PA > nMC-PA (Table 51). Sedium was
also present as impurity deriving from the etching solution. 5i
peak was not detected confirming the positive etching treat-
ment.

Figure 3a shows the nitrogen adsorption/desorption iso-
therms collected for all the samples. It is possible to apprediate
that all the MCs behaves according to a type IV isotherm and
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CL | RRRR the presence of a hysteresis loop classifies them as mesoporous
materials. All the nitrogen-doped materials show apprediable
_ higher BET specific surface area (co. 1100 m*g™"), than the
FElzone undoped material (768 m?g-") and it appears that a strict
comelation subsists between nitrogen content and BET surface,
ie. the great the N content the higher the surface area
"e—;" e (Table 1]. This behavior was already observed also in other
MAEEFE carbon materials where sulfur was the doping element™ It is
possible in fact that the pyrolysis of 1,10 phenanthroline
generates small molecules such as WO, MOy and CO, which may
- ; R act as both dopant and oxidizing agents at the expense of the
:.-ii E § E E carbon structure, generating new micro- and mesopores while
COy is released. According to the templating agent, the carbon
material showed pores praferentially in the mesoporous range

= (85%) with pore size 4-5 nm large (Figure 3b).
E“;' 2 # g E The micropore volume (Vi) of the carbons synthesized

with silica P200 (ca. 0.016 cmig~" for both carbons) differs from
that of the samples prepared with the propylamine silica
(0.194 c’g~" for nMC-PA and 0,064 cm?g" for NMC-PA). Since
the silica structure is the same for the two templates, this effect
can be attributed to the presence of propylamine on the silica
that under pyrolysis condition cam degrade forming etching
species, which preferentially attack the carbon structure favor-
ing the formation of micropores.

Thermal stability of the differently prepared samples was
evaluated with thermogravimetric analysis (Figure 3c); MCs
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showed a decomposition temperature (Ty.g) between 420 and
520°C. MC-P200 and nMC-PA showed similar thermogravimetric
behavior and a degradation temperature almost 30°C higher
than the samples prepared with 1,10-phenanthroline. The
different thermal stability of the material prepared from sucrose
and 1,10-phenantholine could be explained by the increase of
nitrogen groups in the carbon matrix. This, in tumn, decreases
the graphitization degree and, as a consaguence, the thermal
stability. The bum off in M, atmasphere is almost complete at
620°C for all the samples except for nMC-PA, that degrades
completaly at slightly higher temperatura.

MCs showed similar XRD diffraction patterns as reported in
Figure 3d. A main diffraction peak at 28 =249 is present in all
the spectra, comesponding to 002 diffraction plane of hexago-
nal carbon material (JCPDS, Card Mo, 75-1621). This diffraction
peak shows 3 down-ward shift with respect to a perfect
crystallized graphite, that reflects an expansion of the interlayer
distance and small crystallite size, as confirmed by the increase
of the full width at half maximum (FWHM) along with the
decraase of the diffraction angles.

Figure 53 reports Raman spectra of the prepared mesopo-
rous carbons. The two intense bands observed at ~ 1600 cm!
and at ~1350 cm~' are the G (graphitic, E;5) and the D1 band
(defect, Ay).

All the spectra were normalized to the maximum of the G
band. The presence of defects, the quantification of the
amorphous carbon and the dimension of the crystallite domains
can be determined by the deconvolution and by the elabo-
ration of the experimental spectra.B#1553% a)| the spectra were
deconvoluted with four components D1, D3, D4 and G at
~1340 cm’, ~ 1500 cm~', ~1200 cm~" and ~ 1600 o, respec-
tively. In literature, the D3 band is assigned to amorphous
carbon and the D4 one is assigned to the presence of polyenes
or ionic impurities. All band shapes were chosen Gaussian and
FWHMs let free. The Raman spectra were deconvoluted
constraining the frequency of the two bands D1 and G between
1325-1375cm™ and between 1560-1620 am™', respectively.
The frequency of the other two bands could vary in the range
1475-1515 cm~' (D3 band) and 1170-1220 cm~' (D4 band). The
three-stage model proposed by Ferran envisages a different
dagree of graphitization of the system on the base on the ratio
between the intensity of the D1 and G band (ip/l)) and the
position of the G band in the interval 1581cm™ and
~ 1600 cm~ ' F¥ The peak positions and the L/l; ratios are close
to the values expected for nanocrystalline graphite and are
compatible with the second stage of the graphitization
trajectory where a transition from nanocrystalline graphite to
amorphous carbon occurs. The samples could therefore be
envisaged as graphitic nanocrystals embedded in an amor-
phous carbon matrix. In the second stage the relationship
between [yl; is described by a modified Tuinstra-Koenig
equation [Eq. (13], which binds the intensity ratio in a quadratic
dependence with the size of the nanocrystals (L).

j_":cu] i m
G
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It is worth noting that the amorphous carbon components
ar2 higher in the carbon prepared from 1,10-phenantholine
than in those synthetized from sucrose, which is in accordance
with the TGA findings i.e. the presence of nitrogen groups is
detrimental for the thermal stability.

In order to define the exact surface chemical modifications
induced by the templating agents, we carried out XPS measure-
ments for all the samples. XPS spectra are reportad in Figurs 4
and in Figure 54 and 55. The carbon 15 region shows a peak,
which was fitted with three components relative to C sp’
2844 eV, C sp® 284.9 and to C (sp’)-0 at 286.5 &V (Figure 54) 7
The most intense component is associated to graphitic carbon
sp”. The oxygen peak was deconvoluted in two components for
all the tested carbons (Figure 55): the peak at 533.7eV is
relative to carboxylic group, while the component at 531.8 eV
corrasponds to the oxygen in ester group.

¥P5 confirms the doping action of the propylamine silica, in
fact, the surface nitrogen content in NMC-PA 15 1.1%, (1.45%,
WAC), which is perfectly in line with the values determined by
both EDX and elemental analysis. In the samples NMC-P200 and
NMC-PA, the heteroatoms content is 2.1%g (3.15%,, N/C) and
249, (3.69%,, N/C), respectively (Table 1). It is worth noting

d P MMC-FZ00

Intensity | a.u.

394

404 402 400 398 39
Binding Energy / eV

Figure 4. M 15 ¥P5 region and spectra deconvolution of a) NMC-Pzo0, k)
nMC-PA, <) NMC-PA.
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that the increase of nitrogen doping degree in NMC-P200 and
NMC-PA results in a broadening of the C 15 lines and in 2 shift
of the main peak to higher binding energies.

In Figure 4 nitrogen XP5 patterns were deconvoluted with
two Components, one 2t 400.7 eV relative to the graphitic
nitrogen and another one at 3984 eV identify as pyridinic
nitrogen. The graphitic peak is particular intensa in NMC-PA
and NMC-P200 (figure 4c), ie. the samples synthesized with
1,10 phenanthroline. Conversely, the graphitic and pyridinic
components in NMC-PA have comparable intensity (Figure 4b).
Table 1 reports the weight percentages of pyridinic, and graph-
itic components determined by XPS with respect to the mass of
the samples (weight percentages were determined from XPS
atomic percentages considering the atomic mass of each
elements). It is interesting to observe that the pyridinic
percentage (0.4-0.5%) is almost the same in all the samples,
while the graphitic nitrogen percentage specifically increases
whean 1,10-phenantholing is the main dopant agent. According
to Mterature, pyridinic functional groups are believed to exert
the most pronounced influence on the capacitance due to their
pseudocapacitive contributions =

The comparizon of the nitrogen content determined by EA,
EDX and XPS allows to define whether nitrogen functional
groups specfically decorate the carbom surface or the entire
material. In fact, EA and EDX are techniques that evaluate the
bulk nitregen content, while XPS determines the nitrogen
content in the first few namometers of the material close to the
surface. Table 51 reports and compares the nitrogen contents
determined by the three different techniques. EA and EDX data
are in good agreament for all the nitrogen doped samples. It is
worth noting that EA, EDX and XPS technigues afford similar
nitrogen valug in nMC-PA. This finding establishes that the
nitrogen content is homogenaous from the surface to the bulk
of the material. On the contrary EA and EDX data, for bath
NMC-PA and NMC-P200, indicate that the mean nitrogen
content in the sample is higher than the superficial valua
determined by XPS analysis, so that the most part of the
nitrogen is not available on the surface. To evaluate whether
the differant nitrogen distribution in the synthetized samples is
significant in affecting the capacitive performances of these
materials, electrochemical characterization was carried out.

Cyclic voltammetry (CV) tests were run in ionic liquid 1-
Methyl-1-2-methoxyethyllPyrrolidinium  bisitrifluoromethane-
sulfonyllimide (Pyr; o, TFSI) which was selected as the electro-
Iyta for its known, wide electrochemical stability that allows
excluding any side electrolyte decomposition reaction. Indeed,
it features an electrochemical stability window as wide as 4V
that is also matched with high lonic conductivity of 2.43
107 Scm' at 20°C. Very thick electrodes with mass loading of
16-25 mgom™ each were investigated to better highlight
eventual faradic processes related to carbon surface moieties.
Cyclic voltammetry was run at 5 mVs™' between 0 and 3V
using a 2-electrode call setup. The voltammagrams are reported
in Figure 5a. The OV response of NMC-P200, MC-P200, NMC-PA
and nMC-PA approaches the shape expected for am ideal
electrical double layer capacitor. Only the carbon nMC-PA
shows reversible broad peaks at 1.7 V and 2.0V, Therefore, CVs

ChemBectroTham 2020, 7, 1914-1921  www.chemelectrochem.org
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Figure 5. 2) Voltammograms at 5 mVs™ collectad by 2 two elactrode cell
configuration of the four different tested carbons. b) Cell voltage profile
under galvanostatic charge’discharge at 5 mAcm™ between 0 and 3V of
the cells featuring the different carbons. o Capacitance trends of the EDLC
featuring the different carbons over repeated galvanostatic charge/discharge
at 50 mAcm—.

suggest that, except for nMC-PA, no evident signal that can be
related to surface redox processes are present. The voltammet-
ric capacitance values were obtained by the slope of the plots
of the discharge cument integrated over time ws. the cell
voltage. The electrode specific capacitance of NMC-P200 was
65 Fg', for MC-P200 was 43 Fg~', for NMC-PA was 35 Fg~" and
for nMC-PA was 24 Fg~'. These values are normalized to the
carbon mass. They are lower than what expected for carbons
featuring specific BET surface area higher than 700 mg™". This
must be related to the noticeable thickness of the electrodes
(Table 52). Indeed, Figure 56 shows that the specific capacitance
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doubles when the electrode mass loading is more than halved
and reduced to 10 mgcm—2 The reason is that in very thick
glectrodes the available carbon surface in the bulk of the
material is mot fully exploited and electronic connection among
particles is not efficlent. Consaquently, the specific capacitance
typically decreases with the increasa of the mass loading. ™%

The electrochemical stability of the prepared carbons was
evaluated by galvanostatic charge-discharge cycles at a specific
current of 32mA (5 mA/cm®) between © and 3V. The
corresponding cycles are reported in Figure 5b. In agreement
with the voltammetry study, all the carbons, except nMC-PA
feature a discharge profile typical for electrical double-layer
capacitors. Indeed, the cell voltage linearly decreases with
discharge time, In the case of nMC-PA, the redox processes that
were observed by CV at 2V and 1.7 V (Figure 5a) give rise to a
different discharge profile. It can be observed a change in the
voltage slope over time in the cell voltage range 1-2 V. Linearity
i5 kept in this range, therefore it is possible to claim about 2
pseudocapacitive behavior for carbon nMC-PA.

The analysis of the galvanostatic charge/discharge curves
provided the coulombic efficiency, the capacitance, the energy
and the power of the cells reported in Table 2

The capacitance (C) has been calculated by Eg. (2).

o odt
C=igp 2

where, i is the cumrent density, and dt/dV is the reciprocal of the
slope of the cell voltage as function of time during discharge.
The values are normalized to the electrode area.

The equality sign stands for fully capacitive device, therefora
is not completely corract for the carbon nMC-PA, for which, the
capacitance has been evaluated within the pseudocapacitiva
voltage range (2-1V). Electrode specific capacitance is eval-
uated by Cocmae =2 Coop'Mopcree, WHETE Mg, 15 the single
electrode mass loading. Specific energy (E, in Wh'kgl and
spacific power (P, in W/kg) were calculated using Eqs. (3) and
()

) dt
E='fv'3ﬁm-z-mm 3

E
P=3600. o (4

Table 2. Selected quantities obtzined from the galvanostatic charge’

discharge of the devices featuring the different prepared carbons.
NMC-P200 MC-P200 NMC-PA nMC-PA

Capacitance 0525 047D 0410 0.315

[Fiem]

Blectrode specific 65 43 35 24

capacitanoe

[Fig]

Spedific energy 16 1 [1] ] 5

[Whkg]

Specific power 185 185 136 134

[W/ka]

ChemBectroChem 2020, 7, 1974-1921  www.chemelectrochem.org

where At is the discharge time =

Finally, the devices featuring the different carbons have
bean tested for stability under galvanostatic charge/discharge
between 0 and 3V at 50 mAcm-% The capacitance is repored
as function of the cycle number in Figure 5c. The Figure shows
that after 5k cycles the devices had very good retention of the
value of the capacitance, higher tham 95 %. This further confirms
the absence of side reactions and demonstrates the electro-
chamical stability of the MCs surface chemistry even in a wide
range like the one here investigated (3 V).

3. Conclusions

In this paper a movel procedure for the synthesis of doped
mesoporous carbon was introduced, in which the dopant
agents are the propylamine groups grafted on the surface of a
mesoporous silica particle and the carbon source is sucrosa.
Differant techniques including EA, EDX and XPS were employed
for confirming the successful formation of nitrogen functional
groups in the carbon material. The percentage of nitrogen in
nMC-PA sample was 1.2% in the form of graphitic N and
pyridinic nitrogen almost in the same percentage. This material
was compared with nitrogen doped carbon obtained by
employing 2 non-functionalized silica and 1,10-phenantroline as
both carbom and nitrogen source (NMC-P200). The two
materials show similar carbon particle dimensicn, but the
employment of PA affords a lower surface area and a higher
content of micropores with respect to mesopores. NMC-P200
showed a similar surface nitrogen content (2.3 %) than in nMC-
PA (1.2%) but a lower thermal stability due to a higher amount
of amorphous carbon.

The two materials were also compared as electrodes for
supercapacitors. NMC-P200 showed higher specific capacitance,
specific energy and specific power tham nMC-PA, that can be
raticnalized in term of a higher accessible surface area and
nitrogen surface functionalization in NMC-P200 with respect to
nC-PA. It is reasonable to assert that the propylamine groups
prompt the occlusion of the mesopore so that the intimata
contact between the carbon surface and the electrolyte resulted
hindered by the slow mass transport inside micropores.

The capacitive performances of the carbon electrodes are
low compared with the Sof, but this cam be related to the
exceptionally high electrode mass loadings here investigated
{16-25 mgom™). This 2pproach was adopted to highlight any
side reaction that could be related to and promoted by the
different doping strategies. Notably, no evident degradation of
the carbon electrode performance could be observed over Sk
charge/discharge cycles performed under a wide voltage range
of 3 V. Such interesting result was achieved by the use of an
inert electrolyta, like the ionic liquid Pyr g, TFSI, and, mainly,
thanks to the high stability of the surface chemistry of the MC
samples. In conclusion, this study demonstrates a novel strategy
to synthesize robust, N-doped, mesoporous carbons and might
pave the way to their use in different electrochemical devices.
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Experimental Section

Chemicals

Mesoporous Silica (200 nm particle size, 4 nm pore size], Propyl-
amine functionalized silica (200 nm particle size, 4 nm pore size),
1,10-phenanthroline (= 99.5%), sucrose (=98%), were purchased
from Sigma Aldrich and used as received. Ethanol (Fluka HPLC,
=0998%), Mafion (Sigma Aldrich, & ww% in a mixture of lower
aliphatic alcohols and water), Acetone (Sigma Aldrich, =995%),
H;50, (Fluka, 95%, TraceSELECT), NaOH (VWR, = 99%), 1-Buyl-1-
methylpymrolidinium  bis(trifluoromethylsulfonyl) immide (Sigma
Aldrich, =»985% for electrochemistry), Carbon Super C45 (Imerys
Graphite & Carbon).

Mesoporous Carbon Synthesis

Silica F200 and propylamine silica PZ00 (PA} were both used as
inorganic templates. The two templating agents have the same
marphology in terms of particle size and pore size (particle size
200nm and pore size 4nm), but the surface slightly differs
(543 m’g~" in P200 and 489 m’g~" in PA) 1,10-phenanthroline and
sucrose were adopted as carbon precursors. The carbon was
synthesized by mixing 1 g of carbon precursor and 0.5 g of silica in
acetone or ethanol (20 mL} depending on the salt solubility. After
2 h, 250 pb of H,50, was added during the impregnation process
for accelerated the carbon precursor cligomerization. The solution
was dried in oven overnight at 70°C or until completely solvent
evaporation. The substrate was thermally treated in a guarz tube
in an argon-controlled atmosphere; for desorbing all residues as
oxygen or water the substrate was heated at 100°C for 1 and
thence pyrolyzed with a ramp of 5°C wntil 950°C for 2 h. The
system is then allowed to cool down to room temperature. The
silica in the crude product was totally removed by chemical etching
in a 20 mL solution of sodium ethancate (EtOHMa0H] for 3 days at
room  temperature. The etching process was supported by
sonication and the complete removal of silica was confirmed by
%P5 and TGA analysis (Figure 57). The resufting carbon is then
separated by vacuum filiration on a nylon nanometric filter (GVS,
nylon 0.2 mm, 47 mm membrane diameter). Four samples were
synthesized with the same procedure but varying the carbon
precursor and the silica template: MC-P200 from sucrose < silica
P200; MMC-P200 from 1,10 phenanthroline+ silica P200, NMC-PA
frem 1,10-phenthroline + silica PA and nMC-PA from sucrose + silica
Pa.

Physico-Chemical Characterization

BET analysis, Isotherm and Fore distribution were performed with
Nitrogen Adsorption-Desorption at 77 K using Micromeritics
ASAP2020. The surface area was determinate by the desarption
curve in a multipoint BET (Brunaumer-Emmette-Teller) analysis,
pore distribution was analysed with a DFT medel, spedfic for the
matrix structure obtained. Thermogravimetric analyses (TGA) were
performed using QS00IRTGA, the analyses were obtaining with a
ramped temperature of 5°Cmin~" between 50°C until 700°C in a
controlled nitrogen atmosphere. Elemental analysis (EA)} was carried
out using a Thermo Sdentific Flash 2000. Transmission electron
microscopy (TEM) images were obtained by using a FEI Tecnai G2
transmission electron microscope operating at 100 kV. X-ray photo-
emission spectroscopy (XPS) measurements were performed in an
UHV chamber (base pressure « 5x 107" mbar), equipped with a
double anode X-ray source [omicron DAR-400), a hemispherical
electron analyzer (omicron EIS-125) at r.t., using non-monochromat-
ized Mg—FKa radiation (hv=1253.6eV) and a pass energy of 50 eV

ChemBectroChem 2020, 7, 1914- 1921  www.chemelecirochem.org

and 20eV for the survey and the single spectral windows,
respectively. The calibration of the Binding Energy ([BE) scale. To
perform XPS measurements, 2.5 mg of the MC powders were
dispersed in 1 mL of ethanol and then sonicated for 10 min in order
to obtain a disperse powders; the solutions were then drop-casted
onto polycrystalline copper (with a diameter of 6 mm). Raman
scattering experiments were conducted with a homebuilt Macro-
Raman setup. The excitation wavelength was 514 nm. The size of
the laser spot at the sample was about 3mmby 80 pm and the
power at the sample about 12mW  (Intensity=5Wcm).
Cyclohexane was used as a frequency standard for the calibration
of the Raman shift. Every spectrum was acquired as the average of
a minimum number of 10 spectra with a minimum of 10s
integration time. A minimum of three points on the sample was
recorded and zll spectra tumed out to be identical. Scanning
Electron Microscopy images were obtained using a Zeiss Supra
35VP Gemini scanning electron microscope operating at 5 kv, X-ray
Diffraction [¥RD) patterns were recorded in the diffraction angular
range 5 —55° 28 by a Philips X' Pert PRO diffractometer, working in
the reflection geometry and equipped with a graphite monochro-
mator on the diffracted beam (Cu—¥o radiation).

Electrochemical Characterization

The electrochemical response of the carbons described in the
previous section has been investigated by a two-electrode
symmetric cell, (referred as BOLA) composed by a Teflon case with
stainbess steel cument collectors. The electrochemical tests were
performed in a thermostatic oven at 30°C using a Biologic VSP
multichannel potentiostat/galvancstat/FRA. A fiber glass filter
Whatmann GF/F was chosen as separator and the jonic liquid
Pyry 3 TFSI (Solvionic, 99.5%) as the electrolyre, the selected binder
wias Teflon. The electredes were prepared starting from a dispersion
of the active carbon, the conductive Super P 45 together with the
Teflon suspension (60% Dupont), i 10mL of Ethanol under
vigorous stirring for 2 h. The temperature has been increased at
60°C to obtain a carbon paste that it has been used to prepare the
electrodes. The resulting carbonaceous composite has been
pressed and cut on an 0.9 cm of diameter carbon-coated aluminium
grid that has been used as current collector. After, the electrode-
grid system has been pressed using & pressure of 2000 psi for 1
minute. The mass loading of each tested carbon is reported in
Table 52. The electrodes have been dried at 120°C for 16 h under
dynamic vacuum to eliminate the presence of water.
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2.3 Novel electrolytes

In the latter part of this chapter, the investigation of a novel class of aqueous electrolytes, i.e.,
the Water In Salt Electrolyte (WISE), is reported. At first, aqueous solutions based on lithium
bis-(trifluoromethane)sulfonimide (LiTFSI), which are the most investigated WISEs, have
been studied with a focus on the stability of the current collectors. In subsection 2.3.1 a detailed
electrochemical study on the corrosion of different current collectors (Ti, stainless steel, and
Cu) in aqueous LiTFSi solutions from low concentration (0.5 m) up to WISE concentration (20
m) are reported. This activity has been carried out in collaboration with the group of Prof. M.
Innocenti from the University of Florence and brought about the publication [4].

LiTFSI is an expensive salt, hence novel and cheap WISE formulations are required for
practical exploitation of these electrolytes in EDLCs. Ammonium acetate (AmAc) -based
WISE represents a valuable option. Therefore, | contributed to the study of the chemical-
physical and electrochemical properties of AmAc WiSes, in collaboration with Mohammad
Said El Halimi, a Ph.D. student at the University of Bologna, and the group of Prof. Calvaresi
(University of Bologna). The experimental approaches and main results of this study have been
published in [5].

2.3.1 Electrochemical stability of Ti, stainless steel and Cu current collector
in water-in-salt based on LiTFSi

Steel, copper, and titanium current collectors’ electrochemical behavior in aqueous solutions
of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) at various concentrations, from 0.5 up
to 20 m have been investigated by means of electrochemical characterization. In particular
linear sweep voltammetries (LSV) and cyclic voltammetries at 20 mVs™* were carried out to
determine both the cathodic and the anodic stability limits of the different tested metals. The
voltammetric anodic and cathodic limits were used to define the experimental conditions of
chronoamperometry that consisted in applying different potentials over 30 mins. Microscopic
analysis with SEM and compositional analysis with XPS were carried out by the group of Prof.
Innocenti, to evaluate the surface modifications related to the electrochemical stress.

The Electrochemical stability window, evaluated from LSV of the stainless steel-based current
collector, increases with the salt concentration. Values of 2.05 V for the 0.5 m, 2.16 V for the
5m, 2.37 V for the 10 m, and 2.5 V for the 20 m LiTFSi aqueous solution were measured.
Copper-based current collectors had undergone strong corrosion at each tested LiTFSi
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concentration and for this reason, it wasn’t possible to study its behavior in the cathodic region.
The CV study of the copper-based current collector in the anodic region didn’t show a clear
trend with the salt concentration each featuring a higher value of the specific reduction current
with respect to the stainless-steel current collectors.

Finally, a titanium-based current collector has been investigated. LSVs at increased salt
concentration showed a higher potential window than those of the potential window of
Titanium-based current collector increases with the salt concentration. Indeed, 2.66 V at 0.5 m,
2.67Vat5m,2.81Vat10m,and 2.77 V at 20 m of LiTFSi solution in water have been found.
Comparing the CVs of the stainless steel and the titanium at 20 mVs™? with 20 m of salt
concentration, it was evident that the titanium-based current collector featured a higher
electrochemical stability window, with a pronounced tendency of decreasing current during
cycling in the cathodic region. Investigating the CVs study, it was evident the appearance of a
plateau above 2.75 V has been related to the formation of a passivation layer.

The results of the electrochemical studies were confirmed by the SEM microscopic analysis
that highlighted the corrosion in the copper-based current collector and the formation of a
passivating layer for the titanium one. Overall, Titanium and stainless steel showed interesting
behavior that allows them to be considered as good candidate current collectors for water in
salt electrolyte-based electrochemical energy storage devices, while the evident corrosion of
copper makes it a less desirable choice.

The experimental methods and the results of this study are reported in [4], here attached as the

complete publication.
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Abstract

The electrochamical behaviour of sieel, coppar, md titamium current collectors was studied in aqueous solutions of Lithium
bisitrifluoromethanesul forny limide (LITFSD at various concentrations, from (1.5 up to 20 m. As the concentration of the elec-
trolyte increases, the electochermical window of water stability widens according to the “waker-in-salt” concept. The metal gnds
have been studied electrochemically, both under anodic and cathodic conditions, by means of cyvclic voltammetry and
chmonoamperometry. Subsequently, a microscopic analysis with SEM and compositional analysis with XPS was carned out to
evahate the surface modifications following electrochemical siress. We found that copper is not very suitable for this kind of
application, while titmium and steel showed imteresting behaviour and large electrochemical wndow.
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Introduction

Lithium-ion batteries (LIB) are nowadays one of the most
important energy storage devices and are curently dorminat-
ing the consumer electronic market. They have been indicated
a5 the most promising option for the next genemtion of hybrid
and ekectric vehicles but their possible application for this
purpose iz still uncertam today manly because of concems
rised over their safity, cost and environmental impact [1].
The eledrolytes presently used in commercial LIBs are based
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on mixtures of organic solvents and contain lithium
hexafiuorophosphate (LiPF,) as lithinm salts [2]. The use of
these electrobytes allows high performancs in terms of aenzy
and cycle life. However, since these electrolytes are flamma-
ble and volatile, theiruse poses serious safety risks and strong-
Iy reduces the tempemture range of use. Furthermaore, it has
also been observed that they are particulardy aggressive in
terms of corrosion towards the working electrodes, under cer-
tain operating conditions, consequently reducmg the cell per-
formance. Therefore, substantial costs of these systems are
incurred not only dirsctly by these electrolytic components
but also to a greater extent by the safety management required
for the dangerous combination of flammable electrolytes and
energy-miensive electmodes that are long-lasting and resistant
tocormosion [3, 4], The main reason for using classical orgamc
electrolytes (acetonitile or carbonatkes) was that it permits to
design devices with a cell voltage of 2.7-28 V.

These organic eledrolyies display favourable properties on
the negative electrode side, ncluding the formation of a lith-
um conducting passivation laver on the surface of the elec-
trode, the so-called solid electrolyte interphase (SEI). The
presence of this layer extends the dectrochemical stability
window of the electmolvie at the negative elactrode, even with
very reducing anode materials, such as metallic Li and
lithiated graphite. However, on the positive eectrode side,
the stability window of these systems limits the number of
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applicable active materials, espedally due to the limited s@-
bility of most of these compounds at potentials evceeding 5V
[5].

As a possible solution to these problems, researchems have
proposed inrecent years the use of agueous electmlytes mside
the cells of lithium batteries. However, pure water as a solvent
shows a window of thamodynamic stbility too narmow of
only 1.23 W, as defined by the decomposition meaction of
water [6], which imposs a restriction on the choice of elec-
trochemical couples and consequently the prctical energy
output of aqueous battery chemistries and cell voltage [7].

Om the other hand, the aqueous solutions display important
advantages, eg. higher conductivity, non-flammability of the
dectmobte, and low cost, both regarding the eledrolyte ikef
mnd the separator material. The higher ion conductivity in-
aeases the high-power capability of electrochemical cells
hased on agueous electrolyte, recently demonstrated with
LiCo(k by Cui et al. and with LiMn;Oy and hybnd systems
by Wu et al [8, 9].

In geneml, the aim of the studies inrecent vears has been to
be able to design a system with aqueous eledrolytic solutions
that have the same performance as cells with organic solvents,
nd therefore a compamble electrochemical stability window,
but which are above all safer, longer lasting, and with less
environmental impact.

Recently, melatively large stability windows of up to 3 W
have been reported for highly concentmated, “water-in-salt”,
aquenus solutions of lithium bisinfluoromethylsul foryl jmide
(LiTFSI) providing an opporunity for the developmantofhigh-
voltage aqueous batteries [10, 11].

LiTFSI (lithium bis{trifluoromethy lsulfonyl tmide) was
chosen as the salt because of its high solubility in water (=
0 m at 25 °C) and high stabibity agamst hydrolysis. The
“water-in-salt” definition apphes when the LiTF5I concentra-
tion is above 5 m, since the salt exceeds the solvent by weight
mnd volume. In this binary svstem, the average mumber of
water molecules available to solvake ech ion is much lower
than the “solvation numbers” which are well established in
comventional electrolytes (~ 1.0 m) [12, 13]. The solvation
shell is completely different from classical agueous eledro-
Ivtes: Li* ioms are not only surmmnded by water molemles but
mther by TFSI anions together with a limited mumber of
water molecules, depending on the salt concentration.
Interionic attractions become more pronounced than solvent-
ion interctions causing umisual physicochemical properties.
Particularly important & the interphase chemistry on the elec-
trode surfaces which could be modified & a direct conse-
quence of the different cation solvaton shell stucture. The
overall stability window expands as the LITFS] concentration
increases, with both oxygen and hydmogen evolution poten-
tials pus hed well beyond the thermodynamic stability limits of
water, suppressmg water spliting in an extended potential
window of 3V [14].

€1 Springer

The fimst lab-scale batteries wtilizmg highly concentrated
LiTF5I salt in water as the electolyte wene fabricated with
stamless-sieel curment collectors. However, aluminium (Al) is
the prefemed current collector material on the cathode side of
non-aquenus lithium-ion batteries due to its much lower den-
sity, higher electronic condudtivity, low cost, mnd the ability to
be processed into thin foils by mlling [15-19].

The Pourbaix diagmm of Al indicates thermodynamic sta-
bility, i.e. the mnge where passivation due to the air-formed
ahiminium oxide laver is avoided, only in a2 small pH range
[20]. This small smhility window has prevented the use of Al
a5 the curent collector in tmditional aqueous battenies [21].

In this work, the limits of electrochemical stability of
LiTFSI solutions at incressing concentration wene evaluted
with different metals (steel, copper, md titanium) in order to
evaluate their possible use as mn anode or as a cathode curent
collector in agueous lithium-ion cell. The tests consisted in
cvelic voltammetry (CV) and potential step
(chronoamperometry) expenmeants complemenied with scan-
ning eledron microscopy (SEM) and X-my photoelectron
spectroscopy (XPS ) analyses. CVs provided the potential used
to define the expammental conditions of chronoamperometry
that was used to accelemte curnent collector ageing and side
reactions mvolving the electmolyte. The comosion resistance of
the metal samples was monitored by ohserving the trend of the
recorded current, at a mven potental, a5 a function of time,
and the evolition of the metal surfaces after the ageing tests,
The study demonstmbes that, despite the recognized wide elec-
trochamical smbility of supearconcentrated LITFSI solutions,
for practical applications it is important to evaluate the nght
combination between current collector and salt concentration.

Experimental

Materials

Three commercial meshes made of different metals wene cho-
sen a5 samples: steel (3855050 ANF, Dexmet), titanium
(5Ti-7-077, Dexmet), and copper (Grid-CTD-Cu-140mm,
Lamart). Meshes ofdifferent materials had different thickness
and holss: the effective contact area of each sample is reported
in Table 1.

Lithium bis{ tifluoromethanesulfomy imide {LITFSD) salt,
used a5 electrolyte, was purchased from Sigma-Aldnch and

Table 1 Effective -
contsct area per 1 cm’® of Sample Conlact ares {om”)
sl

Caopper 0715

Steel 13949

Tilaniwm 1369
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used without further purifications. Solutions of 0.5, 5, 10, and
Hm fmollg) of LITFST in Milli-0) water were used.

All elecrochemical tests were camied out in a glass cell
with a three-electrode configuration (Fig. 51). Before each
dectrochamical messurement, the solution was deserated with
nitrogen for 3mm directly inthe eell. Then, the bubbling was
interupted maintaining a nitrogen flow over the solution.
Metal meshes witha 1 = 1 cm” section were used as working
electrode (WE). Before cach analysis, the samples were
washed with aceone in ultrasonic bath, rinsed in ethanol,
and left to dry.

Carhon paper (2050A-1050, Spectracarh) was used as
counter electode (CE). To increase the active area of the
CE, a suspension of activated carbon was drop-casted on the
carbon paper following this procedure: (1) 10 mg/mL of acti-
vated carbon (CV-XCT72R, Fuel Cell Earth) was dispersed in
l-methy b 2-pymolidinone (Sigma-Aldrch), continmg 1 mg/
mL polyvinylidene diftwonde (PVDF, Sigma-Aldrich) a5 a
binder to keep the powder bound to the substrate: (1)
0.5 mL of suspension, equivalent to 5 mg ofactivated carbon,
was drop-casted on the carbon paper; (i) the solvent was
evaporated at 130 °C by placing the eledrode on a heating
plate; (iv)during the messuranents, the counter electrode was
wrapped in a glss microfiber filter{ Whatman grade GE/A) to
prevent any detachment. The high surface area capacitive
oomier electmode can balance the charpe swmed by the work-
ing electrode dunng the polanzation of the latter and this
avoids indesired side reaction at the counter eledrode:

Silver wire was used as pseudo-reference eledrode (RE),
and all potentials wens convertad to the LVLi* electmde scale.
In text, we refamed to positive and negative potential with
mspect to the equilibnum potential represented from the
open-circuit potential, recorded before each electrochemical
measurament.

The electrochemical tests were performed by a mult-
channel potentiostat (Metrohm p-autolab, model Fa-2
Type 31 Cychic voltammetne scans (CV) were camied
out in order to evaluate the anodic and cathodic stability
limits of the different metals m LiTFSI agueous solu-
tions at increased salt concentmtion and at a scan rate
of 20 mV/s. Before CV, the relative OCP (open-circuit
potential) value was caleulated for each metal, which is
characteristic of cach matenal. Then, two messurements
were then carried out towards only negative potentials
or only positive potentials with respect to the previously
recorded OCP value. The potential of the voltammetric
cycles was increased until very intense anode or cathode
currents were observed. The voltammetric anodic and
cathodic limits were used to define the experimental
conditions of chmonoampemmetry that consisted in ap-
plving different potentials over 30 min. The current
density was calculated considering the effective area of
the metals (Table 1).

Microscopic and spectroscopic characterization

Scanming electron microscopy (SEM) analyses were per-
formed with a Hitachi 5-2300 equipped with a Themmo
Scientific Noran System 7 detector and analyvsed with
Pathfinder software.

X-my phowelectron spectmscopy (XPS) was used to eval
wate the superficial composition of the samples before and
after the chronoamperometric stress. The instrument 1s
equipped with a non-monochromatic X-my source (VSW
Seientific Instrument Limited model TATO, Al Ko radiation,
1487.7 V) set to work at 120 W (12 kV and 10 mA) and a
hemispherical analyser (VSW Scientific Instrument Limited
model HA 100, Manchester, UK). The analyser was equipped
with a 16-channel detector and a dedicated differential
pumping system maintaiming the pressure in the chamber to
the 107* mbar range. The pass enerzy was set to 22 eV, The
measured spectm were analysed wsing CasaXPS software
(version 23,19, Casa Software Ltd., Tewgnmouth, UK). The
melastic background was subtmeted wsing Shirley s method
[22], and mixed Gaussian and Lorentrian contributions wers
used for each component. Calibration of the spectm was ob-
tuned by shiftmg to 284 8 eV, the lowest component relative
to the 1s tunsiion of carbon for adventiious carbon [23].

Before SEM and XPS measurements, the metals were
rinsed with water and dried.

Results and discussion
Electrochemial measurements
Steel

Figure 1a reports the linsar sweep voltimmetries carmed out at
20mV/s with steel in LiTFSI solutions at different salt concen-
trations, Increasing the eectrolyte concentration from 0.5 up o
20 m the stability incresses m both the mnodic and m the ca-
thodic branch of the voltammo gram, The anodic onsat does not
differ uch betwesn the three solutions with lower concentra-
ton (= 425V} but it increases by 10 mV in the caseofthe 20m
solution. On the other hand, the cathodic onset shows o greater
shift with the incresse of the electrolyle concentration, i
.84V for 20 m solton, for n overall window of 250V,

Figure 1b reports the CV num in the lowest potential range
after the fimst linzar sweep expenments. The presence of an-
odic and cathodic peaks suggests that during the first cathodic
scan, redox couples are formed on the metal surfaice as the
result of the decomposition of the salt. Increasing the salt
concentration, the peak current decreases significantly as well
as the potential related to H; evolution shifis to mome negative
values, This is in agreement with the pamllel decrease of HyO
concentration.

) Springer

94
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solution to compare the different behaviours, The ca-
thodic ageing was cared out at 2.25 V, while the an-
odic one was performed at 4.25 V. The cathodic tests
(Fig. 2a) showed that the curremt decreased and was

We mvestigate the evolution of the degradation pro-
cess occuming on the surface of steel by keeping the
dectmde at different potentials over 30 min and record-
ing the cument. The same potential was used for each
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more stable for the electrolytic solutions with the
highest concentration. The curves recorded with 10 m
md 2 m solutions almost overlapped. As it concerns
the anodic test (Fig. 2h), the lowest cument that was
negligible after 30 min was obtained by far wsing the
solution with 20 m comncentmtion. During the anodic
stresses, the trend did not completely follow that of
concentrations, In fet, unexpectedly, in the 5 m solu-
tion, the current did not reach a stationary value but
increased dunng the tests, therefore suggesting that the
steel was going against comosion much more quickly
than in the 0.5 m solubion.

Copper

Unlike the other metals, copper inderzoes through strong cor-
msion for every concentmtion of the salt if the applied poten-
tial is more positive than the OCP. For this resson, we record-
ed the behaviour of copper only in the cathodic potential
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mnge. The onset of the reduction of hvdmogen started at po-
tentials more positive than those ohserved in the case of steel.
Muorzover, the onset potentials trend did not follow that of the
salt concentrtion (Fig. 3a). Indeed, in the 0.5 m and 10 m
solutions, copper featred a similar behaviowr with an anodic
limit more positive than that achieved with the 5 m and 20m
solutions. The CV (Fig. 3b) curents are higher with copper
than withsteel even for high salt concentmtion. This indicates
that the decomposition of the elecrolyte is more pronounced
in the case of copper with respect to steel. Also, the presence
of CV pesks indicaies that the passivation layer eventually
formed on the metal isnot stable. Indeed, a stable passivating
layerwould insulate the elecrode from the solution mnd, there-
fore, give rise to very low voltammetric currents,

The chronoampemmetnc messurement (Fig. 4) was carmied
out apphving a fixed potential of 2.25 V. Ao, in this case, as
for the onset potentials, there is no dirsct comelation betwesm
the chronoamperometric behaviour and the concentration of
the solution. Despite this, solutions with a lower concentration
seam to be slower to reach a constant cumrent, sugpgesting the
presence of cormosion reactions at the interphase. The 10 m
solution reaches a steady cumrent guickly but maintaining a
considemably high value. Onlyin the case of the 20 m solution
does it appear that a stable passivation layer has formed,
showing a steady trend and low qument values.

Titanium

The behaviowr of titmum was investigated by linear swesp
voltammetry starting from the OCF towards 1.75 V and
515 V (Fig. 5). The overpotential for hydmgen evolution is
greater on titamium with respect to the other investigated
metals. In fact, at low electmolyte concentration, the cathodic
curent onset is below 2 V. Notbly, the onsat of reduction
reactions 15 the same for all the solutions and 15 messured as
204 =004 V. On the other hand, the anodic cumrent onset
shifts to more positive potentials with the increase of the salt
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concentration (Fig. 5a). Ohserving the C'Vs reconded between
the OCP and the cathodic limit (Fig. 5b), inthe 20m solution,
there 15 an mitial onset at 275 V followad by a platem sug-
gesting the formation of a passivating loyver on the metal sur-
face [10].

The cathodic and anodic chroncamperometric measune-
ments were carned out at potentials of 2,15 V and 4.75
respectively. Under the cathodic stress (Fig. fa), the deoom-
position of salt is evident for the 0.5 m and 5 m solution as it is
indicated by the increase of cument over time. The same trend,
although less evident, can also be noticed in the case of the
10 m solution. Om the other hand, the 20 m solution, compat-
ibly with what emerged from the CV, imitially shows higher
auments, but then they decrease as the passivation laver de-
velops, During the anodic stress (Fig. 6b), the current tends to
decrease over time regardless salt concentmtion. A stablecon-
dition is achieved with the solutions with higher concentra-
tions, and mainly with the 20 m solution.

Figure 7 compares two consecutive CVs camied out be-
twezen the OCP and the anodic lmit with titanium and steel
in 20 m solution. The figure highlights the higher modic st-
bility of ttamium with respect to steel. Furthermore, during the
second ovele, the current decreases considerably inthe case of
titanmm, while it rermains abmost unchanged m the case of the
steel collector.,

The different anodic behaviour of titmium and steel cn be
eplained by considering their different inherent reactivity
towards the formation of surface passivating layers. It is
kmowm that with titanium it is possible going to very positive
potentals, in some applicaions even tens of volts are used
[24]. Thisis due to the formation of 2 compact titanium ocide
layer which protects the metal surface. Titania is not an insu-
lator, mnd in fadt it is wsed a5 a support in solar and fiel cells;
hivacever, the higher the potential applied, the greater the thick-
ness of oxide that is formed, which has a considermbly lower
conductivity than metals [25], limiting the current flow. |t can
be argued that titania is formed on the titanium grid even

€1 Springer

durng the anodic scan in LiTFSI aqueous solution so that
the 2nd cvele CV currents are lower than those ofthe first CV.

At the contrary, at positive potentials, steel forms porous
and partially soluble ion oxides and hydmecides that do not
insulate the metal surface. Hence, sieel maintains high con-
ductivity and a good commection with the electrolyte, which
explains the overlapping volemmogmms of the fist and sec-
ond CV cycle. Furthamore, the oxidabon of the steel 15, at
least in part, reversible. This is suggested by the reduction
peak that is present at potentials lower than 3.5 V and that is
not present in the case of titamium. Indeed, the formation of
titmmm oxide is irreversible,

Micrascopic characterzation

The SEM analysis of the samples performed after the
chronoamperometric stress did not report any significative
sign of comosion with respect to the fresh samples that were
not subjected to any stress. This observation confimms the
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Rg. 7 Consecuive CVs on Ti and sieel collecior i 2 m aquems
aolution of LITFS] i the high polenital range dark red, 14 cyele siel;
light red, 2nd sted; dark blue, 18 cycle Ti; Hghi blue, 2nd cyde Ti

97



J Solid Staee Bearochem

formation of a thin passivation layer on the collectors. In Only the copper mesh subjected to anodic potential
Fig. 8. we reporied the SEM analysis parformed on the un- looks visibly eroded (Fig. 8¢). The untreated steel sam-
treated collkectors meshes (a, steel: d. copper: g, titanium)and  ple (Fig. 8a) presents some dark areas on the surface:
the collkector after the chronoamperometnc, stress, anodic as~ the same stains are steel present also in some steel
well as cathodic in the 0.5 m solution. The remaning SEM  samples after the cathodic stress, while we did not find
analysis can be found m the supplementary materials. them in the samples subjected to anodic stress. On the

(E}]

(b) (<)

(d) (c)

Fg. 8 SEM amalysis of the untrested collectors and the cathodic and cathodically stressed copper; () anodically stressed copper; (2) untresied
anodhic stressed collectors i (.5 m solution, the remaining anslyses are titamium; (h) cathodically stressad titanium: (1) anodically stressed
eporxd in the supplementary material. (3) Untrested steel; (b) cathod- ttmum

cally stressed steel; (¢) anodically stressed steel; (d) untreated copper; (¢)
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Fg.8 (cmtinued)

surface of the clectrode, we did not find many clectro-
Iyte residues.

Spectroscopic characterization

XPS analyses were used to chamcterize the surface of titanium
and steel samples, which exhibited better electrochemical sta-
bility with respect to copper. The spectroscopic chamcteriza-
tion was performed on fresh meshes of the two matenals, used
as refarences, and on the samples tested by anodic and cathod-
ic chronoamperometric ageing in 0.5 m and 20 m solutions,
representing the extreme of the investigation,

The analysis of steel samples in the region of Fe (Fig. 9a)
showed three components in zone 2p of iron at 706.5 eV,
710 ¢V, and 712 ¢V corresponding to metallic mon and iron
axide/hydroxide. Due to the very superficial nature of the
technique, the metal iron signal is not very intense. The iron
oxide signal is present in all the samples, even in the refarence
because of the natural passivation layer present on the collec-
tor surface. The amount of Fe(ll) 1s substantially unchanged
between the refarence and the sample subjected o 215 ¢V
{cathodic stress) in the 20 m solution: in all other cases. the
signal is more intense with respect to the reference. However,

@ Springer

by companng this quantity for the anodic stresses conducted
at4.25¢V, it is observed that the sample analysed in the 20 m
solution is less oxidized.

About the steel sample, greater attention was paid to the
signals commg from the presence of iron and oxygen, as the
former is the clement constituting the steel in greater quantities
and the oxygen is drectly involved in the detarmination of the
degree of collector comrasion.

The presence of oxygen in the surface layer has been con-
firmed in the transition region Is (Fig. 9b). In this case, we
found the convolutions of 4 signal to the overall peak: the
contributon at lower energies around the value of 530 ¢V is
compatible with an iron oxide FeO/Fe,04 structure
confirming the trend discussed for the Fe(ll) signal.

The measurements camied out on the titamum collectors
revealed a similar trend to what was observed on the steel
specimens. In the 2p transition region of Ti (Fig. 10), we
found two contributions: one at 454 ¢V, corresponding to
metallic titanium, and one at 458 ¢V, for the Ti(IV) specie.
The amount of Ti(1V) is smmilar between the reference and the
sample subjected to cathodic stress in the 20 m solution and
increase a litle in the case of 0.5 m solution. On the other
hand, we found a large amount of titamum oxide in the
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oollectors subjected to anodic stress, Through the tabulated
values of the various binding energy related to oxypen, the
signal that appeams at 530 ¢V is compatible with the TiOz
species and follows the same trend of Ty IV) signal.

Conclusions

In this work, we sudied the behaviour of different metal meshes
for the application as cument collectors in “water-in-salt” cells.
In this type of electrolyte, the activity of the water is greatly
meduced allowing to extend the electrochemical window.
Monetheless, the copper samples went through a mpid modic
cormsion and did not perform welleven in the cathodic potential
mmge. Steel and titinium on the other hind showed an electm-
chemmical wndow much higher than 123 WV, and of 250 V and
2R0V respectively. Steel is better m the cathodic onsat while
titnum feathures a betier anodic sability. Therefore, cdls with
different curent collectors for the positive and negative elec-
trodes could feahre mn even wider elecotrochermcal stability
window, In the case of ttamium, the modic window could be
firther enlarged thanks to the formation of a passivating and
semi-oonductive layer of ttng, that, however, reduces and -
sulates the electrodes md might incresse electrode mpedmce.
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2.3.2 A novel Water in Salt electrolyte based on ammonium acetate

The chemical-physical characterization of ammonium acetate (AmAc) aqueous solution with
salt concentration ranging from 1 to 30 mol kg™!, carried out by Mr. EI Alimi, demonstrated
that these low-cost solutions feature circumneutral pH (pH = 7-8) and ionic conductivity
comparable to or higher than typical organic electrolytes. Moreover, the structure of the
solutions has been investigated by IR and molecular dynamic study (MD). MD simulation,
carried out by the group of Prof. Calvaresi, suggested that mixture goes from an “ion in water”
(conventional solutions) to an “ionic-liquid-like” (concentrated solutions) behavior. Indeed,
increasing salt concentration resulting in a change in the structure of concentrated solutions
that have been related to the strong interactions between ions and/or water molecules through
the formation of hydrogen bonding that cause an increase in pH values and a decrease in ions
mobility. In turn, the presence of cooperative motions is suggested by the conductivity

temperature dependence that follows a non-Arrhenius behaviour like ionic-liquid electrolytes.

The WISE based on 26.4 m AmAc exhibits an ESW of 2.22 V at Al foil, 2.9 V at GC, and an
outstanding value of 3.4 V when titanium grid was used. Therefore, this WISE has been
selected as the electrolyte for EDLCs based on Argan shell activated carbon (ARG-AC,
provided by Mr. EI Halimi), a bioderived activated carbon. The ESW evaluated using ARG-
AC electrodes was only 1.3 V wide, likely due to the high carbon surface area which promoted
electrochemical decomposition of the electrolyte. Indeed, the ARG-AC electrodes obtained by
pyrolysis and activation of argan shells exhibited an exceptional specific capacitance of 300 F
g! in the super concentrated electrolyte. While this finding strongly suggests that ESW is
dependent on the kind of electrodes used for the test, it also prevented the development of
symmetric supercapacitors with the high cell voltage expected by the study carried out with
GC and metal grids.

In this study, my main role has been the evaluation of the performance of an asymmetric EDLC
based on AmAc. The EDLCs featured an asymmetric mass loading to fully exploit the AmAc
ESW. ARG-AC electrodes have been used. The electrochemical performance of the obtained
EDLCs has been measured by means of CVs and GCPL and stability tests have been run at
temperatures ranging from -10 to 80 °C, leveraging the high thermal stability of the studied
electrolyte. The asymmetric supercapacitor assembled with ARG-AC electrodes and 26.4 m
AmAc WiSE was able to operate at 1.2 V, from —10 °C to 80 °C with outstanding specific
capacitance and low resistance. The symmetric cell delivered noticeable specific energy at
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extreme temperatures and ranged from 5.9 Wh kg at —10 °C to 15.6 Wh kg™ at 80 °C, values
that are competitive with those of commercial supercapacitors featuring organic electrolytes.
A promising option to explore is the increase of energy performance through AmAc WISE in
a hybrid supercapacitor involving redox or pseudocapacitive electrodes that features faradaic
processes within the WIiSE ESW. Overall, this study suggests that AmAc WISE deserves
consideration as a cheap, circumneutral and environmentally friendly alternative electrolytes

for designing green energy storage systems.

The experimental methods and the results of this study are reported in [5], which is here

attached as a complete publication.
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The exponentially growing market of electrochemical energy storage devices reguires substitution of
flammable, volatile, and toxic electrolytes. The use of Water in salt solutions (WiSE) regarded as green
electrolyte might be of interest thanks to an association of key features such as high safety, low cost, wide
electrochemical stability, and high ionic conductivity. Here, we report comprehensive chemical-physical
study of crcumneutral WiSE based on ammonium acetate so as to imvestigate application in electrochem-
ical energy storage systems, with focus on the effect of pH, density, visoosity, conductivity, and the ESW
with salt concentration ranging from 1 to 30 mol kg-". Data are reported and discussed with respect o
the structure of the solutions imeestigated by complemental IR and modecular dynamic study. The study
is addressed through the showease of an asymmetric supercapacitor based on Argan shell-derived carbon
electrodes tested at temperatures ranging from - 10 to 80 =C.

Supercapacimr

© 2021 Elsevier Ltd. All rights reserved.

1. Inroduction

Today, the increasing demand for elearochemical energy stor-
age devices (ESDs) pushes rowards improving their performance
and safery ar lower cost and environmental impact, The elecirolyre
is a key component of ESDs and should address the following re-
quiremenis: (i) high ionic conductivity, (i) wide elecrrochemical
stability window (ESW), (iii) high thermal smability. (iv) low cost
and (v) environmental comparibiliny.

Commercial lithium-ion barmeries and elecrical double layer
capacitors (EDLCs) rypically feature elecrrolytes based on lichium
hexafluorophosphate in ethylene carbonare and dimethyl carbonare
(LP30) and rerraethylammonium rerrafiuoroborare in aceronitrile
[TEABF4/ACN), respectively, Table 1 summarizes these elecirolyie
characreristics. The ionic conductivity (x) and ESW are 108 mS

* Corresponding author aC Laboravory of Elecrochemisoy of Materials for Ener-
getics, Deparoment of Chemistry “Giatoma Ciamician”, Alma Mater Studiorum Uni-
versita di Bologna, Bologna 40125, Haly.

E-muil address: (ranoesca soaviduniboic (F. Soavi).

hixps: [jdoi.org/ 10,10 16)j.elecraca 2021 138653
0012-4686/@ 2021 Elsevier L. All rights reserved.

cm-! and 5.7 V for LP30, 56 mS cm-", and 6.1 V for TEABFy/ACN.
Their cost is mainly affecred by the salt,

Movel alternarive electrolytes have been proposed and the main
achievemenrs have been excellently reviewed in the literature [1-
3). lonic liquids are an interesting class of organic electrolyres, in-
deed besides their good ionic conductivity and elecirochemical sia-
bility, they present important advantages associated with low va-
por pressure and flammability, that are key requisites w design
safe ESDs. However, they cannor be considered as roally green
and their toxicity has been repomed as an issue for the disposal
of end-of-life devices [4). In addition, their high cost sull repre-
senrs a limit to larger exploitation in batteries or supercapacitors.
As an example, EMITFSI shows a conductivity of 9 mS cm-' and an
ESW of 45 V. while for PYR,4TF51 the conductivity is 2.8 mS cm-!
and the ESW is 6.6 V. Their cost is more than 5 rimes higher than
that of TEABF,/ACN and LP30 (Table 1). Hence, the use of ague-
ous elecrrolyies offers a promising opporunity w design cheap
and safer devices as compared o organic elecrrolyres because of
their non-flammability. low cost. and environmental friendliness,
However, due o water spliming conventional agueous electrolytes
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Table 1
lonic conductiviey [x ], elecomochemical shiliny window (ESW) 3t ram =mperare and commercial coss of different elecrrolyte sofutions and componems wsed in ESDs.
E|E|.'I:I'U|j'l:! solutian COMponens and BﬂmFI:ISi'I'.iDﬂ Salr Concenmatian E ESW Costs Ref.
Comventional Organic elecirolyies
Tewaethylsmmonium terrafluorobosare in Aceronitile (ACK[TEAEF, ) 1 muolfL 56 Al 3605/ 156]
msfcm v 1208]1=
Lithium hexafluorophosphare in ethylene carbonare and dimerhy| 1 maljL IDEmSjcm 57V g8z §jL° 1.7.9]
carbonare (LP20) (1.0 M LiPFg in ECJDMC=50/50 V[V )
Tonic ligquids
1-Exyl-3-mehylimidazalivm bis- {mriluoromerhy lsalonyl}-imide 3.0 moljL o mEjom 45V 198 §jg° 19
(EMITFSI)
1-Buryl 1-methylpyrralidiniom bis{mifluoromerhanesalionyljimide £ maljL 28 mSfcm (] 22 §jg" 151
(PR, TFSI)
Salts used in WisE
Lithium Bis{rrifugremethane)sulionimide (LiTFSI) 21 molfkg 10 mSjcm 1y 7 5 [10]
Po@SSium acerare (KOAC) 30 molfkg 25 mSjcm 12V 0.35 Sjg 1]
Lithium acetate (LiDC) KOAC 32 molfkg KOAC 53 27 09 §g + [12]
B malkg LiGAC msfcm v 035 Sjg
Sodinm perchiorare 17 molfkg &4 mSjcm 18V 033 §jg [13]
AMMONUM 2Cerare (AMAC) 25.4 malfkg 45 mSjcm 29V- W 12 5 This work*
1 solvenr CosL
b salr cost

* SOINLON COSTS TIOM Sigma Al
* msing different elecorodes.

place an intrinsic limitation on the ESD, and mainly EDLC, pracrical
cell volrage,

A major breakthrough in elecorolytic marerials was achieved
only a few years ago by increasing the salt concentration in appro-
priare salt-solvent combinations [14]. The so-called “water in salt
elecrrolyres™ (WiSE) are obrained with aqueous solurions conrain-
ing salt ro warer volume or mass ratio higher than 1 [10]. Thanks
to their molecular structure and warer-to-ion interactions, WiSE
have been demonstrated to reach unexpectedly wide ESW, beyond
the thermodynamic stability limit of warter. Therefore, WiSE are re-
ceiving considerable amention as safe elecirolyres for bameries and
supercapacitors [10,12,15]. The main WiSE investigated for bamer
ies are based on fluorinared imide-based salrs, usually lithium bis
(rrifluoromethane }-sulfonimide (LiTFSI), Suo et al., were the first o
report abour 2 WiSE based on a 21 mol kg-! LiTFSI warer system
capable of reaching an ESW of 3 V and a conducrivity of 10 mS
cm-! (Table 1) [10). Since then, the inrerest in WiSE for lithium-
ion barreries and supercapacitors has been growing [13,15-18]. Al
though significant improvements were achieved with imide-based
WiSE systems, several economic and environmental challenges are
still ahead as pointed our by Lukarskaya er al. for LiTFSI [12]. Fur
thermore, the limited geographical distribution of lithium deposirs
in the eamh's crust. relative o sodium (Ma) and porassium (K)
deposits, raises another concem associated with the amount of
lithium salt needed for WiSE elecrrolytes [12]. In amempr to lower
the amount of lithium salts, binary sales, like eurectic mixrures of
lithium and porassium acerares, have been suggested. Mixed WiSE
solurions containing 32 mol kz-! potassium acetare - § mol ke-!
lithium acetare for agueous bameries fearured ESW of 27 V and
x of 53 mS cm-! [12). Moreover, EDLCs offer the possibiliy w
us lithium-free WiSE such as porassium acetare-based WiSE, as al-
ready reported for an activared carbon-based symmetric superca-
pacitor thar fearured excellent cyclic performance under an oper-
aring volrage of 2 V [19).

Even though, superconcentrared solurions of acerates are inher-
ently alkaline, due o the hydrolysis reaction of the acerate anion.
S0 far, cheaper sodium perchlorare based WiSE featuring 4.2 mS
cm-! and ESW of 28 V, has been proposed as a mild neurral elec-
trolyre for 23 V EDLCs [13]. Unformnarely, this WiSE cannor be
considered as towally green mainly because the perchlorate anion
is known as a strong axidizer [20).

The present work is devored o the study of safer and less
corrosive circumnewtral WiSE obained with a highly concentrated

aqueous solurion of ammonium acetare (AmAC). This salt fearures
high solubility in water of 1.48 kg L-! and is compozsed of ions that
derive from a weak base and a weak acid wirth similar pKa and
pKb values. Such a particular characreristic makes AmAc solutions
circumneurral. Here, a comprehensive chemical-physical smudy of
AmAc solurions with concenrrations ranging from 1 w 30 mol
kz! is repomed and discussed. Specifically, the trends of pH. den-
sity, viscosity, conducrivity, and ESW with AmAc concentration will
be discussed in terms of solution soructure by complementary IR
spectroscopy and molecular dynamics (MD) studies. The feasibil-
ity of the use of AmAc WiSe in elecrrochemical energy storage de-
vices will be demonsirated through a showcase of supercapacitors
using Argan-shell derived carbon electrodes and AmAc 264 maol
kz-! elecrmolyte.

2. Marerials and methods
21, Ammonium acerare WISE charaaeristics

Ammonium acetare (98% purity) was purchased from EMSURE,
The pH of the agueous solutions was measured by a pHM210 Stan-
dard pHmeter MererLab. The density of the solurions was obtained
by weighting exac volumes of solurion {100pL) measured with a
P200 micropipeme. The viscosity of the solurions was obrained by
a Viscoclock 51 Analyrics bubble viscomerer. ATR (Amenuared To-
1al Reflection) spectra of liquid aqueous solurions were carried our
with an FTIR Brucker Alpha spectromerter equipped with an ATR
head. The limited length of the oprical path in the sample elim-
inated the problem of the srong aenuarion of the infrared sig-
nal by highly absorbent media such as the agqueous solurions. The
ionic conducrivity was measured with a CDM210 conductiviry me-
ter electrode MeterLab., The solurions were thermostated in a cryo-
star bath ar different temperarures.

22 Molecular dynamics (MD) simularions

Serring molecular dynamics (MD) simulations. To investigare
the behavior of AmAc solutions ar the ammistic level. MD sim-
ulations were cammied out, Boxes with different AmAc/H,0 rarios
(corresponding with the experimental WiSE concentrarions inves-
tigated in this work) were built. The FF1458 force feld was used
w model acetare anions and ammonium carions [21) while wa-
ter molecules were simulared by using the TIPSP warer model
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[22). Minimization and equilibration. Abour 5000 steps of steepest
descent mimimization, followed by additional 5000 steps of con-
jugare gradient minimizarion were performed with PMEMD [23)
The minimized structure was considered for a three step equilibra-
tion protocol, Particle Mesh Ewald summartion was used through-
out and H-atoms were considered by the SHAKE algorithm [23),
A time step of 2 fs was applied in all MD muns. Individual equi-
libration steps included (i) 50 ps of heating o 208 K within an
NVT ensemble and remperarure coupling according o Berendsen.
(ii) 50 ps of equilibration MD ar 298 K w switch from NVT o NFT
and adjust the simulation bex. [sormopic position scaling was used
at default conditions, (iii) 400 ps of continued equilibration MD at
208 K for an NPT ensemble swirching to temperarure coupling ac-
cording 1o Andersen,

MD simularion was carried our for the equilibrared sysem us-
ing PMEMD [23] Simulation conditions were idenrical to the final
equilibrium step (iii). Overall sampling time was 100 ns,

Snapshor structures were saved inm individual majectory nles
every 1000 time steps, ie, every 2 ps of molecular dynamics,

Trajecrories obrained from MD simulations were post-processed
using CPPTRA] [23.24], For each simulated bax, the density of the
solution, the diffusion constants of warer and ions, and the radial
distriburion function g(r) of acerare and ammonium ions were cal-
culared,

2.3, Supercapacicor elecorode preparation

Agriculture waste-derived carbon was used as elecrrode ma-
terial, The detail of the experimental preparation of rhis carbon
was reported in previous work [25], Briefly, Argan shells collecred
from the southern region of Morocco were carbonized under Mo
flow at 700 °C for 1 h, in order o decompose the Organic mareri-
als. The obrained marerial was acrivared with potassium ydrox-
ide (KOH) using physical mixing process. Practically KOH beads
were mixed with carbon using an acrivaring agent-io-carbonized
carbon mass ratio of 4;1. The mixrure was hear-treared in a muf-
fle furnace for 1 h at B50 °C and under N2 armosphere; the fur-
nace cooled o room remperamure, Finally, the sample was washed
with HCl (5 M) solution, rinsed with distilled warer unril reaching
neurral pH then dried ar 110 *C overnight. The obrained sample
named ARG-AC yields o BET specific surface area of 1937 m* g,
The full chemical-physical characrerizarion of this sample (labeled
as ARG-K-PM) is repored in [25]. The supercapacitor elecrrode
was obtained using ARG-AC and polyrerrafuoroethylene (FTFE) as
binder {G0% suspension in warer], as well as muli-walled carbon
nanombes MW-CNT in an 30/10/10 weight ratio, respectively, and
dried ar 120 °C ovemnight. Finally, an amount of 6.5 mg of this mix-
ture was pressed onmo a riranium grid disk of 8 mm diameter o
prepare elecrodes thar were subsequenty dried.

24, Eleccrodhemical measurements

All the elecorochemical measuremenis were performed by a
Bin-Logic VSP300 porentiostar/galvanostar, The ESW was evaluared
by voltammetric measurements (L5V. Linear Sweep Voltammetry).
The working elecirode was a glassy carbon elecirode (007 cm—2),
a rianium grid {1 cm?), or an aluminum foil (1 cm?®). Metal elec-
trodes were used as received. The reference elecrrode was a saru-
rared calomel electrode (SCE). The counter elecrrode was a Pr wire,

The supercapacitor was assembled by coupling two identical
elecrrodes impregnared with a 26.4 mol kz-!. AmAc elecrrobyte for
48 h before the elecrrochemical measurements using a glass fber
flter (Wharman) as a separator. The electrochemical performance
of the supercapacitor was evaluared by a mwo-elecrnde setup.
Cyclic volmammerry (V). galvanostaric charge-discharge (GCD), and
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Elecrrochemical Impedance Spectroscopy (EIS) of the cell were per-
formed ar room remperamure, —10 °C and 80 °C.

The supercapacitor specific capacitance (Cop) was calculared
from GCD curves using the following equarion [26,27).

1. dt

Cr =g (1
Where 1 is the discharge current (A), dV/dr is the slope of the dis-
charge curve, and m is the woral mass of the owo electrodes (in g),

The maximum specific energy (Emax) and power (Pmax) were
determined by applying Eqs. (2) and (3], respectively [28.20],

C {Fg"}-'v’z (V)
- | P .

Emax(Wh kg ') = ———5—=——— ()
1 Vigi V)
4 ESR (£2)-m {kg)

Where ¥me is the is the maximum cell volrage and ESR is the cell

equivalent series evaluared by the ohmic drop [ AV) measured at

the beginning of discharge (Eq. (4)). Given thar the same current

was used for the charge and discharge,
1 AV

ESR = 3T

Pracrical specific energy (E) and power (P) delivered ar different
current densities were evaluared by the analyses of the discharge
profiles by Eqs. (5) and (&)

dt

Prze(W kg ') = (3)

(4)

EWhkg') =11V 5er (5)
P(Wkeg') =3.5§ (6)

where Ar is the discharge rime in seconds.
3. Resulis and discussion
31. Physicochemical studies of ammonium acerate WISE

Tahle 2 repoms the acronym of the ammaonium acerate solutions
that were imvestigared with the corresponding values of molality.
salt o solvent molar rario, molarity, and density. We investigared
solutions conraining ammonium acetare (AmAc), with a molality
of 1, 5. 10, 15, 20, 264 and 30 mol kg—'. It is worrh nothing thar
ar the highest concentration only two moles of warter are sheared
every ion of ammonia NH;. Table 2 also reports the values of the
density (d) thar have been calculared under the hypothesis thar the
molar volumes of AmAc and water are addirtives Eqs, (1) and (2] in
supplementary information). The experimental resulrs differ only
by less than 0.1% from the calculated values.

To highlight this small difference, we evaluared the excess mo-
lar volume EV (Table 2) ie,, the difference berween the experimen-
1al molar volume of the solurion and the value obrained by consid-
ering thar salt and solvent molar wolumes are additives (Eg. (3] in
supplementary informarion). For concenrrations lower than 10 m,
EV is slightly negarive, therefore indicaring thar a weak volume
conrracrion takes place during the dissolution of AmAC in warer.
On the contrary, when the concentration rises above 10 m, EV in-
creases up m 023 mlL ar 264 m, This relatively positive volume
change can be explained by strong ionic and molecular interactions
of AmAc ions and warer molecules, Specitically, wolume expansion
could be relared o the direcrional characrer of hydrogen bonding
|30].

Given that our aim was © propose 3 neutral WisE, we checked
the pH of the different solurions within the Concentraton range
from 1 m o 30 m (Fig 1a) AmAc is composed of weak acidic and
base ions rhar fearure the same base and acid constants. Therefore,
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Table 2.

Hecrochimics Aoa 389 (2021) 138653

Acromym of the AmAC solutions imvestigated with the corresponding values of molality, sait m soVent molar raso, molarity, density calculaed by Eq. (1], experimenzl
and from MD simulations, and excess molar volume [EV) obmined &5 descrited in the supplemenmary informatian].

Moiality AMACH; O Molarizy Densiy {kzjL) B
Code (Mg Molar ratio (mi {miLjmol
{ ) (moiL) pee— B WD {mLjmol)
im 1 1A:100 095 L.olo 1.0z 102 -0.25
5m 5 9:100 i7e 1.042 105 109 -D.1B
10m 1 1.8:10 EO6 1.067 Lw 113 -0.07
15m 15 X710 75 1.0B4 108 115 ool
20m i 35210 B.5E 1.08G 1.0a 1.16 e
26.4m 25.4 48210 &.57 L@ 110 117 023
30m an 54210 10.10 L1112 111 1.18 0.24
wrs Tamperaturs { € )
9 - 50 &0 0 20 5 -0
a
r 84 & -
= __.--'""_—-_-._
T w -+ + -+ + + +
o
e —#— Esparimantal gH E
i Caluditnd pH 5
5 ; . - r ; - 2
a 5 10 15 0 25 30 o
Melality (malfka)
0
b 28 3,0 32 34 36 ET]
g 1% 1000t (KT,
= 124 - P
£ = Bp —=— Molar conducihitiy .
E 8 ,."""'JFF "Iy e ity i
= ._._,..-'-"""'-F‘ E Lingar fit babew 10 mallg |
g « = Linear fit o mels
) ._.——'—'_"_._._'_H_r "E a0 Linssr fit aberen 1l "] 06 E—
1] T T T T T T ;’ 0,4 f_
0 5 10 15 20 25 30 Low 3
Maolality (molfkg) E 0,2 -
Fig. 1. (2) pH and {b) viscosity of AmAC solutians with different malakity ar roam ¥ ta
TEmperarure. [ H 1 15 20 25 30
Molality (molikg)

as demonsirated in Section 3 of the Supplementary Informarion,
the pH of ammonium acetate solutions should nor change with the
salt concentration and be equal w 7. Different from whart is ex-
pected. Fig. 1a shows thar the pH values change from almost neu-
tral (1 m solution) oo slightly basic along with the increase of the
concentration, This is apparently anribured o the decrease of the
Proton activiry.

The wiscosity of the solution increases almost exponentially
with the solurion molality, as shown in Fig. 1b, This mrend devi-
ates from the linear curve expected for the dilured solution (Ein-
stein equarion) due to involved ions interactions [31]. The absence
of minimum in the curve excludes the so-called “warer srrucrure
breaking™ associared with the solution ionic field, Ar the opposite,
it indicares thar ammonium and acerare ions are sirongly fydrated
and contribure 1o a sort of molecular order in solution [32,33).

It is known thar Scokes-Einstein relation relates conductiviry
1o viscosity [31). In turn, ionic conductivity and remperature are
usually described by an Arrhenius relation. The lamer applies for
solurions involving no-cooperartive mechanism for ion conducrion,
Under this condition, the logarithm of the specific conducrivity
(&) linearly decreases with the reciprocal of the remperamre (see
Section 4 in the Supplementary Informarion) [34]. Fig. 2a present
the Arrhenius conductivity plors of the different solutions, A higher
conductivity is achieved ar increased remperarure. which is due
1o a decreased wiscosity and increased ion mobility. The highest
conductivity is obrained with the 5 m solutions, while the 30 m
shows the lowest value in the whole temperarure range, This nnd-
ing agrees with the viscosity trends with ammonium acetare con-

A 2 Amhenius plots build on te basis of the conductiviy (x) ar Gferent mm-
peratures of the different solutions, (b) Trend of the molar conductiviy (Am]) and
fuidity verses molality 3t Foom Emperarure.

centrarion discussed above, Mote that the conducivity of the most
diluted solution (1 m) is in the same order of magnimde as those
fearured by the most concentrated ones (from 20 m o 30 m).
Only the 1 m solution features a clear Arrhenius-like linear plot.
When the concentration increases above 1 m, the plos deviare
from linearity, This non-Arrhenius behavior has already been re-
pored for ionic liquid elecrrolytes, and described by the Vogel-
Tamman-Fulcher (VTF) Eq. (7) [35]

k= Agexp r%) 7

where T is the absolute remperature, and Ag. B, and Ty are ad-
justable parameters. According o the VTF model, ion diffusivity
and conductivity are affecred by several processes like molecular
dissociarion and cooperative motions, Pamicularly, the diffusivity
is directly related w fluidity (rhe reciprocal of viscosity) and de-
creases with the increase of cooperativity. At the contrary, the mo-
lar conducriviry is positively affected by cooperarive processes [36).

Fig 2b plots the variation of the molar conducivity (Am) and
flurdity versus molality of the AmAc solutions. In the concenira-
rion range from 1 m w 10 m, the molar conductiviy follows the
decrease of fluidity, with almost the same trend, Instead, for con-
centrations higher than 10 m. this decrease becomes less marked.
This suggests that molecular dissociarion and CoOperative process
affects ion conducrivity of WiSE,
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Tabile 1.
Diffusion conszanss (D] far Mz, acemme (AcD-) and ammanium [NH.*) from MD
simularians af e AmAC solutions

SOILion AMACHz0 O {1F, cm* 571
Code Maolar razio
H: 0 ADD™ NH,*
1 m 12100 158 1.08B 1.o7
5m 9100 L7 027 0.38
10m 1.8:10 060 R E] 017
15m 2710 oy 008 0.08
anm A0 023 o002 0.04
254 m 4810 o7 002 0.0z
aom 5400 o ool 0.0z
o0
—a—Hy0
140 4 —=—pApd’
-—I—HH,.°
1,460 4
— 140 1
]
qﬁ"z‘ 120
o n 100 ]
=]
. a0
(=]
060
040
0,20 1
o - i 15 20 F] )
Molality (mol'kg)

Fig- 3. Trend of the diffasion constants of Hx O, ACOr and NH4® vs molaliny.

3.2, Molecular dynomics (MD) simularions ad fourier eransform
infrared FTIR

The structure of the solurions was imvestigared using MD simu-
lations. MD rrajecrories were used o calculare the solution densi-
ties as a funcion of the solution molality, (Table 2). The compured
and experimental densities present the same trend with a higher
increase in density values ar lower concentrations.

The diffusion constant D of warer, acetare anion, and ammo-
nium cation were calculared using the Einstein relation, on the cal-
culared MD rrajectories (as implemented in Amber [23])

2nD=£

(8)
where n is the number of dimensions, MSD is the mean square dis-
placement. Salt concentration influences rhe diffusion constant of
water, Increasing the salt concentrarion, the water molecules move
slower due o their interactions with ions (Table 3 and Fig 3).
This is the consequence of increased inreraction beoween water
and AmAc, which is also reflected by the contracrion of the sys-
rem volume or higher density, Note also, the decreased ion mo-
bility when molality increases, in agreement with the molar con-
ductivity dara reported in Fig. 2b. To have an aromistc insight
into the structure of the mixtures, aromic radial distribution func-
rions (g(r)) were caloulared. In Fig. 4g(r) funcrions for the 1 m and
30 m solutions are reported, The Figure shows the carion-warer,
carion-cation and carion-anion and the anion-warter, anion-cation
and anion-anion radial dismribution funcrions, Ammonium and ac-
erare ions induce long-range elecrostaric interactions in the mix-
mure thar goes from a “ion in water” behavior (1 m) m a “onc
liquid-like" behavior (30 m). Furthermore, for the 30 m solurion,
the ammonium and the acetare are strongly hydrared as supposed
by the absence of minimum in the curve of Fig 1b thar excludes a
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“srructure breaking™ effect of ions in the solution, Hence, MD sim-
ulations clearly support the “structure effect” of ions suggested by
the viscosity experimental dara.

The FTIR characterization of the solutions was camied our w
evaluare specific interactions berween ions and warer molecules,
Fig 5 shows the superimposed IR spectra of the solurions and
shows a clear rend in the evolution of the signals. Typical vi-
brations associared with water are the smrerching of the OH bond
in the area berween 3000 and 3200 cm . This region is shared
with the stretching of the undissociared aceric acid present in so-
lution. The bending of the HOH angle is around 1640 cm !, These
peaks srrongly characrerize the typical 1 m aqueous solurion and
cover the signals referable o the pure salt [37). On the conrrary.
the spectrum of the 30 m solution does not reveal interference ar-
rributed 1o the presence of water, looking similar o whart is ex-
pected for the pure salt, It is imporamt o emparthize thar, chang-
ing solution from 1 m w 30 m, the intensity of the peak associ-
ared with HOH bending decreases and becomes insufficiently re-
solved, thus remaining indistinguishable from the signal relarive
1o the carbacylate ion [symmetrical strerching around 1540 cm—',
asymmerric strerching around ar 1400 cm-! for the 30 m solu-
rion). The marked change in the shape of the spectrum with the
gradual emergence of peaks related o well-defined salt can be in-
terprered as an important index of the increase in salt activity in
solurion, combined with a marked decrease in warer activity. The
peak amriburable o O-H strerching alone tends w shift towards
loweer wavenumbers and change shape from a single very large
peak 1o a system of two peaks located around 3190 and 3012 cm-!.
This phenomenon is probably associated with high salt concenira-
tion and possible peaks overlapping associated with the stretching
of the N-H bond, ocourring appriaximartely in the same region as of
0-H bonding. Simultanecusly also the C = 0 asymmetrical stretch-
ing around 1635 cm—', and C-0 strerching around 1014 cm—!, can
be appreciated.

verall, a careful analysis of the evolution of the specira indi-
cates thar for all the signals a cemain degree of red peak shift o
lower wavenumbers occurs as the salo concentrarion increases. In-
deed, the 0-H strerching shified from 3670- 2805 cm~! w 3615-
2455 cm-!, N-H bending from 1545 cm-! o 1540 cm-!, and
C = 0 symmerrical srerching from 1411 cm~! w 1395 cm~.
This is apparently associared with the increased hydrogen bond
strengrh involving ions and warter molecules yielding o an evolu-
rion in the structure of the solution, which, is consistent with the
aforementioned pH. density, and viscosity trends.

33, Hecrrochemical measurement

The elecrrochemical stability of AmAc solutions was evaluared
by linear sweep voltammerry (LSV) camied ourat 20 mV 5! in 1 m
and 264 m solutions ar glassy carbon elecrrode (GC) (Fig Ga) As
shown. the cathodic limit for the superconcentrated solution is -
1.5V ws SCE. It is much lower than the limit expected for hydrogen
evolurion via H* reduction in acidic solution (ca, 0242 V vs SCE).
The low carhodic limit of the 26.4 m solurion is in line with the
low H* concentration (pH=8) and with the low availability of H+
ions apparently involved in hydrogen bonds with the orher wonic
species in solution. Considering the anodic limit, it is ar around
+1.5 V ws 5CE, It slightly decreases with the increase of concen-
rration probably due o higher concencration of acerare ions whose
midarion limirs anodic stabiliny.

The mo=t interesting aspect is that using WiSEs based on am-
MONiUm acetare it is possible to obtain ESW of 2.9V at GC, higher
than 0.4 V compared o rypical aqueous solutions, and close 1o the
performance of elecrrolyres based on organic solvents. In order w
evaluate the feasibility of the use of WiSEs in practical devices.
ESW was also evaluared ar current collectors thar are typacally
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used in supercapacitors and bareries, namely tiranium grid and
aluminum foil. Fig. 6b. compares the LSVs camied our ar 20 mV
5-1 in 26.4 m AmAc. With tianium and aluminum, the cachodic
limit becomes more positive because these metals promote fast
kinetics hydrogen evolution compared w GC The cathodic limirs
are —1.07 V and —0.80 V vs. 5CE wirh aluminum and titanium. re-
spectively. Alike GC. aluminum feamres an anodic limir of +1.40 V
vs, SCE. On the contrary, for titanium it increases o +2.60 V vs
SCE. Such a wide anodic range of titanium has been already ob-
served in LiTFSl-based WISE and amribured wo the formarion of a
surface Ti-oxide nlm thar pamially passivates the grids and hinders
elecrrolyre decomposition [38.20), Accordingly, using tiranium and
264 m AmAc an ourstanding ESW of 3.4 V should be feasible.
GCE was coared by Argan shells derived carbon (ARG-AC) and
tested by OV using 1 m and 26,4 m AmAc ar 20 mV 5! (Fig. 6c).
Unexpectedly. when ARG-AC elecrodes are used, the ESW width
does not change with the increase of AmAc concentration. Further-
more, the ESW is significantly narrower than what was observed
with the titanium and GC elecrodes. Indeed. with ARG-AC, the
ESW is abour 1.3 V, with cathodic and anodic limits thar can be
ser ar ca, 0.8 W vs SCE and 0.5 V vs SCE, respectively, In facr, the
high surface area of the ARG-AC carbon (1937 m? g-') enhances
the faradic currents relared w electrolyre decomposition and nar-
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ban {BOE ARG-AC, 10X acerylens black, 10% Nanon binder) in 1 m and 26.4 m AMAC.
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diflenent tempeTamres.

rows the porenrial ranges available for the supercapacitor elecirode
charge. This highlights rthe importance of the evaluation of elec-
tolyre ESW by adopting the same electrodes thar will be exploited
in energy smorage devices,

On the ather hand, Fig. 6c even demonstrares thar ARG-AC elec-
rrodes fearure an excellent capacitive response, both in 1 m and
264 m AmAc, that is of ca, 300 F g'. This value has been ex-
rracted from the slope of the plor of the voltammerric specific
charge vs. electrode potential

The elecrrochemical preliminary tests of supercapacitors were
carried our by a cell with ARG-AC elecirodes fearuring riranium
grids and 26.4 m AmAc WiSE. Fig, 6c shows thar with ARG-AC elec-
trodes the cathodic stability range is 2 fold wider than the anodic
one. Therefore, 1o fully exploit the WiSE elecurochemical stabiliy
window, we adopred an asymmertric configuration of supercapaci-
tor with positive m negative elecrrode mass loading ratio equal o

ca 2 [40]. Taking into account the good conductivity response ar
low and high remperamres of 264 m AmAc, we evaluared the su-
percapacitor performance ar room emperature (RT), —10 =C. and
BD =C, Fig. 7 reports the OV, GCD, EIS, and Ragone plos of the
asymmerric supercapacitor. The highest charge cur-off voltage of
the symmetric supercapacitor thar enabled high coulombic em-
ciency (= 99%) was 1.2 V and higher than thar feasible with the
symmetric device (0.8 V). For comparison, the full elecrrochemical
charactenization of a symmetric supercapacitor with two identical
ARG-AC elecrrodes and 26.4 m AmAc WiSE, thar fearured a maxi-
mum cell volrage of 0.8 V. is given as supplementary marerial (Fig-
ure 51 and Secrion 5 of the Supplementary Informarion),

Fig. 7a shows the CVs ar BT carried our with increasing the scan
rate from 5 w 50 mV s-! the curves exhibit a quasi-rectangular
shape profile demonstrating good capacitive behaviors of the elec-
rodes even ar the highest scan rare. The GCD was performed ar
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current density ranging from 01 A g-!' o 1 A ¢!, The GCD pro-
files ar room remperature are reported in Fig. 7h. They exhibit tri-
angular shape indicating good reversibility and capacitive behav-
ior of the device. Also, all GCD curves show a small chmic drop,
therefore suggesting a low ESE. Fig. 7(c-e) compare the OVs (ar
10 mVs-1), the GCD profiles (at 0.1 A g-') and the Nyquist plots
(100 kHz - 10 mHz frequency range) collected ar —10 °C. RT and
B0 *C. As expecred, the OV currents in Fig. 7c increase with em-
peramure, due to the higher mobility of AmAc ions, A broad peak
appears above 09 V ar 80 °C. The specific supercapacitor capaci-
rances from the OV curves in Fig. 7cwere 31 Fe-!' 46 F 2! and
71 Fg-! ar —10 °C, RT and 80 C. These values correspond 1o elec-
trode specific capacitance values of 116 F g, 173 F g-1. and 266
Fg-! of ARG-AC. The highest specific Supercapacitor capacitances
were obrained ar 0.2 A g-1 (Fig 7d) and resulted 35 F ¢!, S0 F
z-! and 98 F g-! ar —10 °C, KT and 80 °C. Comrespondingly, the
maximum energy densities Fmem were 7 Wh kg-1 (-10 (). 10 Wh
kg~ (KT) and 20 Wh kz~! (80 °C). The ESR values evaluared by the
ohmic drop ar the beginning of discharge resulted in ca, 8 02 cm¥ar
10 °C. 45 &2 cm® at RT, and 2.9 @ an® ar 80 °C. These values well
compares with the medium low frequency resistance of the cells
shown by the Nyquist plots repomed n Fig. 7. It is worth noting the
low ESR exhibited by the cells even at the lowest temperarure, The
plots indicate thar the decrease of temperarure mainly impacts on
diffusion in the porous electrode architecrure (low frequency tail of
the Nyquist plots), On the other hand, MD simulation and exper-
imemal dara reported in the previous sections already indicared
thar cooperative mechanisms are responsible for AmAc WisSE won
conductivity, In wrn, this affects the kinerics of the electrical dou-
ble layer formartion ar the electrode /electrolyre interface, especially
ar the lowest remperarures. From ESE. maximum power densities
By Of 37 KW kz-1 {10 °C), 67 kW kz-! (RT), and 10.4 KW kg-!
(&0 ~C) were measured.

The practical specific energy and power delivered by the super-
capacitor ar different currents and remperatures are compared in
the Ragone plot reported in Fig. 7f. The maximum specific energy
is delivered ar the lowest current, while the maximum power is
fearured ar the highest current, Ar 0.1 A g-!, the specific energy is
59Wh kg (—10 °C), 9.2 Wh kg~ "(RT), and 15.6 Wh kg~ (80 ~C).
Ar 1 Ag-1, the specific power is 350 W kg-1(—10 °C). 450 W kg-!
(KT} and 507 W kg-! (80 °C).

Finally, Fiz 8a repors the results of a cycle stability vest camried
out ar different current densities, 0.1 A g-'and 1 A g-! ar RT and
—10 =C. For a comparison, Fig Eb reports the trend of rthe capaci-
tance vs, cycle number of an analogous device that was assembled
with the dilured elecirolyre 1 m AmAc, The two cells fearured very
good capacitance retenrion with coulombic emciencies approach-
ing 100%, Only by the use of the superconcentrared elecrrobyte, it
was possible 1o operate the cell at —10 *C over a period of four
days. The est was also performed ar BD °C wirh a lower Vg of
1V and the results are reported in figure 52, Even ar this high
remperature, the coulombic eficiency was higher than 98%. How-
ever, in this extreme condition. the capacitance faded by 15% in
1000 cycles, because the cell was not hermerically sealed and va-
por leakage ocourmed,

4. Conclusion

The low-cost super-concentrated aqueous solurions based on
ammonium acerare fearure circumneuwrral pH (pH = 7-8) and ionic
conductivity comparable w or higher than wypical organic elec-
rrolyres. MD simularions confrmed all the experimental resules
and provided an aromistic picture of the system. The change in
the strucrure of concentrated solurions is due 1o SITONE iNEractions
berween ions and/or warer molecules through the formation of hy-
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drogen bonding thar cause an increase in pH values and a decrease
in ions mobiligy,

Ammonium and acetare are srongly hydrared as suggested by
the absence of minimum in the curve excluding a “strucrure break-
ing" effect of wns in the solution, meaning that there is no de-
struction in the scrucrure of warer by the ionic feld, in agreement
with rhe viscosity results. In rurn, the presence of coOperative mo-
nions is suggested by the conductivity remperamure dependence,
thar follows a non-Arrhenius behavior like wonic-liquid electrolyes,
Moreover, the MD simulation suggesred. that mixture goes from
an “ion in water” (conventional solutions) w an “ionic-ligquid- like™
(concentrared solutions) behavior. One of the most interesting as-
pects is thar the WiSE based on 26.4 m exhibits an ESW of 222 V
ar Al foil, 29 V ar GC, and an ourstanding value of 3.4 V when
Ti grid was used, Despite such inreresting results, the ESW eval-
uared using ARG-AL electrodes was only 13 V wide and affected
by the high carbon surface area which promored electrochemical
decomposition of the elecrrolyte. While this finding strongly sug-
gests that ESW is dependemt on the kind of electrodes used for the
test. it also prevented the development of symmerric supercapac-
itors with the high cell voltage expecred by the study carried our
with GC and mertal grids,

Om the other hand. the ARG-AC electrodes obrained by pyrol-
ysis and acrivation of argan shells exhibited an exceprional spe-
ciflc capacitance of 300 Fg-' in the super-concentrated elecrrofyte,
The asymmerric supercapacitor assembled with ARG-AC electrodes
and 26.4 m AmAc WiSE was able o operate ar 12 V, from —10°C
1o 80 °C with ourstanding specific capacitance and low resistance,
The symmetric cell delivered noriceable specific energy ar exireme
remperarures and ranged from 59 Wh kg-! ar —10 °C to 156 Wh
kg ar B0 °C, values that are competitive with those of com-
mercial supercapacitors feamuring organic elecrrolyte. A promising
oprion w explore is the increase of energy performance through
AmAc WisSE in hybrid supercapacitor involving redox or pseudoca-
pacitive electrodes that fearures faradaic process within the WiSE
ESW.
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Owverall, our study suggests that AmAc WiSE deserves consider-
ation as cheap, circumneutral and environmentally friendly alver-
narive electrolytes for designing green energy storage systems,
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2.4 Conclusion

In this chapter the main findings regarding the design of green supercapacitors are reported, in
particular, the focus of the study has been at first on the exploitation of pullulan, a bioderived
aqueous processable polymer to realize high voltage ionic liquid based EDLCs, our study
highlight that the combination of aqueous processable binder and hydrophobic ionic liquid
allows the realization of EDLCs featuring good energy density, bringing about a smart
combination of material that enable an easy to dispose of strategy. The pullulan-based
supercapacitor delivers a maximum specific power of up to 5 kW kg™, and maximum specific
energy of 27.8 Wh kg™ specific energy at 3.2 V, these values well compare with conventional
electrical double-layer capacitor performance with the added value of being eco-friendly and
cheap with cell capacitance of 20 F g~X. The Pullulan-based EDLCs showed good cycling

stability up to 5000 cycles. The nitrogen doping of mesoporous carbon has been explored too
but the specific capacitance of the obtained materials was smaller than those of the bioderived
activated carbon.

Therefore, to conclude, the exploitation of ionic liquid in combination with bioderived aqueous
processable biopolymer, seems a valuable strategy to improve the sustainability of EDLCs with
good energy densities. To further push the concept of sustainability a valuable strategy is the
adoption of doped carbon as well as the exploitation of aqueous electrolyte.

The adoption of WISE electrolyte indeed seems a promising route since these electrolytes allow
to overcome the intrinsic limitation of aqueous electrolyte, namely the low cell voltage. On the
other hand, several issues need to be addressed like the choice of the current collector and the
electrolyte cost, which is much affected by the salt cost. Ammonium acetate-based WISE is a
promising option. Indeed, asymmetric EDLC delivered noticeable specific energy at extreme
temperatures and ranged from 5.9 Wh kgt at —10 °C to 15.6 Wh kg-1 at 80 °C, values that are
competitive with those of commercial supercapacitors featuring organic electrolytes. The
AmAc based EDLCs featured good capacitance retention with coulombic efficiencies
approaching 100% for 4000 cycles, noticeably only using the superconcentrated electrolyte, it
was possible to operate the cell at —10 °C over 4000 cycles (a period of four days).

Overall, the studies reported in this section demonstrate the viability of the development of a
new generation of EDLCs, by sustainable materials and processes. Different approaches, that
include electrode and separator processing and new electrolyte formulations, have been
investigated. An additional take home message is that, depending on the selected approach,

different additional advantages can be obtained, depending on the selected strategy. As an
114



example, the combination of IL and water processable polymers brings about a direct
separation of the EDLC at the end of life. In turn, AmAc-Wises are circumneutral, which can

be of interest when low-corrosive environments are needed.

The main objective of this chapter was to report the best sustainable approaches to achieve high
voltage, hence, high specific energy, EDLCs. However, EDLCs are often proposed as energy
storage units to be integrated with energy harvesters, like MFC that typically operate at low
voltage. In the supercapacitive MFC systems, one of the main challenges is to address system
sustainability and efficiency. Voltage operation is limited by the MFC, that is typically well
below 1 V.

The next chapter focuses on the strategies that have been followed to design green
supercapacitive MFC systems. The main focus is on sustainability of materials and system

integration.

Chapter 2 references:

[1] Spina, G. E., et al.,"Natural Polymers for Green Supercapacitors.” Energies,13.12,(2020),
3115.

[2] Poli, F., et al., "Pullulan-ionic liquid-based supercapacitor: A novel, smart combination of
components for an easy-to-dispose device."”, Electrochimica Acta, 338, (2020), 135872.

[3] Brandiele, R., et al.,"Nitrogen-Doped Mesoporous Carbon Electrodes Prepared from
Templating Propylamine-Functionalized Silica.",ChemElectroChem, 7.8, (2020), 1914-1921.

[4] Giurlani, W., et al., "Electrochemical stability of steel, Ti, and Cu current collectors in
water-in-salt electrolyte for green batteries and supercapacitors.”,Journal of Solid State
Electrochemistry,(2020), 1-11.

[5] El Halimi, M. S., et al.,"Circumneutral concentrated ammonium acetate solution as water-
in-salt electrolyte.”,Electrochimica Acta, (2021), 138653.

115



Chapter 3: Supercapacitive
system

This chapter is devoted to the description of the strategies that have been explored during my
Ph.D. to improve the power performance of single-chamber, air-breathing MFCs. These studies
were conducted under the collaborative ISARP project with the University of Pretoria (SA).

Figure 3.1 summarizes the different approaches that have been followed

Boosting MFC powr with supercapacitors

MFC Commercial EDLCs : selection of the best size (Section 3.1)

Green, novel EDLCs: Lignine derived biochar electrode, calcium
alginate binder, aqueous electrolyte (Section 3.2 & 3.3)

Supercapacitive MFC: exploiting the high surface

area of MFC electrodes and the inherent presence

of ions in waste water, the cheapest electrolyte
“INTERNAL SC” (Section 3.4)

Figure 3.1. Strategies followed to boost MFC power by supercapacitive systems integration.

At first, the external integration of commercial supercapacitors with a microbial fuel cell has
been studied (Figure 3.2). The experimental details of this study and the main results that have
been achieved are summarized in section 3.1 and have been published in the attached paper

[1]. The work has been selected for the front cover of the Journal.

E=2 Boosting Microbial Fuel Cell Performance by Combining
with an External Supercapacitor: An Electrochemical Study
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Figure 3.2. External integration of MFC and commercial supercapacitors.

Subsequently, the activity focused on the improvement of the sustainability of the
supercapacitive MFC systems. With the aim of valorizing wastes for energy storage/conversion
systems, lignin, i.e. the main component of the effluent of the agricultural biodigester from
which the MFC inoculum was taken, has been exploited to prepare activated carbon (LAC).
This carbon was investigated for use both as MFC airbreathing cathode and EDLCs electrodes.
The experimental details and main results of this study and are summarized in section 3.2 and
have been published in the attached paper [2]. The lignin-derived carbon was, then, exploited
to design an all-aqueous supercapacitor (ASC). Here, the idea was to substitute the commercial
SC externally connected to the MFCin Section 3.1, with a greener one. In addition, the all-
aqueous supercapacitor featured a water processable binder like calcium alginate and an
aqueous electrolyte-based Ca(NO:).The results of this study are reported in Section 3.3. Finally,
Section 3.4 reports the three different strategies that have been pursued to improve the power
performances of MFCs by sustainable components. The different approaches are schematized

in Figure 3.3. Specifically,

e The commercial carbon of the MFC air-breathing cathode was substituted with the
lignin-derived LAC2. No external SC was used (MFC system, Section 3.4.2).

e The AaSC supercapacitor described in Section 3.3 has been externally connected to an
MFC that featured a commercial carbon (MFC//SC system, Section 3.4.3)

e The commercial carbon of the MFC air-breathing cathode was substituted with the
lignin-derived LAC2 and an additional carbon brush has been introduced in the MFC
and short-circuited to the MFC cathode. No external SC was used (ACCMFC system,
Section 3.4.4).

« Finally, the lignin-derived carbon was exploited both for the MFC air-breathing cathode
and to decorate the additional carbon brush. This approach brought the monolithic
integration of supercapacitive components in the MFC. Even in this case, no external
SC was used (MSC-MFC System, Section 3.4.5).
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* MFC: Airbreathing cathode based on lignin-derived carbon. The anode carbon brush is
not coated with high surface area carbon (Section 3.4.2)

peoj

* MFC//SC: External integration of the all-aqueous SC and the MFC. Both the air breathing
cathode and the SC electrodes are based on the lignin-derived carbon (Section 3.4.3)

* AAC-MFC: Introduction of an additional electrode (carbon brush) short-circuited with the MFC
cathode. Only the MFC cathode is based on lignin-derived carbon (Section 3.4.4)

3
4
o

peoj

* MSC-MFC: Lignine-derived carbon expolited for the cathode, anode and additional electrode
= (carbon brush) short-circuited with the MFC cathode. (Section 3.4.5)

Figure 3.3 Strategies followed to design a green capacitive MFC system.

3.1 Integration of MFCs with commercial supercapacitors to boost power
performances

A valuable strategy to improve power performances of MFCs is the combination with an
external electrochemical energy storage system, capable of releasing the stored energy at higher
power than those achievable by the MFCs alone. Therefore, I conducted a detailed
electrochemical study to investigate at the system level the improvement of the performance
of the integration of MFCs with external commercial supercapacitors of different sizes (1,3,
and 6 F). The adopted procedure consisted in investigating the performances of each MFC and
SC unit and the integrated MFC-SC systems under pulsed galvanostatic charge-discharge
conditions. From the pulsed test, a short circuit current of 4 mA with a maximum power of

0.55 mW at a current of c.a. 2 mA was measured for the MFC.

From the pulsed discharge test, the MFC equivalent series resistance has been measured and it
resulted in 61 Q. Moreover, the pulsed discharge at different currents highlighted that the MFC
response is a mixed one in which both faradaic and electrostatic contributions were present.
The three kinds of commercial supercapacitors have been studied by polarizing them at a
maximum cell voltage of 500 mV which is close to the typical OCV of an MFC cell. The three
commercial supercapacitors featured an extremely small equivalent series resistance with
respect to the MFC cell. Values of 0.2, 0.08, and 0.035 for the 1, 3, and 6 F were measured,

respectively. Given the small values of equivalent series resistance, it was possible to test the
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commercial SCs up to 100 mA, which is almost 20 times the short circuit current of the MFC.
The MFC has been, then, connected in parallel with each supercapacitor separately and the
system has been fully discharged at increasing current pulses, from 2 mA to 100 mA. These
measurements demonstrated a synergic interaction between MFC and SC with improved power
(at high current regimes) and pulse energy (at low currents) performance with respect to those

of the separate units. Specifically:

e At high currents pulses effect: The use of SCs enabled output power not feasible with
single MFCs. Basic electrochemical characterization of MFC and SC, singularly and

combined is necessary for the right sizing and application.

e At low current pulses effect: the MFC contributed to the overall system capacitance,
probably owing to its faradaic component. The MFC faradic response contributed to an
apparent increase of the system capacitance, a feature that we defined as “apparent

capacitance”

Overall, this study highlighted that basic electrochemical characterization of MFC and SC,
singularly and combined is necessary for the right system sizing and application. The

experimental methods and the results of this study are reported in the following attached

paper[1]
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Boosting Microbial Fuel Cell Performance by Combining
with an External Supercapacitor: An Electrochemical Study

Federico Pali** Jacopo Seri*® Carlo Santoro,*® and Francesca Soavi*?

Microbial fuel cells (MFCs), despite representing a promising
technology, suffer from low power generation that hinders, in
most of the cases, their application as power sources. In fact,
MFCs are usually coupled with supercapacitors or batteries and
these storage units accumulate the energy harvested by MFCs
and deliver it on demand. In this work, the electrodes of a MFC
are used as electrodes of an internal supercapacitor and
discharges and self-recharges are performed and investigated.
Discharges between 1.5 mA and 4 mA were presented produc-
ing @ maximum power of 1.59 mW. Discharges between 1 mA
and 100 mA and recharges are systematically studied for three
commercial supercapacitors (SCs) with different capacitances of
1F, 3F, and 6 F. The MFC was also connected in parallel with

1. Introduction

Bioelectrochemical systems (BESs) are interesting biotechnclo-
gies for treating wastewater, generating electricity and value-
added products (VAPs)."* Among BESs family, microbial fuel
cell IMFC) is the most studied due to the possibility of
simultaneous electricity production and pollutant removal.” In
the MFC, on the anode electrode, electroactive bacteria through
their metabolism are capable of consuming a variety of organic
molecules™ and release electrons on the electrode catalyzing
the oxidation reaction. The electron transfer occurs through
four main pathways: 1) directly through the outer membrane
cytochrome ¢; 2) through conductive nanowires; 3} through
redox mediators; 4) through direct oxidation of excreted
catabolites.*"" Electrons mowe through the external cdircuit
generating valuable electricity to the cathode where the
reduction reaction takes place. Various oxidants wers
evaluated™ but oxygen is the most preferred due to its specific
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external 5Cs and discharged galvanostatically. The 5C was self-
recharged by the MFC without any additional external power
sources. At lower current pulses, the MFC contributed to the
overall capacitance, probably owing to its faradaic component.
At higher current pulses, the use of SCs enables the energy to
be harvested by MFCs at power levels that could not be
achieved with the MFC alone. This study demonstrates that,
through the proper connection and operation mode of the MFC
and 5C, it is possible to improve and maximize the performance
of every single unit. Understanding the MFC-5C combination is
important for identifying the right practical application for
which the combination is suitable.

characteristics of and natural
availability."*™"

Several advancements have been achieved particularly in
the past two decades after the discovery that bacteria can
transfer directly electrons to the electrode.™"" Advancement in
material science for improving anode and cathode electrode
has certainly been of extreme importance. Particularly, it is
important to highlight the enhancement in anode materials
with the final goal of increasing the material conductivity and
the biotic/abiotic interface."*"! Carbonaceous materials, as well
as  metallic materials, fit with the requirement of
technology " Oxygen reduction reaction (ORR) electrocatal-
ysis has also had an impressive boost up due to the
enhancement in the catalytic activity of specific catalysts.
Despite enzymes such as laccase or bilirubin oxidases are the
most active catalysts for ORR in neutral media,™™ their
elevated cost and low durability obstruct their utilization in
large scale™ Platinum is a very active catalyst, but it is
extremely expensive and sensible to poisoning in the presence
of anions™ " Carbonaceous-based materials™ ™ and transi-
tion metal-containing catalysts®™*™' have replaced platinum
successfully. The addition of transition metals and especially
Fe—N-C active sites has improved significantly the performance
almost doubling the MFCs output.®®

The main problem that still persists with MFCs is the low
power produced that makes it difficult to use directly for
practical applications. Therefore, MFCs are usually coupled with
an energy storage system (e.g. supercapacitors and batteries)
that accumulate the energy produced and delivers it when
needed. A successful example of a combination of MFCs with
batteries and supercapacitors comes from the robotic field with
Gastrobot™ and EcoBots family.*™** Other practical applica-
tions through a combination of supercapacitors and MFCs have

low cost, high potential,

© 2019 Wiley-WCH Verlag GmbH & Co. KGaA, Weinheim
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also been reported.**=¥ The different possible combinations of
MFC and power management systems are described in detail in
a recent review.” Recently, also the capacitive features of MFCs
anode™ ¥ and cathode™ ! electrodes have been explored
considering the MFCs electrodes as the electrodes of an internal
supercapacitor. Therefore, MFCs were discharged like a super-
capacitor and the electrodes were self-recharged thanks to
different anaerobic and aerobic environments occurring on the
MFC ancde and cathode™ Supercapacitive MFCs have shown
the possibility of enhancing significantly the power delivered in
the form of pulses ™5

In this work, an applied electrochemical study is presented
in which MFC firstly is considered in its supercapacitive mode
and discharged galvanostatically. Then, commercial supercapa-
citors having a different capacitance of 1F, 3F, and 6F are
systematically tested, and discharges are exploited. At last, MFC
was connected in parallel with each commercial supercapacitor
and discharges/self-recharges were studied. Parameters of
interests such as equivalent series resistance (ESR), capacitance,
time for complete discharge and recharge are studied and
presented. The effect of the synergic combination of MFC and
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Figure 1. Polarization curve (black) and power curve (blus) of the MFC after
reaching steady-state conditions.
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5C, that enables to improve the performance of every single
unit, is discussed.

2. Results and Discussion
2.1. Microbial Fuel Cell Performance

The polarization curve was performed after the MFC stabilized
its voltage output after the inoculation phase. The MFC polar-
ization curve showed an OCV of =570 mV and a short circuit
current of slightly over 4 mA (Figure 1). The polarization curve
trend is linear indicating ohmic resistance as the main
component affecting the output. The maximum power ob-
tained by the power curve was 0.56 mW (93.3 pWem ), which
agrees with previously reported results.*

2.2, Supercapacitive Microbial Fuel Cells

Supercapacitive MFC was discharged at different iy, (1.5 mA to
4 mA) and voltage profiles for discharge (Figure 2.a) and self-
recharge (Figure 2.b) are presented. In Figure 2a, it is possible
to appreciate the different cell voltage profiles at the tested
current density. It is evident that: i} increasing the current
density there is a drastic reduction of the discharging time; ii}
the slope as well as the shape of the cell voltage profile in time
changes. In Figure 2b, it is reported the cell voltage profile
under rest condition, during self-recharging.

The parameters of interest for the discharge and the
recharge are shown in Table 51. Particularly, the time of
complete discharge varied between 51 sec (ijy., 4 mA) to 12895
[-IP‘-'“ 1.5 mA). Apparent capacitance has been calculated
following eq. 3, as the ratio between the current pulse and the
variation in voltage in the range where a linear voltage variation
holds until 0 mV. Interestingly, the higher capacitance was
measured for lower iy, delivered and varied between 0.59 F
lpsa 4mMA} to 525F (i, 1.5mA). This variation might be
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Figure 2. MFC galvanostatic trend for discharge (a) and self-recharge (b).
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because, at lower imposed currents, the capacitive behavior is
not only due to the electrostatic contribution, but it is also due
partially to the faradaic contribution provided by the red-ox
reactions occurring at the electrodes. The presence of mixed
responses in a microbial fuel cell is already known and has been
previously reported, "

ESR has been measured and had a value of 61.7+ 1.7 Q.
Also, the energy delivered increased with a decrease in k.-
Additionally, energy and power have been calculated too
according to the eq. 4 and eq. 5. It has been found, as expected,
that the energy decreased increasing the current from a
maximum wvalue of 0.078 mWh for the discharge at 1.5 mA to a
minimum of 0.007 mWh for the discharge at 4 mA. For what
concerns the power, this shows the opposite trend of the
energy, increasing from a minimum of 0.79 mW, at a current
value of 1.5 mA to a maximum of 1.59 mW at 4 mA.

The presence of the mixed electrostatic/faradaic response
can be also the reason for the different self-recharge times after
different discharge currents. In fact, higher self-recharge time is
needed for lower current delivered.

2.3. Power Curves for MFCs Operated in Supercapacitive
Mode

The curves related to the power pulse (Po.l) of the MFC
discharged galvanostatically are presented in Figure 3. For Po.
CUNVES, Ty, of 15, 55 1035, 205, 405, and 60 5 were considered.

The maximum power recorded was 141 mW and 1.11 mW at
iPljm of 4 mA after 1 s and 5 s, respectively. At the time of a pulse
of 20 seconds, P, had a value of 0.82mW (L. 2.5mAl
Increasing the time of discharge, to... 40 seconds, the peak of Poy..
was 0.67 mW for 1.5 mA current pulse. By the shape of this power
curve is possible to state that this cell could be able to stand also
lower and higher current.

Cell power / mW
e o £ g = =
ra E o L--} = LS

2
=]

Current / mA

Figure 3. MFC power curves measurad for ty,. of 15,55, 105,205,405,
and 60 s.
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2.4, Commercial Supercapacitor Characterization

Commercal supercapacitors featuring capacitance of 1F, 3 F and
& F (Table 1) wers tested. 5Cs were charged/discharged with the
technique described in Section 3.7.2. Their voltage was limited in
charge at the value of 500 mV. This cell voltage has been chosen
because it is comparable with the open-circuit voltage (OCV)
featured by the tested MFC. Full discharge curves at iy, varying
between 2 mA and 100 mA are reported in Figure 4. The data
related to the ESR, C, P Enuer tpuse, N togar, are summarized
in Table 52. From Figure 4, it is possible to appreciate that the
voltage decreases linearly in time, indicating that the discharge is
driven only by an electrical double layer process and that these
devices behave like an ideal capacitors in series with a resistance
(ESR).

The capacitance measured for the commercial SC dedlaring
1F at 27V was 085+ 003F. Lower capacitance was also
measured for the commercial 5C possessing a capacitance of 3F
and & F with values of 262 +0.12 F and 4,65 +0.15 F respectively.
The lower capacitance measured compared to the one declared
by the manufacturer can be attributed to the fact that the 5C
charging voltages were limited to 500 mV (as in an MFC) and not
to the rated woltage of 2.7V, as mentioned in the specific
characteristics of commercial 5Cs

The integral power [Pp‘m}, calculated as reported in eq. 5,
increased with higher i, varying between 047 mW (2 mA) and
2320 mW (100 mA) using 1F 5C, between 048 mW (2 mA) and
20,62 mW (100 mA) using 3 F 5C and between 048 mW (2 mA)
and 23.08 mW (100 mA) using & F 5C (Table 52). The energy (Enga),
as expected, decreased increasing the applied cumrent and
depended on the size of the capacitor (Table 52). Indeed, the
maximum energy of an ideal capacitor is directly related to its

capacitance (Epg = % ). For what concerns the discharge
time, considering 1F SC, the time of complete discharge varied
between =3 s (100 mA) and 219 s (2 mA). 5C with 3 F capacitance
had a time of discharge between 105 (100 mA) and 682 5 (2 mA)
and the 5C with 6 F capacitance had the longest time measuring
between 21 5 (100 mA) and 1192 5 (2 mA) (Table 52). As expected,
the discharge time depends on the capacitance of the device,
therefore the higher the capacitance, the higher the discharge
time. At the same time, it is possible to appreciate that the
capacitance slightly decreases with the increase of the discharge
current.

Using the discharge curves reported in Figure 4, it has been
possible to draw power profiles for different times, these are
reported in Figure 5. Here is possible to appreciate that the
increased capacitance of the tested device, led to higher power

Table 1. Commercial supercapacitors characteristics.

Supercapacitor Operating Capacitance ESR
voltage [V] IF1 [£]
EATON-HVOB10-2RT105-R 7 1 0.2
EATON-TV1020-3R0G05-R 7 3 0,08
EATON-HV0820-2R7T305-R 3 6 0.035
Bo5 © 2019 Wiley-VCH Verlag GmbH & Co. KiGa#, Weinheim
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Figure 4. Selected galvanostatic discharge curves (Cell Voltage against time) of the tested supercapacitors: a) low and b) high current for the 1 F SC, ¢ low
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Figure 5. Power pulse curves measured for t,y. of 55, 105, 205, 40's, and 60 s for the commercial supercapacitors: a) 1 F SC, b) 3F SCand, ¢) 6 F SC
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pulses generation since the ESR was low and similar among the
tested SCs.

2.5. Integration of MFC with Commercial Supercapacitor

The MFC was connected in parallel with each supercapacitor
separately. Full discharges with i, varying between 2 mA and
100 mA have been carried out. After each discharge, the MFC +
SC system was left in rest condition and self-recharges were
recorded. The cell voltage profiles monitored during these tests
are shown in Figure 6. Parameters of interest for discharges/
recharges are summarized in Table 53.

As expected, the time of complete discharge was higher as
higher was the nominal capacitance of the supercapacitor.
Longer discharge times were achieved at iy, of 2 mA where
the time for complete discharge was 4765, 1142 s and 1760 s
considering the combination of the MFC with the 5C featuring a
capacitance of 1F, 3F, and & F, respectively. At higher iy, of
5 mA, the time for discharge was 126 s (MFC+SC 1F), 3535
(MFC +5C 3F) and 575 s (MFC+ 5C &6F). At both current pulses,
the integration of the MFC with the SC brought to an
advantage in terms of the time of complete discharge that
increased significantly. For i, of 2mA, the discharge time
increased by 2.17, 1.67 and 1.47-fold compared to the same
discharge time done utilizing only the SC with a capacitance of
1F, 3F and & F respectively. With respect to the MFC alone, the
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combination increased the discharge time by 1.04, 2.49, 3.83-
fold, respectively. The advantage due to the combination of
MFC and 5C became even more noticeable for currents higher
than 5 mA. Indeed, MFCs with this volume and electrode size
cannot deliver any useful power at these currents rates, ™
while the MFC + 5C system is capable to operate up to 100 mA
and above.

The recharge time increased with the size of the SC being
lower for 1F 5C and higher for 6F SC. Furthermore, for each
system, the recharge time increased with lower current
discharge. At higher i, due to the high ESR, MFC does not
contribute to the overall capacitance. In fact, from il,‘_,,.I af
15 mA up to higher values, the capacitance of the commercial
5Cs overlap the apparent capacitance of MFC + 5C. The shortest
recharge time was measured for MFC + 5C 1F with 665 s at i,
100 mA. The longest recharge time was instead measured with
MFC+ SC 6F at iy, of 2 mA (18602 5).

Apparent capacitance has been calculated with equation 9
and, to better understand the trend, it has been plotted against
the cumrent pulse (Figure 7). It cam be noticed that the
integration of the MFC with the commercial supercapacitors
enhanced the apparent capacitance especially for ipub? lower
than 5mA. The capacitance actually increased with the
decrease in i, with the highest apparent capacitance of
10.02 F IMFC +5C 6&F), 825 F (MFC+ SC 3F) and 4.86 F (MFC+
SC 6F) measured at the lowest i, of 1mA (Figure 7). The
capacitance measured from the MFC discharges is due to two
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Figure &. Complete discharges at different pulse current and self-recharges for the MFC+ 5C 1 F (a—c), MFC+5C 3 F (d-f) and MFC+SC & F (g—i) parallel

connected systems,
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Figure 7. Apparent capacitance trend for supercapacitive MFC (black),

commercial supercapacitors (dotted lines) and MFC connected in parallel
with the commercial supercapacitors (centinue lines).

principal contributions: 1) electrostatic due to the electro-
chemical double layer formed on each electrode and 2) faradaic
due to the red-ox reaction occurring on both electrodes As
lower is the i, as greater is the contribution of the faradaic
component. At the contrary, at higher i, the major contrib-
utor is the electrostatic component.

2.5.1. Power Curves of 5C and MFC Connected in Parallel

Power pulse curves for Loutses of 55, 10s, 205, 405 and 60s
obtained by the combination between MFC and 5C 1F (Fig-
ure 8a), MFC and 5C 3F (Figure8.b) and MFC and SC &F
(Figure 8.c) were measured. These data are of extreme
importance because they show the power produced during a
certain amount of time and therefore simulate a potential
utilization for a specific application that requires that power.
The power increased with: i) lower tp.. and i} higher 5C
capacitance (Figure 8). Compared to the P, of the sole 5Cs,
the Ppy., recorded with the integration of the 5C with MFC are
comparable. This is expected because the contribution of the
MFC takes place only at low current pulses.

2.6. Outlook

Microbial fuel cells (MFCs) have shown a promising outlook for
treating or pre-treating wastewater but the production of
power remains still quite low for practical applications ™ The
MFCs operation mode in intermittent and supercapacitive
mode introduced recently in 2016 explores the galvanostatic
discharges of the MFC electrodes considered like an internal
supercapacitor™ Simple carbonaceous-based materials used in
this work as electrodes for MFCs were shown previously to
display supercapacitive features and enhance power
output®*¥ |n this study, the peak in power curves showed
during the polarization curve was 0.56 mW while the peak in
power determined during galvanostatic discharge was 1.4 mW
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Figure 8. Power pulse curves of MFC+5C 1 F (a}, MFC=5C 3 F (b} and MFC
+5C 6 F {c) measured for tyus of 55,105, 205, 40 sand 60 s.

(at ipwe of 4 mA over 1s) which was 2.5 times higher despite
operated intermittently. The supercapacitive operation, there-
fore, present benefits compared to the continuous operation.
MFCs were then self-recharged due to the two different/
opposite environments (aerobic/anaerobic) as well as to the
diverse oxidant and reductant species at the MFC electrodes.
Commercial supercapacitors (5Cs) with a nominal capaci-
tance of 1F, 3F and, 6F were also tested using galvanostatic
discharge limiting the voltage at 500 mV (like the one of MFCs).
5Cs have high capacitance per volume of reactor but they must
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be recharged by the utilization of an external power source.
Complete electrochemical characterization considering parame-
ters of interest of these three commercial supercapacitors has
been carried out in this study. This characterization allowed
understanding the time of complete discharge under a constant
current pulse. Due to the low ESR and high capacitance, 5Cs
were able to be discharged for much longer time and produce
a much higher power output compared to MFCs.

Then, MFC and 5Cs possessing different nominal capaci-
tance were combined and connected externally in parallel. At
lower current pulses, the effect of the combination had a
positive effect on the electrochemical performance. Power
generation was increased as well as the capacitance was 2
times higher compared to the value measured separately (MFC
or 5C alonel. The time of complete discharges was also
increased by 1.3-fold.

The capacitance value of SC+ MFC increased at lower
current pulses mainly due to the reactions occurring on the two
electrodes (faradaic components), which were added to the
electrostatic contribution (5C contribution). The combination of
MFC and 5C gave another important and positive outlook. The
5C was self-recharged by the MFC itself that operated as
external power sources. No additional power sources were
needed for recharging the supercapacitor. Therefore, despite
the MFC did not contribute much to the electrochemical output
for higher current pulses due to its high ESR, MFC did
contribute to generating a valuable potential difference that
served for recharging the 5C.

The take-home message of this manuscript is that MFCs can
be used as external power sources for charging SCs that can
deliver high current pulses during the discharge. This was not
novel since it was shown in different previous works in which
MFCs were combined with external SCs.""** The novelty of this
work stays into measuring the parameters of interests such as
ESR and capacitance of the single component and the
combined systems. These measurements allow understanding
that a proper parallel connection enables a synergic interaction
between MFC and 5C with improved current and pulse eneray
performance with respect to those of the separate units.

MFC and 5C can be independently sized according to any
tailored application. High 5C size favors long term storage and
high current pulses together with MFC fluctuation buffering.
Small-size 5Cs enable short time recharging. At lower current
pulses, MFC contributed to enhancing the overall capacitance
and therefore enlarging the overall discharging time.

In order to effectively enhance the overall capacitance for
larger intervals of iy, and the overall electrochemical perform-
ance, the MFC should have much lower overall ESR that might
be achieved by i} increasing the electrode conductivity; ii)
increasing the electrode sizes or iii) connecting several identical
MFCs in parallel.

SCs and MFCs need to be designed in function of the
specific practical application that has to be powersed. A
preliminary study on separate components, in this case, power
system and energy storage, should be done in order to
optimize the design. In function of the application desired, a
capacitor possessing low capacitance should be used for
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shorter and more frequent current pulses while a higher
capacitance should be used for longer and less frequent current
pulses. If a contribution of the MFC is needed during discharge,
MFCs should have similar ESR and apparent capacitance similar
to the commercial 5Cs.

3. Conclusions

In this work, an MFC was discharged through galvanostatic
technigue considering the MFC electrodes as the electrodes of
an internal supercapacitor. ESR was quantified in 61.7 17 @,
the apparent capacitance varied between 0.59 F and 5.25 F and
the maximum power achieved was 0.56 mW. Commercial
supercapacitors (SCs) with a different capacitance of 1F, 3F
and & F respectively were also studied systematically. Diverse
current pulses between 2 mA and 100 mA were performed and
ESR and time of complete discharge were determined. MFC and
5Cs were integrated by a parallel connection and investigated
through galvanostatic discharges.

These measurements demonstrated a synergic interaction
between MFC and 5C with improved power (at high current
regimes) and pulse energy (at low currents) performance with
respect to those of the separate units.

At low current pulses, the addition of the MFC enhanced
the overall capacitance and therefore the time of complete
discharge. At high currents, the use of SCs enabled output
power not feasible with single MFCs. Basic electrochemical
characterization of MFC and 5C, singularly and combined is
necessary for the right sizing and application.

Experimental Section

Single-Chamber MFC

Single chamber membrane-less microbial fuel cell (MFC) was the
design adopted for this investigation. MFC consists of a glass bottle
DURAN (10 cm leng and 5.6 cm in diamater) with high temperature
PBT screw cap on the top and a second lateral hole designed
specifically for accommodating the air-breathing cathode. A small
hole was made on the cap to allow the passage of a syrings, in
order to be able to feed the cell at the cccurrence.

Commercial Supercapacitors

Three different commercial supercapacitors were investigated in
this work and studied separately and connected in parallel with an
MFC. The characteristics of the supercapacitors are shown in
Table 1. The main difference consists in the capacitance that was
1F,3Fand & F respectively.

Electrodes

Air-breathing cathode electrodes were fabricated separately before
the MFC assembly. The cathode was composed of a mixture of
activated carbon (AC, Norit, SX Ultra, Honeywell, USA) polytetra-
fluoreethylene (PTFE, 60% emulsion of water, Du Pont), carbon
black (CB, PureBLACK, Superior Graphite) pressed on a steal mesh
used as current collector. The weight percentage of AC, PTFE and
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CB were 75%, 20% and 5% respectively. The slurry was prepared
using ethanol frem Fluka (purity 99,8%) and mixed with a Heating
Magnetic Stirrer Falc. The average electrode thickness was approx-
imately 0.5 mm. Round electrodes were cut by a manual puncher
[geometric area=6 cm?) while sguares collectors have been cut
[A= 16 cm?). The fabricated electrodes were first dried in an oven at
70°C for 8 hours in order to remove water and ethanol. Carbon
fiber Brushes wrapped around a titanium wire core were employed
as anode electrodes. These non-corrosive electrodes, thanks to the
small diameter of the graphite fibers, are able to achieve high
specific surface areas and their characteristics are ideal to be
employed as anode for the high biotic/abiotic interface for
accommodating bacteria on the electrode surface.

Incculation and Medium

Bacterial inoculum was collected from an anaerobic microbial
culture in a hydrolysis stage of a two-phase anaerobic digestion
process thydrolysis + methanization) from agriculture waste. The
sludge was taken from agroenergy biogas plant (Biotec Sys srl,
Bologna, Italy). The sludge was mixed 50:50 in volumes with a
0.1 M potassium phosphate buffer solution (K-PB, K;HPO, + KH,PO,,
Sigma Aldrich) and 0.1 M potassium chloride (KCI, Sigma Aldrich).
3mL of a solution 100 gL' of potassium acetate (CH,COOK, Fluka)
has been added during the inoculation phase.

Experimental Settings

The cathode electrode was screwed with a metal clamp on the
lateral hole, with the active face directly in contact with the
electrolyte. The chamber was filled with a solution consisted of
50% in wvolume of the anaerobic digestion process sludge
containing bacteria and 50% in volume of the 0.1 M PBS and 0.1 M
KCl. The MFC was l=ft in open dircuit voltage (OCV) for a couple of
hours and then connected to an external resistance of 1000 Q.
During the inoculation phase (initial 3 weeks), the external
resistance was decreased roughly every week firstly to 470 2 and
then to 100 © in sequence. Inoculation with decrease in external
resistance has been used successfully before for allowing the anode
colonization. MFCs were refilled one time per month, with 2 mL of
potassium acetate as organic compound and 10 mL of distilled
water to replace the solution evaporatad.

Operations

Firstly, an operating MFC was galvanostatically discharged and the
discharge-self-recharge cycles were investigated. Secondly, com-
mercial supercapacitors of different size (Table 1) were also
gavanostatically charged/discharged and the parameters of interest
were studied. Thirdly, the commercial supercapacitors were con-
nected one by one to the MFC in parallel and discharged
galvanostatically.

Electrochemical Tests

All electrochemical measurements were carried out with a V5P
multichannel potentiostats/galvanostats (Bio-Logic Sdence Instru-
ments) at room temperature. All data were analyzed using Bio-
Logic program EC-Lab 10.23.

Linear Sweep Voltammetry (L5V)

Linear Sweep Voltammetry (LSV) was performed to evaluate the
performance of the MFCs. Two-electrode configuration has been
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chosan. In this setup the cathode was usad as working electrode,
and the anode was short-circuited with the counter electrode and
the reference electrode channel of the potentiostat/galvanostat.
The current response was plotted as a function of the applied
potential, and therefore the delivered power can be calculated by
multiplying voltage and current (P= Vx[). LSV was run at low scan
rate of 0.2 mVs~" from OCV to O mV.

Galvaneostatic Cycling with Potential Limitation (GCPL)

Galvanostatic  charging/discharging at different currents is a
common technique used for testing batteries. In Galvanostatic
Cycling with Potential Limitation (GCPL), the current is imposed,
and the potential is limited for each step of charge and discharge.
In this work, this technigue has been used within the following two
main sequences: 1) a discharge period in which the MFC was
discharged trough galvanostatic pulses at different current be-
tween the featured open circuit voltage and 0 mV, and 2) a rest (or
solf-recharge) period to allow the electrodes to be back in their
polarized states e.g. the electrical double layer is re-established.

Supercapacitors hawe been characterized with GCPL charge-
discharge cycles at different currents within 0 mV and 500 mV. The
latter threshold voltage was selected because it comresponds to the
typical cell voltage of the MFC.

Determination of the Parameters of Interest

The experimentation allows extracting important data such as
ohmic drop (AV.me, capacitance, specific energy and power of the
MFC.

MFCs are initially left in open circuit and the corresponding open
circuit cell woltage (OCV) is measured, this is defined as rest
condition. The highest voltage featured by the cell in rest is namead
Voo Then galvanostatic discharge (GCPL) at a defined current
li) is performed. Initially the voltage is subjected to a wertical
dProp due to the ohmic resistance of the systems (related to
electronic and ionic resistances of electredes and electrolyte).
Knowing the chmic drop, it is possible to calculate the equivalent
saries resistance (ESR) according to Equation (1).

EsR = AVomic {11

After the chmic drop, the MFC reaches a new value, called V__, that
is the maximum voltage that is featured by the MFC during the
discharge process. V,_, is calculated according to Equation (2).

v,

ma Illll-lrmtE)C

AV i (2)
After V__,, the woltage keeps decreasing with different slopes
according to the applied current density. The slope (s) is defined as
the variation of voltage over time (dV/dt). The capacitance of the
cell {Cy) can be calculated according to Equation (3).

. dt _ l:pube
i X gy = o (3)

Due to the presence of electrochemical double layer and faradaic
contributions simultaneously in MFCs, it is more appropriate to
identify the capacitance as apparent capacitance. This concept will
be explored later in the next saction.
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Energy and power are also important parameters to be measured.
The energy of the pulse (E,.) is calculated from the GCPL
discharge curves according to Equation (4).

t

. v
Epdm_ lodsa ™ }‘;md!‘

(4)

The power delivered during the pulse (P..) is instead calculated as
the ratio between E,u. and the time of the pulse (t,.l;
Equation (5).

E
= ?P‘ﬁ ® 3600

Frizs

Prusze (s)

Supercapacitive Behavior of MFC and MFC-5C

Regarding both MFCs and MFCs connected in parallel with external
EDLCs, the evaluation of the capacitive response must consider the
parallel processes taking place during the discharge, in this case of
faradaic type. It must be noted that, unlike hybrid, asymmetric or
pseudocapacitors that work with reversible faradaic processes, a
supercapacitive MFC exploits the combination of reversible electro-
static (capacitive) and irreversible electrochemical (faradaic) proc-
esses that convert chemical energy of wastewater into electric
energy.

The different anaerobic and aercbic environments at tha bicanode
and at the oxygen cathode are responsible for the electrical
double-layer formation at the electrodes/wastewater interface.
Therefore, in equilibrium conditions, the two electrodes work like
the negative {anode) and positive (cathode) electrodes of an
electrochemical capaditor that store charge and energy, by electra-
static charge separation at the two elactrodes. When the circuit of
the MFC is closed, at high current regimes and at the shortest
times, charges accumulatad on the interface of both electrodes are
been released to the elactrolyte, like in a SC discharge ™

EI) SC charge with
MFC connected

SC discharge with
MFC disconnected

CHEM' ' =7 CCHEM

Articles

Scheme 1 reports the equivalent circuits that describe the parallel
connactions of the MFC and SC. The MFC is represented with the
impedance abbreviated as Zyg.. The SC impedance Z.. is modelled
with an 5C equivalent series resistance (R) in series with a
capacitance (C.J). When an external 5C is parallel connected to the
MFC, the current generated by the MFC (1) charges the external
SC up to a voltage V. that corresponds to the highest voltage of
the MFC exhibited in open circuit (Wpuoc) (Scheme 1a), i.e. Vie=
Winaxoe. This occurs only in absence of leakage currents.

The time required to charge the SC is related to . and to the SC
time constant, Ter= Rl The SC can then deliver the stored
charge while being disconnected to the MFC (Scheme 1b) or
instead connacted (Scheme 1c) at a current Iy As it concemns the
SC branch, Isc flows in the opposite direction than the charging Iy
current (cf. Schame 1a, 1b and 1¢).

When the SC is disconnected from the MFC (Scheme 1b), during
the galvanostatic discharge at current Iy, the discharge profile will
linearly decrease over time following the characteristic behavior of
a conventional SC. In this case, the delivered charge (Q) is according
to Equation (B):

Q= Ix = dt (6]
The capacitance is therefore calculated according to Equation (7):
Q I =t
Cor= —=
T Ve Vigec 2

When the 5C is discharged while being connected with the MFC,
the discharge behavior will be different. This is because the SC will
deliver energy at the designated current Iy while being simulta-
naously recharged by the MFC (at lu). The total charge deliverad
by the MFC-5C when being connected is calculated in Equation (8):

Q=1 x dt=(hgc+ Iig) x dt (8)

SC discharge with
MFC connacted

time

Q. = e

time
x time

Scheme 1. Equivalent circuits describing the parallel connections of the MFC and 5C.
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In this case, the intagrated system features an apparent capacitance
" which is higher than the exhibited by the SC alene, as shown in
Equation (9):

dQ dt
C= gy= (et ko) » gy (s)

Faradaic and electrostatic are the two processes considered till now
and involved during the MFC-SC discharge. Those two processes
possess diverse rates and kinetics. Typically, the electrostatic
process is much faster compared to the faradaic one. Therefore, it
can be predicted that the MFC and MFC-SC apparent capacitance
will be dependent on the current pulse delivered and the time of
the pulse. In fact, at low i, and long t.., faradaic processes
might be the main contributors of tha response. In parallel, at high
e @nd short t,.. the electrostatic contribution might be
prevalent.
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3.2 Valorization of lignin waste from biodigester plant in MFC and SC

In this section, the valorization of wastes from anaerobic biodigester plants, as functional
materials to be implemented in technologies that address the Water-Energy-Waste Nexus
challenges are reported. Lignin, the main solid residue of the biodigester plant, has been
valorized into activated biochar with a mild activation agent, KHCOs The lignin-derived
carbons have been tested in view of their use as electrodes of supercapacitor and as an MFC
cathode. In addition, the same sludge, that is the liquid effluent of the biodigester plant has
been exploited as inoculum and electrolyte for the MFC.

In particular, three carbons have been provided by the University of Pretoria group by using
lignin/KHCO3 mass ratios of 1:0.5 (LAC-0.5) and 1:2 (LAC-2). Nitrogen adsorption, Raman
spectroscopy, X-ray diffraction, and TEM imaging have been used to characterize the two-
carbon. By nitrogen adsorption isotherm measurement, the activated carbon shows both
mesopores and micropores displaying BETs of 1558 m?g* and 1879 m?g™?, respectively. The
interconnected porous network and the high surface area made the lignin-derived porous
carbons suitable electrode materials for dual applications. The Raman data showed that LAC-
2 had a higher amount of disordered carbon with respect to the LAC-0.5. The carbons have
been tested as the main components of electrodes of supercapacitors in 2.5 M KNO: electrolyte.
Both carbons displayed good reversible charge storage capability in both the negative (-0.8 V
to 0 V vs. Ref) and the positive (0 V to + 0.8 V vs. Ref) potential windows in 2.5 M KNO;
electrolyte. In particular, from the single electrode tests, LAC-2 carbon exhibited a superior
specific capacitance of 114 F g* in 2.5 M KNOs with respect to LAC-0.5(9\Q 0 F g™).
Therefore, LAC2 activated carbon has been selected to prepare a symmetric EDLC displaying
a good specific capacitance of 28.5 F g%, corresponding to an electrode specific capacitance of
114 F g%, with specific energy-specific and power up to 10 Wh kg? and 6.9 kW kg*,
respectively. Durability tests showed that the device was able to maintain capacitance retention

of 84.5% after 15000 charge-discharge cycles.

The lignin-derived carbons were also studied as electrocatalysts for ORR in a neutral medium,
to investigate the feasibility of the use of LAC as the main component of microbial fuel cell
air-breathing cathode. The LAC-2 showed higher ORR electrocatalytic activity than LAC-0.5.
Indeed, LAC-2 showed higher current density values and superior ORR activity as com- pared
to LAC-0.5. The number of electrons transferred during ORR was higher for LAC-2. Once
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integrated with an air-breathing cathode, the material exploited high electrochemical ORR

activity especially at high current densities.

Overall, this study demonstrated that biochar derived from lignin waste of anaerobic
biodigester plants, activated with a mild activation agent, like KHCO3, features capacitive and
ORR electrocatalytic properties that are comparable or even superior with those of
commercially available carbons. It demonstrates that waste can be effectively valorized as
functional materials to be implemented in technologies that enable efficient energy
management and water treatment, therefore simultaneously addressing the Water-Energy-
Waste Nexus challenges. Indeed, the good supercapacitor performance and ORR
electrocatalytic behavior of the lignin-derived carbons indicated a potential use as cathode

catalysts and electrode materials for microbial fuel cells and supercapacitors.

The experimental methods and the results of this study are reported in [2], which is here
attached as a complete publication. The good capacitive and ORR performance of the lignin-
derived carbon was, then, exploited to design green supercapacitive MFC systems, as described

in the next Sections 3.3 and 3.4.
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This study aims ar demonstraring thar wasres from anaerobic biodigester plants can be effecrively val-
orized as funcrional marterials to be implemented in rechnologies thar enable efficient energy manage-
ment and warer rreatment, therefore simultaneously addressing the Warer-Energy-Waste Nexus chal-
lenges. Lignin, the main solid residue of rhe biodigester plant. has been valorized into acrivared biochar
with a mild acrivation agent, like KHOOy. o produce electrode of supercapacitors and microbial fuel cells.
In addition, the same sludge rhar is rhe liguid effluent of the biodigester plant has been exploited as in-
oculum and elecrrolyre for the MFC. The lignin-derived carbons obrained ar lignin/KHCO, mass ratios of
1:05 (LAC-0.5) and 1:2 (LAC-2) comprised of mesopores and micropores displaying BETs of 1558 m?g~!
and 1879 m*z-', respectively. LAC-2 carbon exhibired a superior specific capaciance of 114 Fg-"in 25 M
KNO; with respect o LAC-0.5. A supercapacitor with LAC-2 elecirodes was builr displaying specific energy
specific power up o 10 Wh kz! and 6.9 kW kg'. respecrively. Durability tests showed thar the device
was able ™ mainrain a capacitance rerention of 84.5% afrer 15.000 charge-discharge cycles. The lignin-
derived carbons were also studied as elecrrocaralysts for ORR in a neurral medium. The LAC-2 showed
higher ORR elecrrocaralyric acrivity than LAC-0.5. The interconnecred porous neowork and the high sur-
face area made the lignin-derived porous carbons suitable elecrrode marerials for dual applications. The
feasibility of the use of LAC 2 carbon incorporared in an air breathing cathode for MFC applicarions is
also repored.

@ 2021 Elsevier Lid, All righrs reserved.

1. Introduction

ment of waters, like electrical supercapacitors (even called electri-
cal double layer capacitors, EDLCs) and microbial fuel cells (MFCs).

Affordable and clean energy, clean water and sanitation, and
responsible consumption are three of strategic goals of the 2030
Sustainable Agenda [1]. These goals are extremely interconnected
within the so-called Energy-Warer-Waste Nexus [2]. Indeed. energy
is needed to provide clean water from wastewater and water is re-
quired in power plants. In turn, both energy and water are needed
to treat wastes. Therefore, transforming wastes into energy-related
valuable products closes the loop and is expected to be a power-
ful strategy to address sustainability agenda goals. The transforma-
tion and valorization of organic wastes into smart materials is en-
visioned to be implemented in technologies that enable an efficient
management of renewable energy sources and an efficient treat-

* Corresponding authors.
E-muail oddresses: ncholumanyala@up.ac za (M.
francesca soavi@Punibo.it (F. Soawi).

Manyala),

http iorg/10.1016/j.electacta. 2021138060
0013-4686(© 2021 Esevier Ltd. All rights reserved.

EDLCs store electric energy by an electrostatic process that
gives rise to the so-called double layer capacitance at the inter-
face between high surface area carbonaceous electrodes and the
electrolyre. Their fast charge/discharge processes enable superior
specific power and cycle life. but lower energy density. compared
to batteries. For their fast response time, supercapacitors represent
emerging technology for high peak power demanding applications,
like electrical energy storage in renewable energy plants [3].

MFCs use electroactive microorganisms as biocatalysts to con-
vert chemical energy stored in wastewater’s organic matter into
electricity. Bioanodes are coupled to air breathing cathodes. where
electrocatalytic reduction of oxygen takes place. MFCs are alterna-
tive wastewater treatment devices. It was shown that MFCs are ca-
pable of degrading a plethora of simple organics and complex civil
and industrial wastewaters [4]. However, MFCs deliver low power
and are difficult to be directly used for practical applications. A so-
lution is to couple MFCs with an energy storage system, like an
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EDLC, that accumulates the energy produced by the MFC and de-
livers it when needed at high power rate [5-8].

EDLCs and MFCs share high surface area carbon-based elec-
trodes. Indeed, high surface area carbons are used in EDLCs to pro-
vide high specific capacitance (100-200 F g') [3]. In turn, both
MFC anode and cathode exploit carbonaceous materials in order to
accommodate the electroactive biofilm and performing the oxygen
reduction reaction (ORR). respectively [3].

Biomass is arising as a strategic and omnipresent carbon source,
In recent years, the biochar obtained by pyrolysis and activation of
biomasses has been widely explored for EDLC and MFC electrodes
[10]. For EDLCs, the biochar porous architecture strongly affects
electrode and device energy and power performance. High surface
area has to be achieved by simultaneous tailoring pores size distri-
bution for easy access of electrolyte ions. that is needed to set up
the double layer capacitance [3]. A porous carbon matrix is created
depending on the type and amount of activating agent, reaction
time as well as the temperature [11-13]. For instance, high acri-
vation temperatures [ = 600 °C), longer reaction time (= 30 min)
and the use of alkali hydroxides as activating agents is known to
promote the creation of more pores on the carbon matrix [13-18]).
KHCOy is a weak base that has been reported to result in porous
carbons owing to its decomposition to K;C0O4 at higher tempera-
tures and it is capable of creating pores resulting from the evaolu-
tion of CO and €O, gases [15]. Compared to other activating agents,
KHCOy is exceptional because, compared to KOH, it is less cormo-
sive and more environmentally friendly Moreover. the decompaosi-
tion of KHCO: produces more gas and creates a good expansion
effect compared to KOH. which is beneficial to pore formation and
production of hierarchically porous carbons [14-20].

One of the most challenging issues to be addressed for MFC ap-
plication is the high cost of the electrodes material and the slug-
gish oxygen reduction reaction (ORR) occurring at the cathode [21].
Therefore, the development of low cost air breathing cathodes with
low cost biochar material with high electrocatalytic activity is im-
perative. Typically, MFCs operate in a (circum)neutral medium and
at room temperature to support the activity of the bacteria and
their survival. At a neutral pH of 7. the low concentration of H'
and OH™ (107 M) influences ORR kinetics and MFC power out-
put [2223). Activated carbons provide large surface areas and hi-
erarchical porous structure that allow for faster ORR kinetics and
high-power output in microbial fuel cells [24].

Activated biochar has been obtained from a wide range of
biomasses and lignin stands out because it is the third most abun-
dant natural polymer. In addition, lignin is one of the major wastes
of anaerobic digestion processes and pulp and paper making in-
dustries [25-27]. Its pyrolysis processes have been deeply inves-
tigated and lignin-derived biochar has already been proposed as
an EDLC electrode component [10, 28-32]. Highly porous carbons
have been derived from lignin using various chemical activating
agents, including KHCO, [17). However, the effect of lower mass
ratios of lignin biomass/KHCO3 on their physicochemical, electro-
chemical and electrocatalytic properties is rarely reported. Besides,
the ability to use a lower and an appropriaté mass ratio of lignin
biomass/KHCO, is a plausible solution for environmental sustain-
ability and the method is suitable for large scale production of ac-
tivared carbons. In our previous studies, we exploited KHCO; to
activated peanut shells derived biochar. We observed that the spe-
cific surface doubled by increasing the biomass to KHCD; mass ra-
tio from 1:1 to 1:2. A further increase of the ratio only provided
less than 10% gain in specific surface area [15].

This study emphasizes on the reusability of wastes from biore-
finery industries and the use of smaller amounts of a less corrosive
activating agent. like KHCO,, as a suitable approach for sustainable
cheap and easily processable porous carbons from lignin. The ef-
fect of KHCOy activating agent on the structural and textural prop-
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erties of lignin-derived activated carbons is reported. The biochar
obtained is then tested in EDLCs featuring a neutral aqueous solu-
tion of KNO; that offers the advantage of being greener with re-
spect to organic electrolytes [3,15, 18]. In addition, the biochar is
investigated as ORR electrocatalysts to be used in MFC cathodes.
The same sludge that is the liquid effluent of the biodigester plant
has been exploited as inoculum and electrolyte for the MFC.

2. Marerials and methods
21. Starting materials

Potassium hydrogen carbonate, KHCO: (99.99%), potassium ni-
trate, KNOy (99.99%). hydrochloric acid, HCl (37 ). carbon acety-
lene black (99.95%), polyvinylidene difluoride, PWDF (99 %) and
M-methyl-2-pyrrolidone, NMP (99%), were purchased from Merck
chemicals. Argon, Ar (99.99%) was used as received from Afrox.
Polycrystalline nickel foam (surface area of 420 m?gz~! and 1.6 mm
thickness, Alantum (Munich. Germany) and microfiber filter paper
(0,18 mm thickness, ACE chemicals) were used for the electrode
preparation.

2.2, Preparation of lignin-derived activated carbons

The dried lignin was washed with water/ethanol mixture and
dried at 80 °C for 12 h in an electric oven. Approximately 3 g of
lignin were soaked for 24 h in a KHCOy solution comprising of 1.5
g of KHCO; in 40 mL of deionized water. The mixture was then
dried at 80 °C for 12 h in an electric oven. The dried mold was
transferred into a horizontal tubular furnace and gradually heated
to 850°C at a ramp rate of 5°C min~! for 1 h under 250 cm® min !
flow of Ar gas. The obtained product was soaked in 3 M HCl for 8
h. washed with deionized water until a neutral pH was achieved
and thereafter dried overnight at 80°C. The dried product was la-
belled as LAC-0.5. A similar procedure was repeated for mass ratio
of 1:2 (3 g lignin, 6 g of KHCO; and 40 mL of water) and product
labelled as LAC-2. The morphology of the carbons was evaluated
using scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). The structural and textural properties of
the samples were investigated using Raman spectroscopy. powder
X¥-ray diffraction (XRD) and nitrogen physisorption analysis [Brun-
ner. Emmet and Teller: BET).

2.3, Electrode preparation for supercapacitors

The electrode materials were prepared by mixing the active ma-
terial, carbon acerylene black and polyvinylidene fluoride at a ratio
of 8:1:1 followed by the addition of N-methyl-2-pyrrolidone (NMP)
solution to form a slurry. The slurry was coated onto a nickel foam
(1 cm x 1 cm) and dried ar 80°C for 12 h. Three electrode mea-
surements were carried out using a Bio-Logic VMP300 potentiostat
(Knoxville TN 37, 930, USA) controlled by the EC-lab v 11.40 soft-
ware. A glassy carbon counter electrode, Ag/AgCl reference elec-
trode and the LACs as working electrodes were used to perform
the electrochemical measurements in a 2.5 M KNQ; electrolyte so-
lution.

A symmetric device was fabricated in a coin-cell type configura-
tion using a fiberglass filter separator (Whatmann GF[F. thickness
360 um) and an active material mass loading of approximately 6
mg em~ in 2.5 M KNO;. The cyclic voltammetry (CV] and galvano-
static charge-discharge (GCD) measurements were investigated at
different scan rates and specific current values, respectively. The
electrochemical impedance spectroscopy (EIS) measurements were
carried out in a frequency range of 10 mHz to 100 kHz at an open
circuit potential. The specific capacitances for a half-cell and single
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electrode of the symmetric device were calculated from the recip-
rocal of the slope ( AV At) of the discharge curve of the GCD plots
collected by a 3- and 2-electrode setup, respectively, using Eqs. (1)
and (2) [32, 33]:

TAE

G = 1

ST AVmS ()
A At

G = Avma )

where | is the current applied, Ar is the discharge rime and AV is
the potential window. In Eq. (3), ms is the mass of the electrode
in a three-electrode configuration (half-cell) and the Cs is the spe-
cific capacitance for a half-cell. In Eq. (2), My, is the total mass
of the positive and negative electrode in a two-electrode configu-
ration (full cell/device) and the Cg is the specific capacitance of a
single electrode in a full-cell.

The specific energy (E;) is expressed in | g ' as evaluated using
Eq. [3). To convert the unit ] £ ' to Wh kg ! the expression in Eq.
(3] was divided by a factor of 3600 and further multiplied by 1000
as illustrated in Eq. (4):

Eg=05G(AV) (1g7) 3)

1000 = Cy(AV)?
2 x4 x 3600
Thus, the specific energy and corresponding specific power of
the device were calculared according to Eqs. (5) and (6), where
IRyrgp is the internal voltage drop:

Eq = 0.5C(AV) = (Whkg ') (4)

Ca(A(V ~IRyp))”

E=——e— (5]
3600E;

R==x (©)

The value expression in Eg. (4) was multiplied by 3600 to con-
vert the discharge time from h to seconds. In Eq. (4). the value of
Cyy that was measured at each current density was used.

24, Oxygen reduction reaction kinetics

Rotating disk elecrrode (RDE) technique was used to investigare
the ORR kinetics at the carbon surfaces. The LAC-0.5 and LAC-2
inks were prepared by suspending 8 mg of each catalyst separately
into 1 mL of Ethanol-Water-5% Mafion solution (67:30:3 volume ra-
tin) and sonicated for 1 min for ensuring a good dispersion. The
catalyst loading investigated during this study was 0.56 mg cm 2.
A neutral electrolyte solution comprising of 0.1 M potassium phos-
phate buffer and 01 M KCl was purged with pure oxygen for 30
min prior to measurements. Agj{AgCl and Pt were used as reference
and counter electrodes, respectively. Electrode potential values are
given vs. Normal Hydrogen Electrode (MHE, -0.198 V vs. Ag/agCl).
Linear sweep voltammetry (L5V) measurements were used to com-
pare the activity of the different catalysts for the oxygen reduction
reaction. LSV was run from 0.6 V to -07 V vs. NHE at a scan rate
of 5 mV 5! with a rotation speed varying from 400 rpm to 2500
rpm.

Koutecky-Levich eguation is often used for calculating the num-
ber of electrons transferred during the ORR by the catalyst of in-
terest (n) and it is described in Eq. (7):

1 1 1 1 11
L. ———— 0]
J 0k i 0.62nFCo,DEFv-1/50 172

& Ba2

where j is the measured current density, j; is the electrode po-
tential dependent kinetic current density of the ORR, jy is the
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diffusion-limited current density. n is the average number of elec-
trons transferred per catalytic activity, F is the Faraday’s constant
(96,485 C mal "), Co, is the concentration of O, in the electrolyte
(1117 10°% mol mL~ 1), Dp, is the 0, diffusion coefficient in aque-
ous media (1.9 10 %cm?s '), A is the electrode geometric area, v
is the kinematic viscosity (0.01073 cmZs ') and w is the electrade
rotation speed. The values used in this work were retrieved by [22,
34]

2.5. Air breathing MFC cathode fabrication and testing

The feasibility of the use of lignin-derived biochar as MFC cath-
ode was evaluared in real environment. Specifically, a cubical-
shape single chamber membraneless MFC (3 cm®) was assem-
bled with symmetrical electrodes. The electrodes fearured lignin
biochar, conductive carbon pure black additive and PTFE based
binder, in 8:1:1 mass ratio. The electrodes were prepared with the
procedure described in our previous work and pressed over a Ti
current collector grid with a pressure of 1ton cm 2 [8]. The cath-
ode had a mass loading of 60 mg and an area of 1.13 cm? (53 mg
cm™2). A solution composed of 50% phosphate buffer saline solu-
tion (1x) and 50 % sludge in volume with 160 mg L' of sodium
acetate was used as inoculum and MFC fuel. The sludge was the
main liquid effluent of the biodigester plant (Biotech sys. S.rl),
from which lignin waste was recovered.

The ORR perdformance of the lignin derived carbon was evalu-
ated by linear sweep voltammetry (LSV). The cathode was used as
the working electrode, the anode was used as the counter elec-
trode, the reference electrode was an Ag/AgCl electrode. Electrode
potential values are given vs. NHE.

3. Results

3.1. Morphological analyze

The morphology of the LAC samples was confirmed using scan-
ning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM). Fig. 1ab shows that the LAC samples are porous
at low and high magnifications. It can be seen that in LAC-2, the
higher amount of KHCO; generates more pores that are better in-
terconnected than in LAC-0.5. The generation of a porous network
can be ascribed to the decomposition of KHCO; at higher tem-
peratures releasing K505, CO; and H;0 [16]. The K2C05 can fur
ther react with the carbon atoms releasing €0 gas and potas-
sium compounds which create additional pores on the carbon ma-
trix [12]. Besides, the K;C04 can decompose at higher tempera-
tures (= 700 °C) to yield K50 and CO; gas and form more pores
on the surface. These potassium compounds can intercalate into
the carbon matrix in the form of K30 which can be readily re-
moved by washing with concentrated HCl. The porous network of
the lignin-derived activated carbons was confirmed by the TEM

images (Fig. 1cd).
3.2, Structural and textural properties

Raman spectroscopy was used for evaluating the degree of
graphitization of activated carbons. Raman analysis for the LAC
samples showed the presence of D peaks at 1331-1340 cm ™! and
G peaks at 1590-1594 cm™', respectively (Fiz. 2a). The broad D
and G peaks indicated that the carbons were amorphous which is
a typical characteristic of activated carbons. The D peak is ascribed
to the breathing mode of sp® carbon due to the presence of sp®
amorphous domains and defects within the carbon lattice, while
the G peak is due to the bond stretching of sp? hybridized carbons
[.]. The full-width half-maximum (FWHM) of the G peak was used
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Fig. . (ab) Low magnification SEM images for (a) LAC-0.5 and (b) LAC-2; and (c.d) TEM images for (c) LAC-05 and (d) LAC-2, respectively.

Table 1
Raman data and textural properties for the lignin-derived activated carbons.
Material D peak position D peak FWHM G peak position G peak FWHM Ip/lc ratio (+ 002) Specific surface Total pore volume
(em~) (em) fem1) (em™T) area (mig ') (am’g")
IAC-05 13400 167 15940 a5 094 1558 046
IAC-2 13359 185 15940 99 098 1879 075

to show amorphous carbon defects as a measure of bond distor-
tion associated with the structural disorder while the FWHM of D
peak was used to evaluate the basal plane defects on the materi-
als as a measure of structural defects [35-40.]. The FWHM of the
D peak increased with increase in the amount of KHCO; indicat-
ing the creation of structural defects at higher KHCO; content. On
the other hand. the FWHM of G peak varied for the two LAC sam-
ples indicating a slight difference in the amorphous carbon defects
owing to bond angle and bond length distortions.

Interestingly, a D* peak was observed for the LAC-2 sample
demonstrating the presence of sp-sp® carbon domains in the form
of dangling bonds [40]. The Ip/l; of the activated carbons was cal-
culated from the intensities of the D to G peaks and was found to
be 0.94 + 0.02, and 0.98 + 0.02 for the LAC-0.5 and LAC-2, respec-
tively (Table 1). This showed that all the carbons had a moderate
degree of graphitization. Fig. 2b shows the diffraction patterns of
the LAC samples with broad peaks observed at 2 6 = 23 ° and 44 °

corresponding to reflections of (002) and (100) planes of graphitic
structures. The broad peaks suggest low crystallinity. Besides, it can
be seen that with an increase in the amount of activating agent,
the peaks broaden indicating the creation of a more disordered
carbon matrix that is in agreement with the Raman data.

The nitrogen adsorption-desorption isotherms for all the sam-
ples are displayed in Fig. 2c. All the samples exhibited type-IV
isotherms with H3 hysteresis loops at 0.45 < P/PO < 1.0, indicating
the co-existence of micropores and mesopores. The specific surface
areas were 1558 m? g ! and 1879 m? g ! for the LAC-0.5 and LAC-
2 samples, respectively. The surface areas increased with increase
in the amount of KHCO; revealing the formation of a more porous
network at higher mass ratios. Fig. 2d displays the pore size distri-
bution of all the samples.

At lignin:KHCO4 mass ratio of 1:2, a large number of microp-
ores and mesopores were generated compared to the ratio of 1:0.5
(inset) presumably because the intercalation of KHCOs in the car-
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Fig 2. (a) Raman spectra, {b) XRD patterns, {c) N: adsorpticn-desorption isotherms and (d] pore size distribution plots for the activated lignin derived carbons,

bon matrix ook place to a larger extent. This is in agreement with
the increase in total pore volume with the increasing amount of
activaring agent (Tahle 1)

3.3, Supercapacitors performance

Three electrode measurements were carried out for all the ma-
terials using a carbon counter electrode, Ag/AgCl reference elec-
trode and 2.5 M KNO: electrolyte solution. The cyclic voltammo-
grams of the LAC-0.5 and LAC-2 electrodes taken at varying scan
rates featured a rectangular shape which is typical of an ideal EDLC
behavior, both in the negative (-0.8 V to 0V vs. Ref.) and posi-
tive (0 V to +0.8 V vs. Ref.) potential window (Figs. 3ab and 4ab).
Figs. 3cd and 4cd show the galvanostatic charge-discharge plots
in the negative and positive potential ranges for LAC-0.5 and LAC-
2 electrode materials. The GCD plots at varying specific currents (1,
2.3.4 5and 10 A g ') displaved triangular shape, therefore con-
firming the capacitive behavior. LAC-2 exhibited a longer discharge
time compared to LAC-0.5. This revealed better charge storage ca-
pability for the LAC-2 electrode material. The specific capacitance
of the electrodes (C;) was calculated from the GCD plots using Eq.
(1)

Fig. 5a and b display the C; values plotted as a function of spe-
cific current taken both in the negative and the positive potential
range. All the electrodes exhibited good rate capabilities for the
specific current values of 1 A g! to 10 A g, The specific capac-
itance values for the LAC-0.5 and LAC-2 at 1 A g~! were found to
be 64 and 69 F g, respectively, in the positive potential range
(Fig. 5a). In the negative potential window, the values were 89 and
100 F g ! for the LAC-0.5 and LAC-2. respectively (Fig. 5b). For the

various specific currents, LAC-2 electrode material exhibited higher
specific capacitance values than the LAC-0.5. This can be ascribed
to the higher specific surface area and pore volume as reported by
the textural properties and the porous carbon nerwork morphol-
ogy of the LAC-2 material. In addition, the disordered carbon and
structural defects could enhance the surface wettability of the LAC-
2 electrode leading to higher specific capacitance values.

The capacitive behavior of the electrode materials was further
investigated using electrochemical impedance spectroscopy (EIS).
Fig. 5c displays the Myquist plots for the LAC sample electrodes
with a quasi-vertical line parallel to the imaginary Z"-axis in the
low frequency region indicating a capacitive nature of the samples.
LAC-2 displayed a shorter diffusion length suggesting a faster ion
diffusion at the electrode-electrolyte interface compared to LAC-
0.5 (Fig. 5c inset). Ideally, electrolyte ion transport highly depends
on the electrolyte concentration, carbon electrode surface porosity
and the pore diameter [3]. Thus. the higher surface area and pore
volume of LAC-2 could provide an efficient ion-accessible surface
area for faster ion diffusion. The real-axis intercept of the Nyquist
plot at the highest frequency, was measured to be 125 and 1.07
0 for the LAC-0.5 and LAC-2, respectively. Given that EIS was col-
lected by a 3-electrode setup, these values are affected by the cell
geometry, namely by the distance of the working electrode from
the reference. Moreover, it is affected by the ionic resistance of
the bulk electrolyte and electronic resistance of the carbon elec-
trode. The latter includes the carbon/current collector and interpar-
ticle contact resistances. Generally, a lower resistance at the high-
est frequencies depicts a better electronic conductivity of the elec-
trodes. Hence, the lower resistance value exhibited by LAC-2 sug-
gested a better electronic conductivity than LAC-0.5. Besides, from
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the Raman data LAC-2 portrayed a moderate degree of graphitiza-
tion with the presence of D* peak that is ascribed to the presence
of defects in the form of dangling bonds. An electrode material
comprising a hizgh amount of disordered carbons results in better
aqueous electrolyte ion affinity and good surface hydrophilicity.

Based on the higher electrochemical performance of LAC-2, a
symmetric device consisting of LAC-2 electrodes was fabricated
with a 25 M KNO; electrolyte solution. Fig. 6a and b present the
OV plots of the EDLC collected by a 2-electrode setup, at differ-
ent scan rates ranging from 10 mV s ' to 100 mV s ' within a
cell voltage of 1.6 V. The device exhibited a rectangular CV shape
even at higher scan rates (Fig. 6b) demonstrating a good rate ca-
pability of the electrode material. The GCD plots at varying spe-
cific currents displayed a small AV, drop showing a low ESR
(Fig. 6c). The specific capacitance of a single electrode (Cy) in the
device was calculated from the GCD plots using Eq. (2) and plot-
ted as a function of specific current as shown in Fiz. 6d. A max-
imum Cg of 114 F g ! was obtained at 0.5 A g ! and a value of
B9 F g~ ! was maintained at a specific current of 10 A g~! showing
a good rate capability of the device (Fig. 6d). This value is com-
parable to values in the literature on lignin-derived activated car
bon electrodes [28-32]. For instance, Saha et al. [30] reported a
specific capacitance of 917 Fg ' at 2 mV s ! in 6 M KOH elec-
trolyte for porous carbons produced by KOH activation of lignin.
Similarly, Mavarro and co-workers investigated the electrochemi-
cal pefformance of nanoporous carbon derived from KOH activated
lignin and obrained a specific capacitance of 87 Fg ' at 01 A g !
in organic electrolyte [31]. The slightly higher values reported in
this study can be linked to the creation of mesopores and micro-
pores by the activation of lignin with KHCO4 vielding high pore
volume and surface area of the LAC-2 sample.

Fig. 7a presents a Ragone plot showing the specific power as a
function of the specific energy of the device. The maximum spe-
cific energy was calculated using Eq. (3) and found to be 10 Wh
kg ! with a corresponding specific power of 357 W kg ! at a spe-
cific current of 0.5 A g~!. Besides, the specific power of 6.9 kW
kg~! was achieved at a specific current of 10 A g~ '. To further
evaluate the stability of the device, a cycling test was carried out
on the device for up to 15,000 charze-discharge cycles. The device
exhibited a coulombic efficiency of 99.84 % with capacitance reten-
tion of 84.5 % at a specific current of 5 A g (Fig. 7b). This capac-
itance retention value was higher than the 80 % value reported by
Shah et al. [30] on lignin derived carbon after 10.000 cycles in 1 M
H3504. The Nyquist plots of the device before and after cycling test
were almost similar with the curve close o parallel with the imag-
inary Z"-axis indicating a capacitive behavior (Fig. 7c). The ESR was
evaluated from the real-axis intercept at the highest frequencies
and, after 15,000 cycle, it was slightly higher (1.73 £1) than the one
obtained before the cycling test (1.61 (1) suggesting a possible in-
crease in the carbon/current collector contact resistance after the
cycling process. On the other hand, the high frequency semicircle
diameters, that represent the interparticle electronic and ionic re-
sistances. were almost similar: 0.11 Q before cycling and 012 Q
after cycling. These results show that the device was quite stable
even after 15,000 charge-discharge cycles.

34, Oxygen reduction reactions kinetics

The electrocatalytic activity towards ORR in neutral media of
the mwo LAC materials obtained from pyrolyzed lignin was also
tested. The polarization curves for the LAC catalysts obtained by
RDE. at varying rotation speeds (400. 900, 1600 and 2500 rpm)
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are presented in Fig. Bab. The onset potential (Eg,) for LAC-0.5
was 0.089 V (vs NHE) and for LAC-2 was slightly higher and cor-
responded to 0122 V (vs NHE). For both LAC-0.5 and LAC-2 cata-
lysts. no plateau corresponding to the mass transport limited cur-
rent density was observed. This suggested that the ORR activity
resulted from a mixed kinetic-diffusion controlled mechanism. An
increase in the limiting current density with rotating speed was
observed for all the catalysts indicating a higher oxygen flux from
the bulk solution to the electrode surface at higher rotating speeds
[41].

The current density values for the LAC-0.5 and LAC-2 were 6.23
and 8.53 mA cm 2, respectively at -0.7 V vs NHE for a rotating
speed of 2500 rpm. Along the entire potential window investi-
gated from Egy to -07 V vs NHE, LAC-2 outperformed LAC-0.5 haw-
ing higher current densities at the same potentials. The differences
in the ORR activity berween the two catalysts can be linked to
their morphologies, porosities and textural properties. For instance,
LAC-2 material exhibited a well-interconnected porous network, a
higher pore volume and a high surface area thar can allow for ex-
posure af the active sites to the reactants. On the other hand. the
LAC-0.5 catalyst had lower pore volumes and less interconnectivity.

In order to calculate the number of electrons transferred dur
ing the ORR process, the Koutecky-Levich (K-L) graphs were plotted
(Fiz. 9a and b). All the curves taken between 0 V and -0.2 V (vs.
NHE) exhibited a linear and almost parallel trend suggesting that
the activated carbons catalysts follow first-order kinetics [41]. From
the intercepts of the linear curves in Fiz. 9a and b, the kinetic-
limited current density (ji) was extracted as well as the coefficient
B Eqg. (7). Knowing these two values. it was possible to calculate
the number of electrons imvolved within ORR. Fig. 9c reports the

number of electrons transferred during ORR ar different potentials,
estimated by Koutecky—Levich (K-L) analyze.

It is well known that carbon-based catalysts are capable of re-
ducing oxygen following a 2e- or a 2 x 2e- transfer mechanism
[41]. In this specific case, LAC-0.5 seems to follow a straight 2e-
transfer mechanism while LAC-2 instead seems to follow a mixed
2e- and 2 x Ze- transfer mechanism. In fact, the number of elec-
trons transferred were much closer o 4 with values of 3.7 3.76
and 3.92 for the potential of 0 V, -0.1 V and -0.2 V (vs NHE), re-
spectively. This different pathway might be correlated to the poros-
ity and the different pore size distribution of the two samples in-
vestigated. It is possible that larger cumulative porosity might be
useful for providing more active sites for the ORR to occur. It must
be underlined that the catalysts loading used for this study is quite
high. In fact, it was shown that an increase in the catalyst loading
led to higher performance and the peroxide intermediate is dis-
proportionated within the thick catalyst laver itself [42.43]. It was
shown that simple unmeodified carbon black was able to perform a
2e- reduction of oxygen. On the contrary, the activated carbon had
a higher electron transfer mechanism and superior performance
[44]. In Watson et al. the authors screened nine different com-
mercially available acrivated carbons finding values of n between
2 and 3.5 [45]. Particularly, it was shown that overall porosity and
the pore size distribution was related to the number of electrons
transferred and the overall electrocatalytic activity. In another re-
cent study, Pepé Sciarria et al. used activated biochar as a cathode
catalyst for ORR finding the number of electrons transferred in the
range between 2.9 and 3.9 [45].

Tafel curves were calculated in the range 0 V two -0.2 V (vs NHE)
and plotted in Fig. 9d. The cathodic transfer coefficient fn was cal-
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culated from the Tafel slope using the following equation [47] be-
low:

B (¢ _ o) ®)

where j, is the exchange current density. R is the gas constant
8314 ] mol~! K!, and T is the standard room temperature. The
cathodic transfer coefficient (8n) for LAC-0.5 and LAC-2 electrocat-
alysts was found to be 0.27 and 0.23 (& 20%). as evaluated within
0 V and -0.2 V vs NHE. At the lowest overpotentials, ie. between
0 and -0 V vs. NHE, the transfer coefficients resulted in 0.31
and 0.36 for LAC-0.5 and LAC-2, respectively. For both catalysts, at

In (i) +

a loading of 0.56 mg cm 2. the cathodic transfer coefficient was
similar to values reported on glassy carbon electrodes in the neu-
tral medium [48]. For the LAC-0.5 catalyst, slightly higher cathodic
transfer coefficients were recorded as compared to the LAC-2. The
differences in the cathodic transfer coefficient for the LAC catalysts
can be ascribed to the variations in the pore diameter. pore length
and electronic conductivity of the samples. It can be concluded
that increasing the amount of KHCO; resulted in porous carbons
with a larger number of structural defects, more pores and con-
sequently higher surface area and pore volumes which led to an
increase in the active sites and regions where the ORR can occur
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with a positive impact on their electrochemical performance. Over-
all, LAC-2 sample exhibited superior electrocatalytic properties as
well as electrochemical performance owing to its unique porous
network, a high pore volume, high specific surface area as well as
unigue structural properties.

3.5. MFC air breathing cathode operating in neutral media

The ORR electrocatalytic activity of the LAC 2 carbon was fur
ther validated in real environment, i.e. in an air breathing MFC. The
air breathing cathode was fabricated utilizing LAC 2 as an electro-
catalyst. The fuel as well as inoculum were mainly based on the ef-
fluent of the anaerobic biodigester plant. Fig. 10 reports the polar-
ization curve obtained by linear sweep voltammogram of the LAC 2
MFC cathode performed at 0.2 mV s~'. The Open circuit potential
(DCP) is consistent with the values observed in Fig. 8. The Figure
compares the LSV of LAC-2 and other air-breathing cathodes com-
posed by commercially available activated carbons (AC) previously
presented [49-51]. These air breathing cathodes had catalyst load-
ing of roughly 40 mg cm~2, comparable with the one used in this
study (53 mg cm %), Notably, the commercial ACs showed higher
OCP and electrocatalytic activity at low current density compared
to LAC-2. This might be due to the iron impurities previously iden-
tified in the commercial AC samples [51]. At higher current den-
sities, LAC-2 demonstrated superior electrocatalytic activity com-
pared to the commercial ACs. This is probably due to the much
higher available surface area of LAC 2. These results indicate the

feasibility of the use of lignin derived biochar for fabricating air
breathing cathodes for MFC applications.

4. Conclusions

Porous carbons derived from lignin were obtained by activat-
ing with KHCO3 at varying mass ratios of 1:0.5 and 1:2. A lignin
biomass: KHCO; mass ratio of 1:2 was found to be the optimal
ratio for high specific surface area (1879 m?g ') and high pore
volume [0.75 cm®g~'). The Raman data showed that LAC-2 had
a higher amount of disordered carbon than the other LAC sam-
ples. The obtained materials were tested as electrodes for EDLC
and as electrocatalysts for ORR in neutral media and integrated
in air breathing cathode architecture for MFC applications. All the
electrode materials displayed good reversible charge storage capa-
bility in both the negative (-0.8 V to 0 V vs. Ref) and the positive (0
V o + 0.8 V vs. Ref) potential windows in 2.5 M KND, electrolyte.
A symmetric EDLC fabricated using LAC-2 electrode material ex-
hibited a good specific capacitance of 28.5 F g, corresponding
to an electrode specific capacitance of 114 F g, with a specific
energy of 10 Wh kg ! and a corresponding specific power of 397
W kg ! at a specific current of 0.5 Az ! in a cell voltage of 1.6
V. Moreover, the device demonstrated good capacitance retention
of 84.5 % after 15,000 cycles. As an electrocatalyst, LAC-2 showed
higher current density values and superior ORR activity as com-
pared to LAC-0.5. The number of electrons transferred during ORR
was higher for LAC-2. Once integrated in an air-breathing cathode,
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the material exploited high electrochemical ORR activity especially
at high current densities.

Owverall, this study demonstrates that biochar derived from
lignin waste of anaerobic biodigester plants, activated with a mild
activarion agent, like KHCO,, features capacitive and ORR elec-
trocatalytic properties that are comparable or even superior with
those of commercially available carbons.

Therefore, our main result is the demonstration that waste can
be effectively valorized as functional materials to be implemented
in technologies that enable efficient energy management and water
treatment, therefore simultaneously addressing the Water-Energy-
Woaste Mexus challenges. Indeed. the good supercapacitor perfor-
mance and ORR electrocatalytic behavior of the lignin-derived car-
bons indicated a potential use as cathode catalysts and electrode
materials for microbial fuel cells and supercapacitors.
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3.3 Supercapacitor based on Lignin-derived carbon and calcium alginate
binder

In this section, the design of green supercapacitors that exploit sodium alginate as a bio-derived
aqueous processable binder and the aqueous electrolyte is reported. Sodium alginate is a
biopolymer extracted from the brown seaweeds, it contains 1,4-linked beta-D mannuronate and
alpha L guluronate which can be arranged to form copolymer or homopolymer. An important
property of this material is that it contains a carboxylic group on each monomeric unit that
enables a great number of hydrogen bonds between the binder and the electrode [1]. To further
reduce the environmental footprint of EDLCs, the aqueous electrolyte has been exploited, to
do so it has been necessary to find a strategy to avoid the dissolution of the aqueous processable
electrode. To transform the water-processed electrode into a water-insoluble one, | took
inspiration from the field of cooking in which the jellification reaction of sodium alginate with
calcium lactate is widely exploited to prepare edible gels [2].

This process is based on the ion exchange between sodium and calcium. It has been
demonstrated in the previous scientific literature that CaCl; is an extremely good candidate to
achieve fast and efficient ion exchange. This ion-exchange reaction passes through the
capability of the alginate to chelate the calcium ion [3]. To avoid the backward ion exchange,
between the EDLC electrode and electrolyte, a calcium-based electrolyte has been selected, in
particular, a2 M Ca(NO3)2 solution has been used. In turn, it has been previously reported that
2 M Ca(NOgz)2 solution enables the design of EDLCs designed with Nickel foam current
collectors and CMK-3 carbon, with good capacitance (210 F g% [4].

To further push the concept of sustainability, activated carbon obtained from the pyrolysis of
biomass, with the mild activation agent KHCOs has been exploited as the main electrode
component. Lignin has been selected as the main biomass source, and the pyrolysis procedure,
as well as the chemical-physical characterization of the carbon, has been widely described in
section 3.2 [5].

The main novelty of this study is the design of a totally green supercapacitor, that exploits
biochar from waste lignin featuring natural aqueous processable polymer as a binder and an
aqueous electrolyte. This combination inertly avoids the main criticality of modern commercial
supercapacitors, like the usage of fluorinated polymers as binders and organic solvents both as

electrolytes and for electrode processing [6]. The aim was the design of a green EDLC to be
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directly integrated with an MFC, given that MFCs typically operate at a cell voltage of c.a. 0.6

V, the EDLC was designed targeting this value as maximum cell voltage.

In the next subsection, the main components of the EDLC are briefly reported together with

the electrode processing.

3.3.1 Electrode preparation and EDLC assembly

Activated carbon
Bioderived activated carbon has been exploited as the main electrode component in this work.

Activated carbon (LAC2) has been obtained from the carbonization/Chemical activation of
Lignin, the main solid waste of the biodigester plant from which the microbial fuel cell
inoculum was taken. The preparation of the lignin-derived activated carbon (LAC) has been
widely explained in section 3.2, and the complete procedure, as well as chemical-physical
characterization of this material, has been widely described in our recent work [5]. Briefly, the
chemical activating agent was KHCOs, dried and washed Lining was mixed overnight with
KHCOz in a 5% solution, containing the double of the activating agent with respect to the dried
Lignin. The resulting suspension has been dried in an oven at 80°C overnight and the obtained
solid paste has been put in a tubular oven for the carbonization/activation. The pyrolysis has
been carried out under an Ar atmosphere with an eating rate of 5°Cmin-1 up to a temperature
of 850°C with an isothermal treatment at that temperature of 2 h. The oven was therefore
subsequently naturally cooled down by the Ar flux. The resulting carbon has been washed
several times with HCI and then with deionized water and exploited to prepare the SC electrode

and MFC’s air-breathing cathodes.

Supercapacitor’s electrodes preparation
Supercapacitor electrodes have been prepared by drop-casting of an aqueous suspension of

activated carbon (LAC2), conductive carbon additive (Carbon black C65), and Sodium
Alginate (SIGMA Aldrich) as an aqueous processable binder on Nickel foam current collectors.
The composite composition was 80% activated carbon, 10% conductive carbon additive, and
10% binder. The casted electrodes have been dried and soaked into a 50 mg ml* solution of
CaClz (SIGMA Aldrich) to perform the sodium-calcium ion exchange. The resulting electrodes
have been rinsed several times in distilled water to remove the excess of CaCl, and dried in a
thermostatic oven at 60°C overnight before being tested. For single electrode measurement, a

Nickel foam strip was coated by drop-casting and tested as a working electrode of a three necks
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electrochemical cell, with a Pt counter and an SCE reference electrode. For EDLC two-
electrode measurements, Swagelok-like cells featuring 9 mm diameter disc-shaped electrodes
have been exploited. The device featured a Whatmann GF/F separator, and an aqueous solution
of 2 M Ca(NO:s): as the electrolyte

3.3.2 LAC2-alginate electrode performance

To design the all-aqueous supercapacitor, at first, three-electrode measurements have been
performed with a three-electrode setup. The electrochemical cell featured a Nickel foam current
collector coated with 1 mg cm? (0.5 cm:) of Calcium alginate-based composite working
electrode, a platinum wire as counter, and SCE as a reference electrode in a 2 M Ca(NO3)2

solution.

The electrochemical stability window of the electrodes in 2 M Ca(NO3)2 solution has been
investigated by three-electrode cyclic voltammetry (CV) at 5 mVs™. This scan rate has been
chosen to amplify any electrochemical side reaction that could occur in the investigated
potential window at the working electrode. Different asymmetric electrode potential windows
have been investigated changing the positive and the negative charge cut-off potentials while
maintaining a difference between the positive and the negative potentials of 600 mV. Indeed,
as mentioned above, the cell maximum voltage of an EDLC connected to an MFC is not higher
than 0.6 V (Section 3.1) The electrochemical stability window was selected based on a
coulombic efficiency of the capacitive charge/discharge voltammograms higher than 95%.

Coulombic efficiency has been calculated according to the following equation

f iriddt

[ ioxdt

Where C.rr(%) is the coulombic efficiency percentage, and [ i,,4dt (MAS) is the charge

Corr(%) = - 100 (3.3.1)

calculated as the integral of the experimental current over the discharge cycle (negative current
branch), [ i,,dt (mAs) is the charge calculated as the integral of the charge current (positive
current branch) over the charge time. The selected voltage window, in which an acceptable
(>95%) coulombic efficiency was achieved was -0.4 V to 0.2 V vs. SCE. Figure 3.3.1a reports
the cyclic voltammograms carried out in the selected electrode potential window at different
scan rates, namely 5,10,20 ,50,100,150 ,200 mVs™. Figure 3.3.1b reports the electrode voltage

profile of the selected galvanostatic charge/discharge cycle in the selected voltage window.
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Figure 3.3.1 a) Single electrode cyclic voltammograms at different scan rate of the LAC2-alginate electrode in 2
M Ca(NO:s),, and b) galvanostatic charge/discharge profile of the tested electrode in the investigated potential
range at different current densities.

The CVs in Figure 3.3.1 feature an asymmetrical box-shaped voltammogram at each scan rate,

as expected for a capacitive charge/discharge process. The specific current monotonically

increases with the scan rate. Specific capacitances have been calculated by the slope of the

discharge charge (C) vs. the electrode voltage, normalized by the electrode mass. VVoltammetric

capacitance has been calculated at each scan rate, and the results are reported in Table 1 along

with the coulombic efficiency values.

Table 3.3.1 Voltammetric electrode specific capacitance (normalized to the composite electrode mass) and
coulombic efficiency at tested scan rate of LAC2-alginate tested electrode in 2 M Ca(NOs)2

Scan rate (mV s+) Electrode specific capacitance (F g1) Coulombic efficiency (%)
5 75 96.5
10 74 98.6
20 73.3 99.2
50 72.7 99.4
100 71.4 99.7
150 69.6 99.8
200 67.8 99.8

As expected, increasing the scan rate, brings about a reduction of the electrode voltammetric

capacitance, with a simultaneous increase of the coulombic efficiency. Indeed, the electrode

features a maximum capacitance at 5 mVs?, which slightly decreases with a minimum at the
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maximum tested scan rate of 200 mVs™. 75 Fg~lwith coulombic efficiencies of 97%, and 68
Fglwith a coulombic efficiency of c.a. 100 %, have been measured at a scan rate of 5 mV s
and 200 mV s, respectively. Noticeably, the capacitance retention is extremely high 10% of
specific capacitance fading between the minimum scan rate and the maximum one. This could
be attributed to a positive combination of good textural properties of the electrode and high
ionic conductivity of the electrolyte [7]. The voltage profiles under galvanostatic
charge/discharge are triangular shaped and symmetrical as expected for a process dominated
by the formation of a double layer. Remarkably, the electrode is capable of standing very high
specific current up to 10 A g, due to the low equivalent series resistance, as it is possible to
see from the small ohmic drop of the galvanostatic profiles reported in figure 3.3.3b). Specific
galvanostatic capacitance has been calculated from the slope of the galvanostatic discharge
voltage profile. The electrode specific capacitances have been calculated from the slope of the

linear interpolation of the voltage profile according to the following equation

v AV 1
C=".i~ 2 332
dac ' TAar (33.2)

Where C (mF) is the capacitance of the cell, and AV /t (V s?) is the slope of the linear

interpolation of the cell voltage profile, while i (mA) is the applied current. Specific
capacitance values calculated at each current density, by considering the composite mass, are
reported in Table 3.3.2.

Table 3.3.2 Electrode specific capacitance and coulombic efficiency evaluated from the electrode voltage profile
during galvanostatic discharge at the tested specific currents

Electrode specific current (A g1) Electrode specific capacitance (F g?) Coulombic efficiency (%)
1 73 96.5
2 72.45 98.6
3 71.8 99.29
5 70.5 99.45
10 70 99.7

The electrode galvanostatic specific capacitance reported in Table 3.3.2 are in good agreement
with the values that have been evaluated from the cyclic voltammetries. As expected,
increasing the electrode-specific current brings a reduction of the electrode capacitance, with
an increase of the coulombic efficiency that approaches 100% at the highest specific current,

indicating that at that specific current value the response is dominated by the formation of an
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electrical double layer. The electrode featured a maximum specific capacitance at the minimum

current density, 73 Fg*, at 1 Ag™ that slightly decreased to a minimum of 70 Fg* at 10 Ag™.

The results of the single electrode study have been exploited to realize an all-aqueous
supercapacitor that has been used to boost the power performance of MFC (Sections 3.4 and
3.5). The electrochemical performance of this device is exposed and discussed in the following

section.

3.3.3 All aqueous supercapacitor (AaSC)

To fully exploit the asymmetrical electrochemical electrode potential windows reported in
Figure 3.3.1 a), electrodes featuring an asymmetric mass balance are required, as highlighted
by the application of the charge balance at the electrodes in absolute value

qt =q~ (3.3.3)
where g*and g~are the positive and negative charges stored in the EDLC of the positive and
negative electrodes, respectively. Since the electrodes, behave as EDLCs, in general, it is
possible to write the following equation that related to the electrode voltage excursion to the
stored charge in the EDL

AVICT =AV=C~ - AVtm*C} = AV -m=C; (3.3.4)
WhereAV*, AV~ are the positive and the negative electrode voltage excursion during the
polarization, CS, C;are the positive and negative material-specific capacitance, and m* and
m~ are the positive and the negative electrode mass. In our case, and as highlighted by the
voltammetries in Figure 3.3.3a), the capacitance of the positive side of the polarization is the
same as the capacitance of the negative side of the polarization, and therefore it is possible to
simplify the previous equation into
+ _
25_ = % = % ->mt =2m" (3.3.5)
Therefore, for this particular electrode, the result of this procedure is that the mass of the

positive electrode must be twice the mass of the negative one. This equation reflects the
intuitive idea that the greatest electrode will be the one that undergoes the smallest voltage
variation ( the positive one), while the negative will exploit the largest potential excursion. By

controlling the drop cast volume it was possible to reach a positive mass of 1.5 mg (2.5 mg cm”
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2) with a negative one of 0.7 (1.16 mg cm™) closely approaching the desired mass ratio (Z—i =

2.14 ~ 2).

Therefore, AaSC cells with this electrode mass loading ratio have been prepared, and
electrochemically characterized by two electrodes measurements. A Swagelok-like cell has
been assembled with the positive and negative electrode, featuring a Whatman GF-F separator
soaked in the 2 M Ca(NOs)2 electrolyte. The assembled SC has been electrochemically
characterized by two electrodes cyclic voltammetry and galvanostatic charge and discharge
tests at selected specific currents. The maximum cell voltage set for both CV and GLV tests
was 600 mV since this is the typical microbial fuel cell open circuit potential. In particular,
cyclic voltammetries at different scan rates, namely 5, 10, 20, 50, 100, 150, and 200 mVs*
have been run, and the resulting voltammograms are reported in Figure 3.3.2a). For each scan
rate the capacitance as well the coulombic efficiency has been calculated and plotted (Figure
3.3.2b). Two electrodes galvanostatic charge/discharge tests have been run and the selected
voltage profiles are reported in Figure Figure 3.3.2c). From the galvanostatic charge/discharge
test, capacitance, coulombic efficiency as well as specific energy and power have been
calculated and plotted. The cell impedance has been measured as well and the resulting Nyquist

diagram is reported in Figure 3.3.2f).
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Figure 3.3.2 a) AaSC (two electrodes) cyclic voltammogramsat different scan rate in the selected voltage window,
b) Voltametric capacitance retention and coulombic efficiency;c) Selected cell’s voltage profile under
galvanostatic charge/discharge at different specific current; d) galvanostatic charge/discharge capacitance and
coulombic efficiency at the tested specific current, €) Ragone plot of the device, and f) Nyquist plot.

Figure 3.3.2a) shows that between 0 and 600 mV, the CV is square-shaped and symmetric at
each scan rate, which indicates a process driven by the formation of an electrical double layer
without secondary Faradaic reactions. Moreover, Figure 3.3.2a shows that the device can stand
a very high specific current without losing its capacitance. EDLC capacitances have been also
converted into electrode capacitance according to the procedure described by Conway [8]
adapted for the mass loading of this supercapacitor and briefly discussed by the following
equations. In general, in and EDLC, the positive electrode and the negative one are in series
and therefore the total EDLC capacitance can be written as

1 1 1 (m* -m~

C_T=F+F_>CT=—.ce (3.3.6)
Where Cy is the total capacitance of the device. The total capacitance of the EDLC is related

to the specific capacitance of the EDLC by the following equation
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Cr

= (33.7)

Cs

Therefore, by substitution it is possible to relate the specific capacitance of the device to the

specific capacitance of the electrode material

_(m"-m7) 1
. = .

m*t+m- mt+m- Ce (3:3.8)

since as previously discussed m* = 2 m™~ equation (3.3.8) simplifies into

Cs==C, (3.3.9)

Therefore, exploiting the asymmetric design allows to fully exploit the capacitive potential
window offered by the electrolyte, with the major drawback of reduced exploitation of the
capacitance of the electrode material. Full EDLC capacitance (Cr), EDLCs specific
capacitance (C,) obtained from the voltammetries reported in Figure 3.3.2a, and the calculated
electrode capacitance (C,) according to the equation (3.3.9) are reported together with the

EDLC coulombic efficiency (Ces) at each scan rate are in Table 3.3.3

Table 3.3.3 Total EDLC capacitance (Cr), specific EDLC capacitance (C,), calculated electrode specific
capacitance (C,) and coulombic efficiency (C,) evaluated by the voltammogram reported in Figure 3.3.2a

Scan rate (mVs™) | C; (mF) | C, (FgY) | C, (Fg?) | Cett (%)
5 52.7 22.9 103.2 98
10 51.6 22.4 100.9 99
20 51.6 22.5 101.1 100
50 51.6 21.9 98.7 100
100 494 21.5 96.1 100
150 48.4 21.0 94.8 100
200 474 20.6 92.7 100
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As in the case of the single electrode measurements discussed in Section 3.3.2., the capacitance
of the EDLC decreases, increasing the scan rate. In particular, the cell features a maximum
EDLC capacitance of 53 mF at 5 mVs, which slightly decreased (10%) at 47 mF at 200 mVs
! indicating good capacitance retention, 11% of capacitance fading. These values correspond
to specific electrode voltammetry capacitance of 100 Fg* at 5 mVs™ that decreases to 90 Fg*
at 200 mVs™. Interestingly, this calculation overestimates the electrode capacitance, with
respect to those that have been measured by three-electrode setups reported in Section 3.1,
which indicates that a limiting process other than the electrode capacitance depletion related to
the series connection of the electrodes is present. Figure 3.3.2b) reports the capacitance
retention and the coulombic efficiency at increasing the scan rate, noticeably the device
maintains 90% of the capacitance that has at 5 mVs™ at 200 mVs. At the same time at all the
tested scan rates, the device has a coulombic efficiency higher than 98% that approaches 100%
for scan rate higher than 20 mV s™. This is a further indication that the device can stand high
specific current without losing capacitance, which highlights the good combination of textural
properties of the carbonaceous electrode, together with the high ionic conductivity of the

selected aqueous electrolyte [9].

The galvanostatic cell voltage profiles reported in Figure 3.3.3c) are triangular shaped and
symmetric, confirming that the charge/discharge accumulation process is capacitive and related
to the formation of an electrical double layer. Noticeably, the cell is capable to stand very high
specific current (10 A g'1) confirming the good rate capability of the prepared electrodes. This
is highlighted by the fact that the voltage profile shows modest instantaneous voltage drop
(AV,nmic) at beginning of discharge, which in turn represents a small ohmic drop also at high
current. Equivalent series resistances Rgsg () at the tested current of the EDLC have been

calculated according to the equation (3.3.10)

AVohmic

Rgsp = 3.3.10
ESR 21 ( )

where i is the galvanostatic discharge current. Specific energy E..;; (J g) has been calculated
by the integral of the cell’s galvanostatic discharge voltage profile divided by the mass of the

two composite electrodes (m..;;) according to the equation (3.3.11).

(3.3.11)
Meey Meey

From the specific discharge energy, the average discharge power Pcen (W g?) has been

calculated by the (3.3.12), that is equation (3.3.10) divided by discharge time t (s).
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The total EDLC galvanostatic capacitance, equivalent series resistance, specific energy and
specific power, and the coulombic efficiency featured at different specific currents are reported
in Table 3.3.4.

Table 3.3.4 AaSC EDLC capacitance, equivalent series resistance, specific energy and specific power, and the
coulombic efficiency evaluated by the galvanostatic voltage discharge profile reported in Figure 3.3.2¢)

Specific current (A gY) | Cr (MF) | Rgsr(©Q) | E (Whkg?) | P (KW kg™ | Cesr (%)
1 50.0 - 1 0.3 100
2 49.3 2.07 0.9 0.5 100
3 48.9 2.0 0.8 0.8 100
5 46.9 2.0 0.7 1.3 100
10 444 2.0 0.5 2.2 100

Except for the lowest tested specific current, the cell features almost constant calculated
equivalent series resistance. At 1 Ag?, the ohmic drop was extremely small and therefore its
evaluation was strongly affected by the acquisition system. A mean value of 2Q has been
calculated from the Ry calculated from the other tested specific currents. From the ESR it is
possible to calculate the short circuit current at 600 mV, that is 300 mA, which corresponds to
a specific current of 20 Agt. The EDLC specific capacitance obtained from the galvanostatic
charge/discharge test is in good agreement with those calculated from the voltammetric test.
The cell featured a maximum galvanostatic capacitance at the lowest current, 1 Ag™? (2.3 mA)
of 50 mF that slightly decreased to 44.38 mF at 10 Ag, a capacitance loss of 12%. From the
galvanostatic charge/discharge test, specific energy converted in Wh kg?, and the specific
power has been calculated with equations (3.3.11) and (3.3.12), respectively and the results are
reported in the Ragone plot in Figure 3.3.3 d). The Ragone plot has the shape expected for
EDLCs, with the typical horizontal profile at high current that bends through lower specific

power values at low current densities. The cell features maximum specific power of 1 kW kg-
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1 at 10 Ag™ where it has the minimum value of the specific energy (0.5 Wh kg™?). With
maximum specific energy at the lowest current, 0.99 Wh kg™ at 1 Ag?, where it has the
minimum of the specific power (0.27 kW kg*). Overall, the cell features specific power that is
comparable with those of modern supercapacitors with an acceptable specific energy. The
specific energy is considerably lower with respect to that of commercial EDLC and this is
mainly due to the low maximum voltage 600 mV set in the tests in view of the integration with
the MFC. Note that commercial EDLCs with acetonitrile-based electrolyte feature up to 2.7 V
of modern supercapacitor. Since the maximum energy of an EDLC goes aSE,,qx = 1/2CV,2 45,

decreasing the maximum voltage strongly afflicts the maximum energy [7,8,9].

Figure 3.3.3 f) reports the Nyquist diagram obtained by the electrochemical impedance
spectroscopy of the cell. The Nyquist diagram can be divided into two regions, a high-
frequency semicircle and a low-frequency line that approaches a slope of 90°, respectively.
The intercepts at the highest frequencies of the semicircles represent the ohmic resistances
(electronic and ionic) of the electrodes and electrolyte-separator system (1.23 (). The small
semicircle has been attributed to the ion transport at the electrolyte-carbon interface and the
contact between the electrode and the current collector [9]. The low-frequency line represents
the capacitive behaviour of the electrodes and the EDLC. For an ideal EDLCs, a vertical line
is expected, while in the Nyquist diagram reported in In Figure 3.3.3 f), the lines deviate from
this ideal behaviour because of ion diffusion into the carbon electrodes (transmission line).
Finally, the supercapacitor has been cycled for 2500 cycles at 1 Ag? and the capacitance

retention over cycling is reported in Figure 3.3.4.

156



100 ———————————————— ¢ | 0
e ] L L L .
}——o—" ~— 100
I
o - 90
U B B':l -
< 60- o
=y
5 =3
= L2
L LE) @
T 40+ 3
E 50 S
E - 40 ]
5 20
g - 30
& I
0 20

¥ T T T ¥ T T T T T T T T T ¥ T T T ¥
0 250 500 750 1000 1250 1500 1750 2000 2250 2500
Cycle number

Figure 3.3.4 Coulombic efficiency and Capacitance retention during cycling at 1 Ag of the tested AaSC EDLC.

Overall, the EDLC featured good capacitance retention with coulombic efficiencies close to
100%. This approach follows our previous work in which aqueous processable binder has been
widely exploited as a valuable route to tackle the sustainability of modern productive processes

based on organic solvent slurries roll to roll, reported in Section 2.2 [11,12].

3.3.4 Conclusions

In this section, it has been shown at the proof-of-concept level that it is possible to realize an
all-aqueous supercapacitor by a smart design that exploits only bio-derived components and
sustainable processes. The extremely high conductivity of the Ca(NOz).-based aqueous
electrolyte brings about extremely low equivalent series resistance of the EDLC that enables
high specific power also at low maximum voltage. Indeed, the exploitation of aqueous
electrolytes offers a sustainable alternative to the organic solvent-based one of the modern
commercial supercapacitors, with the major drawback of limiting the maximum cell voltage
and hence limiting the cell’s specific energy. However, the AaSC was designed in view of its
direct integration with an MFC, an application that does not require high-voltage energy
storage units, but that has a typical operating voltage of 0.6 V.
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3.4 Strategies to improve MFC power output

In this section, experimental results about three different strategies implemented to improve
the power performance of microbial fuel cells are shown and the results are discussed in detail.
Indeed, one of the major limitations of MFC that kept unleashing the promise of an intrinsically
sustainable device, that allows water purification while producing electric energy, is the low
power output [1]. Nowadays, different strategies have been proposed by modern research to
tackle these issues such as i) the exploitation of external energy harvesting devices with higher
specific power, capable of releasing the energy produced by the MFC releasing it at higher
current pulses [13] ii) the exploitation of catalysts to improve the sluggish cathodic Kkinetics,

and iii) the monolithic integration of supercapacitive features in MFCs.
In this section three different strategies to improve the MFC power performance are reported:

o The exploitation of the green AaSC supercapacitor described in Section 3.3, as high
specific power element, capable to store the energy produced by the MFC releasing it
at high current densities

o The exploitation of an additional capacitive cathode, an additional electrode based on
lignin derived LAC2 activated carbon.

« The exploitation of an activated carbon anode, in combination with the additional
capacitive cathode, to realize a monolith supercapacitive MFC. Here all the electrodes

are manufactured by using the lignin derived LAC2 carbon.

In the first part of this section, the materials and methods exploited are reported. At first, an
MFCs assembled with a biomass-derived activated carbon-based air-breathing cathode have
been characterized electrochemically as a benchmark by means of three-electrode pulsed

galvanostatic discharges.

3.4.1 MFC assembly and MFC-EDLC integration

Single chamber microbial fuel cell

Single chamber microbial fuel cells with a single chamber bottle of 125 mL, featuring
airbreathing cathode and carbon brush-based anode have been used in this work. The sludge
exploited for the colonization of this work was provided by an agronomical plant and was

obtained as the solid part of a biodigester of agricultural wastes. The electrolyte solution was
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composed of PBs 1x bought from Oxid, with a composition: 8.0 g sodium chloride, 0.2 g of
potassium chloride, 1.15 g di-sodium hydrogen phosphates, and 0.2 g of potassium dihydrogen
phosphate.

MFC Air breathing cathode preparation

Air-breathing cathodes have been prepared with lignin-derived activated carbon (LAC2). In
particular, the composite was a 75% LAC2, 5% conductive carbon additive (Carbon black
C65), and 20% Teflon binder (Dupont). The electrodes were prepared by a Teflon-Et(OH)
suspension procedure. In particular, at first, the composite carbonaceous powder was dissolved
in Et(OH) and stirred for 2h at 30°C, subsequently, the Teflon based binder was added and the
temperature was rising up to 80°C in a thermal bath to evaporate the Et(OH), until a malleable
carbon paste was obtained. The composite carbon paste was, therefore, cut in disks with a
diameter of 28 mm and pressed against a titanium grid with a hydraulic press. The electrodes
have been dried in an oven at 100°C overnight, composites cathodes with a mass of 600 mg

have been obtained.

Carbon brush decorated with activated carbon LAC2 based composite

Carbon brushes have been coated with a composite layer based featuring LAC 2 as the main
component. The decoration has been obtained by means of soaking the carbon brush in a
suspension of the composite, with a composition of 80% of activated carbon (LAC2), 10 % of
conductive carbon additive (Carbon black C65), and 10% of PvdF (Arkema) based binder, in
N-methyl pyrrolidone (NMP). The coating has been obtained by repetitively soaking the carbon
brush in the activated carbon-based slurry, the resulting electrode has been dried at first in an
oven at 80°C overnight and subsequently in a buchi oven under vacuum at 120°C for another

night.

Green supercapacitor

A green supercapacitor based on LAC2 carbon and calcium alginate e binder, with Ca(NO3)
as electrolyte has been realized and electrochemically characterized, the complete
characterization is reported in Section 3.3. This section reports the electrochemical
characterization at the system level of the integration of the Ca-Alginate-based EDLCs with
the MFCs, referred in the latter part of the test as MFC//SC.
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Electrochemical investigation of the integration of green supercapacitor with
MFCs

The circuit that has been realized as well as the experimental measurements run to investigate
the result of the integration between the MFCs, and the green supercapacitor are briefly
reported and discussed. To investigate the performances at the system level of the MFC
connected with the designed AaSC, two MFCs have been connected in series through a diode
in parallel to the designed SC, as reported in Figure 3.4.1.
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Figure 3.4.1, a) Sketch of the circuit adopted to assemble the system to power up the MFCs power
output (MFC//SC), b) picture of the actual system and c), d) Selected voltage profile of the technique
during the tests.

Figure 3.4.1 a), reports a Sketch of the circuit exploited to study the MFCs in parallel with the
designed SC. A diode has been inserted between the MFCs and the SC to avoid backward
current during cycling, which would have harmful effects at the system level. The exploitation
of the diode induces an ohmic drop that needs to be compensated by adding two MFCs in
series. To overcome the voltage, drop induced by the diode that was 0.6 V, two MFCs have
been connected in series to polarize the SC at 600 mV. A picture of the actual system is reported
in Figure 3.4.1b), where it is possible to see the two single chamber microbial fuel cells and
the supercapacitor on the bottom of the picture. Figure 3.4.1 c), d) report the selected voltage
profile of the test technique. In particular, the two MFCs were used to charge the SC that was
subsequently discharged at different currents. Therefore, the terminal of the SC was let into
open circuit condition, recording the cell potential (Figure 3.4.1c), until a cell potential of 600

mV was measured, subsequently, without detaching the MFC from the SC, galvanostatic
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discharges at different specific currents were performed and the resulting voltage profile was
recorded (Figure 3.4.1d).

3.4.2 LAC2-based Microbial fuel cell (MFC) performance

MFC, without any supercapacitive component, rather than the air-breathing cathode based on
the LAC2-activated carbon has been electrochemically investigated as a benchmark system
with a three-electrode set-up. The anode brush was not coated with additional carbon. The
working electrode was the airbreathing cathode, the counter electrode the carbon brush anode,
and a reference Ag/AgCl electrode in a lugging capillary with PBs 1x as supporting electrolyte
was connected to the reference electrode. Three electrode-galvanostatic pulsed discharges at
different currents from 1 to 3 mA, were run to electrochemically characterize the response of
the prepared MFC. Between each pulsed discharge, the cells were let into an open circuit until
the initial potential was restored. The working electrode was the airbreathing cathode, the
counter was the carbon brush anode, and the reference was a silver/silver chloride reference in
a lugging capillary with a PBs 1x solution as the supporting electrolyte. The parameters of
interest are shown in Tables 1 and 2. The selected pulsed discharge cell’s voltage and single

electrodes voltage profile, are reported in Figure 3.4.2a) and 3.4.2b), respectively.
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Figure 3.4.2 a) Cell voltage profile under galvanostatic discharge, and 3.4.2 b) single electrode voltage profile
under galvanostatic discharge at 1,1.5, 2,2.5, and 3 mA of the MFC.

Figure 3.4.2a), reports the cell voltage profile at different discharge currents, as expected,
increasing the current led to increased instantaneous voltage drop, accompanied by a strong
reduction of the discharge times. Moreover, increasing the discharge current, the cell voltage
profile appears to become more linear since, at high current densities, the capacitive response

of the cell becomes dominant over the faradaic one. Figure 3.4.2b), reports the single electrodes
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voltage profile obtained under galvanostatic discharge obtained with the three electrodes
measurements. The open-circuit potential of the electrode that composes the fuel cells is
aligned with the open circuit potential reported in the literature, indeed, the anode OCP is -400
mV vs. Ag/AgCl c.a. while the cathode OCP is c.a. 100 mV vs. Ag/AgCl. From Figure 3.4.2b)
it is evident that the ohmic drop of the cathode is significantly higher with respect to one of the
anodes at each tested current. This is likely due to the geometry of the cell since the cathode in
the single-chamber MFC is considerably far from the reference with respect to the anode and
therefore this evidence can be considered as an artifact related to the cell construction. On the
other hand, the trend of the single electrode voltage vs. time is independent of the geometry.
Since the slope of the anode during the discharge is always greater than the slope of the cathode,
it is possible to conclude that for this cell, with this inoculum and electrodes, the anode is
limiting the capacitive response. Electrodes apparent capacitance Cg,,, (See section 3.1) has
been calculated from the slope (s) of the discharge curve in the capacitive region (m) according
to the following equation (3.4.1)
l

Capp = E (341)

Moreover, from the discharge curve voltage profile, the cell’s equivalent series resistances
(Rgsrin Q), discharge energy, and power have been calculated according to equations (3.4.2),
(3.4.3),and (3.4.4)

1
Rpsg = AVohmicﬁ (3-4-2)

Where AV, ,mic 1S the ohmic drop (V) and i is the galvanostatic discharge current. Cell energy
E..;; (J) has been calculated by the integral of the cell’s galvanostatic discharge voltage profile

according to equation 3.4.3
Ecen = fvcelldt (3.4.3)

From E.;; the average discharge power P..; (W) has been calculated by equation (3.4.4)

Ecell

oS (3.4.4)

Peent =

The cell’s apparent capacitance and the electrode apparent capacitance at the different tested

pulsed current are reported in Table 3.4.1 and Table 3.4.2 respectively.
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Table 3.4.1 Microbial fuel cell apparent capacitance, equivalent series resistance, energy, and power

Pulsed current (MA) | Cqpp(MF) | Rpsr(Q) | Energy (uWh) | Power (mW)
1 302.8 91.6 6.4 0.1
15 173.1 95.3 3.9 0.2
2 131.8 93.0 2.4 0.2
2.5 83.2 92.0 1.2 0.2
3 71.4 92.8 0.5 0.2

The cell’s apparent capacitance decreases with the increase of the magnitude of the discharge
pulsed current. In particular, it decreases from a maximum of 302 mF at 1 mA, to a minimum
of 71.43 mF at the maximum tested current of 3 mA. With the three-electrode set-up, it has
been possible to investigate the single electrode voltage profile during the pulsed discharge and
the resulting voltage profiles are reported in Figure 3.4.2b). The slope of the discharge voltage
profile is indicative of the electrode’s apparent capacitance as highlighted by equation (1).
Indeed, the slope of the anode is considerably higher than the slope of the cathode at all the
values of the tested current. This makes the anode the limiting electrode in this cell set-up. The
calculated values are reported in Table 2. From figure 3.4.2a), it is evident that at the cell level,
the ohmic drop plays a critical role. Indeed the instantaneous voltage drop related to the ohmic
resistance of the cell (Resr) translates the cell voltage discharge profile towards 0 V. In turn,
this will take down the integral of equation (3.4.3), reflecting the fact that ohmic drops are
extremely important in reducing the available discharge energy. Table 3.4.1 reports the ohmic
drop of the cell under consideration, these quantities take into account all the ohmic elements
that are present in the cell, which due to the complex design of the cell are a great number (e.g.
all the ohmic elements in the cathode such as interparticle resistance, current collector-air-
breathing cathode resistance, the ionic term of the electrolyte, and similarly the ohmic
resistance of the Anode). The ohmic resistance is almost constant at all the current values and
the average value of 92.94 + 1.42 Q.
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Table 3.4.2 Apparent capacitance of the anode and the cathode, calculated by equation (1) from the discharge
curves reported in Figure 2b).

Pulsed current (MA) | C,p, Anode (MF) | Cgpp Cathode (MF)
1 523.7 32385
15 315.3 1453.7
2 267.7 1247.1
2.5 214.9 808.8
3 186.7 466.7

Both anode and cathode capacitance decreased with the increase of the current. The apparent
capacitance of the anode is considerably smaller than the apparent capacitance of the cathode,
namely at their maximum value of 523 mF vs. 3238 mF, for the anode vs. the cathode
respectively. Nevertheless, at high current pulses, the anode loses 65% of its initial capacitance
while the cathode loses 85%. The calculated average power and average energy, reported in
Table 3.4.1 have been plotted in Figures 3.4.3 a) and 3.4.3 b) and interpolated, respectively by
a polynomial equation and by an exponential function. Figure 3.4.3 a) reports the average
power, averaged on the different tested cells (3 cells), together with their experimental standard
deviation. Figure 3.4.3 b), reports the average energy, converted in ul/Wh . In both figures, the
experimental values are reported along with the curves extrapolated from the fit of the
experimental data.
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Figure 3.4.3 a) Average power of the cells with experimental standard deviation (black squares) with the second-
order polynomial fit extrapolated to the short circuit current (red line). Figure 3b) Experimental average energy
(black square) first-order exponential function (red line).

From Table 3.4.1 and figure 3.4.3 a), it is evident that increasing the pulsed current up to a
certain value leads the average power to rapidly decrease. Indeed, the average power of the
tested cells has been fitted with a second-order polynomial function. Moreover, interpolating
the experimental data with a second-order polynomial function allowed us to evaluate the short
circuit current of 5.5 mA. This estimation is in line with the short circuit current that could be
calculated from the equivalent series resistance. Indeed, assuming an OCV of 600 mV it is
possible to calculate a 6.1 mA short circuit current. At the short circuit current, the average
power is zero and therefore the cell doesn’t deliver any exploitable energy. From the figure, it
is evident that the cells were tested in the region closest to the maximum of the average cell

power.

In Figure 3.4.3 b) the average energy constantly decreases, increasing the current,
demonstrating that the exploitation of the MFCs closer to their short circuit current doesn’t
allow noticeable physical work. Moreover, it seems it is possible to extrapolate the energy of
the cell at extremely low current, it is worth mentioning that the curve must be continuous up

to zero and therefore there must be a maximum of the energy.

3.4.3 External integration of MFC with the green AaSC supercapacitor (MFC//SC)

In this section, the integration of the green AeSC supercapacitor with MFCs by the circuit
described in Figure 3.4.1), is reported, and discussed. Briefly, 2 MFCs were connected in series
and the 2-cell stack was connected to the AaSC through a diode. The diode was needed to avoid
backward current from the SC to the MFC. Two MFCs were necessary to overcome the ohmic
drop induced by the diode, and to polarize the SC up to 600 mV.

The electrochemical performances have been evaluated by means of pulsed discharge and the
apparent capacitance of the system, together with the system average pulsed discharge power
and energy. Pulsed discharges at different current densities, namely 1 Ag™? (2.3 mA), 2 Ag?,
(4.6 mA), 3 Ag? (6.9 mA), 5 Ag? (11.5 mA), and 10 Ag™? (23.3 mA) have been tested and the
results are reported in Figure 6. Before the pulsed test, the MFC cells were fed with 5 mL of
NaAc 0.1 M.
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Figure 3.4.6a) Galvanostatic discharge profiles of the MFC//SC system, b) apparent capacitance of the system
vs. the capacitance of the SC, ¢) average power of the system vs. the one of the SC, and d) the average energy of
the system vs. the one of the SC as a function of the current, normalized by the SC composite mass.

Figure 3.4.6 a) reports the system voltage profile during the galvanostatic discharge. At the
lowest currents, the system voltage profile deviates from the linear profile of the EDLC.
Moreover, the system is capable to reach the absolute current value that the MFC alone
wouldn’t be capable to stand, indeed the short circuit current for MFC featuring this electrolyte,
this volume, and electrodes are expected to be 5.5 mA. This is a first confirmation that coupling
MFC with an external supercapacitor is a valuable strategy to improve the MFCs power output
in terms of improving the output current. The system apparent capacitance has been calculated
according to equation 3.4.1. Histograms of the calculated apparent capacitances at the tested
pulsed current are reported in Figure 3.4.6 b). While the EDLCs show good capacitance
retention, increasing the applied current, the system shows an evident positive effect that is
maximum at low specific current. Indeed, the system's apparent capacitance at low current is
greater than the SC apparent current. This effect decreases to a minimum value at the maximum
pulsed current, where the system capacitance approaches the one of the SC, 86 mF vs 48.42
mF at 2.3 mA and 23 mA. This confirms our previous finding reported in section 3.1 in MFC-
SC integrated systems there is a synergic effect at low current that is related to the Faradaic
activity of the MFC at low current. increased the pulsed current, the response is dominated by

the contribution of the SC since the MFC can’t stand current higher than its short circuit ones.
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Figure 6¢ reports the comparison between the system power and the SC power, for all the tested
current, the power is comparable with the one of the SC highlighting that the SC dominates the
response in terms of power. Interestingly, the trend, in this case, is reversed concerning the
apparent capacitance one, that is, the system power becomes greater than the SC one increasing
the pulsed current. Finally, Figure 3.4.6 c) reports the trend of the system-specific energy vs
the SC ones. For all the tested pulsed current values, the system energy is always greater than
the one of the SC, moreover, the difference decreases, increasing the current pulse magnitude.
This again underlines the fact that microbial fuel cells can actively contribute only at low
specific currents. Overall, this experiment shows that the system integration allows microbial
fuel cells to reach pulsed current considerably higher than those featured by the MFC alone,
with output power one order of magnitude higher than those of the bare MFC. In turn, these
results demonstrate that MFC can effectively recharge SC, which is of paramount importance

for the design of energy-autonomous (not connected to the grid) systems.

Finally, the MFC-SC system has been cycled at different current densities and the resulting
maximum voltage (achieved after each SC recharge by the MFC) and apparent capacitance

trends vs cycle number are reported in Figure 3.4.7.
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Figure 3.4.7a) MFC-SC system maximum voltage and 7b) apparent capacitance at different supercapacitor
specific current and cycle numbers.

Figure 3.4.7 a), reposts the trend of the maximum voltage of the MFC-SC system | under
cycling at different current densities. Microbial fuel cells have been fed constantly with 5 ml
of 0.1 M NaAc solution. Between cycle 3000 and cycle 3750, the feed has been interrupted and
due to starving conditions, the cell voltage had suddenly dropped. The cells have been

subsequently fed at cycle 3750, resulting in an instantaneous increase of the voltage that
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approaches the initial values. The cycling test highlights the need for the cell to be constantly
fed and the fact that the amount of nutrients plays a critical role in terms of cell performance.
The quick response of the cell, in terms of voltage recovery, once it has been fed, shows how
these systems are resilient. Figure 3.4.7 b), reports the capacitance of the system (black dots),
and the capacitance of the SC dotted green line. Here is evident the effect of the cell feeds on
the apparent system capacitance, highlighting the fact that the effect on the SC response of the
MFC is related to the Faradaic reactions of the MFCs. Interestingly, it is possible to appreciate
the feeding from Figure 3.4.7 b), which is related to the position in which the capacitance
quickly reaches a local maximum value that rapidly decreases to values that are comparable to

the one of the bare SC, that are reported as dotted lines in the figure.

The need of being constantly fed of the cells reflects into the capacitance of the system. Indeed,
the capacitance under cycling (Figure 3.4.7) is smaller than the capacitance that has been
measured by the rate capability tests (Figure 3.4.6), where the MFC was continuously fed

before each test at a given rate.

3.4.4 Capacitive additional electrode, short-circuited with MFC cathode (AAC-MFC)

MFC with an additional capacitive cathode have been realized and electrochemically
characterized. Indeed, in [12], it has been demonstrated that the use of the additional electrode
decreased theRgsr, mainly because of the decrease of the cathode impedance, that even in the
MFC understudy limits power output (See 3.4.1). The additional electrode was a bare carbon
brush. In this section are reported the results of the galvanostatic pulsed discharge at increasing
current pulse of this system. In the latter part of the text, this MFC is referred to as “Additional
Capacitive Cathode MFC (ACC-MFC)”. The ACC-MFC has been electrochemically
characterized with the same three-electrode setup exploited for the first MFC. A sketch of the
cell, together with the single electrode’s voltage profile obtained from the galvanostatic
discharge is reported in Figure 3.4.8.
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Figure 3.4.8: Sketch of the MFC with the additional capacitive cathode ACCMFC, with highlighted electrical
connection to the galvanostat/potentiostat.

Figure 3.4.8a reports a sketch of the cell, with the additional capacitive cathode, that has been
short-circuited with the airbreathing cathode and the electrical connection of the three-electrode
setup that has been used to characterize the cell through pulsed discharges. The additional
capacitive cathode was a carbon brush. The electrochemical performance of the ACC-MFC
cell was evaluated by pulsed galvanostatic discharges. In particular, galvanostatic pulsed
discharges with a current magnitude of 5, 10, 15, 20, 25, and 30 mA have been run and the

electrode voltage profile, as well as the cell voltage profile, are reported in Figure 3.4.9.
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Figure 3.4.9: a) ACC-MFC Cell voltage profile under galvanostatic discharge, and b) single electrode voltage
profiles under galvanostatic discharge at 5,10,15,20,25 and 30 mA.

The addition of the capacitive cathode has the effect of enabling pulsed discharge current one
order of magnitude higher than those of the MFC (cfr. Table 1). The apparent capacitance,
equivalent series resistance, energy, and power calculated with equations (3.4.1), (3.4.2),
(3.4.3), and (3.4.4), respectively are reported in Table 3.4.3.
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Table 3.4.3 Apparent cell capacitance, equivalent series resistance, energy, and power of the ACC-MFC.

Pulsed current (MA) | Cqpp (MF) | Rgsr(Q) | Energy (uWh) | Power (mW)
5 2455 9.1 5.9 1

10 207.2 8.6 3.5 1.7

15 167.5 8.15 2.3 2.3

20 135.8 8 1.3 2.5

25 113.3 8.5 0.7 2.6

30 80 8.5 0.4 2.7

Increasing current density brings about a reduction of the apparent capacitance, that decreases
from a maximum value of 245 mF to a minimum of 80 mF, from 5 mA to 30 mA. The
equivalent series resistance is almost constant with a mean value of 8.47 0.38. Noticeably
equivalent series resistance for the ACC-MFC is almost one order of magnitude smaller with
respect to the one of the MFC without the additional capacitive cathode. Figure 3.4.9b reports
the electrode voltage profile, at each current value measured by a 3-electrode setup, i.e. vs a
reference electrode. The slope of the anode discharge curves is always greater than the one of
the cathodes, which is an indication that the electrode limiting cell capacitance is the anode.
From equation (3.4.1) the apparent capacitances of both anode and cathode have been

calculated for each current pulse and are reported in Table 3.4.4

Table 3.4.4 Apparent capacitance of, the anode and the cathode of the ACC-MFC.

Pulsed current (mA) | C,p, Anode (MF) | Cgpp Cathode (MF)
5 267 4773
10 230 3304
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15 184 2539

20 161 1966
25 134 1426
30 88 997

The apparent capacitances of both anode and cathode show a significant decreasing trend with
the increase of the magnitude of the galvanostatic discharge current. The capacitance of the
cathode is significantly higher with respect to the capacitance of the anode c.a. one order of
magnitude. The apparent capacitance of the cathode shows a capacitance fade of 79%, while
the anode features 67%. The average power and energy reported in Table 3.4.4 have been
plotted in Figure 3.4.10.
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Figure 3.4.10: a) Average power of the cell (green circles) with the second-order polynomial fit extrapolated to
the short circuit current (orange line), b) Experimental average energy of the pulsed discharge (green squares)
with the interpolated first-order exponential function (orange line) of the ACC-MFC.

Figure 3.4.10 reports the trend of the average power and the average discharge energy as a
function of the pulsed discharge current. Also, for the ACC-MFC, the average power is well
fitted by a second-order polynomial function that predicts a maximum of the average discharge
power at 25 mA with a maximum average power of 2.7 mW. The predicted short circuit current
is 51 mA. The average energy, reported in Figure 3.4.10 b), decreases with the increase of the
applied pulsed discharge and in this case, the experimental data are well fitted also in this case

by an exponentially decaying function.
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3.4.5 Monolithic Supercapacitive MFC (MSC-MFC)
From the measurements discussed in the previous section, it is evident that for all the tested

cells, the anode was limiting cell capacitance, while the cathode mainly affected ESR. To
improve the MFC capacitive performance, the anode carbon brush was decorated with the
LAC2-derived activated carbon. Therefore, a microbial fuel cell featuring an additional
capacitive cathode, decorated with the activated carbon LAC2, an anode decorated with the
same activated carbon, has been realized and electrochemically characterized by means of
pulsed galvanostatic discharges at different currents. This MFC is referred to in the latter part
of the test as “Monolithic Supercapacitive MFC” (MSC-MFC). The carbon brush has been
coated with an PvdF based ink, with a composition 80% (LAC2), 10 % conductive carbon
additive (carbon black C65), and a 10% of PvdF in NMP. The carbon brush was coated by
dipping in a suspension and drying it at first in a hoven at 80°C overnight and subsequently in
a buchi oven at 120°C under vacuum, overnight. The coating procedure resulted in a mass of
carbon of composite electrode of 1.2 g. After this procedure, the two electrodes featured a total
mass of 226.70 mg (Cathode) and 490 mg (Anode).

The electric connections were the same as those reported in Figure 8. The additional capacitive
cathode was short-circuited with the air-breathing cathode (that also featured the LAC2
carbon), and connected to the instrument at the working electrode, the anode decorated with
the activated carbon was connected to the counter electrode and a reference electrode in a
lugging capillary featuring a PBs 1x solution as supporting electrolyte. The cell has been
therefore characterized by galvanostatic pulsed discharge at increasing current densities
exploiting the same three-electrode set up and the cell voltage profile and electrode voltage

profile are reported in Figure 3.4.11 a), and 11 b) respectively.
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Figure 3.4. 11: a) cell voltage profile and b) single electrode voltage profile under galvanostatic discharge at
20,30,40 and 50 mA of the MSC-MFC.

Figure 3.4.11 a) shows that the MSC-MFC can stand extremely high current, up to 50 mA.
Figure 11 b) highlights that also for this cell, the capacitance limiting electrode is the anode, as
it is possible to see from the slope of the electrode discharge profile. The cathode during the
discharge maintains an almost linear profile, the anode increasing the current pulses starts to
bend deviating from a linear voltage profile. From the discharge voltage profiles, reported in
Figure 3.4.11, apparent capacitance, equivalent series resistance, energy, and power were
calculated with equations (3.4.1), (3.4.2), (3.4.3), and (3.4.4), respectively, and the results are
reported in Table 3.4.5.

Table 3.4.5 Apparent cell capacitance, equivalent series resistance, energy, and power of the MSC-MFC.

Pulsed current (MA) | Cqpp (MF) | Rgsp(Q) | Energy (uWh) | Power (mW)

20 4264 7.9 35 1
30 2291 7.6 3.5 1.7
40 457 8.0 2.3 2.3
50 40 7.9 1.3 2.5

As observed for the previous cells, the apparent capacitance decreases with the increase of the
current. The equivalent series resistance is almost constant and a mean value of 7.89 0.2 has
been measured. From the electrode voltage profile under pulsed discharge, the electrodes'
apparent capacitances at the different tested currents, have been calculated and are reported in
Table 3.4.6.

Table 3.4.6 Apparent capacitance of the anode and the cathode of the MSC-MFC.
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Pulsed current (mA) | Cgp, Anode (MF) | Cgpp Cathode (MF)
20 7692.3 8658.0
30 3275.1 8333.9
40 601.1 6655.5
50 50.3 1131.2

The capacitance of the anode constantly decreases starting from a very high value of c.a 7.6 F
at 20 mA to a minimum of 50 mF at 50 mA, losing almost 99% of the initial capacitance. The
cathode shows a different behavior The average discharge energy, as well as the average
discharge power, have been plotted and the experimental data together with the polynomial

and exponential fit are reported in Figure 3.4.12.

5! 40
a) A Experimental data b) A Experimental data
2" order polynomial fit 35 Exponential fit
4 -
=304
s 2
= n =254
= >
: PR 2 20
§%7 & 15
= :
N z 104
A
5.
0 T T T T T T 0 T T T T T T T T T ? T T
0 10 20 30 40 50 60 70 0 5 10 15 20 25 30 35 40 45 50 55 60

Cell current (mA) Cell currentin (mA)

Figure 3.4.12: a) Average power of the cell (black triangles) with the second-order polynomial fit extrapolated
to the short circuit current (blue line), b) Experimental average energy of the pulsed discharge (blue triangles)
with the interpolated first-order exponential function ( black line) of the MSC-MFC.

The MSC-MFC average power is well fitted by a second-order polynomial function that
predicts a maximum of the average discharge power at 27 mA with a maximum average power
of 2.5 mW. The predicted short circuit current is 55 mA. Interestingly, the MSC-MFC features

an extremely high c energy if compared with the previous systems that are fitted by a first-
order exponential decay function.
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3.4.6 Comparison of the different strategies
In this section, a comparison of the different strategies pursued to improve the power output of

microbial fuel cells is reported and discussed. At first, the power output of the different systems
is compared. In Figure 3.4.13 a), the power output of the systems is reported and plotted
together with the second-order polynomial interpolation.
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Figure 3.4.13: a) Comparison of the average power of the tested systems experimental values (symbols) with the
second-order polynomial fit extrapolated to the short circuit current (lines), a’) magnification of the average
power of the MFCs, b) Equivalent series resistance measured for the tested systems.

From figure 13a), it is evident that the MFCs//SC configuration allows impressive power
densities, compared with the single MFC (Figure 3.4.13 a) magnification a’). The introduction
of the supercapacitive features into the MFC strongly improves the power output with respect
to the MFC alone. Interestingly, the curve of the ACC-MFC and the one of the MSC-MFC
almost overlap. The MFC//SC featured a predicted maximum power of 20 mW at a maximum
current of 150 mA, the ASC-MFC, featured a maximum power of 2.7 mW at 2.5 mA, which
is similar to that of the MSC-MFC that featured a maximum power of 2.5 mW at 27 mA,
finally, the MFC featured a maximum power of 0.29 mW at a current of 3 mA. This trend is
extremely similar to the one of the equivalent series resistances, reported in Figure 3.4.13 b),
i.e. the system with the lowest equivalent series resistance is the one that features the maximum
power among the other, namely MFC//SC, followed by the ACC-MFC and MSC-MFC that
feature comparable values of internal resistance, followed by the MFC that has the highest
internal resistance and the lowest average power. Moreover, the internal resistance is related to
the short circuit current, and therefore the system with the lowest internal resistance is also the
one capable of reaching higher current pulses. The relation between the internal resistance and

the maximum power is highlighted by the comparison of Figures 3.4.13 a) and 3.4.13 b). The
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highest power is achieved at the lowestR¢g. Indeed, the MFC//SC system features the lowest
Resr of 2 Q, which is 1/5 than that of the other systems (MFC-AAC, MSC-MFC), with a
maximum power of 20 mW that is 10 times the one of the MFC-AAC and MSC-MFC, c.a. 2
mW. Indeed in Section 3.1, it is highlighted that at high current pulses, in the MFC//SC, the
power response is dominated by the EDLC, since the MFC works at currents magnitude which
is considerably higher than their short circuit one. However, a deeper analysis that includes the
evaluation of the energy delivered under galvanostatic discharge, brings about a different rating

of the performance of the different systems.
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Figure 3.4.14: a) average discharge energy and b) apparent capacitance of the studied systems

Figure 3.4.14 a), reports the average discharge energy as a function of the pulsed current. For
all the tested cells, the average energy decreases, increasing the applied current pulse and
decays following a first-order exponential function. The average energy of MSC-MFC at its
lower tested current, 20 mA, is considerably higher than that of the other tested cell and is 35
uWh, followed by the ACC-MFC with the maximum of the measured energy at 5.9 uWh at 5
mA, the MFC with a maximum of the average energy at 1 mA, 6.4 uWh and finally the
MFC//SC with a maximum of the average energy of 3.8 ulWWh at 1 mA. Overall, the MSC-MFC
overwhelms the other cells in terms of average energies delivering higher values at
considerably higher current. The energy retention of the MFC//SC on the other hand is
considerably higher than that of the other tested cells, this is likely related to the fact that the
EDLC is dominating the response of the MFC//SC at higher current pulses. Figure 3.4.14 b),
reports the trend of the apparent capacitance of the tested cell as a function of the applied
current pulses, interestingly, this trend is similar to one of the average discharge energies.

Indeed, the MSC-MFC shows a higher apparent capacitance value if compared to the other
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cells, at each tested current. This, in turn, reflects the fact that the cell performances are limited
by the anode, and the MSC-MFC is the only setup capable to improve the anode apparent
capacitance, as highlighted by Figure 3.4.15.

3.4.6 Conclusion:

In this section different methods to improve MFCs' power output have been studied, compared,
and discussed. The first strategy that has been followed is the integration with an external green
supercapacitor. This represents advancement with respect to the work reported in section 3.1
since a green supercapacitor instead of a commercial one has been exploited and it follows the
results of the work reported in section 3.2 since the LAC2 carbon has been used as the main
EDLC’s electrode component. The electrochemical characterization of the AaSC reported in
Section 3.3, briefly, the EDLC featured lignin-derived biochar (LAC2), calcium alginate
binder, and a 1.5 M Ca(NO3)2 solution as electrolyte. The integration with the MFCs, that is
the MFC//SC system featured the higher discharge power, likely since the AaSC dominates the
response of the system at high-rate capability, and it features extremely small Resr. The second
strategy that has been investigated in this work is the exploitation of an additional
supercapacitive cathode. Specifically, an additional carbon brush, shortcircuited to the
airbreathing cathode of the MFC was used. In this strategy, the ACC-MFC featured output
power considerably higher than those of the MFCs.

Conclusion:

In our previous work, we demonstrated the synergic effect of the coupling of MFC with
external supercapacitors. Our main finding was the observation of a synergic effect in the
integration of MFC with SC at a system level. The MFC allows the recharge of the SC that in
turn can deliver the energy accumulated by the MFC at higher power that the bare MFC
wouldn't be able to stand. At the same time, at low current pulses, the MFC allows an increase
of the apparent capacitance of the SC. In this work to further push the concept of process and
component sustainability on this system integration, we design carbon-based EDLCs that

exploit only aqueous processable components and aqueous electrolytes.

177



Chapter 3 references:

[1] Bigoni, F., et al., "Sodium alginate: a water-processable binder in high-voltage cathode
formulations.", Journal of the Electrochemical Society, 164.1, (2016), A6171.

[2] Qin, Y., Jiang, J., Zhao, L., Zhang, J., and Wang, F., Applications of alginate as a functional food
ingredient., Biopolymers for food design, (2018),(pp. 409-429). Academic Press.

[3] Lee, P., and Rogers, M. A.,"Effect of calcium source and exposure-time on basic caviar
spherification using sodium alginate.”, International Journal of Gastronomy and Food Science, 1.2
,(2012), 96-100.

[4] Luo, H., et al., "Supercapacitive behavior of mesoporous carbon CMK-3 in calcium nitrate
aqueous electrolyte.”, Korean Journal of Chemical Engineering, 31.4, (2014), 712-718.

[5] Mutuma, B. K., et al., “Valorization of biodigestor plant waste in electrodes for supercapacitors
and microbial fuel cells." Electrochimica Acta, 391, (2021), 138960.

[6] Dura, H., et al., "Cost analysis of supercapacitor cell production.”, 2013 international conference
on clean electrical power, (2013), (ICCEP). IEEE,.

[7] Kbtz, R., and Carlen, M. J. E. A,. "Principles and applications of electrochemical capacitors.",
Electrochimica acta, 45.15-16, (2000), 2483-2498.

[8] Conway, B., E. ,Electrochemical supercapacitors: scientific fundamentals and technological
applications., Springer Science & Business Media, 2013.

[9] Pandolfo, A. G., and Hollenkamp A.F., "Carbon properties and their role in supercapacitors.",
Journal of power sources, 157.1, (2006), 11-27.

[10] Yoo, H.D.; Jang, J.H.; Ryu, J.H.; Park, Y.; Oh, S.M., Impedance analysis of porous carbon
electrodes to predict rate capability of electric double-layer capacitors., J. Power Sources, (2014), 267,
411-420.

[11] Spina, G. E., et al.,"Natural Polymers for Green Supercapacitors.”
Energies,13.12,(2020), 3115.

[12] Poli, F., et al., "Pullulan-ionic liquid-based supercapacitor: A novel, smart combination of
components for an easy-to-dispose device."”, Electrochimica Acta, 338, (2020), 135872.

[13] Poli, F., et al., "Boosting microbial fuel cell performance by combining with an external
supercapacitor: an electrochemical study.”, ChemElectroChem, 7.4, (2020), 893-903.

[14] Santoro, C., et al., "Self-powered supercapacitive microbial fuel cell: the ultimate way of
boosting and harvesting power.", Biosensors and Bioelectronics, 78, (2016), 229-235.

178



Chapter 4: Getting Insight Into
the electrode/electrolyte
Interface

In section 3.4, the resistive and capacitive behavior of bioanodes were reported, discussed, and
finally exploited to design green supercapacitive systems. To get further insight into the
bioanode/electrolyte interface electrochemical and electronic properties, | carried out
electrochemical impedance spectroscopy (EIS) study of carbon paper electrodes in a real
wastewater environment. The aim was to follow the “in vivo” evolution of the electrochemical
response of the bioanode during the electrode colonization. The results of this study, reported
in Section 4.1, highlighted that both the capacitive and resistive responses of the biofilm change
during colonization. Notably, EIS suggested a decrease in the electronic resistance of the
bioanode that could be ascribed to the increase of both ionic and electron conductivity of
bacteria grown on carbon paper. However, EIS does not permit clear discrimination between
ionic versus electronic contributions to the overall electrode impedance. One powerful
approach that enables discriminating ionic and electronic contributions is to investigate
materials by an ion-gate transistor (IGT) setup. Indeed, IGTs are considered for fundamental
studies on metal-insulator transitions in different classes of materials, from inorganic and
organic compounds, and also to monitor the electrical response of cellular interface not only in
vitro but also in vivo [1,2]. With the aim of being trained in a such fascinating approach, I spent
a period at the University of Montreal, in the groups led by Prof. C. Santato and F. Cicoira,
recognized worldwide for their expertise in lon Gated Transistors (IGTs) and organic
electronics. The idea was to learn the fundamentals of IGTs and to transfer the acquired
knowledge to the field of electrochemical energy storage and bioelectrochemistry.
Unfortunately, due to the pandemic emergency, | was not able to exploit IGT for the study of
the bioanodes, and my main work on IGT focused on more conventional, but no less important
materials, namely the lithium-ion insertion cathodes used in lithium-ion batteries. The results
of this study are reported in Section 4.2. Hence, in this Chapter two different systems have been

investigated, leveraging on two different experimental techniques. The idea behind the adopted
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methodology was to exploit a more consolidated technique. like EIS, for a complex system like
the MFC bioanodes, and, vice versa, a novel technique, like IGT, for a more consolidated
system, like commercial cathodes of lithium-ion batteries. Indeed, EIS is a traditional technique
used to investigate the phenomena that occur on different scales of time at an electrode-
electrolyte interface. IGT configuration has been here exploited for the first time to investigate
the electronic  properties of lithium-ion batteries material during lithium

intercalation/deintercalation processes.

4.1 Electrochemical Investigation of the biofilm growth

This activity aims to get insight into the electrochemical features of the biofilm formed in MFC
anodes. Specifically, in this section, the experimental results of the investigation of the
electrochemical interface that is developed during the bacterial colonization of carbonaceous
electrodes are reported and discussed. The electrolyte exploited for this study was a 50% in
volume of sludge, the effluent of a biodigester of agricultural waste aimed at carrying the
bacteria for the anode colonization, and a 50% phosphate buffer saline 1x i), (Oxid). In
microbial fuel cells, the biofilm developed by the bacterial colony on the anode is responsible
for the electrocatalytic oxidation of the organic substances that microbial fuel cells exploit as
the main component of the fuel. Biofilm growth monitoring has several applications, from
prevention of biocorrosion, bacterial contamination in industrial processes, and biofouling
[3,4]. Indeed, it is known that the bacterial colonies are arranged to form biofilms, a syntrophic
consortium of microorganism in which the microbial cells are embedded into an extracellular
matrix that feature an extremely complex chemical environment in which protein, genetic
material, and redox mediator are presents [5]. Due to this plethora of chemical substances but
also to the reported ability of bacteria to allow direct electron transfer [6], biofilm growth can
be studied employing electrochemical methods, due to the rapidity and the fact that exploit
small voltage perturbation, electrochemical impedance spectroscopy is arising as a method
capable to monitor biofilm growth [7]. Variation of the double-layer capacitance of Pt disc,
measured by electrochemical impedance spectroscopy, has been correlated with biofilm
growth [8]. A three-electrode electrochemical cell has been exploited for this study featuring
one carbon paper electrode, one Pt wire, and an SCE reference electrode. This section is
articulated in three main subsections, a first one in which the electrochemical data obtained
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before the colonization are discussed, a second one in which the colonization data are reported

and a third one in which the data after the colonization are discussed.

4.1.1 Carbon paper before the colonization

Immediately after the cell was assembled, electrochemical impedance spectroscopy of the
carbon paper electrode was carried out with three electrodes set up in which the carbon paper
was the working electrode, Pt wire as counter, and SCE as the reference electrode. The
resulting Nyquist diagram is reported in Figure 4.1.1 together with the equivalent circuit that

has been exploited to fit the resulting impedance.
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Figure 4.1.1: Nyquist diagram of the carbon paper electrode before the colonization, dotted is the experimental
measurement, while the continuous red line represents the spline interpolation of the point calculated with the
circuital model reported in the figure upper right side.

The proposed circuital model assumes that the response of the electrode is assimilable to a
single series resistance in series with a CPE element. The resistor Re, represents all the
uncompensated resistance, and includes electrolyte ionic resistance, electrode electronic
resistance, and is affected by the distance between the working and the reference electrode. e (
CPE element, represents the formation of the electrical double layer and takes into account the
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deviation with respect to an ideal capacitor. For an ideal capacitor, the Nyquist diagram would
be a straight line, perpendicular to the real axis. For a real capacitor, the slope of the capacitive
line is lower than 90° [9,10]. In practice, the CPE element is extremely exploited in
electrochemical impedance fitting. The impedance of the CPE element is given in equation
(4.1.2)

1
Zepp(@) = —— (4.1.1)
CPE (Qa))“
Where Q (saF_l)represent the non-ideal double-layer capacitance, and a represents the

deviation of the CPE from a pure capacitance. This latter parameter is related to capacitance
changes with the frequency, and for this reason, it was initially referred as “capacitive
dispersion” or “frequency dispersion of capacitance”. Nowadays, it is widely accepted that
these terms originate from current and potential distributions at the electrode due to interface
inhomogeneities. Indeed, CPE has been attributed to surface disordered and roughness, and
electrode porosity [9]. The model reported in Figure 1 was initially proposed by [9] to represent
an electrode in which no faradaic contribution other than the formation of the electrical double

layer at the interface between the electrode and the current collector.

To investigate the performance of the studied electrode, as the anode of a microbial fuel cell,
before the colonization, cyclic voltammetries in three electrodes set up were performed. In
particular, the carbon paper electrode was working, the platinum counter, and the reference the

SCE. The resulting voltammogram is reported in Figure 4.1.2.
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Figure 4.1.2: Cyclic voltammogram at a) 5 mVs* and b) 20 mV s between 250 mV and 300 mV vs. SCE.
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Figure 4.1.2 reports the cyclic voltammogram run with the three-electrode set up between a
positive vertex potential of 300 mV vs. SCE and a negative one of -250 mV vs. SCE at 5 mVs’
1a) and b) 20 mV s, This CV electrode potential range is the typical MFC anode operating
potential. Both voltammograms share a similar shape, in particular, two onset potentials of
irreversible oxidation and a reduction reaction are evident. At 5 mVs the oxidation reaction
potential is at 71 mV vs. SCE and a reduction one at -130 mV vs. SCE. At 20 mVs™ the
oxidation current increases and the oxidation onset potential becomes more evident around 80
mV vs. SCE, similarly the reduction one at -150 mV vs. SCE. The anodic wave has to be related
to the oxidation of the organic molecules present in the sludge solution, including the acetate
salt. The cathodic signal corresponds to H, evolutions by proton reduction. To investigate the
effect of the growth of the biofilm on the electrochemical response of the carbon paper,
electrochemical impedance spectroscopy measurements have been run at fixed intervals of

time, and the results are reported and discussed in the next subsection.

4.1.2 Carbon paper colonization

Electrochemical impedance spectroscopy measurements each hour have been run with a
three-electrode set up to investigate the effect of the colonization. The electrochemical
impedance spectroscopy measurements have been run each hour for 130 hours with a
perturbation amplitude of 5 mV from a high frequency of 100 kHz to a low frequency of 100
mHz. The resulting Nyquist plot is reported in Figure 4.1.3.
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Figure 4.1.3: a) Complete set of data of the colonization process in the form of Nyquist plot, the red arrow
indicates the evolution of the impedance b) final impedance together with the equivalent circuit model exploited
to fit the Nyquist spectrum

Figure 4.1.3 a) reports the experimental Nyquist plots, the equivalent circuit model that has
been used to fit the experimental, and the predicted Nyquist plot of the equivalent circuit.
During the experiment, the Nyquist diagram of the electrode shows a significant evolution
highlighted by the red arrow in Figure 4.1.3 a). Indeed, during the 130 h of the experiment,
there is a strong reduction of the impedance, accompanied by a drastic change in the shape of
the Nyquist diagram. For this reason, a different circuital model to fit the Nyquist plot
associated with this impedance is reported in Figure 4.1.3 b), and the second branch of the
equivalent circuit starts to appear The proposed Nyquist plot feature a two-branch circuit in
which the first resistance R, represents the uncompensated resistance (mainly affected by
ohmic terms), R.; represent the charge transfer resistance and is characteristic of a chemical
reaction, and CPE represents the double layer capacitance in parallel with R.;. Brug et al [10],
proposed a simple model to explain the CPE behaviour based on the idea of a double layer
capacity distribution along the interface caused by surface inhomogeneity. Therefore, they
suggested relating the double layer capacitance Co to the parameter of the circuit reported in
Figure 4.1.3

1/a

Co = (Q (R%J’ Rict)a_1> (4.1.2)

The capacitance of the system without the faradaic contribution, t can be evaluated by the

previous equation by taking the limit of R, — oo in equation (4.1.2).

1
1 1 a—1 1/(1 1 a—1 a
¢, =0 <_+_) ) — <Q (_) ) (4.1.3)
° < Re Rt Re
This limit applied to the circuit reported in Figure 4.1.1 is equivalent to the transformation of

the branch of R, in an open circuit and therefore in the equivalent circuit reported in Figure
4.1.2.

It is worth mentioning that an important idea arises from the work of Brug [10], which is that
the CPE element can couple both Faradaic terms as well as electrical double layer ones [9].
Therefore, the quantity C, doesn’t take into account only the double layer capacitance but also

the faradaic contribution, as highlighted by the presence of the R.; terms in the equation.
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To investigate the carbon paper colonization, the evolution of the faradic C, has been followed

as a variation percentage according to equation 4.

_ Co(t) — Co(to)
s

100 (4.1.4)

where C,(t) is the capacitance of the circuit reported in Figure 4.1.3, calculated at the time (t)
of the experiment and C,(t,) is the initial one. C,(t,) is the capacitance of the carbon paper
before colonization that, as reported in Section 4.1.1, corresponds to the capacitance of the
carbon paper in absence of faradaic reactions. The evolution of the two parameters R, and R,

has been also investigated over time and the results are reported in Figure 4.1.4
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Figure 4.1.4: Trends of a) the variation percentage of CO, b) Reand R over the colonization time, and c) example

of a bacterial growth curve, as cell number vs. time.

Figure 4.1.4 reports the trend of AC,% as of time. In the plot, it is possible to see three different
zones: a first one that lasted 7 h, in which the capacitance doesn’t change, a second one in
which almost exponential growth is present that lasted from the 7" hour to the 62" when a
sudden slow of the growth of the double-layer capacitance occurs. This 3-phase plot strongly
resembles the kinetics of bacterial growth (bacterial growth curve) that is reported in Figure
4.1.4 c) as an example. Indeed, the plot in Figure 4.1.4 c) is composed of three phases, i) the
“lag phase”, in which the colony doesn’t grow because microorganisms are adapting
themselves to the new environment. This phase is followed by ii) the log phase, the logarithmic
phase, (sometimes called the exponential phase), which is a period characterized by cell
doubling, in a large number of cells, into a logarithmic or exponential growth in time. The cell
doubling cannot continue indefinitely since the medium is soon depleted of nutrients and
enriched in colonial waste. Therefore, the log phase is followed by iii) the stationary phase,
which is the condition in which the number of new cells is equal to the number of dead cells
[9]. Interestingly it is possible to recognize these three-growth phases in the evolution of the
capacitance reported in Figure 4.1.4 a). Figure 4.1.4 b), reports the trend of both the
uncompensated resistance of the electrode and the charge transfer resistance. The charge
transfer resistance decreases from an initial value of 73 kQ to a final value of 1340 Q,
highlighting the fact that during the colony development the kinetics of the electrooxidation
processes driven by the bacteria is enhanced. R,, on the other hand, shows a small decrease
from a maximum value of 13 Q to a minimum one of 10 Q. The constant decrease of the charge
transfer resistance may indicate the fact that the development of the colony is accompanied by
the improved ability of the electrode to catalyze reaction at the interface with the electrolyte
often referred to as the ability of biofilm to run direct electron transfer with the electrolyte. The
constant reduction of R, deserves much attention. Indeed, it would have been expected that the
growth of the biofilm would have partially insulated the carbon paper surface from the
electrolyte solution and decreased the electrical connection between the carbon paper fibers,
with a consequent increase of R,. The unexpected decrease of R,, therefore, suggests that the
biofilm is not insulating, but that features an inherent electronic conductivity and good
permeability to electrolyte ions. On the other hand, the evaluation of the electron conduction
properties of the biofilm is extremely challenging. It has been reported [13,14] that biofilm can

feature an inherent electronic conductivity that is required to set the electrochemical oxidation
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of the nutrients. It is worth stressing that, with a traditional setup, like EIS, it is not possible to
discriminate between the electronic resistance and the ionic one, in the high-frequency region
of the signal. Nowadays, it is widely accepted that biofilm features a capacitive behavior that
can be biofilm capacitance is evaluated in terms of CPE capacitance, and geometrical
argumentation is carried out [8]. The model proposed by [9], proposes that different
contributions other than the simple geometrical one, such as the improvement of charge transfer
and ionic conductivity but also the capacitance dispersion, may play a role. Indeed, as
highlighted by equation 4.1.2 decreasing in R, and R, lead to an increase of C,,. The activation
of the oxidative processes by the biofilm growth on the carbon paper was proven by cyclic
voltammetry tests that were carried out after the colonization, The resulting voltammograms
are reported in Figure 5. Figure 4.1.5 a) and 4.1.5 b) reports the CVs after the colonization at
5mVs? and at 20 mVs™. Interestingly the oxidation onset potential has shifted to less positive
values with respect to what was observed with the bare carbon paper. Indeed, they moved to
c.a. 0 mV vs. SCE and at c.a. -50 mV vs. SCE at 5 mVs™. The comparison of Figure 4.1.5 and
Figure 4.1.2 shows that the oxidation overpotential is reduced by ca. 250 mV, therefore

demonstrating the bio-electrocatalytic properties of the biofilm.
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Figure 4.1.5 a) cyclic voltammogram at a) 5 mVs+ and b) 20 mV s+ between 250 mV and 300 mV vs. SCE.

4.1.3 Conclusion

To conclude this section, electrochemical impedance spectroscopy is a powerful technique
capable of investigating the evolution of the interface properties also in presence of bacterial
growth. Moreover, electrochemical impedance spectroscopy has been proved to be a powerful

technique, capable to follow the evolution of the impedance of the biofilm. Highlighting that
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during the colonization process, a reduction of the impedance occurs, consisting of a reduction
in the high-frequency resistance together with an increase of the double-layer capacitance. To
get further insight, namely, to discriminate the electronic conductivity reduction from the ionic
one, a valuable experimental approach that could be exploited is the lon Gated Transistor (IGT)
set up. The application of this novel technique to a more consolidated system such as Lithium-

ion batteries high voltage cathodes has been reported and discussed in the following section.

4.2 Investigation of the electronic properties of lithium-ion battery
materials through ion-gated transistors

The previous section highlighted the importance of monitoring the electronic properties of
electrode materials under operation. One of the most interesting approaches that enable an in-
operando evaluation of the electronic conductivity of materials is exploited in ion-tronics and
consists of the well-known ion-gated transistor (IGT) setup. With aim of learning and
exploiting this approach for electrochemical energy storage/conversion materials, | had the
opportunity to be hosted in the groups led by Prof. Clara Santato and Prof. Fabio Cicoira
at Ecolé Polytechnique du Montreal, who are worldwide recognized for their achievements in
ion-tronics and organic electronics. The idea was that of proving at first the use of IGT on
well-established commercial electrode materials, like ion-insertion cathodes of lithium-ion
batteries, and then, to prove the method on novel electrodes, including bio-anodes.
Unfortunately, due to the COVID-19 pandemic situation, only the first set of experiments on
commercial materials was carried out and the results are reported in this section. I am planning
to conclude the planned work in the near future, by a second internship at Polytechnique,
possibly in the first months of 2022, even under the collaborative projects, namely (OAK
RIDGE NATIONAL LABORATORY/CENTER FOR NANOPHASE MATERIALS
SCIENCESPROJECT, Subvention de projets de recherche IE/Appel a projets 2020) Therefore,
this section reports the results and the experimental details of the exploitation of lon Gated
Transistors (IGTs) as novel techniques to investigate the evolution of the electronic transport
properties of lithium-ion high voltage cathode materials in situ, i.e., during the lithium-ion
intercalation/de-intercalation. Specifically, LiNixMnyO2> (LNMO) and LiNio5Mno.3C00.20:
(NMC532) composite electrodes with and without carbon additives, are investigated. The
present section is articulated in the first part in which the electronic properties of Lithium

transition Metal Oxide-based materials (LiIMOXx) are introduced and discussed, further ion
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gated transistors are introduced and finally, a detailed description of the device assembled and

exploited together with experimental detail is reported.

4.2.1 Electronic properties of LIMOx

Electronic properties of Lithium transition Metal Oxide-based materials (LIMOX) play a
critical role in modern lithium-ion batteries, in real electrodes ionic and electronic processes
occur at the same time affecting the cell response in a different manner [15,16]. Low ionic
conductivity translates into low effects on lithium transport rate in the insertion host, and,
hence, rate capability of the electrode. Low electronic conductivity can negatively affect the
gravimetric capacity of the electrode. Indeed, electrodes featuring a poor electronic percolation
network may lead some active material crystallites to be electronically insulated. These
portions of the active material, since disconnected from the electrode during polarization,
behave as dead weight, taking down the gravimetric performances of the electrode (e.g.,
specific capacity). This is why typically composite electrodes featuring carbon additives are
used. In turn, a similar situation may arise during aging or damaging of the contact between
the current collector and the electrode. In addition, both ionic and electronic resistances of the
electrodes affect the internal resistance (ESR) of the cell.

Electronic transport properties of pure LiIMOX, is usually measured through AC methods such
as electrochemical impedance spectroscopy (EIS), under ion blocking condition, which is the
exploitation of a completely anhydrous environment with the inert current collector, like gold,
platinum, or stainless-steel [17,18]. Another method that has been widely exploited is four-
point probe measurement [19]. For the EIS-based methods, the samples under investigation are
polished and silver-painted pure LiMOXx pellets, on which EIS measurements at different
temperatures are run with ion blocking electrodes. The resulting Nyquist diagrams at different
temperatures are therefore fitted over an equivalent circuit. As an example, Amir R. and co-
workers investigated the variation of the electronic conductivity of NMC based pellets at
different degrees of lithiation/delithiation. The authors prepared different pellets lithiated
galvanostaticallyby GCPL at a different time in a Swagelok cell with a lithium counter. As an
example, the methodology followed by the authors is reported in Figure 4.2.1.
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Figure 4.2.1: a) representation of the Nyquist diagram obtained in the work of [16] with the equivalent circuit

exploited to fit it, b) Arrhenius plot of the conductivity of the different tested samples

The authors concluded that the electronic conductivity of NMC increases monotonically with
the degree of de-lithiation, showing a thermally activating behavior with activation energy in
the order of 0.42 eV. Moreover, the authors were able to relate the variation of the electronic
conductivity to the Ni**/Ni** multivalency and the Co®/Co*" [16]. Figure 4.2.1 reports a
general methodology that has been also applied to investigate the electronic conductivity of
LNMO cathode material, and how this is affected by crystal lattice parameters. The authors
concluded in this study that the ordered disordered spinel structures featured a thermally
activated behavior with different activation energy 0.45 eV for the fully ordered vs. 0.32 eV
for the disordered one. Moreover, the authors concluded that the increased degree of disorder,
related to the increased content of the Mn3* cation increases the electronic conductivity [18].
These experiments highlight the relation between the electronic conductivity of pure LiMOXx
based materials to the electronic valence state of the metallic cation and to the crystal lattice
parameters (which in turn will affect the electronic bandgap of the resulting material). EIS
measurements on composite electrodes in the electrolytic solution, i.e. by not blocking
electrodes, are not reliable in discriminating between the ionic and the electronic contribution.
Indeed, the high-frequency signal part of the EIS signal contains both the electronic transport,
together with the bulk ionic contribution, and the other ohmic part of the circuit that connects
the instrument to the electrode. Therefore, novel techniques capable of investigating the
electronic transport of lithium-ion batteries electrodes are needed.

In this context, IGTs are extremely attractive, since, in this transistor configuration, electrolytes
are a fundamental component of the gate and may be exploited to investigate material used for
electrochemical energy storage. In the following subsection, the ion gated transistors are

introduced and briefly discussed.

190



4.2.2 lon Gated transistors (IGTs)

IGTs are a relatively novel technology and underpin the development of ion-tronics [18]. The
main difference with respect to the traditional field-effect transistor is the electrolyte in replace
of the dielectric that acts as a gate with a high mobility ionic medium. A sketch of an IGT is

reported in Figure4.2.2. In Which the Gate, Drain, electrolyte, and source are highlighted.

Gate

Separator Soaked
in the electrolyte

Source
Drain

Channel
(Studied material)

Si/SiO, Wafer

Figure 4.2.2. Sketch of the ion-gated transistor with highlighted components, from [18]

As highlighted in the figure, an electrolyte is placed between the gate and the channel that is
composed of the material under test. The source acts as a ground and by modulating the gate-
source potential (Vgs), variation of the drain-source signals are expected (las, Vas). The channel
is in short circuit with the source, therefore, modulation of the Vs is equivalent to one of the
gate/channel potentials. Since an electrolyte is present, the channel acts as an electrode in an
electrolyte. By changing the gate-source potential, at low Vgs, if no faradaic reactions are
present, at first there is the formation of the electrical double layer with very large specific
capacitance (up to 100 pF cm™). This brings about high induced charge carrier densities up to
10" cm at extremely low Vs voltages if compared with traditional field-effect transistors [18].
This mechanism of action defines a first-class of IGTs that is called Electric Double Layer
transistors, in which the electrical double layer at the interface is exploited to modulate at low
gate-source voltages, the drain-source signal. A further possibility to modulate the lgs IGTs is
enabled by the exploitation of faradaic reactions in the channel that may trigger variation of

the gate-source signal. This latter mechanism is exploited in redox transistors.
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The following subsection reports the experimental details of the preparation of the IGTs that
have been exploited in this thesis. In particular, the substrate preparation, the channel coating
with lithium-ion battery material-based slurry, and the encapsulation, and finally the discussion
of the technique that has been exploited.

4.2.3 IGT set up and components

Substrate preparation
The transistor substrates were prepared in a cleanroom by the following procedure. At first,

HMDS (hexamethyldisilane) treatment was performed on the SiO./Si substrates using an
HMDS priming oven (Yield Engineering Systems (YES)). Therefore, spin coating within the
Resist AZ 900 MIR for a time of 30 s at 3000 r.p.m. with first baking at 90°C for 1 minute and
30 seconds was performed. The system was then exposed to UV with the Karl Suss MA6 Mask
Aligner, to pattern the Silicon wafer with the desired transistor geometry. The UV exposure
was followed by a second, baking at 110°C for one minute and 30 seconds. To Develop the
photoresist, the silicon wafer with the desired pattern was washed with the AZ 726 developer
agent. The resulting patterns were subsequently inspected with an optical microscope to verify
the goodness of the process. Metallization was performed at first depositing 5 nm of Cr within
a tailormade electron-beam evaporator. Secondly, with the same device, 40 nm of gold were
deposited. Square-shaped substrates containing each a T-shaped pattern as reported in Figure

4.2.2 were therefore cut from the silicon wafer at the end of the previously discussed process.

Channel coating

The IGTs channels were coated with LNMO or NMC532 composite electrodes. Both LNMO
(LiMn15Nio504, NANOMYTE. SP-10) and NMC(532) (LiNigsMno.3C00202, Shandong Gelon
Lib.Co) both materials were ultra-pure. The composite layers were prepared by using a
procedure that is typically adopted to produce LIB cathodes. In summary, the channel has been
coated by drop-casting LNMO or NMC slurries. The slurries featured the active powders
(LNMO or NMC) and polyvinylidene fluoride binder (pVdF, Arkema) in 1:8 mass ratio,
dispersed in N-methyl Pyrrolidone (NMP, Sigma Aldrich). Carbon additive (Timcal C65) was
eventually added with a ratio 1:8. After casting, the samples were vacuum dried at 80°C

overnight. The gate electrodes were carbon papers (CP, Spectracorp 2050) coated with an ink
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of activated carbon (PICACTIF SUPERCAP BP10, Pica) and PVDF, KYNAR HSV900)
binder in NMP (Fluka, >99.0%). The coating was followed by thermal treatment at 80°C for
several hours to remove the solvent and water traces. The resulting mass loading of the carbon

coating was 0.5 mg cm™,

IGT configuration
The scheme of the first type of IGT, referred to as the “well-EGT”, is reported in Figure 4.2.3
a)
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! |

Top view

)
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V, gate /
l—l LP30 electrolyte

/ Lithium-ion based

__— channel material
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Vg4 Drain ls )

Figure 4.2.3: a) Sketch and b) picture of the “well-IGT”: the main components and physical quantities that
have been measured are highlighted.

The top view, on the left upside of Figure 4.2.3, shows the silicon-based substrates with its two
gold current collectors. The black strip between the T shaped gold current collector a black
represents the channel coated with the LiMOx based electrode. Gold current collectors were
prepared by means of photolithography, lift off and metallization of a Silicon wafer, and the
precise experimental procedure that has been used to prepare the substrate is reported in
Subsection Substrate preparation. The width of the channel was 4000 um, with a length of 10
um. The quality of the substrates was verified with optical microscopy, to investigate the
integrity of the channel and the absence of gold flakes between the drain and the source. After
this step, polydimethylsiloxane (PDMS) well has been placed over the top (as reported in
Figure 4.2.3). The cover was sealed with PDMS exploiting its polymerization reaction. To

properly eliminate the reticulating agent needed to polymerize the PDMS, the obtained system
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has been left in a vacuum oven overnight at 80°C. A carbon paper electrode (0.5 cm?) coated
with activated carbon (BP10T 0.5 mg cm™) acting as gate electrode was placed inside the
PDMS well, as reported in Figure 4.2.3, the carbon paper was sticked with copper tape. Two
syringe needles have been used to fill the transistor with LP30 based electrolyte, the filling, as
well as the test procedure, were run into an N2 filled glovebox with a controlled atmosphere to
avoid the oxygen electrochemical interference. After being transferred into the nitrogen-filled

glovebox the device was filled with the electrolyte and tested.

4.2.4 IGT characterization
The carbon-coated gate electrode acted simultaneously as a counter-electrode and as a quasi-

reference counter electrode with respect to the channel material that in this setup can be
considered as the working electrode. It has been previously demonstrated that when a voltage
difference is imposed at the Gate-Source, the high surface area carbon electrode, for its high
capacitance, will be experiencing a small potential excursion (a few mV) forcing the Channel
material to experience most of the applied voltage difference. Therefore, the Gate-Source
signal in this configuration is mainly affected by the channel electrochemical response [20,21]
Electrochemical measurements of LIB cathodes are traditionally conducted using a lithium
metal reference electrode. In our case, the reference was the carbon gate. The carbon gate
potential was measured vs. lithium metal in the selected organic electrolytes and resulted in 3
V vs. Li*/Li has been found. Hereafter, the channel potentials are given vs. Li*/Li.

The characterization of the IGTs was carried out in a N2 glove box (H20, Oz <5 ppm) using a
B1500A Agilent semiconductor parameter analyzer. Both transfer and output curves were
collected. Table 1 reports the identification code, the active material chemical formula, and
the composition of the IGT channels. Specifically, three different samples have been tested:
LiMn1sNios04 based channels without conductive carbon additive (LNMO) and with
conductive carbon (LNMOC) and LiNio.sMno.2C00.202with carbon additive.

Table 4.2.1 Identification code, chemical formula of the active material studied, and electrode composition of the
tested materials.

Code Active material Electrode components mass ratio
(Active material/ binder/conductive carbon additive)
LMNO | LiMn15Nig504 8/1/0
LMNOC | LiMn15Nigs04 8/1/1
NMC LiNiosMno2C00.202 | 8/1/1
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LNMO and LNMOC-IGTs
In this subsection are reported the results of the test that have been run on LiNiosMn1504

electrodes with and without the presence of conductive carbon additive C65, LNMO, and
LNMOC respectively. The LMNO sample without carbon was investigated to get insight into
the inherent behavior of the LNMO active powder and to set the experimental procedure.
Indeed, the presence of carbon was expected to strongly impact the electronic signal of the
device. Both sets of experiments were run with the well configuration reported in Figure 4.2.3,
with LP30 as electrolyte.

In addition, Vgs was swept from 0.3 V to -1.4 V. This corresponds to channel potentials ranging
from 2.7 V vs Li*/Li to 4.4 V vs. Li*/Li. LNMO cathodes are known to feature reversible
lithiation up to 5 V vs. Li*/Li, in our tests the upper potential was kept lower than 4.6 V vs
Li*/Li to avoid the well-known side reactions related to the electrolyte oxidative
decomposition. These reactions bring about the so-called cathode electrolyte interface (CEI).
The CEl is an electronically insulating, but Li-ion conductive layer, that protects the LNMO
cathodes and enables their stable operation in high-voltage LIBs [22]. However, for this study,
the formation of CEI would have affected the electronic response of the LNMO channel. The
cyclic voltammetry (CV) of a conventional LNMO electrode, obtained in a conventional 3-

electrode cell is reported in Figure 4.2.4

0.5

N INi**

Cell current (mA)

-0.5 T T T T T T T
3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0

Electrode voltage (V vs. Li/Li")

Figure 4.2.4 voltammogram of LNMO based electrode in LP30 electrolyte in Swagelok-like cell with metallic

lithium counter electrode and reference at 50 u Vs, with highlighted valence state variation.
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The shape of the CV is as expected for LNMO, with reversible anodic peaks at ca. 4 V, 4.7 V
and 4.8 V. No additional signals were detected. These listed peaks can be assigned to the
Mn*/Mn®*, Ni®*/Ni?*, and Ni**/Ni***redox couples, respectively [23]. The CV in Figure 4.2.4
shows that within the set Vgs, only the first redox process, involving the redox couple
Mn**/Mn** takes place.

Figure 5 reports the Transfer curves of the IGT featuring the channel coated with LNMO
without carbon. The curves have been obtained at 20 mVs™ (Figure 4.2.5a) and 100 mVs™*
(Figure 4.2.5b) V, scan rate, at constant V,, of 200 mV.

—=n—Drain source current —=—Drain source current
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Figure 4.2.5. Transfer curves of the IGT featuring LNMO (without carbon) as channel coating at the Vg scan
rates of a) 20 mV s and b) 100 mV s, with Vg of 200 mV.

I;s signals feature large peaks above 3 V vs Li*/Li that can be attributed to Mn**/Mn®*
involving the lithiation/delithiation step of LNMO, The CV shape is different from the CV of
bulk electrodes (Figure 4.2.5) The large peaks overlap a quasi-rectangular CV response that is
almost proportional to the Vgs scan rate. Indeed, a tenfold increase of lgs can be appreciated by
increasing Vs scan rate from 20 mV s (Figure 4.2.5 a) to 200 mV s (Figure 4.2.5 b). This is
indicative of fast faradaic reactions, not limited by solid-state diffusion processes and that
brings about an electrochemical response that is like that of the capacitive charging processes.
Such behavior can be explained considering i) the thin layer of the LNMO channel, and ii) the
evolution of the LNMO electronic properties with the lithiation. In the case of very thin layers
of nanometric powders, like LNMO, the reactions change from bulk to surface redox reactions.
The Li-ion diffusion length in the solid phase significantly shortens with respect to bulk

electrodes. In these conditions, LMNO could exhibit the so-called “extrinsic
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pseudocapacitance” [23,24]. On the other hand, Constentin et al. reported that the
pseudocapacitive behavior can be observed when faradic reactions, like the Li*
insertion/deinsertion in LNMO, bring about an evolution of the electronic structure of the
material from an insulating/semiconducting state to a conductive state. Consequently, the
material approaches the status of an electronic conductor forming an electrical double-layer at
contact with the electrolytic solution [25].

The Ips signal can give useful indications about the change of the electronic behavior of the
channel induced by electrochemical processes. Figure 4.2.5 that lgs have a different trend
compared to lgs. las increase almost linearly from 0.952 mA to 0.97 mA and from 0.960 mA to
0.980 mA for 20 mV st and 100 mV s experiments, respectively. Interestingly, the magnitude
of the maximum values of IDS is considerably greater than those of I1GS, 0.970 mA vs. -0.8
mA, and 0.980 mA vs. -4 mA for the 20 mVs™ and 100 mV s?, respectively. This is an
indication of the different nature of physical processes that give rise to the Gate-Source and the
Drain-Source signal. Indeed, as postulated above and considering the geometry of the cell
reported in Figure 4.2.2, it is possible to conclude that Igs current is mostly ionic and related to
the Li-ion intercalation/deintercalation in LNMO. This consideration is strengthened by the
fact that Igs is strongly affected by Vgs scan rate. Unlike Igs, IDS is independent of the scan rate,

and IDS values are three orders of magnitude greater than those of Igs.

las reversibly increase along with the delithiation (oxidation) of LNMO, therefore indicating
the parallel increase of the LNMO electronically conductivity with the lithiation state. This
behaviour was already reported, but it was achieved based on conventional experiments carried
out by ex-situ analyses of bulk LNMO pellets or EIS experiments, where, however, a clear
distinction between electronic and ionic conduction is difficult to be obtained [17]. In Figure
4.2.2a, at 20 mV s, lgs trend is sigmoidal and becomes almost linear at 20 mV s, Igs At the
lowest scan rate, the appearance of the Ids onset at Vgs = 0 V (3 V vs Li*/Li ) unveils that
LNMO changes its conduction state and that this is triggered by the change of the Mn oxidation
state and LNMO delithiation. The LNMO-IGT device response is that of an IGT working in
depletion mode. Therefore, overall, our preliminary study demonstrates that by an IGT setup
is it possible to resolve the ionic and electronic conduction properties of LIMs.

The transfer curves were analyzed to get quantitative data for the channel carrier density (n)
by eq. (4.2.1) [19].

Q _ (U 1ydv)

4.2.1
el r,eA ( )
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where Q is the accumulated charge during the forward scan in the transfer curve (obtained
through the integration of the gate-source current, lgs, vs time), A is the geometric area of the
LNMO film exposed to the electrolyte (4 10* cm?), , is the Vgs scan rate and e is the
elementary charge. The charge carrier density obtained at 20 mV/s and 100 mV s™! was 7 106
cm?and c.a. 5 10t7cm2, respectively. Please note that these figures refer to the LNMO-pVdF
composite layer and, being affected by the presence of the binder, cannot be considered as a
figure of merit of the LNMO active powder alone. Rather, they are representative of the
composite material that is used in real LIB. A further step is to consider the presence of the
carbon conductive additive. The charge carrier mobility wasn’t not calculated since the devices
did not feature a saturation region. Then, IGTs featuring an LNMOC channel with the
composition LNMO/pVdF /conductive carbon additive 8:1:1 were tested. Figure 6 reports the
transfer curves of this device, recorded with Vs can rates of 20 mV s (Fig 6a) and 200 mV/s
(Fig. 6b) with Vgs of 200mV. The green curves represent lgs, while the black ones are the Ips.
In Figure 6, the Igs and lgs trends vs. Vgs of the LNMOC-IGT are similar, but with higher values
than those recorded for the LNMO-based IGT (Figure 5). The presence of the carbon additive,
as expected, promotes the lithium-ion deintercalation/intercalation in LNMO and enables a
better exploitation of the active material and a higher charge storage in the channel. In turn this
results in a higher modulation of the channel conductivity. Indeed, .. currents in LNMOC are
3-fold higher than in LNMO (without carbon). While the electron conduction through the
channel is certainly affected by the presence of carbon, the I reversible linear trend with V,
further demonstrates that LNMO electron conductivity increases with i. Indeed, maximum I
current for LNMOC sample is 3.45 mA while 0.980 mA was measured for the LNMO sample
oxidation state. Unexpectedly, even in the presence of the carbon additive, it is possible to
observe that lgs start to increase only behind a Vgs onset, which suggests a change in the
conduction state of the composite layer, from insulating to conductive. For LNMOC the Ids
onset is at Vg =-0.2 V (2.8 V vs Li*/Li), i.e. at lower channel potentials than LNMO. This
indicates that the presence of carbon lowers the activation overpotential of Li-
deintercalation/intercalation in LNMO and the conductivity-state transition.

The carrier density of the composite LNMOC channel was tentatively evaluated by eq. 1 and

resulted in 7 10'® cm™2 and 4 10" cm™2, respectively at 5 and 100 mV s,
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Figure 4.2.6: Transfer curves of the IGT featuring LNMOC (with carbon) as channel coating at the Vs scan
rates of a) 5mV s and b) 100 mV s, with Vg of 200 mV.

NMCC-IGT
NMCC-IGTs featured a “planar” design (Figure 2) and 0.5 m LiTFSi TEGDME electrolyte as

a gating medium. Indeed, as previously discussed, the planar setup requires the use of an
electrolyte solution with lower vapor pressure than LP30, whose volatility strongly affects the
performance of the device during tests. The channel was coated with a composite layer
featuring the composition NMC/pVdF /conductive carbon additive 8:1:1.

The device was tested by evaluating its output characteristics, i.e. the Ids current flowing in the
channel when stepping Vs at different values. Specifically, the NMC-IGTs output
characteristics were characterized by recording lds while scanning Vs at 20 mV s from 0 V
to -0.1V, at different Vs, from 0 and -1.6 V, corresponding to channel potentials ranging from
3V vs Li*/Li to 4.6 V vs Li*/Li. In this potential range, the reversible delithiation/litiation of
NMC takes place, as shown by That reports the typical CV of a bulk NMC composite electrode

carried out in a conventional 3-electrode cell.
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Figure 4.2.7 voltammogram of NMC(523) based electrode in LP30 electrolyte in Swagelok-like cell with

metallic lithium counter electrode and reference at 50 Vs, with highlighted valence state variation.

The CV curve shows a cathodic peak at about 3.7 V, and an anodic peak at about 3.8 V vs.
Li*/Li. The redox peaks correspond to the Ni?*/Ni**and Co®*"/Co**redox couples as highlighted
in Figure 4.2.7. Figure 4.2.8 a) reports the results obtained by scanning Vgs from 0 to -1.6 V
(from 3V vs Li*/Li to 4.6 V vs), i.e. at increased NMC oxidation state (delithiation) the NMC
layer. Figure 4.2.8 b) shows the curve obtained by reversing the steps, i.e. from -1.6 V to 0 V
(from 4.6 V vs Li*/Li to 3 V vs Li*/Li), i.e. under progressive reduction (lithiation) of the
oxidized NMC.

At each set Vgs, linearly change with Ids, with a slope that increases with the NMC potential.
The linear response of Igs with Vgs can be taken as evidence of the ohmic conductor nature of
the channel composite material. This is likely related to the presence of the conductive carbon
additive that under this condition drives the majority of the electronic current. Under this
assumption, the electronic resistivity of the channel (Rgs) can be evaluated by the slope of the

lgs curves as a function of Vgs, being
AVdS == RdS . A[ds (422)

Ras were evaluated by eq. (4.2.2) for different Vg, and the results are reported in Table 4.2.2.
Rgs ranged from 1018 to 763 Q (forward Vg step) and from 841 to 727 Q) (reverse Vg step).

Table 4.2.2 Identification code, chemical formula of the active material studied, and electrode composition of the
tested materials.
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VgV vs. C (V; V vs. Li/Li*) R (Q) Forward R(Q) Backward
0 (3 V vs. Li/Li%) 1018 841
-0.4 (3.4 V vs. Li/Li") 973 833
-0.8 (3.8 VV vs. Li/Li") 883 800
-1.2 (4.2 V vs. Li/Li") 831 757
-1.6 (4.6 V vs. Li/Li") 763 1727

Interestingly, R, decrease by decreasing the degree of lithiation of the NMC channel, i.e.
bringing the channel towards more positive values against Li/Li*, and this trend has a certain
degree of reversibility. This finding agrees with other works reported in literature, that

however have been obtained by conventional ex-situ or EIS techniques [1].
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Figure 4.2.8: Output curves of the NMC-IGT at Vds scan rate of 20 mV s and different Vgs with 400 mV steps:
a) from 0 to -1.6 V, corresponding to NMC potentials from 3 V to 4.6 V vs Li*/Li, and b) from -1.6 Vto 0 V,
corresponding to NMC potentials from 3 V to 4 VV vs Li*/Li.

4.2.4 Conclusion
To the best of my knowledge, this is the first time that LIB composite cathodes have been

investigated by an IGT setup. Although preliminary, the reported results demonstrate IGTs as

a simple technique to analyze and evaluate the variation of the electronic conductivity of LIB
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composite electrodes as well as pristine materials in-situ, i.e. during their polarization. It
enables the separate evaluation of the electronic and the ionic current in LIB composite
cathodes. The characterization of LNMO and NMC-based IGT unambiguously confirmed that
for these materials the electronic conductivity increases with the decrease of the lithiation.

The IGT approach can pave the way towards novel in situ and in operando diagnosis tools, that
are urgently needed to carefully follow the dependence of the electronic properties of battery
electrodes on their state of charge. The use of in situ tools is expected to improve the
sustainability of LIBs through the identification of optimized operation conditions, bringing
about optimized performance. In addition, the successful realization of LIM-IGTs could be the
first building block of novel logic components based on lithium-ion batteries materials and the

lithium-ion tronics.
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Chapter 5: Conclusions and
perspectives:

5.1 Summary

The continuous growth of the population together with the rising incomes bring about the
willingness to spend their incomes on energy-water-intensive goods. These two sectors (energy
and water) are deeply interlinked in the so-called water-energy nexus. Common strategies are
needed to address a sustainable consumption of the water capable of limiting the depletion of
this precious resource, together with a reduced environmental footprint. In this context,
electrochemical energy storage systems play a key role. Novel electrochemical conversion
systems such as microbial fuel cells rise as a valuable technology that aims to produce clean
water while providing direct electric energy. However, the low power output of these systems
is limiting their practical applications. The low cell voltage is an intrinsic characteristic of
MFCs and therefore strategies that aim at improving the output current are more likely to be
adopted to improve power performances. For this reason, under the frame of this Ph.D. thesis,
the integration of supercapacitive features in MFCs has been explored. The adopted strategies
have been carried mainly in three research lines: i) the development of green supercapacitors,
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ii) their external integration with MScs and, iii) the development of supercapacitive microbial
fuel cells by the monolithic integration of supercapacitive features in MFC electrodes. In
addition, a new approach, based on the exploitation of the IGTs has been exploited to
investigate the electrode/electrolyte interfaces. These activities have been carried out under
national and international, collaborative projects that involved different research groups, and
specifically groups of the Department of Chemistry “Giacomo Ciamcian” (Poymer science and
biomaterials Lab — Prof. ML.Focarete and Prof. C. Gualandi, and the Nanobio interface Lab-
Prof. M. Calvareis), with the University of Padova (Electrocatalysis and Applied
Electrochemistry Lab -Prof. C. Durante), the University of Firenze (Dept. of Chemistry Ugo
Shiff, Prof. M. Innocenti), Prof. C. Santoro (University of Milano-Bicocca), the University of
Pretoria (Research Group Carbon Technology and material - Prof. N. Manyala), and the
Polytechnique Montreal (Organic electronics labs-Prof. C. Santato and Prof F. Cicoira). These
extremely fruitful collaborations were carried out under different national and international
projects, namely ISARP 2018-2020 /Italy-South Africa joint Research Programme 2018-2020
(Italian Ministers of Foreign Affairs and the Environment and NRF of South Africa, grant No.
113132), Fondazione CARISBO/Progetto ricerca n°® 354, Piano Triennale di Realizzazione
2019-2021/Progetto ricerca n® 354, Subvention de projets de recherche IE/Appel a projets 2020
(Institut de 1’énergie Trottier), Collaborative project “Study of ion insertion and evolution of
the electric double layer in ion-gated metal oxide transistors operating under different gating
mechanisms” (NSERC: Natural Sciences and Engineering Research Council of
Canada,CNMS2020-B-00495) Oak Ridge National Laboratory center For Nanophase

Materials Sciences - Polytechnique Montreal — University of Bologna.

At first, green supercapacitors were developed, and the main results are discussed in Chapter
2. In parallel, strategies to both integrate external supercapacitors and monolithically integrate
supercapacitive features in MFCs have been carried out and are reported in Chapter 3. These
two activities merge into the development of a green supercapacitive system that has been
discussed in section 3.4. A third more explorative line of research followed on this thesis
regards the study of electrochemical interfaces and is discussed in Chapter 4. Therefore, at first
Pullulan a novel biopolymer has been exploited as the main component (binder and electrospun
separator) to prepare high voltage ionic liquid based EDLCs (section 2.1). After evaluating the
contribution to the cell resistance of the different combinations of electrospun separator and
electrolytes, the ionic liquid EmimTFSi has been selected as the electrolyte to assemble green

supercapacitors. This IL is known for its good electrochemical properties in terms of chemical
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and electrochemical stability, conductivity ionic. However, here an additional advantage in the
use of this IL was demonstrated. Indeed, the exploitation of pullulan, an aqueous processable
biopolymer in combination with hydrophobic ionic liquid, brings about a smart combination
of material that enables an easy to dispose of strategy. Indeed, by soaking in water the device
at its end of life, the aqueous processable binder quickly dissolves and the immiscible ionic
liquid separates enabling the direct recovery of the EDLCs main components. The pullulan-
based supercapacitor delivered a maximum specific power of up to 5 kW kg™!, and maximum
specific energy of 27.8 Wh kg™! specific energy at 3.2 V, these values well compare with
conventional electrical double-layer capacitor performance with the added value of being eco-
friendly and cheap with cell capacitance of 20 F g~!. The Pullulan-based EDLCs showed good
cycling stability up to 5000 cycles. Notably, the EDLC assembled with pepper seeds-derived
carbon, outperformed the EDLC based on a commercial carbon. Two further approaches have
been followed through collaborative projects with partner universities, namely the adoption of
N-doped carbon, to improve the energy density of ionic based EDLCs, reported and discussed
in section 2.2, and the adoption of superconcentrated electrolyte, to improve the cell voltage of
EDLCs featuring aqueous electrolyte, to improve the energy densities of more sustainable
EDLCs that avoid organic-based solvent electrolytes, reported, and discussed in section 2.3.
As a parallel activity, the response at the system level of MFCs integrated with a commercial
supercapacitor, has been carried out. The results of the system integration are reported and
discussed in section 3.1. At first, the integration of MFCs with commercial supercapacitors
highlighted two main effects, the first one at high current densities and another at low current
pulses. At high currents pulses effect, the response is dominated by the SC that in turn enable
output power not feasible with single MFCs. At low current pulsed the MFC contributed to the
overall system capacitance, probably owing to its faradaic component. This first study
highlighted that basic electrochemical characterization of MFC and SC, singularly and
combined is necessary for the right system sizing and application. This study enabled the
evaluation of MFC-EDLC performance at the system level and represented the first step, which
has been followed by the substitution of the commercial supercapacitor with a green one
designed in this thesis. Has been carried out. The results of the external integration of the MFC
with a green supercapacitor designed in this thesis are reported in section 3.4.3. Sustainability
and waste valorization have been central themes in this thesis, therefore, the main solid waste
of the biodigester from which the MFCs inoculum was taken has been adopted as bio precursor
to prepare activated carbon. Carbons were activated by a mild activating agent like KHCO3

using different activating agents to precursor mass ratios (1:0.5, 1:2 respectively for LACO.5-
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and LAC2). The best carbon (LAC2) has been exploited to prepare electrodes with a
conventional binder and to assemble a symmetric EDLC with KNO3 aqueous electrolyte. This
EDLC displayed a good specific capacitance of 28.5 F g, corresponding to an electrode
specific capacitance of 114 F g%, with specific energy-specific and power up to 10 Wh kg and
6.9 kW kg, respectively. Durability tests showed that the device was able to maintain
capacitance retention of 84.5% after 15000 charge-discharge cycles. The lignin-derived
carbons were also studied as electrocatalysts for ORR in a neutral medium, to investigate the
feasibility of the use of LAC as the main component of microbial fuel cell air-breathing
cathode. The LAC-2 showed higher ORR electrocatalytic activity than LAC-0.5. Indeed, LAC-
2 showed higher current density values and superior ORR activity as compared to LAC-0.5.
The number of electrons transferred during ORR was higher for LAC-2. Once integrated with
an air-breathing cathode, the material exploited high electrochemical ORR activity especially
at high current densities. To further demonstrate the sustainable manufacturing of EDLC, and
to advance with respect to the work reported in section 3.1a green supercapacitor exploiting
only bioderived components, like the LAC-2 carbon electrodes with calcium alginate binder,
and Ca(NOz3). aqueous electrolyte has been developed (AaSC). This study was carried out
focusing on the sustainability of the system and in view of the AaSC EDLC external integration
with the MFC. Hence, the EDLC was tested at low cell voltages, compatible with the voltage
output of MFC, i.e. 0.6 V s. The AaSC EDLCs featured good specific capacitance of 22.9 F g°
1 cycling stability over 2000 cycles. The specific energy was lower than that of commercial
systems mainly because of the selected low voltage. The design of the AaSC supercapacitor
is reported in section 3.3.3 and the results of its external integration with the MFC (SC//MFC
system) are reported in section 3.4.3. The SC//MFC system boosted the power output by 2
orders of magnitude than those of the single MFC. Moreover, the system has been cycled for
5000 cycles at 1 Ag™ of specific current of the EDLC.

Finally, the LAC2 carbon has also been exploited as the main component of both MFC and SC
monolithically integrated systems, where the adoption of an additional supercapacitive cathode
(AAC-MFC section 3.4.4) and the decoration of the anode with LAC2 (MSC-MFC section
3.4.5) was pursued. The best performance was achieved with the MSC-MFC system, which
featured an outstanding energy 35 uWh at current rate of 20 mA, considerably higher than that
of the other tested systems and, mainly, with respect to the single MFC that delivered only 6.4

uWh at its lowest tested current of 1 mA.
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Overall, this study highlighted that the adoption of the external supercapacitor allows the
MFCs to release high current pulses at high power, but more detailed analysis shows that at the
energy level the monolithic supercapacitive MFC dominates the response in terms of energy.
Therefore, as a prospective study, the integration of these two systems, external green

supercapacitor, and monolithic supercapacitive fuel cell, should be carried out.

To get further insight into the bioanode/electrolyte interface electrochemical and electronic
properties, | carried out electrochemical impedance spectroscopy (EIS) study of carbon paper
electrodes in a real wastewater environment. The aim was to follow the “in vivo” evolution of
the electrochemical response of the bioanode during the electrode colonization. The results of
this study reported in Section 4.1. EIS suggested a decrease of the electronic resistance of the
bioanode that could be ascribed to the increase of both ionic and electron conductivity of
bacteria grown on carbon paper. However, EIS does not permit clear discrimination between
ionic versus electronic contributions to the overall electrode impedance. One powerful
approach that enables discriminating ionic and electronic contributions is to investigate
materials by an ion-gate transistor (IGT) with the aim of being trained in such fascinating
approach, | spent a period at University of Montreal, in the groups led by Prof. C. Santato and
F. Cicoira, recognized worldwide for their expertise in IGT and organic electronics. The idea
was to learn the fundamentals of IGTs and to transfer the acquired knowledge to the field of
electrochemical energy storage and bioelectrochemistry. Unfortunately, due to the pandemic
emergency, | was not able to exploit IGT for the study of the bioanodes and my main work on
IGT focused on more conventional, but not less important materials, namely the lithium-ion
insertion cathodes used in lithium-ion batteries. The main result of this study is that IGTs allow
investigating the electronic properties of LIBs material in operando, further study on the
exploitation of this set-up on microbial fuel cell anode as well on chemistries other than the

studied one will be carried out.

5.2 Conclusions and outlook

Overall, the activities carried out during my Ph.D. project are extremely challenging and
include the study of different electrochemical processes, from capacitive, to bio
electrochemical and electrocatalytic, the optimization of electrodes and systems
manufacturing, with a focus on sustainability, and device characterization and system
integration.
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The main novelty of my work has therefore been the exploitation and merging of different
electrochemical systems and their components, by a green approach, to boost MFCs
performance up to two orders of magnitude than conventional air-breathing MFCs. This thesis
demonstrates that, by exploiting smart design, is possible to realize sustainable energy storage
and conversion system, capable of improved power performances with respect to the state of
the art in the case of the MFCs, and comparable with the state of the art in the case of the lonic
liquid-based pullulan EDLCs.

As highlighted in the introduction of this work, the concept of sustainability without the
improvement of the performance is not enough to sustain the challenges of our times and in
particular the one of the water-energy nexus. Multidisciplinary and contamination from other
fields such as one of the organic electronics are a valuable approach to develop novel methods
that are capable to explore the electrode/electrolyte interface, like IGTs, triggering research on
novel exciting fields such as one of the lithium-ion tronics. Indeed, as an example, the IGTs
reported in this thesis, enable the study of the electronic response of the material or lithium-ion
batteries that can be exploited for developing novel transistors. In parallel, IGTs can also be
used to investigate electronic properties of living electrodes, like MFCs anode, which is a

research line that | would like to further explore in my future.
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Appendix A (Supercapacitors)

Appendix A.1 Double-layer capacitance and the ideally polarizable electrode

It must be clearly stated that there is a profound difference between the response of an ideal
EDL-driven process and a real activated carbon electrode one. In practice, the equation that is
obtained from the ideal EDL model are widely adopted to compare the performance of lab
prototypes of EDLCs, and therefore in this section, these equations are derived and the
limitations that the hypothesis under which are obtained are discussed in detail.

The concept of the ideally polarizable electrode has been described in the work of Grahame:

“An ideally polarizable electrode is one where changes of potential due to current flow to or
from an electrode cause only changes of charge density on the metal and conjugately of ion
density on the solution side of the electrode interface, leading to charging of the resulting
double layer”

The essential aspect of the ideally polarizable electrode is that within changes of potential,
charges flow from the external circuit and within the solution, only to charge the double layer,
with no charge passing across the double layer. The electrochemical response of a plain
electrode, dominated by the formation of an electrical double layer with a capacitance Cgp.c
without any Faradaic reaction is well described by the equivalent circuit reported in Figure

A.1.1. Being an ohmic conductor, this electrode will have an associated series resistance Rygg.

Rpsg
vt | | v
1P

[

CE DL

Figure A.2.1: Equivalent circuit of the ideally polarizable electrode
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Figure A.1.1 is reported the equivalent circuit that models the electrical response of a plain
electrode Where Resr is the equivalent series resistance (Q2), while (Cepl) is the capacitance

associated with the formation of the electrical double layer (F).

A.1.1 Electrochemical response under galvanostatic charge/discharge with voltage limitation
When the circuit reported in the figure is tested under constant current condition

(Galvanostatic) the measured quantity is the voltage at the terminal and the imposed quantity
is the current. Applying the Kirchhoff voltage law at the two terminals of the circuit reported
in Figure A.2.1 (during the charge, in the assumption of the capacitor to be completely

discharged) yields

v(t) =v () — v (t) =i Rgsg + @ (A.1.1)

Where v(t) is the voltage at the two-terminal, i is current and q(t) is the charge stored in the
electrical double layer. At constant current, i-t = q(t), and therefore is possible the

substitution and the simplification of equations (A.1.1) into (A.1.2)

v(t) =i - (RESR + ) (4.1.2)

CEDL
Assuming that the electrode is charged up to a terminal voltage V;, similar argumentation can

be drawn for the equation that models the discharge

CEDL

v(t) =V, — i-<RESR + 2 ) (4.1.3)

Where V; is the terminal voltage at which the EDLSC is charged, if the equation is plotted, the
typical triangular shape expected at constant current, galvanostatic condition is obtained and

has been plot in Figure A.1.2.
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V(t)

Figure A.1.2 Expected voltage profile for ideally polarizable electrode under galvanostatic charge/discharge
The experimental procedures consist of obtaining the voltage profile of the EDLSC under
galvanostatic charge/discharge, at different specific currents. condition is possible to evaluate
the capacitance from the slope of the discharge curves, that is

v : C : (A.1.4)
_ = - = — A
dt CEDLC EDLC Ccii_‘t/

In practice, both the charge and the discharge profile aren’t perfectly linear, the straight
consequence is that there are several deviations from the circuit reported in Figure A.1.1,.
Indeed, in AC-based electrodes, the hierarchical pore’s structure brings about different degrees
of accessibility of the ions to the surface of the electrode as well as mass transport limitation

and also specific interactions lead to voltage profiles that deviate from the linearity.

The capacitance of a supercapacitor under galvanostatic conditions is therefore evaluated by
the slope of the tangent line to the discharge curve. Nevertheless, the evaluation of the
capacitance from the slope of the tangent line is equivalent to the reduction of the system at a

single RC as reported in Figure A.1.1, which yields great practical applications.

With this simple model, it is possible to appreciate that the produce iRgsgz Cause an
instantaneous voltage to drop that can be related to a loss of storable energy, therefore the

minimization of this quantity plays a critical role in optimizing the performance of EDLSCs.
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From the definition of energy associated with electrical work, it is possible to evaluate the
average energy delivered during the discharge of a net charge Q to 0 in a time At = t — tythat
is
0 T T
E=fV-dq=fV-i-dt=i-fV-dt (A.1.5)
Q to to

Since the experiment are done under constant current conditions, where E is the energy (Joule).

It should be highlighted that during the charge phase if no Faradaic reactions are present, the

voltage will keep increasing and therefore the area of the V (t) curves during the discharge.
The average power associated with the discharge can be evaluated by the formula

_E
At

Where P is the average power (Watt) and At is the discharge time (seconds).

P (4.1.6)

Usually, to compare different electrodes and electrolyte formulation, specific quantities are
reported instead of not normalized ones moreover, it is common to report the specific energy

as Wh/kg and the specific power in kW /kg.

The maximum energy can be obtained assuming a purely capacitive behavior, that the device

is charged between 0 and V,,,., it is possible to obtain the equation for the maximum energy

= Epax (4.1.7)

T T dv
jV'idt=]V'C—~dt =C
" " dt
0

0
It is worth mentioning that to yield this equation, it is necessary to assume the capacitance
independent from the time (charge), which underlines the fact that we are assuming an ideal
process taking place at the electrode/electrolyte interface during the polarization. Moreover,
this equation underlines the fact that it is worth pushing the research in the direction of high
voltage EDLCs, since the energy goes as a quadratic function of the voltage, and it is linear in
the capacitance. For a capacitor electrode of c.a. 1000 m2g~? operating at 1 V with a specific

double-layer capacitance of 30 uF cm™2 (e.g. carbon black), the total capacitance is c.a. 300
F g~1, the maximum energy stored is given by equation xx and lead to E,,, 4, = ; 30012 =

150 k] - kg™ = 42 Whkg™'; In practice, it will be substantially less owing to the
inaccessibility of electrolyte solution to the fines pores of the porous electrodes, the weight of

the packaging, and the weight of the electrolyte ( both acting as dead components).
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Indeed, it is well known that to overcome the intrinsic limitation of EDLSCs one strategy that
has been widely explored is the adoption of lonic liquid-based electrolytes that enable higher
maximum voltage, with respect to the traditional acetonitrile ones and therefore higher

average energies.

The maximum power can be calculated applying the Maximum power transfer theorem, which

states:

“To obtain maximum external power from a source with a finite internal resistance, the
resistance of the load must equal the resistance of the source as viewed from its output
terminals”

Applying this theorem to the circuit reported in figure A.2.1.3,, it is possible to evaluate the
maximum power, by imposing the load resistance equal to the internal resistance, as reported
in figure A. 1.3

—— -
I";nax ]’;nax
— e e V‘:"nax
& - & =
tn n
I = 1 o
2 R &

Figure A. 1.3 Graphical application of the maximum transfer theorem.

Therefore, to maximize the power output, the current i that passes in the circuit when the R,
that is the load resistance is equal to the internal resistance is given by the ohms law, and is

. Vmax

L= R (A.1.8)
The maximum power at the load is transferring to the resistance is equal to the power that
resistance is consuming and therefore, given the definition of instantaneous power consumed
by a resistor

REgsr _ VTrzlax
4‘ * RéSR 4 * RESR

(4.1.9)

— 2 2 _ 172
Pmax_RL'l - RESR'l _Vmax'
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https://en.wikipedia.org/wiki/Internal_resistance

This equation is usually reported to quantify the maximum power output of a supercapacitor,
it should be highlighted that this value represents an instantaneous power rather than a mean
one and therefore it doesn’t give solid information on the effective energy that can be drawn

from the discharge of the device.

Given the electrostatic nature of the electrical energy storage, a high degree of reversibility is
expected between the charge and the discharge, a useful quantity that can be exploited to
measure this is the coulombic efficiency (n) that is the ratio between the charge stored during

the charge phase and the charge delivered during the discharge.

_ stc

Qchrg

(4.1.9)

Where Qgsc and Q. are the discharge and charge charges, respectively. The coulombic
efficiency together with capacitance retention, that is the ratio between the capacitance of the
device during the initial cycle and one of the i cycles are reported vs. the cycle number to
evaluate the cycle life of the device. Indeed, secondary unwanted irreversible Faradaic
reactions, dissolution of the electrode, and corrosion of the current collector can be spotted
under cycling by a decreasing trough cycling of these two quantities.

A.1.3 Cyclic voltammogram of an ideally polarizable electrode

Similarly, by exploiting the equivalent circuit reported in the figure it is possible to predict the
shape of an EDL-driven process under voltammetric conditions. Under voltammetry, the
potential is imposed between an initial value (V;) and a terminal one (V) with a sweep rate v
and the current is measured. Under these circumstances, by applying the Kirchhoff voltage law

the following equation is obtained

d
V(t) = vt = Ry (d—‘t’) + C:DL (4.1.10)

That is a first-order differential equation at constant parameters, with the boundary condition
qo = 0, the solution of this equation is
t
i) =v-C, (1 — exp (— —)) (4.1.11)
RESRCEDL
Assuming similar argumentation for the discharge, therefore a sweep rate of —v with a

boundary condition of
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i(t)y= —v-Cy (1 — exp (— ;» (A.1.12)

RESRCEDL
Graphical procedures to obtain the cyclic voltammogram that is usually used for this kind of
evaluation are reported in figure A.2.3.1

a)

v(t)

c) \ | —vCq ‘

i(t)

[_vcd /v

Figure A.1.4 Graphical procedure to obtain the voltammogram of an ideally polarizable electrode. a) potential
profile imposed over time with a sweep velocity of v up to a terminal potential V, b) current response of the
electrode as a function of time under the cyclic voltammetry and, c) cyclic voltammogram of a purely capacitive
electrode.

From this figure is possible to evaluate the graphical procedure that yields the voltammogram
of an electrical double layer driven process. Indeed, in figure A.1.4 c) is reported the typical
box-shaped symmetric voltammogram that indicates a reversible electrical double layer driven
process. In a real system, several deviations may occur related to a particular pores size
distribution in the case of a high specific surface area electrode, specific adsorption/desorption
phenomena as well as quick faradaic reaction that may cause deviation from this shape.
Nevertheless, the simple circuital model proposed here is capable to predict the traditionally
box shaped cyclic voltammetry as well as the dependency of the voltammetric current by the
scan rate that is widely adopted when a single electrode’s specific capacitance is evaluated

under cyclic voltammetry experiments. Is worth noticing that often in the scientific practice,
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the equation for the ideally polarizable electrodes is exploited to evaluate the electrochemical

response of laboratory prototypes of EDLCs cells.

A.1.4 Evaluation of electrode capacitance from device measurements

Referring to the circuital model reported in figure xxx, it is possible to model a complete device

as two capacitors in series connected by resistance, as reported in Figure A.1.5.

v

Rgsr
]
Cy : C,

Figure A.1.5: Equivalent circuit of an EDLCs featuring two electrodes

Here C,,C, are represent the capacitance of the positive, and the negative electrode,
respectively. While Rgsg is the equivalent series resistance that is the sum of the ohmic
contribution that are present in the complete device (e.g., the ohmic resistance of the
electrolyte, the ohmic resistance of the current collector, the electrodes). It is possible to show
that the specific capacitance of the device is related to the specific capacitance of the single
electrode and is strongly related to the mass balance of the electrodes.

Symmetrical mass balance in EDLCs

If the mass of the electrode material is taken as the normalizing parameter and for the device
reported in Figure A.1.5 a total capacitance Cy is measured, the specific capacitance of the two-
electrode system is given by the equation

T 2-m

Cs (A4.1.13)

If the two electrodes have specific capacitance C; and C, being in parallel, the total capacitance

of the device is given by

1 1 1 ¢, C
i ,¢C 1b2

Cr GG TTCFG

(A.1.14)

If the system is symmetric, C; = C, = C and therefore the equation simplifies to

c
Cr=1 (A.1.15)

Therefore, substituting equation
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C—C—Cl C,
ST 4am T 4m T 4m

(A.1.16)

According to this equation, the specific capacitance of the electrode can be evaluated as four

times the specific capacitance of the device.

Asymmetric mass balance in EDLCs

In a capacitor in which the electrodes are not symmetric due to a different mass loading but
with identical electrode materials and composition the equation that relates the single electrode

capacitance and the material ones becomes

Ct=m*C (A.1.17)
C-=mC (A.1.18)
Where m*, C* and m~, C~ are the mass loading, the specific capacitance of the negative and

the positive electrodes, respectively. Therefore, the specific capacitance of the device becomes
€ =T (4.1.19)
ST omt+m- o
As in the example of the two symmetric electrodes, the total capacitance of the device is given
by equation A.1.14, and substituting equation A.1.17 and A.1.18 the relation A.1.14 becomes
LN (4.1.20)
T m-+m*t o

Substituting into equation A.1.19 the general expression A.1.21 is yield

T ! ¢ (4.1.21)
ST \mm+mt) mt4+m- o
Is obtained, e.g. (m* = 2-m")
2
C;=35C (A.1.22)

That is, with respect to the case of a symmetric capacitor, the capacitance of the device is the
capacitance of the single electrode reduced by a factor of 0.222 rather than a 0.25, which is a
12.5 % less. This calculation can be used as argumentation that the exploitation of asymmetric
mass loading to exploit the widest electrochemical stability window can be used when the gain
in energy is greater than the loss in specific capacitance of the single electrode.
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Appendix B: BET surface are measurements

BET measurements are widely adopted together with a pores size distribution, in this section
the main hypothesis under which the BET theory is obtained are discussed together with the
relevant equations. In general, the capacitance expressed per gram of electrode has been found
to increase with the surface area of porous carbon. However, in some cases, no clear
relationship between the surface area and the total surface area was observed. In general, this
deviation is explained by the difference between the specific capacitance on the micropore

surface and on the external surface

Specific surface area pores size distribution and pores volume are textural properties that
strongly affect the performance of the carbonaceous materials, for supercapacitors

applications. Pores are categorized by IUPAC according to their diameter as

e Micropore: Width < 2nm
e Mesopore 2 < Width <50 nm

e Macropores > 50 nm

Micropores size extends down to molecular dimension and play an important role in the
adsorption-based process, trough restricted diffusion and molecular sieve effects. Fine
micropores exhibit a greater adsorbent-adsorbate affinity. Adsorption in fines pores can occur
via a pore filling mechanism rather than the surface coverage hypnotized by the Langmuir and
BET theory, that lead to unrealistic high surface area estimation. Mesopores contribute to
surface area and their relatively large size allow adsorbate accessibility. Macropores, on the
other hand, generally make negligible contribution to the surface area of porous carbon and
their main function is to act as “transport avenue” into the interior of carbon particles. Materials
with the highest surface area are consistently obtained by highly microporous activated carbon,
in which the micropores occupy the 90% of the total volume. Activated carbon derived from
naturally occurring precursors tend to contain pores from all three classes and the selection of
the precursor as well as the activation conditions, lead to significant control over the relative
contribution of each size class. Isotherm nitrogen adsorption isotherm can be exploited as a
technique to determine the specific surface area as well as the pores volume and the pores size
distribution. Adsorption is the attaching of gas molecules to the surface of a solid including the
surface inside the open pores, increasing the pressure of the gas over the solid leads to an

increase in the adsorption. The desorption, on the other hand, is the removal of gas molecules
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from the surface of a solid including is inner pores and decreasing the pressure of the gas over
the solid leads to an increase in the desorption. When the interaction between a surface and an
adsorbate takes place and it is driven by weak forces such as Van der Waals forces the
adsorption mechanism is called physisorption. During physisorption, the heat of adsorption is
relatively low, and the process involves a multilayer of adsorbed molecules with high
isothermal reversibility. On the other hand, when electronic interaction between the atoms of
the surface and the adsorbed molecules are present, the adsorption mechanism is called
chemisorption. Chemisorption is characterized by large interaction which leads to high heats
of adsorption, given its nature, it is a monolayer process, and being a chemical reaction, this
kind of interaction has activation energy associated with it. Moreover, with respect to the
physisorption is has poor isotherm reversibility. Physisorption is exploited when surface area
measurements are needed while, Chemisorption is exploited when the measurements to
evaluate the number of active sites on the surface of a material, this technique indeed is
exploited to evaluate the activity of the catalyzer. In physical adsorption, the driving force is

the unbalance of forces between the bulk of the material and its surface

The specific surface area of activated carbon is measured through physisorption measurement.
The most exploited gas for this measurement is nitrogen, it is possible to run physisorption
measurements also with Ar, CO2, CO, Oz, and CH4H10. As known nitrogen is an inert gas with
a modest reactivity, therefore the interaction with most of the adsorbing surface is related to
weak interaction such as VVan der Waals and therefore is physisorption. Since adsorption is an
Exothermic process, high temperatures tend to inhibit the physical adsorption; therefore, the
measurements are run in a bath of liquid nitrogen that keeps the system under isotherm
condition at low temperatures (77 K). Physical adsorption is fully reversible, allowing
adsorbate to fully adsorb/desorb. The output of the measurement is the adsorption isotherm that
is obtained by measuring the amount of gas adsorbed across a wide range of relative pressure
at a constant temperature. Indeed, the fraction of the surface covered by adsorbed molecules
increases with the relative pressures. Conversely, desorption measurements are achieved by
measuring the gas removed as pressure is decreased. The first adsorption layer is called the
Langmuir adsorption layer, on the second and further adsorption layer condensation of gas into
liquid occurs. The relation between physisorption and the determination of the surface area of
the material is related to the fact that once the monolayer of adsorbed molecules is formed, this

will completely cover the area of the surface and therefore

S =Ag - Ny (B.1)
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Where S is the surface of the material, A is the correctional area of the adsorbed molecule,
and N,, is the number of molecules that are needed to adsorb a monolayer over the surface of
the adsorbent material. Nitrogen adsorption isotherm data are reported in the form of adsorption
isotherm, according to the morphology of the surface but also to the kind of process that occurs,

the isotherm curves are classified into six kinds

e —

P —
Type |

Type I: Adsorption in micropores, adsorption isotherm are related to microporous surface
with the exposed surface residing almost exclusively inside the micropores, which once filled
with adsorbate, leave little or no external surface for further adsorption. Moreover, the
adsorption is limited to a few molecular layers and is characteristic of activated carbon and

zeolites.

Type 11 Unrestricted monolayer-multilayer adsorption, this are related to non-porous

powders or microporous powders. Is characterized by an evident inflection point occurs near
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the completion of the first adsorbed monolayer. This point represents the complete coverage
of the monolayer.

Type Il

o

Type 111 adsorption isotherm appears when the interaction between the adsorbed molecules
are greater than the interaction with the adsorbant surface. This phenomenon is characterized
by heats of adsorption less than the adsorbate heat of liquification, as an example nitrogen on
polyethylene.

Type IV

Type IV Monolayer-multilayer adsorption and capillary condensation, this isotherm occurs
when the pores distribution is in the range 1.5-100 nm. At higher pressure, the slope shows
and increase uptake of the adsorbate as pores become filled, inflection point typically occurs

neat the completion of the first monolayer and is related to the complete pore filling.
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Type V o

Type V Weak interaction and capillary condensation, this isotherm are observed when small
adsorbate-adsorbent interaction similar to Type Il and are also associated with pores in the

1.5-100 nm range

Type VI v

P
”

Type VI Stepwise multilayer adsorption on a non-porous non-uniform surface. An example

of this is the adsorption of Ar or Kr no graphitized carbon.

The mathematical description of the adsorption/desorption isotherm allows to determine the
surface area and pore data, the models used for the mathematical description are empirical
models that fit the experimental and therefore, the discussion of the results should take into

account that surface area or pore volume determined using empirical volume is approximated.

There are two theories that give access to the monolayer capacity using the isotherm which is

the Langmuir and the BET, in this Appendix BET theory and its limitation is described.
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Specific area of activated carbon is often estimated through the Brunauer-Emmet-Taller (BET)

specific surface area, this theory assumes that

e Gas molecules behave ideally

e There is the formation of a single monolayer
e All sites on the surface are equal

e There aren’t adsorbate-adsorbate interactions

e Adsorbate molecules are immobile

Under this hypothesis, the BET theory states that the Surface is homogeneous, that there
aren’t lateral interactions between molecules, that the uppermost layer is in equilibrium with
the vapor phase, that all surface sites have the same adsorption energy for the adsorbate. The
main limitation of the BET is that the BET equation, is applicable for non-porous materials

since it is difficult to separate the pores filling from the monolayer formation. The BET

equation is
1 1 (c-1) (P
= + = (B.2)
na ((%) _ 1) Wm -C WmC (PO)

Where W, is the weight of the gas adsorbed, P /P, is the relative pressure, W, is the weight

of the adsorbate monolayer and C is the BET constant. The BET equation requires a linear

plot of + vs =, indeed the BET equation can be rearranged as
W~(P—0)—1 Py

W'<(%)—1> " (g (8.3)

Where m and q are the slopes and the intercept that is determined from the experimental

adsorption isotherm. The linear trend is yield in the region in which the monolayer is
completed that has been empirically determined as the region between 0.05 < (P%) < 0.3.
This limitation is related to the fact that high energy sites are occupied at low relative
pressure, and this is related to the assumption 0.05 < (P%) at the same time polarization

forces

These two quantities that are determined by linear fit are related to
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- (8.5)
1T=w.c '

Therefore, since m and g are experimentally determined it is possible to calculate the W}, and
C as

1
= B.
O (8.6)
m
C=E+1 (B.7)

Finally, the weight of the adsorbate monolayer can be related to the specific surface of the
adsorbent S as

:Wm'NA'Acs

S
Pm-w

(B.8)

Where N, is the Avogadro number, B, is the molecular weight and w is the weight of the
tested sample.
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