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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 

à 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. 
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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 CO2 (four vibrational modes, of which 

three are active in the IR region) and H2O (three vibrational modes all active in the IR). Clouds 

and water in the atmosphere are the biggest contributors to the greenhouse effect, although H2O 

emits in the infrared region, it is not considered a greenhouse gas. Indeed, the amount of H2O 

in the atmosphere increases monotonically with the increase of the surface temperature, and 

therefore atmospheric H2O 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, CH4, 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.  
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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 CO2 production per country (Figure 1.1b)). Noticeably, the CO2 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.  

 

 

Figure 1.1: a) World energy consumption in TWh, b) billions of CO2 emissions per country c) equivalent billions 

of CO2 emissions and possible predicted scenario, d) variation percentage of the total population, Real GDP per 

capita, energy consumption, and Annual CO2 emission.  

 

At the global level, the major producer of CO2 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 21st 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.  

 

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  

• 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]. 

 

• 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 
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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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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 

kg-1 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-1 and specific power 

of 4-400 kW kg-1, Electrochemical capacitors, on the other hand, are low specific energy 

devices, ranging from 0.01-230 Wh kg-1 with outstanding specific power ranging from 10-105 

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 105 W kg-1 but with modest discharge times 

ranging from 10-6 to 10-3 s and capacitance from 1 μF 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 

https://doi.org/10.1016/S0013-4686(00)00354-6
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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 kg-1, with smaller specific power from 1-

10 kW kg-1, and longer discharge times from fraction of seconds to several minutes but 

impressive specific capacitance from 20 to 50 F g-1(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 kg-1 at 

comparable power densities of 1-10 kW kg-1. Metal oxides, as well as electroactive polymers, 

are exploited in these systems and examples are MnO2, RuO2, 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 

kg-1 with more modest specific energy typically lower than 10 Wh kg-1. 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 dq/dV arises that is equivalent to 

a capacitance. Indeed, capacitance is defined as  

                                                             𝐶 =
𝑞

𝑉
                                                   (1.3.1) 
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Where q, 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 m2 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 

                                                       𝐶 = 𝐴
𝜖𝑟 ⋅  𝜖0

𝑑𝐻
                                            (1.3.2) 

𝐴 is the electrode area, with a plate placed at a distance 𝑑𝐻, that is the average thickness of the 

double layer structures (𝑑𝐻 ∼ 1 − 2 𝑛𝑚, depending on the temperature, concentration, and 

nature of the electrolyte), 𝜖𝑟 dielectric of effective dielectric constant 𝜖𝑟, that is the local 

relative permittivity of the double layer, that depends upon the nature of the electrolyte and 𝜖0 

which represents the vacuum permittivity. The potential along 𝑑𝐻 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 (𝐴 >

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) Negative and positive terminal: Physical poles of the device. 

2) 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.  

3) 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. 

4) 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 

5) 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  

• Electrode fabrication  

• Cell preparation that is conducted in a dry room  

• 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 m2g-1 to 2000 m2g-1 ), 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 (sp1), 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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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 Ω⋅cm, while 

along the perpendicular plane (c-axis) is c.a. 10-2 Ω 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 CO2 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 m2 g-1), 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 m2g-1 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 μm 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 m2g-1 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 



28 
 

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), ZnCl2, K2CO3, KHCO3, H3PO4, and FeCl3. 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 m2g-1 [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(𝑠) → 𝐾2𝑂(𝑠) + 𝐻2𝑂(𝑔) 

According to some authors, this reaction is accompanied by an expansion of the 

carbon/precursor matrix due to the presence of K2O, 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. K2CO3 that melts at 890°C 

[39]. It is 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 K2O  

3 ⋅ 𝐾2𝑂(𝑠) + 𝐶(𝑠) → 4 ⋅ 𝐾(𝑠) +  𝐾2𝐶𝑂3(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 

𝐾2𝐶𝑂3(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 K2CO3 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  

𝐾2𝐶𝑂3(𝑠) → 𝐾2𝑂(𝑠) + 𝐶𝑂2(𝑔)
 

At these temperatures CO2 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 

𝐶𝑂2(𝑔)  + 𝐶(𝑠) → 2 ⋅ 𝐶𝑂(𝑔) 

Although K(OH) is the most exploited activation agent, its corrosivity poses serious concern 

and other mild activation agents such as KHCO3 and K2CO3. 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 ⋅ 𝐾𝐻𝐶𝑂3(𝑠) → 𝐾2𝐶𝑂3(𝑠)  + 𝐶𝑂2(𝑔) + 𝐻2𝑂(𝑔)  

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 K2CO3, and becomes 

important at 150°C, the only difference in the exploitation of K2CO3 with respect to KHCO3 is 

this decomposition reaction that occurs at relatively low temperatures. However, the 

exploitation of both KHCO3 and K2CO3 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 m2g-1), 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), KHCO3 and K2CO3 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 K2CO3 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 K2CO3 [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 K2CO3, 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 KHCO3 and K2CO3 [39]. In Figure 1.3.7, nitrogen 

adsorption isotherms of carbon activated by exploiting K(OH), KHCO3, and K2CO3 as 

activating agents, highlight that, the amount of N2 adsorbed depends substantially on the 

activating agent. In this case, porosity development follows the trend KOH>KHCO3 ∼ K2CO3. 

The fact that the nitrogen adsorption isotherm of the carbons activated by KHCO3 and K2CO3 

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 CO2 generated during the decomposition of KHCO3 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 K2CO3, black KHCO3 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 m2 g-1) with respect to 

K2CO3 (2230 m2 g-1), and KHCO3 (2150 m2 g-1). 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 KHCO3 

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 K2CO3 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 HCl, 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 K2CO3 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 10-1-102 Ω cm-1 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-1. 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-1 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 ET4BF4 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]. 

Ionic 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 (PF6-, 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 10−3–10−2 S cm−1 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  

𝑃 =
(𝑊 − 𝑊0)

𝜌𝑒 ⋅ 𝑉
⋅ 100 

Where P is the porosity, 𝑊 is the weight of the separator after immerging in the electrolyte, 

𝑊0 is the weight of the separator before immerging in the electrolyte and, 𝜌𝑒 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 ⋅ 𝐶𝑂2 + 𝑦 ⋅ 𝐻2𝑂 + 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.  

                                𝑂2 + 4𝑒− + 4𝐻+ → 2 ⋅ 𝐻2𝑂                                          (1.4.2) 

The MFC open circuit cell voltage (Δ𝑉𝑂𝐶𝑉) corresponds to the difference between the anode 

and the cathode potentials (equation 1.4.3).  

                                  Δ𝑉 = 𝑉𝑐𝑎𝑡 − 𝑉𝑎𝑛𝑜𝑑𝑒                                                          (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-2 

(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 cm-2. 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-2 is 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 𝐻2, the fermentative bacteria could 

transfer electrons to the methanogen one, avoiding the feedback on the 𝐻2 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.. 

                                        𝑂2  + 4𝑒− + 4𝐻+ → 2𝐻2𝑂 (𝑎𝑐𝑖𝑑𝑖𝑐 𝑚𝑒𝑑𝑖𝑢𝑚 )                       (1.4.4)            
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       𝑂2 + 2𝑒− + 2𝐻+ → 𝐻2𝑂2 (2𝑒− 𝑝𝑎𝑡ℎ𝑤𝑎𝑦 𝑎𝑐𝑖𝑑𝑖𝑐 𝑚𝑒𝑑𝑖𝑢𝑚 )                   (1.4.5) 

               𝐻2𝑂2 + 2𝑒− → 2𝑂𝐻− ( 2𝑒−𝑝𝑎𝑡ℎ𝑤𝑎𝑦 𝑎𝑐𝑖𝑑𝑖𝑐 𝑚𝑒𝑑𝑖𝑢𝑚)                              (1.4.6)           

   𝑂2 + 4𝑒− + 2𝐻2𝑂 → 4𝑂𝐻− ( 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+ (10-7 M) and OH- (10-7 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 O2 [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 AdE. Moreover, the increase of the cathode 

surface area achieved by the short-circuited AdE, also increases the capacitive response of the 

system.  

 

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 Wm-2) [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, I 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: 

i) Together with the group “Gruppo di Elettrocatalisi ed Elettrochimica Applicata” of 

Professor Christian Durante of UNIVERSITÀ 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].  

 

ii) With the group of Professor Massimo Innocenti, from the Department of Chemistry 

“Ugo Schiff” of the UNIVERSITÀ 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 El Halimi, a Ph.D. student in Co-

tutele between the University of Bologna and the University of Tangeri, I 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 (PYR14TFSI). 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):  

● HBLME: low electrode mass loading and high binder content (HBLME)  

● 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−1 for 

both devices and was 18 F g−1 and 14 F g−1 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−1 and 7.2 Wh kg−1 at 0.5 A g−1 

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−1 and 3.7 kW kg−1 at 4–5 A g−1 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−1, 

and maximum specific energy of 27.8 Wh kg−1 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−1. 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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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-1 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: 

 

● MC-P200: mesoporous silica (P200) has been added to the sucrose as the templating 

agent before the carbonization. 

● nMC-PA: mesoporous silica functionalized with propylamine (PA) has been added to 

the sucrose as the templating agent, before the carbonization.  

● NMC-P200: mesoporous silica (P200) has been added to the sucrose as the templating 

agent together with 1,10-phenanthroline, before the carbonization.  

● 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.  



81 
 

 

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 m2g-1 (NMC-PA), 1003 

m2g-1 (nMC-PA), 1148 m2g-1 (NMC-P200), and 763 m2g-1 (MC-P200) have been measured.    

The obtained materials have been tested as the main component of electrodes for EDLCs 

featuring ionic liquid Pyr1,2O1 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-1 for NMC-P200, 43 F g-1 for 

MC-P200, 35 F g-1 for NMC-PA and 24 F g-1 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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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, I 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-1 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 

5 m, 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, 

2.67 V at 5 m, 2.81 V at 10 m, 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-1 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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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−1, carried out by Mr. El 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. El 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−1 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-1 at −10 °C to 15.6 Wh kg-1 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 WiSE 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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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−1, and maximum specific 

energy of 27.8 Wh kg−1 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−1. 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 kg-1 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 
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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.  
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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 

 

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.  
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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(NO3)2The 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, 

• 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).  

• 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) 

• 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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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 Ω. 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: 

 

• 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. 

 

• 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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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, KHCO3. 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 m2g-1 and 1879 m2g-1, 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 KNO3 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 KNO3 

electrolyte. In particular, from the single electrode tests, LAC-2 carbon exhibited a superior 

specific capacitance of 114 F g-1 in 2.5 M KNO3 with respect to LAC-0.5 (9\Q 0 F g-1). 

Therefore, LAC2 activated carbon has been selected to prepare a symmetric EDLC displaying 

a good specific capacitance of 28.5 F g-1, corresponding to an electrode specific capacitance of 

114 F g-1, with specific energy-specific and power up to 10 Wh kg-1 and 6.9 kW kg-1, 

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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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, I 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 CaCl2 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, a 2 M Ca(NO3)2 solution has been used. In turn, it has been previously reported that 

2 M Ca(NO3)2 solution enables the design of EDLCs designed with Nickel foam current 

collectors and CMK-3 carbon, with good capacitance (210 F g-1) [4].  

To further push the concept of sustainability, activated carbon obtained from the pyrolysis of 

biomass, with the mild activation agent KHCO3 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 KHCO3, dried and washed Lining was mixed overnight with 

KHCO3 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 HCl 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-1 solution of 

CaCl2  (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 CaCl2 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(NO3)2 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-2 (0.5 cm2) 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-1. 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 

                                        𝐶𝑒𝑓𝑓(%) =
∫ 𝑖𝑟𝑖𝑑𝑑𝑡

∫ 𝑖𝑜𝑥𝑑𝑡
⋅ 100                                           (3.3.1) 

Where 𝐶𝑒𝑓𝑓(%) is the coulombic efficiency percentage, and ∫ 𝑖𝑟𝑖𝑑𝑑𝑡 (mAs) is the charge 

calculated as the integral of the experimental current over the discharge cycle (negative current 

branch), ∫ 𝑖𝑜𝑥𝑑𝑡 (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-1. 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(NO3)2, 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. Voltammetric 

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(NO3)2  

Scan rate (mV s-1) Electrode specific capacitance (F g-1) 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-1, which slightly decreases with a minimum at the 



149 
 

maximum tested scan rate of 200 mVs-1. 75 Fg-1with coulombic efficiencies of 97%, and 68 

Fg-1with a coulombic efficiency of c.a. 100 %, have been measured at a scan rate of 5 mV s-1 

and 200 mV s-1, 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-1, 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 

                                       𝐶 =
𝑑𝑉

𝑑𝑡
⋅ 𝑖 ∼

Δ𝑉𝑐𝑒𝑙𝑙

Δ𝑡
⋅

1

𝑖
                                         (3.3.2) 

Where C (mF) is the capacitance of the cell, and Δ𝑉/t (V s-1) 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 g-1)  Electrode specific capacitance (F g-1) 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-1, at 1 Ag-1 that slightly decreased to a minimum of 70 Fg-1 at 10 Ag-1.   

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  

                                                             𝑞+ = 𝑞−                                                       (3.3.3) 

where 𝑞+and 𝑞−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 

                      Δ𝑉+𝐶+ = Δ𝑉−𝐶− → Δ𝑉+𝑚+𝐶𝑒
+ =  Δ𝑉−𝑚−𝐶𝑒

−                       (3.3.4)  

WhereΔ𝑉+, Δ𝑉− are the positive and the negative electrode voltage excursion during the 

polarization, 𝐶𝑒
+, 𝐶𝑒

−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  

                                    
Δ𝑉+

Δ𝑉−
=

𝑚−

𝑚+
=

0.2

0.4
→ 𝑚+ = 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-2) closely approaching the desired mass ratio (
𝑚+

𝑚− =

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(NO3)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-1 

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, e) 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

𝐶𝑇
=

1

𝐶+
+

1

𝐶−
→ 𝐶𝑇 =

(𝑚+ ⋅ 𝑚−)

𝑚+ + 𝑚−
⋅ 𝐶𝑒                              (3.3.6) 

Where 𝐶𝑇 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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                                                       𝐶𝑆 =
𝐶𝑇

(𝑚+ + 𝑚−) 
                                                   (3.3.7) 

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

specific capacitance of the electrode material  

                                              𝐶𝑆 =
(𝑚+ ⋅ 𝑚−)

𝑚+ + 𝑚−
⋅

1

𝑚+ + 𝑚−
⋅ 𝐶𝑒                                (3.3.8) 

since as previously discussed 𝑚+ = 2 𝑚− equation (3.3.8) simplifies into 

                                                             𝐶𝑆 =
2

9
𝐶𝑒                                                         (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 (𝐶𝑇), EDLCs specific 

capacitance (𝐶𝑠) obtained from the voltammetries reported in Figure 3.3.2a, and the calculated 

electrode capacitance (𝐶𝑒) according to the equation (3.3.9) are reported together with the 

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

 

Table 3.3.3 Total EDLC capacitance (𝐶𝑇), specific EDLC capacitance (𝐶𝑠), calculated electrode specific 

capacitance (𝐶𝑒) and coulombic efficiency (𝐶𝑒𝑓𝑓) evaluated by the voltammogram reported in Figure 3.3.2a 

Scan rate (mVs-1) 𝐶𝑇 (mF)  𝐶𝑠 (Fg-1)  𝐶𝑒 (F g-1) Ceff (%) 

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 49.4 21.5 96.1 100 

150 48.4 21.0 94.8 100 

200 47.4 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-1, which slightly decreased (10%) at 47 mF at 200 mVs-

1, indicating good capacitance retention, 11% of capacitance fading. These values correspond 

to specific electrode voltammetry capacitance of 100 Fg-1 at 5 mVs-1 that decreases to 90 Fg-1 

at 200 mVs-1. 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-1 at 200 mVs-1. 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-1. 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 

(Δ𝑉𝑜ℎ𝑚𝑖𝑐) at beginning of discharge, which in turn represents a small ohmic drop also at high 

current. Equivalent series resistances 𝑅𝐸𝑆𝑅 (Ω) at the tested current of the EDLC have been 

calculated according to the equation (3.3.10)  

                                                  𝑅𝐸𝑆𝑅 =
Δ𝑉𝑜ℎ𝑚𝑖𝑐

2 ⋅ 𝑖 
                                                      (3.3.10) 

where i is the galvanostatic discharge current. Specific energy 𝐸𝑐𝑒𝑙𝑙 (J g-1) has been calculated 

by the integral of the cell’s galvanostatic discharge voltage profile divided by the mass of the 

two composite electrodes (𝑚𝑐𝑒𝑙𝑙) according to the equation (3.3.11).  

                                     �̅�𝑐𝑒𝑙𝑙 =
𝐸

𝑚𝑐𝑒𝑙𝑙
= 𝑖 ∫ 𝑉𝑐𝑒𝑙𝑙𝑑𝑡 ⋅

1

𝑚𝑐𝑒𝑙𝑙
                                 (3.3.11) 

From the specific discharge energy, the average discharge power Pcell (W g-1) has been 

calculated by the (3.3.12), that is equation (3.3.10) divided by discharge time t (s).  
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                                                    �̅�𝑐𝑒𝑙𝑙 =
𝑃

𝑚𝑐𝑒𝑙𝑙
=  

�̅�𝑐𝑒𝑙𝑙

Δ𝑡
                                                      (3.3.12)         

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 3.3.2c) 

Specific current (A g-1)  𝐶𝑇  (mF) 𝑅𝐸𝑆𝑅(Ω)  E (Whkg-1) P (kW kg-1) Ceff (%) 

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 44.4 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-1, the ohmic drop was extremely small and therefore its 

evaluation was strongly affected by the acquisition system. A mean value of 2Ω has been 

calculated from the 𝑅𝐸𝑆𝑅 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 Ag-1. 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-1 (2.3 mA) 

of 50 mF that slightly decreased to 44.38 mF at 10 Ag-1, a capacitance loss of 12%. From the 

galvanostatic charge/discharge test, specific energy converted in Wh kg-1, 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-1 where it has the minimum value of the specific energy (0.5 Wh kg-1). With 

maximum specific energy at the lowest current, 0.99 Wh kg-1 at 1 Ag-1, where it has the 

minimum of the specific power (0.27 kW kg-1). 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 as𝐸𝑚𝑎𝑥 = 1/2𝐶𝑉𝑚𝑎𝑥
2 , 

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 Ω). 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-1 and the capacitance 

retention over cycling is reported in Figure 3.3.4.  
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Figure 3.3.4 Coulombic efficiency and Capacitance retention during cycling at 1 Ag-1 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(NO3)2-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 kinetics, 

and iii) the monolithic integration of supercapacitive features in MFCs.   

In this section three different strategies to improve the MFC power performance are reported:  

• 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 

• 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)2 

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. 

 

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. 

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 𝐶𝑎𝑝𝑝 (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)  

                                                             𝐶𝑎𝑝𝑝 =
𝑖

𝑚
                                                       (3.4.1) 

Moreover, from the discharge curve voltage profile, the cell’s equivalent series resistances 

(𝑅𝐸𝑆𝑅in Ω), discharge energy, and power have been calculated according to equations (3.4.2), 

(3.4.3), and (3.4.4)  

                                                     𝑅𝐸𝑆𝑅 = Δ𝑉𝑜ℎ𝑚𝑖𝑐

1

2 ⋅ 𝑖 
                                           (3.4.2) 

Where Δ𝑉𝑜ℎ𝑚𝑖𝑐 is the ohmic drop (V) and 𝑖 is the galvanostatic discharge current. Cell energy 

𝐸𝑐𝑒𝑙𝑙 (J) has been calculated by the integral of the cell’s galvanostatic discharge voltage profile 

according to equation 3.4.3  

                                                     𝐸𝑐𝑒𝑙𝑙 = ∫ Vcell𝑑𝑡                                            (3.4.3) 

From 𝐸𝑐𝑒𝑙𝑙 the average discharge power 𝑃𝑐𝑒𝑙𝑙  (W) has been calculated by equation (3.4.4)  

                                                     𝑃𝑐𝑒𝑙𝑙 =
Ecell

Δ𝑡
                                            (3.4.4) 

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)  𝐶𝑎𝑝𝑝(mF)   𝑅𝐸𝑆𝑅(Ω)  Energy (𝜇Wh)  Power (mW) 

1 302.8 91.6 6.4 0.1 

1.5 173.1 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 Ω. 
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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)  𝐶𝑎𝑝𝑝 Anode (mF)   𝐶𝑎𝑝𝑝 𝐶athode (mF) 

1 523.7 3238.5 

1.5 315.3 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 𝜇𝑊ℎ . 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-1 (2.3 mA), 2 Ag-1, 

(4.6 mA), 3 Ag-1 (6.9 mA), 5 Ag-1 (11.5 mA), and 10 Ag-1 (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, c) 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 6c 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. 

 

 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 l 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 the𝑅𝐸𝑆𝑅,  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. 

 

 

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)  𝐶𝑎𝑝𝑝 (mF)   𝑅𝐸𝑆𝑅(Ω)  Energy (𝜇𝑊ℎ)  Power (mW) 

5 245.5 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)  𝐶𝑎𝑝𝑝 Anode (mF)  𝐶𝑎𝑝𝑝 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.  

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.  

 



173 
 

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)  𝐶𝑎𝑝𝑝 (mF)   𝑅𝐸𝑆𝑅(Ω) Energy (𝜇Wh)  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)  𝐶𝑎𝑝𝑝 Anode (mF)  𝐶𝑎𝑝𝑝 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.  

 

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.  

 

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 lowest𝑅𝐸𝑆𝑅. Indeed, the MFC//SC system features the lowest 

RESR of 2 Ω, 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. 

 

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 

𝜇Wh, followed by the ACC-MFC with the maximum of the measured energy at 5.9 𝜇Wh at 5 

mA, the MFC with a maximum of the average energy at 1 mA, 6.4 𝜇Wh and finally the 

MFC//SC with a maximum of the average energy of 3.8 𝜇𝑊ℎ 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.  

 

 



178 
 

 

 

 

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] Kötz, 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. 

 

 

 



179 
 

 

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, I 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 Ion 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, I 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. 

 

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 

(4.1.1) 

                                                           𝑍𝐶𝑃𝐸(𝜔) =
1

(𝑄𝜔)𝛼
                                                           (4.1.1) 

Where 𝑄 (
𝐹

𝑠𝛼−1
)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. 

 

Figure 4.1.2:  Cyclic voltammogram at a) 5 mVs-1 and b) 20 mV s-1 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-

1 a) and b) 20 mV s-1. 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-1 the oxidation reaction 

potential is at 71 mV vs. SCE and a reduction one at -130 mV vs. SCE. At 20 mVs-1 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 𝐻2 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 𝑅𝑒 represents the uncompensated resistance (mainly affected by 

ohmic terms), 𝑅𝑐𝑡 represent the charge transfer resistance and is characteristic of a chemical 

reaction, and CPE represents the double layer capacitance in parallel with 𝑅𝑐𝑡. 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 C0 to the parameter of the circuit reported in 

Figure 4.1.3 

                                                  𝐶0 = (𝑄 (
1

𝑅𝑒
+

1

𝑅𝑐𝑡
)

𝛼−1

)

1/𝛼

                                    (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 𝑅𝑐𝑡 → ∞ in equation (4.1.2). 

                        𝐶0 = (𝑄 (
1

𝑅𝑒
+

1

𝑅𝑐𝑡
)

𝛼−1

)

1/𝛼

   = (𝑄 (
1

𝑅𝑒
)

𝛼−1

)

1
𝛼

                        (4.1.3)  

This limit applied to the circuit reported in Figure 4.1.1 is equivalent to the transformation of 

the branch of 𝑅𝑐𝑡 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 𝐶0 doesn’t take into account only the double layer capacitance but also 

the faradaic contribution, as highlighted by the presence of the 𝑅𝑐𝑡 terms in the equation. 
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To investigate the carbon paper colonization, the evolution of the faradic 𝐶0 has been followed 

as a variation percentage according to equation 4. 

                                             Δ𝐶0 =
𝐶0(𝑡) − 𝐶0(𝑡0)

𝐶0(𝑡)
⋅ 100                                            (4.1.4)  

where 𝐶0(𝑡) is the capacitance of the circuit reported in Figure 4.1.3, calculated at the time (t) 

of the experiment and 𝐶0(𝑡0) is the initial one. 𝐶0(𝑡0) 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 𝑅𝑒 and 𝑅𝑐𝑡 

has been also investigated over time and the results are reported in Figure 4.1.4 

 

 

 

 

 

 

c) 
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Figure 4.1.4: Trends of a) the variation percentage of C0, b) Re and Rct 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 Δ𝐶0% 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 7th hour to the 62nd 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 𝑘Ω to a final value of 1340 Ω, 

highlighting the fact that during the colony development the kinetics of the electrooxidation 

processes driven by the bacteria is enhanced. 𝑅𝑒, on the other hand, shows a small decrease 

from a maximum value of 13 Ω to a minimum one of 10 Ω. 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 𝑅𝑒 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 𝑅𝑒. The unexpected decrease of 𝑅𝑒, 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 𝑅𝑒 and 𝑅𝑐𝑡 lead to an increase of 𝐶0. 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-1 and at 20 mVs-1. 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-1. 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. 

 

Figure 4.1.5 a) cyclic voltammogram at a) 5 mVs-1 and b) 20 mV s-1 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 Ion 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, I had the 

opportunity to be hosted in the groups led by Prof. Clara Santato and Prof. Fabio Cicoira 

at  Ecolè Polytechnique du Montrèal, 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 à projets 2020) Therefore, 

this section reports the results and the experimental details of the exploitation of  Ion 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 LiNi0.5Mn0.3Co0.2O2 

(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 (LiMOx) 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 LiMOx, 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 LiMOx 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 Ni3+/Ni4+ multivalency and the Co3+/Co4+ [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 LiMOx 

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. 
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4.2.2 Ion 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.  

 

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 (Ids, Vds). The channel 

is in short circuit with the source, therefore, modulation of the Vgs 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 μF cm-2). This brings about high induced charge carrier densities up to 

1015 cm at extremely low Vgs 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 Ids 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 SiO2/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 

(LiMn1.5Ni0.5O4, NANOMYTE. SP-10) and NMC(532) (LiNi0.5Mn0.3Co0.2O2, 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-2. 

 

 

IGT configuration 

The scheme of the first type of IGT, referred to as the “well-EGT”, is reported in Figure 4.2.3 

a). 

 

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 μm, with a length of 10 

μm. 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 cm2) coated 

with activated carbon (BP10T 0.5 mg cm-2) 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 (H2O, O2 < 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: 

LiMn1.5Ni0.5O4 based channels without conductive carbon additive (LNMO) and with 

conductive carbon (LNMOC) and LiNi0.6Mn0.2Co0.2O2with 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 LiMn1.5Ni0.5O4 8/1/0 

LMNOC LiMn1.5Ni0.5O4 8/1/1 

NMC LiNi0.6Mn0.2Co0.2O2 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 LiNi0.5Mn1.5O4 

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 CEI 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 

 

 

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 𝜇 Vs-1 , 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 

Mn4+/Mn3+, Ni3+/Ni2+, and Ni4+/Ni3++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 

Mn4+/Mn3+ 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-1 (Figure 4.2.5a)  and 100 mVs-1 

(Figure 4.2.5b)  𝑉𝑔𝑠 scan rate, at constant 𝑉𝑑𝑠 of 200 mV. 

 

Figure 4.2.5. Transfer curves of the IGT featuring LNMO (without carbon) as channel coating at the Vgs scan 

rates of a) 20 mV s-1 and b) 100 mV s-1 , with Vds of 200 mV. 

𝐼𝐺𝑆 signals feature large peaks above 3 V vs Li+/Li that can be attributed to Mn4+/Mn3+ 

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 Igs can be appreciated by 

increasing Vgs scan rate from 20 mV s-1 (Figure 4.2.5 a) to 200 mV s-1 (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 IDS signal can give useful indications about the change of the electronic behavior of the 

channel induced by electrochemical processes. Figure 4.2.5 that Ids have a different trend 

compared to Igs. Ids increase almost linearly from 0.952 mA to 0.97 mA and from 0.960 mA to 

0.980 mA for 20 mV s-1 and 100 mV s-1 experiments, respectively. Interestingly, the magnitude 

of the maximum values of IDS is considerably greater than those of IGS, 0.970 mA vs. -0.8 

mA, and 0.980 mA vs. -4 mA for the 20 mVs-1 and 100 mV s-1, 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.  

Ids 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-1, Ids trend is sigmoidal and becomes almost linear at 20 mV s-1, Ids 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]. 

                                                       𝑛 =
𝑄

𝑒𝐴
=

(∫ 𝐼𝑔𝑑𝑉𝑔)

𝑟𝑣𝑒𝐴
                                             (4.2.1) 
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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, Igs, vs time), 𝐴 is the geometric area of the 

LNMO film exposed to the electrolyte (4 10-4 cm2), 𝑟𝑣 is the Vgs scan rate and e is the 

elementary charge. The charge carrier density obtained at 20 mV/s and 100 mV s−1  was 7 1016 

cm-2 and c.a. 5 1017cm−2, 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 Vgs can rates of 20 mV s-1 (Fig 6a) and 200 mV/s 

(Fig. 6b) with Vds of 200mV. The green curves represent IGS, while the black ones are the IDS. 

In Figure 6, the Igs and Ids 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, Ids 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 Ids reversible linear trend with Vgs 

further demonstrates that LNMO electron conductivity increases with i. Indeed, maximum Ids 

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 Ids 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 Vgs =-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 1016 cm−2 and 4 1017 cm−2, respectively at 5 and 100 mV s−1. 

 



199 
 

 

Figure 4.2.6: Transfer curves of the IGT featuring LNMOC (with carbon) as channel coating at the Vgs scan 

rates of a) 5 mV s-1 and b) 100 mV s-1, with Vds 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 Vgs at different values. Specifically, the NMC-IGTs output 

characteristics were characterized by recording Ids while scanning Vds at 20 mV s-1 from 0 V 

to -0.1 V, at different Vgs, from 0 and -1.6 V, corresponding to channel potentials ranging from 

3 V 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 𝜇𝑉𝑠−1, 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 Ni2+/Ni4+and Co3+/Co4+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 3 V 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 Ids with Vds 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 (Rds) can be evaluated by the slope of the 

Ids curves as a function of Vds, being 

                                                  Δ𝑉𝑑𝑠 = 𝑅𝑑𝑠 ⋅ Δ𝐼𝑑𝑠                                                         (4.2.2) 

Rds were evaluated by eq. (4.2.2) for different Vg, and the results are reported in Table 4.2.2. 

Rds ranged from 1018 to 763  (forward Vg step) and from 841 to 727  (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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Vg V vs. C (𝑉𝑔 V vs. Li/Li+) R (Ω) Forward   R(Ω)  Backward  

0 (3 V vs. Li/Li+) 1018 841 

-0.4 (3.4 V vs. Li/Li+)  973 833 

-0.8 (3.8 V vs. Li/Li+) 883 800 

-1.2 (4.2 V vs. Li/Li+)  831 757 

-1.6 (4.6 V vs. Li/Li+) 763 727 

 

Interestingly, 𝑅𝑑𝑠 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]. 

 

 

Figure 4.2.8: Output curves of the NMC-IGT at Vds scan rate of 20 mV s-1 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 V to 0 V, 

corresponding to NMC potentials from 3 V to 4 V 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 à projets 2020 

(Institut de l’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−1, and maximum 

specific energy of 27.8 Wh kg−1 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−1. 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 LAC0.5-
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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-1, corresponding to an electrode 

specific capacitance of 114 F g-1, with specific energy-specific and power up to 10 Wh kg-1 and 

6.9 kW kg-1, 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(NO3)2 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-1 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 𝜇𝑊ℎ 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 

μWh 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, I 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, I 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, I 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 Ionic 

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 I 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 𝐶𝐸𝐷𝐿𝐶 

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 𝑅𝐸𝑆𝑅. 

 

 

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 (), while (CEDL) 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+(𝑡) − 𝑣−(𝑡) = 𝑖 ⋅ 𝑅𝐸𝑆𝑅 +
𝑞(𝑡)

𝐶
                            (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 +
𝑡

𝐶𝐸𝐷𝐿
)                                           (𝐴. 1.2) 

Assuming that the electrode is charged up to a terminal voltage 𝑉𝑡, similar argumentation can 

be drawn for the equation that models the discharge  

                                       𝑣(𝑡) = 𝑉𝑡 −  𝑖 ⋅ (𝑅𝐸𝑆𝑅 +
𝑡′

𝐶𝐸𝐷𝐿
)                                          (𝐴. 1.3) 

Where 𝑉𝑡 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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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  

                                                
𝑑𝑉

𝑑𝑡
=

𝑖

𝐶𝐸𝐷𝐿𝐶
→ 𝐶𝐸𝐷𝐿𝐶 =

𝑖

𝑑𝑉
𝑑𝑡

                             (𝐴. 1.4) 

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 𝑖𝑅𝐸𝑆𝑅 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 Δ𝑡 = 𝜏 − 𝑡0that 

is 

                          𝐸 = ∫ 𝑉 ⋅
0

𝑄

𝑑𝑞 = ∫ 𝑉 ⋅
𝜏

𝑡0

𝑖 ⋅  𝑑𝑡 = 𝑖 ⋅ ∫ 𝑉 ⋅
𝜏

𝑡0

 𝑑𝑡                      (𝐴. 1.5) 

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  

                                                       𝑃 =
𝐸

Δ𝑡
                                                             (𝐴. 1.6) 

Where 𝑃 is the average power (Watt) and Δ𝑡 is the discharge time (seconds).  

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 𝑉𝑚𝑎𝑥, it is possible to obtain the equation for the maximum energy  

∫ 𝑉 ⋅
𝜏

𝑡0

𝑖 𝑑𝑡 =  ∫ 𝑉 ⋅
𝜏

𝑡0

𝐶
𝑑𝑉

𝑑𝑡
⋅ 𝑑𝑡 = 𝐶 ∫ 𝑉 ⋅

𝑉𝑚𝑎𝑥

0

𝑑𝑉 =
𝐶𝑉𝑚𝑎𝑥

2

2
= 𝐸𝑚𝑎𝑥                      (𝐴. 1.7) 

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−1 operating at 1 V with a specific 

double-layer capacitance of 30 𝜇𝐹 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 𝐸𝑚𝑎𝑥 =
1

2
⋅ 300 ⋅ 12 =

150 𝑘𝐽 ⋅ 𝑘𝑔−1 = 42 𝑊ℎ 𝑘𝑔−1; 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 Ionic 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  

 

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 𝑅𝐿, 

that is the load resistance is equal to the internal resistance is given by the ohms law, and is  

                                                               𝑖 =
𝑉𝑚𝑎𝑥

2 ⋅ 𝑅𝐸𝑆𝑅
                                               (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  

               𝑃𝑚𝑎𝑥 = 𝑅𝐿 ⋅ 𝑖2 =  𝑅𝐸𝑆𝑅 ⋅ 𝑖2 = 𝑉𝑚𝑎𝑥
2 ⋅

𝑅𝐸𝑆𝑅

4 ⋅ 𝑅𝐸𝑆𝑅
2 =

𝑉𝑚𝑎𝑥
2

4 ⋅ 𝑅𝐸𝑆𝑅
                (𝐴. 1.9) 

https://en.wikipedia.org/wiki/Internal_resistance
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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 (𝜂) that is the ratio between the charge stored during 

the charge phase and the charge delivered during the discharge.  

                                                            𝜂 =
𝑄𝑑𝑠𝑐

𝑄𝑐ℎ𝑟𝑔
                                                   (𝐴. 1.9) 

Where 𝑄𝑑𝑠𝑐 and 𝑄𝑐ℎ𝑟𝑔 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 ith 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 (𝑉𝑖)  and a terminal one (𝑉𝑓) with a sweep rate 𝜈 

and the current is measured. Under these circumstances, by applying the Kirchhoff voltage law 

the following equation is obtained 

                                    𝑉(𝑡) =  𝜈 ⋅ 𝑡 = 𝑅𝐸𝑆𝑅 (
𝑑𝑞

𝑑𝑡
) +

𝑞

𝐶𝐸𝐷𝐿
                               (𝐴. 1.10) 

That is a first-order differential equation at constant parameters, with the boundary condition 

𝑞0 = 0, the solution of this equation is  

                                 𝑖(𝑡) = 𝜈 ⋅ 𝐶𝑑 (1 − exp (−
𝑡

𝑅𝐸𝑆𝑅𝐶𝐸𝐷𝐿
))                          (𝐴. 1.11) 

Assuming similar argumentation for the discharge, therefore a sweep rate of −𝜈 with a 

boundary condition of  
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                            𝑖(𝑡) =  −𝜈 ⋅ 𝐶𝑑 (1 − exp (−
𝑡

𝑅𝐸𝑆𝑅𝐶𝐸𝐷𝐿
))                          (𝐴. 1.12) 

Graphical procedures to obtain the cyclic voltammogram that is usually used for this kind of 

evaluation are reported in figure A.2.3.1  

 

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 𝜈 up to a terminal potential 𝑉𝑓, 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.  

 

Figure A.1.5: Equivalent circuit of an EDLCs featuring two electrodes 

Here 𝐶1, 𝐶2 are represent the capacitance of the positive, and the negative electrode, 

respectively. While 𝑅𝐸𝑆𝑅 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 𝐶𝑇 is measured, the specific capacitance of the two-

electrode system is given by the equation  

                                                          𝐶𝑆 =
𝐶𝑇

2 ⋅ 𝑚 
                                         (𝐴. 1.13) 

If the two electrodes have specific capacitance 𝐶1 and 𝐶2 being in parallel, the total capacitance 

of the device is given by  

                            
1

𝐶𝑇
=

1

𝐶1
+

1

𝐶2
→ 𝐶𝑇 =

𝐶1𝐶2

𝐶1 + 𝐶2
                                       (𝐴. 1.14) 

If the system is symmetric, 𝐶1 = 𝐶2 = 𝐶 and therefore the equation simplifies to  

                                                               𝐶𝑇 =
𝐶

2
                                                   (𝐴. 1.15)        

Therefore, substituting equation  
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                                               𝐶𝑆 =
𝐶

4𝑚 
=

𝐶1

4𝑚
=

𝐶2

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  

                                                         𝐶+ = 𝑚+𝐶                                         (𝐴. 1.17)  

                                                         𝐶− = 𝑚− 𝐶                                      (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   

                                                      𝐶𝑠 =
𝐶𝑇

𝑚+ + 𝑚−
                                       (𝐴. 1.19)    

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 

                                                     𝐶𝑇 =
𝑚−𝑚+

𝑚− + 𝑚+
⋅ 𝐶                                    (𝐴. 1.20)    

Substituting into equation A.1.19 the general expression A.1.21 is yield  

                                           𝐶𝑠 = (
𝑚−𝑚+

𝑚− + 𝑚+
) ⋅

1

𝑚+ + 𝑚−
𝐶                       (𝐴. 1.21) 

Is obtained, e.g. (𝑚+ = 2 ⋅ 𝑚−)  

                                                                 𝐶𝑠 =
2

9
𝐶                                              (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. 

 



220 
 

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  

• Micropore: Width < 2nm  

• Mesopore 2 < Width < 50 nm  

• 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, O2, 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 Van 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 = 𝐴𝑐𝑠 ⋅ 𝑁𝑚                                    (𝐵. 1) 
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Where S is the surface of the material, 𝐴𝑐𝑠is the correctional area of the adsorbed molecule, 

and 𝑁𝑚 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  

 

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 II 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 III 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 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 Weak interaction and capillary condensation, this isotherm are observed when small 

adsorbate-adsorbent interaction similar to Type III and are also associated with pores in the 

1.5-100 nm range  

 

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  

• Gas molecules behave ideally   

• There is the formation of a single monolayer  

• All sites on the surface are equal   

• There aren’t adsorbate-adsorbate interactions   

• 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

𝑊 ⋅ ((
𝑃0

𝑃 ) − 1) 

=
1

𝑊𝑚 ⋅ 𝐶 
+

(𝐶 − 1)

𝑊𝑚𝐶
⋅ (

𝑃

𝑃0
)                  (𝐵. 2) 

Where 𝑊𝑚 is the weight of the gas adsorbed, 𝑃/𝑃0 is the relative pressure, 𝑊𝑚 is the weight 

of the adsorbate monolayer and 𝐶 is the BET constant. The BET equation requires a linear 

plot of 
1

𝑊⋅(
𝑃

𝑃0
)−1

 vs 
𝑃

𝑃0
, indeed the BET equation can be rearranged as 

                                    
1

𝑊 ⋅ ((
𝑃0

𝑃 ) − 1) 

= 𝑚 ⋅ (
𝑃

𝑃0
) + 𝑞                                (𝐵. 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

𝑃0
) < 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

𝑃0
), at the same time polarization 

forces  

These two quantities that are determined by linear fit are related to  
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                                                             𝑚 =
𝐶 − 1

𝑊𝑚𝐶
                                            (𝐵. 4)  

                                                             𝑞 =
1

𝑊𝑚𝐶
                                                (𝐵. 5)  

 

Therefore, since 𝑚 and 𝑞 are experimentally determined it is possible to calculate the 𝑊𝑚 and 

𝐶 as  

                                                         𝑊𝑚 =
1

𝑚 + 𝑞
                                              (𝐵. 6)  

                                                           𝐶 =
𝑚

𝑞
+ 1                                                    (𝐵. 7)   

Finally, the weight of the adsorbate monolayer can be related to the specific surface of the 

adsorbent 𝑆 as 

                                                   𝑆 =
𝑊𝑚 ⋅ 𝑁𝐴 ⋅ 𝐴𝑐𝑠

𝑃𝑚 ⋅ 𝑤
                                              (𝐵. 8)  

Where 𝑁𝐴 is the Avogadro number, 𝑃𝑚 is the molecular weight and 𝑤 is the weight of the 

tested sample.  

 

 


