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Summary  

At present, the world in a dire need of green, renewable and sustainable energy 

sources. There are many reasons for this, for example, the ever-growing problem 

of pollution caused by fossil-fuel based energy sources, the depletion of fossil-fuel 

resources and the world’s growing population. The main aim of my work is to 

investigate an upcoming source of sustainable energy – Microbial Fuel Cells 

(MFCs). MFCs are bio-electrochemical devices which are based on electro-active 

bacteria. These bacteria produce electrons in their metabolic process. The electrons 

produced by these bacteria can be collected on the electrode and later stored into a 

battery/super capacitor through a power management system. 

This thesis is an in-depth explanation of the work I performed on MFCs. 

Initially, I worked on investigating the internal processes occurring on the anodes 

of MFCs, related to diffusion of substrates and the bacteria’s charge transfer 

mechanisms. The main tool used for this study was Electrochemical Impedance 

Spectroscopy (EIS). EIS is a non-invasive technique used to study a variety of 

systems. It is performed by exciting the system under study using a small alternating 

voltage at different frequencies. The resulting current responses are used to 

calculate the impedance of the system at each frequency point. During this part of 

my work, we analyzed a biofilm formed by mixed community bacteria and inferred 

conclusions about the different processes detected by EIS. 
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The next part of my work was dedicated to energy harvesting from MFCs. More 

specifically, the work was related to a special kind of MFCs known as floating-

MFCs (fMFCs). fMFCs are mostly used in aquatic/marine environments to harvest 

energy using seawater as the source of organic matter. An integral part of this work 

was to propose a setup of fMFCs which requires minimal cost and effort to start 

functioning as an energy harvesting device. Mostly, the MFCs used are setup in the 

laboratory and a considerable amount of time and effort is required in the initial 

acclimation period. Furthermore, different chemical compounds are also required 

in this phase which add to the overall cost of the device. Therefore, these methods 

of MFC startup impose limitations on their use. To ensure the widespread use of 

MFCs as devices producing sustainable energy, it is important to devise cost-

effective and simple ways of setting them up. The later part of my work focused on 

developing an fMFC with an in-situ biofilm formation. Not only does it help reduce 

the cost of the fMFC’s setup, but also makes its use more feasible for different 

applications in the marine environment. 

It is important that we shift our focus towards the use of renewable and 

sustainable energy sources. Not only is it essential for the deteriorating environment 

but it also enables us to rely less on the limited fossil fuel resources. MFCs are a 

step in this direction. Even though, the amount of extractable energy from MFCs is 

low, they are still very useful in providing a continuous source of energy for low 

power applications based in remote environments. 
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2 Context of Research 

Sustainable and renewable energy is one of the most crucial needs of the world 

at present. Not only does it solve the problem of limited fossil fuel resources, but 

also tackles the problem of pollution caused by energy produced using fossil fuels. 

Therefore, in the recent decades a lot of research is being done in the area of 

sustainable and renewable energy1,2. This need to shift to renewable and sustainable 

energy resources is not being stressed enough. To ensure that the world moves in 

this direction, many countries collectively have decided to work together towards 

sustainability for the first time in history. Thanks to the agreement signed in 2015 

during the COP21 Conference held in Paris, the European share of renewable 

electricity in the overall energy production will dramatically increase over the next 

decades. In this scenario, production and technological processes driven by 

renewable electrical energy are gaining a renewed interest. 

 
Figure 1: A comprehensive outlook on the goals and targets achieved by different European countries 

in terms of percentage energy consumption from renewable resources3. 

Figure 1 shows a chart of the different countries in Europe and their targets for 

the year 2020 in terms of percentage energy consumption using renewable energy. 
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The graph shows that European countries, as a whole, have set a target to use 

renewable energy to provide for 20% of the total energy used by the year 2020.  

Another important issue being faced by the world, that needs to be addressed 

as soon as possible, is the unavailability of clean water to the masses and a major 

part of this problem stems out from the paradigm of energy expensive wastewater 

treatment. According to World Health Organization (WHO)/UNICEF Joint 

Monitoring Program (JMP) Report 2017, a total of 844 million people in the world 

do not have access to clean water. Another report published by WHO in 2015 stated 

that: 

 

“Every minute a newborn dies from 

infection caused by lack of safe water 

and an unclean environment”  

(WHO, 2015) 

All these statistics point towards the dire need of not only providing clean water 

to people but also treating the wastewater properly. 

Microbial Fuel Cells (MFCs) directly address both the issues. MFCs are bio-

electrochemical devices that are based on Electroactive Bacteria (EAB). These 

bacteria are able to convert chemical energy stored in organic compounds to 

electrical energy. The sources of these organic compounds can be various but one 

of the most notable sources is wastewater. EABs in MFCs can break down organic 

compounds in wastewater and in the process produce energy. In other words, MFCs 

are devices able to produce energy while treating wastewater. Due to these exciting 

properties of MFCs, they have been studied extensively in the past few years. 

The work presented in this thesis revolves around MFCs. They are described in 

a comprehensive manner and different techniques used to analyze their 

performance are also discussed. This dissertation also discusses in detail 

Electrochemical Impedance Spectroscopy (EIS) which is a non-invasive 

electrochemical technique used to analyze electrochemical systems in general and 

MFCs specifically. Furthermore, works that we performed on MFCs during the 

course of my Ph.D. are also discussed in detail. The main body of this thesis is 

divided into a total of 5 chapters following this chapter. The contents of these 

chapters are briefly described as follows: 
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• Chapter 3 –  

• Microbial Fuel Cells, is a complete description of MFCs. It starts by 

giving an introduction of MFCs and the different works related to MFCs 

that can be found in the literature. Moving on it explains in more depth 

EABs and the different electron transfer mechanisms which enable the 

bacteria to transfer electrons from the biofilm to the anode. 

Furthermore, the chapter discusses the different architectures that have 

been used and proposed in different works. The chapter also discusses 

how MFCs produce energy and builds the mathematical basis to 

calculate voltage and power generation from MFCs. Lastly it also 

discusses the power management systems typically used to extract and 

store power from MFCs and some of the other uses of MFCs such as 

biosensors and their use in hydrogen production. 

• Chapter 4 – Electrochemical Impedance Spectroscopy, is a chapter 

that is dedicated to the explanation of EIS. EIS was an integral part of 

the work I performed during my Ph.D. and an in-depth explanation, 

which is provided in this chapter, was necessary to understand the 

works presented in later chapters. This chapter introduces EIS and 

discusses how powerful this technique can prove to be while analyzing 

a variety of systems. Later, it goes into explaining the theoretical and 

mathematical foundations necessary to understand how EIS works. This 

chapter also explains the different representations and analytical 

techniques that are typically employed to elaborate and understand data 

collected through EIS. It also discusses Nyquist and Bode plots that are 

typically employed to represent data obtained from EIS. Lastly, this 

chapter discusses the use of EIS in investigating MFCs as 

electrochemical devices. It also explores the techniques used by 

different groups around the world have in order to interpret EIS data, 

some of which are not very suitable. 

• Chapter 5 – Characterization and analysis of MFCs based on mixed 

community bacteria using different enrichment methods. This 

chapter is related to an experimental and analytical work that we 

performed as part of my Ph.D. This work mainly deals with MFCs 
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based on mixed communities enriched using different methods of 

enrichments. The main tool employed to analyze MFCs in this work 

was EIS but other electrochemical and biological imaging techniques 

were also used in order to confirm our hypothesis. The work was broken 

down into two sets of experiments in which the first set was related to 

the acclimation of biofilm while the second one was related to the 

analyses of different enrichment methods and their effects on MFCs’ 

performances. This chapter discusses in detail the experimental 

procedures we employed and the architecture of MFCs that we used. 

This is followed by the results and discussions section which provides 

an in-depth analysis into the results we obtained and our conclusions. 

• Chapter 6 – Moving Towards an in-situ Practical Application of 

MFCs as Power Sources, this chapter is related to another work that 

we performed during the period of my Ph.D. The main aim of this work 

was to develop cost effective, compact and mobile floating MFCs 

(fMFCs). fMFCs are a novel type of MFCs designed to operate in the 

marine environment. Furthermore, another important part of this work 

was to propose an in-situ enrichment method which would reduce the 

costs, time and effort required to make fMFCs operational. This work 

was divided into two sets of experiments, the first one was related to the 

comparison of a standard enrichment technique with the in-situ 

enrichment method that we proposed. The second part of the 

experiment was related to the in-situ performance monitoring of fMFCs 

based on the in-situ enrichment method. This second experiment was 

composed of two experimental campaigns – one in the summertime 

while the other in winter/autumn period. This was done to study the 

effects of seasonal changes and the robustness of the proposed systems. 

A complete description of the experimental techniques and methods 

employed has been provided in this chapter which is followed by a 

detailed discussion of the results obtained. 

• Chapter 7 – Conclusion, this chapter concludes the dissertation giving 

a summary of all the works performed and the outcomes that we 

obtained from them. 
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3 Microbial Fuel Cells 

3.1 Introduction 

Microbial Fuel Cells (MFCs) are bio-electrochemical systems (BES) that can 

be used to drive an electrical current through an external load. These devices are 

based on a special type of bacteria, known as electro-active bacteria (EAB) that 

produce electrons during their metabolic process4,5. MFCs, being a type of fuel cell, 

are generally composed of an anode on which a substrate such as organic matter is 

oxidized by the EAB which form a biofilm on the electrode, and of a cathode where 

the oxygen reduction reaction occurs6. A biofilm is a layer of bacterial and/or other 

microorganism community that attaches itself on to a surface. In the case of MFCs, 

this surface is usually the anode. In the start, a biofilm is inoculated onto a material 

which later becomes a part of the anode. Figure 27 shows an image of a biofilm 

formed on the anode of an MFC and was obtained using scanning electron 

microscope (SEM). Initially, the microorganisms are attached to the surface due to 

a weak hydrophobic effect and due to the presences of Van der walls forces. Then, 

over time, these bacteria and their biofilm improve their adhesion to the surface by 

using pili and by producing polymeric substances which form an extracellular 

matrix, keeping the biofilm intact and attached to the surface.  
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Figure 2: Biofilm formation on the anode7. Reprinted with permission from Environmental Science 
and Technology, ACS Publications. 

The anode usually works in an anaerobic condition while the cathode works in 

an aerobic condition. Moreover, the anode and the cathode are submerged into a 

fluid containing nutrients for the bacteria and providing a medium for the transport 

of charges and molecules. Furthermore, there are specific electrochemical reactions 

occurring on both the anode and the cathode of an MFC. For example, typical setups 

of MFCs in the lab have oxidation of sodium acetate occurring on the anode while 

oxygen is being reduced on the cathode. There are two general types of MFCs, 

double chamber and single chamber. In double chamber MFCs, the anode and the 

cathode chambers are separated by a proton exchange membrane (PEM)8. While in 

the case of single chamber MFCs, there is no such separation between the anode 

and the cathode. The produced electrical current can be collected using an external 

load connected to the cathode and anode. Figure 36 shows a typical setup of an 

MFC. The image is not drawn to scale. It can be seen that the bacteria, which grows 

on the anode, consumes a substrate (glucose in this case) and in the metabolic 

process produces electrons. These electrons are then transferred to the anode.  
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Figure 3: Setup of an MFC6. Reprinted with permission from Environment Science and Technology, 
ACS publications. 

The process of an electron’s transfer from the bacteria to the anode is more 

generally known as electron transfer mechanism. In the recent years a lot of research 

has been done to understand the different mechanisms by which an electron moves 

from the bacteria to the anode9–11. 

3.2 Electroactive Bacteria (exoelectrogens) 

Electroactive Bacteria (EAB) are basically defined as bacteria able to provide 

conductive pathways to electrons through membranes that are biological in nature. 

This transport of electrons can be either to or from the bacteria’s extra-cellular 

environment7. The kind of bacteria that can transfer electrons outside their cells 

body are known as exoelectrogens. The special feature of exoelectrogens is that 

they are able to transfer electrons directly outside the cell without the use of any 

compounds that are soluble e.g. mediators such as sulfates and nitrates etc. There 

are many types of exoelectrogens that have already been discovered but as research 
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in this field is moving on, many more bacteria have been discovered that are capable 

of performing exoelectrogenic activity.  

Two of the most common EAB species that are used to investigate MFCs are 

Geobacter sulfurreducens and Shewanella oneidensis12. The species have particular 

importance in metal reduction. Nevertheless, there are studies conducted on MFCs 

using other types of bacteria or a mixed community9. In particular, Nevin et al. 

discovered that biofilms formed using a mixed community of bacteria performed 

better than a biofilm formed using Geobacter sulfurreducens7. 

3.3 Electron Transfer Mechanisms in MFCs 

Exoelecrogenic bacteria uses multiple ways to transfer electrons on to an 

external surface and/or element. According to recent research, these electron 

transfer mechanisms can be categorized into three main categories13:  

• Mediated electron transfer (MET) 

• Indirect electron transfer (IET)  

• Direct electron transfer (DET) 

In the case of MET, molecules are present in the vicinity of the bacteria which 

are inert and can carry electrons through regeneration. These molecules act as 

shuttles for the electrons produced by the bacteria. These so-called mediator 

molecules, such as flavins and phenazines, are naturally produced by many 

microorganisms and secreted in their vicinity to help electron transfer. Such 

mediators are also termed as exogenous mediators since they transport the electrons 

from outside the bacteria’s cell body to a surface such as the electrode. The middle 

part of Figure 4 shows a mediated electron transfer path between the microorganism 

and electrode surface. 

Furthermore, for IET, EAB use soluble compounds that act as electron donor 

and acceptor pair. Examples of such compounds/molecules are formic acid and 

hydrogen. These molecules can either be already present in the environment or 

secreted by the microorganisms. This type of charge transfer usually occurs in the 

form of ions such as transfer of hydrogen between different species. 

Lastly, DET is one of the most important and efficient electron transfer 

mechanism exhibited by electro-active microorganisms. This electron transfer 
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mechanism involves the use of specific compounds on the surface of the 

microorganism which enable electron transfer such as c-type cytochromes. These 

compounds are redox proteins, they are bounded to the bacterial cell membrane, in 

contact with the surface to which electrons are being transferred e.g. the anode. 

Furthermore, another type of DET involves the presence of wire like structures 

known as pili or nanowires. These nanowire structures make a physical connection 

between the microorganisms and the external surface to which electrons are to be 

transferred. The electrical behavior of such nanowires has also been studied14 with 

a conclusion that these nanowires are indeed electrically conductive and can be used 

for the process of direct electron transfer from the bacteria to another surface e.g. 

anode of an MFC. The first part of Figure 4 shows a graphical representation of 

how direct electron transfer occurs in both the modes, through cytochromes and 

through pili. 

 

 
Figure 4: Electron transfer mechanisms in EAB13. Reprinted with permission from Applied 

Microbiology and Biotechnology, Springer Link. 

It is interesting and useful to study how the electron transfer mechanism 

between bacteria and anodes is one of the limiting factors to an MFC’s performance. 

3.4 Energy from MFCs 

The electrical energy obtained from MFCs is intrinsically a part of the energy 

present in the substrates that the bacteria in MFCs consume in their metabolic 

process. These substrates can be artificial or can be present naturally in the medium 

that the bacteria are inhabiting. One example of naturally occurring substrates that 

the bacteria can use in their metabolic process are the compounds present in 

wastewater. Shizas et al. found out in a study in 2004 that the waste water treated 

by a facility in Toronto, Canada, contained 9.3 times the energy required to treat 
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that water15. With proper research and development in this field, theoretically, 

wastewater treatment plants could produce energy while treating wastewater. 

The total chemical energy, held in organic compounds of the substrate, that is 

processed by the microorganisms is partially used by them for their growth and 

reproduction. The remaining energy is released by the bacteria in the form of 

electrical energy. The following relationship in terms of Gibbs free energy of the 

system can hence be defined. 

 Δ𝐺𝑀𝐹𝐶 = Δ𝐺𝑡𝑜𝑡𝑎𝑙 − Δ𝐺𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎 (1) 
 

Where, Δ𝐺𝑀𝐹𝐶 , is the energy of the system that can be theoretically delivered 

to other systems, Δ𝐺𝑡𝑜𝑡𝑎𝑙 is the total energy of the electrochemical process and 

Δ𝐺𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎is the energy required by the bacteria for its growth and reproduction. 

Δ𝐺𝑡𝑜𝑡𝑎𝑙, on the other hand, can be defined using the following relationship; 

 Δ𝐺𝑡𝑜𝑡𝑎𝑙 = −𝑛. 𝐹. 𝐸𝑐𝑒𝑙𝑙 (2) 
 

Where, 𝑛 is the number of electrons involved in the electrochemical reaction 

(the reactions involving the bacteria’s metabolism), 𝐹 is the Faraday’s constant and 

𝐸𝑐𝑒𝑙𝑙 is the total emf of the cell. Considering the laws of thermodynamics, if Δ𝐺𝑡𝑜𝑡𝑎𝑙 

is negative, the electrochemical reaction under consideration will occur 

spontaneously while if it is positive, the reaction will not occur on its own and will 

require and external energy to complete the reaction. In the case of an MFC, 𝐸𝑐𝑒𝑙𝑙 

can be calculated using equation (3); 

 𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝐸𝑎𝑛𝑜𝑑𝑒 (3) 
  

The Electromotive forces (emfs) 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 and 𝐸𝑎𝑛𝑜𝑑𝑒 depend on the reactions 

that are occurring on the respective electrode. Some examples of these reactions are 

given in Table 1. These examples also contain the cases where Δ𝐺𝑡𝑜𝑡𝑎𝑙 is positive 

and thus these reactions would require an external energy to occur.  
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Table 1: Different electrochemical reactions and their Gibbs free energy calculations considering 
standard conditions. All the voltages provided are with respect to the standard hydrogen electrode 

(she). 

Reaction 

on Anode 

𝑬𝒂𝒏𝒐𝒅𝒆 

(V) vs 

SHE 

Electrons 

involved 

in 

reaction 

Reaction on 

Cathode 

𝑬𝒄𝒂𝒕𝒉𝒐𝒅𝒆 

(V) vs 

SHE 

Electrons 

Involved 

in 

reaction 

𝑬𝒄𝒆𝒍𝒍 

(V) 

𝚫𝑮𝒕𝒐𝒕𝒂𝒍 

(kJ) 

Oxidation 

of Acetate 
-0.29 8 

Reduction 

of O2 
0.82 4 1.1 -849 

Reduction 

of NO3
- to 

NO2
- 

0.42 2 0.71 -548 

Reduction 

of 

Ferrycianide 

0.36 1 0.65 -502 

Oxidation 

of Water 
0.82 4 

H+ reduction 

to H2 
-0.41 2 -1.23 475 

CO2 

reduction 

to acetate 

-0.29 8 -1.1 849 

CO2 

reduction 

to CH4 

-0.24 8 -1.06 818 

SO4
2- 

reduction 

to S2- 

-0.21 8 -1.03 795 

 

 

 

 

As can be seen from Table 1, the voltages corresponding to each reaction are 

different. Take for example the oxidation of Acetate on the anode of an MFC. This 

reaction gives rise to a voltage of -0.29V on the anode with respect to the standard 

hydrogen electrode (SHE). If the same MFC has a cathode on which a reduction of 

O2 is occurring (having a potential of 0.82V with respect to SHE), the overall 

potential across the MFC can achieve a theoretical value of 1.1 V, using equation 

(3). 

Anode Reactions Cathode Reactions 
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MFCs provide an opportunity to obtain devices that are able to extract the 

energy locked in a substrate. If the function of an MFC is coupled with waste water 

treatment a system can be obtained which is not only useful for the treatment of 

waste water but also beneficial in terms of producing electrical energy16–18. 

However, there are multiple challenges that need to be tackled before these devices 

could be successfully used as sustainable electrical energy sources providing 

wastewater treatment facilities as well. 

3.5 MFC Architecture 

MFCs generally are based on one of the two main types of architectures – single 

chamber or dual chamber. In single chamber MFCs (scMFCs), the whole cell is 

setup in one enclosure without any partitions. The anode is kept under anaerobic 

conditions while the cathode is exposed to oxygen (from air) to enable the oxygen 

reduction reaction. Since the cell is single chamber and consequently the electrolyte 

is in common between anode and cathode, it is important to ensure that the anode 

remains in an anaerobic condition and the biofilm does not interact with oxygen. 

To ensure this, Cheng and co-workers added a hydrophobic layer to side of the 

cathode which faced the air19. Another key limit for scMFC performance is the 

oxygen reduction reaction (ORR), which occurs in the cathode compartment. To 

this purpose, a catalyst layer is added to the cathode to enhance the ORR. In 

particular, for air breathing scMFCs, that directly use oxygen from air, the cathode 

electrode must be modified by applying both a catalyst layer and a hydrophobic air 

diffusion layer, on opposite sides of the electrode. This approach avoids water 

leakage from the device, while permitting the diffusion of oxygen from outside, 

into the device. As deeply investigated in the literature20–22, the most promising 

catalyst layer for ORR is Platinum, which ensures an ideal number of electrons 

equal to 4, guaranteeing the direct reduction of oxygen to water (H2O) and avoiding 

the intermediate reaction that requires only 2 electrons with hydrogen peroxide as 

one of the products, which is toxic for microorganisms. Figure 5 shows a schematic 

of a typical setup of an air breathing scMFC, having a common medium to which 

both the anode and the cathode are exposed. Organic substrate is present in this 

medium to support bacterial metabolism on the biofilm formed on the anode. 

Moreover, it can be seen from the image that there is a flux of protons from the 
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anode to the cathode. This is due to the fact that, on the cathodic side, the electrons 

released from the anode have to recombine with the protons. 

On the other hand, a dual chamber MFC is setup in a way that it contains two 

chambers – the anodic chamber and the cathodic chamber, as sketched in Figure 6. 

Both the chambers are separated from each other with the help of a proton exchange 

membrane (PEM). This membrane allows the exchange of protons from one side to 

the other while inhibiting other molecules to cross over. Moreover, in the case of 

dual chamber MFCs, the cathodic medium and anodic medium can differ from each 

other. Usually organic substrates are present in the anodic chamber while in the 

cathodic chamber solution based on chemicals such as Potassium ferricyanide are 

present6. These chemicals provide the reduction element for the cathodic reaction. 

In Figure 6, it can be seen that Fe3+ is reduced to Fe2+ on the cathodic side. 

 
Figure 5: Schematic of a single chamber MFC. 
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Figure 6: Schematic of a Dual chamber MFC. 

 

 

A special type of single chamber MFC and one that is particularly important in 

my work is Sedimentary Microbial Fuel Cell (SMFC). As the name suggests, an 

SMFC is commonly designed to be used in the marine environment. Nevertheless, 

most lab experiments done on SMFC mimic the marine environment by using 

sediment from the sea/ocean and seawater. Figure 7 shows a representation of what 

the setup of an SMFC in the marine environment looks like. 
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Figure 7: The setup of an SMFC in the marine environment. 

In this setup of an SMFC, the anode is buried inside the sediment of the 

ocean/sea. This provides the anode with its required anaerobic conditions. The 

cathode is placed in the overlaying water. This also enables the cathode to access 

the dissolved oxygen in water for ORR. Since sea water is high in salinity, it 

provides a good conductive medium for the transfer of ions. Moreover, the organic 

matter present in the sediment and the seawater provide the biofilm formed on the 

anode with the required organic substrates to support its metabolic processes. 

Another advantage of SMFCs is that the microorganisms, which are required to 

inoculate the anode, are already present inside the sediment. Therefore, it is not 

required to inoculate the anode before setting up the SMFC. SMFCs, due to their 

ease of setup and their zero up keep, can be used in remote locations to provide 

energy for various applications such as remote sensing23–25. 

As discussed earlier, SMFCs can also be setup in the lab to perform 

experiments. An example of such a setup is shown in Figure 8. 
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Figure 8: SMFC setup in a container. 

It can be seen in Figure 8 that the SMFC is setup in a container with the anode 

buried inside the sediment. On the other hand, the cathode is placed near the surface 

of the water for better access to oxygen. Moreover, a slit is left open in the lid to 

provide proper aeration and absorption of oxygen into the seawater for the cathodic 

reaction. Several groups all around the world have conducted experiments on 

similar SMFC setups26–30. 

Each of these architectures have their advantages and disadvantages. Dual 

chamber MFCs are usually set up using water soluble electron acceptors (in the 

cathodic chamber) that have a quite low reduction potential with respect to SHE. 

This makes the reaction at the cathode quite favorable. On the other hand, the most 

frequently used electron acceptors (e.g. Potassium ferricyanide) are chemicals that 

can have implications on the environment. Moreover, these chemicals need to be 

renewed into the cathodic medium, therefore requiring to refresh the cathodic 

medium in a continuous manner or at regular intervals, consuming energy for 

pumping operations and needing human supervision. Furthermore, due to the low 

reduction potential of these chemicals, 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 is low in magnitude thus reducing 

the overall performance of the device.  
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Similarly, single chamber MFCs have their own advantages and disadvantages. 

Single chamber MFCs typically reduce oxygen on the cathode. Therefore, they do 

not require any chemicals at the cathode and thus, this feature make them favorable 

for the environment. This also eliminates the need to continuously feed the cathode 

if oxygen is available at the cathode side of a single chamber MFC. Moreover, the 

reduction of oxygen has a potential quite high with respect to the SHE (0.82 V, see 

Table 1). This ensures that these cells have a better overall performance since 

𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 is higher. One more advantage of a single chamber MFC is that it can be 

used in dimensions that are much smaller and having a simpler design. The smaller 

dimensions of this class of devices make much easier to set them up.  

Despite for the all the described advantages, scMFCs also exhibit some 

disadvantage as well. Mainly, to support the oxygen reduction reaction, that 

converts oxygen directly to water a layer of catalyst is required on the cathode. 

Another possible path for this reaction involves the production of hydrogen 

peroxide in an intermediate reaction. While this reaction is more favorable even 

without a catalyst layer, the production of hydrogen peroxide proved to be toxic for 

the microorganisms. Another disadvantage of such a reaction is that hydrogen 

peroxide can have corroding effects on the electrodes, reducing their functional life 

span. 

Having one of the above architectures, MFCs can take on several shapes and 

sizes. They can be cylindrical, cuboidal, disc-shaped or even setup in a beaker. 

Figure 9 shows some of the different shapes that an MFC can take. 
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Figure 9: Different shapes and setups of MFCs. Adapted with permission from (31). Copyright (2018) 
American Chemical Society. 

Moreover, MFCs can be set-up in a batch-fed or a continuous flow mode. This 

is basically how the medium or solution present inside the MFC is refreshed. The 

medium contains the substrates required for the microorganisms’ metabolism. In 

the case of dual chamber MFCs, the cathodic medium also needs refreshing so that 

the chemicals required for the reduction reaction are refreshed. In batch-fed mode 

the medium is updated after set intervals of time while in continuous flow mode, 

the medium is fed at a constant rate to the MFC. 

3.5.1 Anode 

All MFCs have one very important component of the architecture which is the 

anode. Anode is the electrode on which the microbial biofilm forms. This biofilm 
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contains the microorganisms which metabolize different substrates, leading thus to 

the production of electrons. Many different types of substrates are used in MFCs 

such as glucose32, alcohol33, cellulose34, acetate35 and waste water16,36,37. For a 

biofilm to form, a biofilm compatible material is a pre-requisite when selecting the 

anode. Moreover, the material used as an anode must also be conductive with a low 

electrical resistance to enable efficient electron transfer from the microorganisms 

to the anode. Finally, the material of anode electrode must also show a high 

chemical resistance. Resistivity values of some materials are listed in Table 2. 

Table 2: Resistivities of some materials. 

Material Resistivity (Ω/cm) 

Copper 0.1 

Carbon Paper 0.8 

Graphite Fiber 1.6 

Carbon Cloth 2.2 

Conductive Polymer Sheet 130 

 

Furthermore, the material must also have a high surface area with respect to 

volume. This would allow ample surface for the biofilm to grow on. Additionally, 

the anode material must also be porous to enable substrates and other important 

chemicals to easily diffuse into the full depth of the biofilm. Also, the material used 

as an electrode in an MFC must also be noncorroding. This is due to the fact that 

the electrodes are, at all times, in direct contact with water-based liquids. Lastly, 

the materials used for anodes must be inexpensive and scalable to ensure an MFC’s 

cost-effectiveness. 

Carbon based materials such as carbon-cloth, carbon-paper and reticulated 

vitreous carbon (RVC) are very commonly used as materials for the anodes. These 

materials fulfil most of the requirements for anodes mentioned in the previous 

paragraphs such as high porosity, high surface area, good conductivity and their 

affinity towards the growth of biofilms on them. 

Furthermore, graphite-based materials are also widely used as materials for 

anodes in MFCs. Graphite sheets, rods, plates, felt and foams have been used by 

many researchers as anodes for MFCs. 
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3.5.2 Cathode 

Another very important component of an MFC’s design is the MFC cathode. 

At the cathode, the reduction reaction occurs in which either a chemical or oxygen 

is reduced. Therefore, it is important to select the cathode material and the 

additional layers, necessary in some cases, to provide a favorable reduction 

reaction. 

In the case of MFCs that are not based on oxygen reduction reaction, such as 

dual chamber MFCs that are based on ferricyanide reduction, the same materials as 

anodes described in the last section are used. For example, carbon-based and 

graphite-based materials. 

In the case of single chamber MFCs, in which an oxygen reduction reaction 

occurs at the cathode the most common material used is carbon paper. In these types 

of MFCs, one side of the cathode is usually close to air on one side for better 

absorption of oxygen and thus is usually referred to as ‘air cathode’. This design 

methodology, having the advantage of better oxygen absorption, also has the 

disadvantages of increased oxygen flux and the loss of water due to the exposed 

surface. 

The carbon paper used as the cathode, in the case of air cathodes, is usually 

supplemented with a layer of Platinum catalyst. The layer of Pt is usually facing 

inwards while the side of the carbon paper which is uncoated, usually faces towards 

the air to enable absorption of oxygen. In order to create the Pt catalyst layer, a 

chemical binder is also needed such as Nafion. Not only does this layer of Pt based 

catalyst results in better performance38 but it also ensures that the intermediate 

reaction during oxygen reduction that produces hydrogen peroxide is minimized. 

The direct reduction of oxygen to water, which is supported by the Pt catalyst layer, 

is given as follows; 

𝑂2  +  4𝐻+  +  4𝑒− →  2𝐻2𝑂 

This reaction has a standard potential of 0.805 V while the other reaction which 

can occur during oxygen reduction is given as follows; 

𝑂2  +  2𝐻+  +  2𝑒− →  𝐻2𝑂2 

This reaction, on the other hand, has a potential of 0.38 V (this value is 

established through experimental results on MFCs and the standard potential of this 

reaction is 0.695 V) and thus is thermodynamically more favorable than the one 
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before without the presence of a catalyst. This can cause the production of hydrogen 

peroxide which is toxic in nature for microorganisms and has a corroding effect on 

the electrodes. 

Apart from the catalyst layer, a diffusion layer is also added to the cathode on 

the opposite side with respect to that of the catalyst layer. This diffusion layer is 

made of materials such as Polytetrafluoroethylene (PTFE). There can be multiple 

diffusion layers on a cathode as studies have shown that they improve the 

performance of an MFC19. 

Even though the use of a precious metal catalyst layer increases the 

performance of an MFC, it also increases the cost incurred in setting up the MFC. 

Therefore, there is a lot of research work going on that investigates the use of novel 

materials and techniques that replace the Pt based catalyst on the cathode. These 

novel materials include pyrolysed iron(II) phthalocyanine39, manganese dioxide40, 

MnO2–graphene hybrids41, lead dioxide42 etc. 

Another interesting area of research for MFC cathodes is the use of 

biocathodes. Bio-cathodes are cathodes on which a biofilm is grown and the 

bacteria inside the biofilm can catalyze the cathodic reactions. Bergel and co-

workers used a cathode on which a sea-water biofilm had formed which helped in 

the catalysis of oxygen43. In the case of bio-cathodes, the biofilms that are formed 

are comprised of bacteria that are adapted to aerobic conditions and are able to 

donate electrons to help in the oxygen reduction reaction. Nevertheless, the use of 

biocathodes to catalyze the oxygen reduction reaction is an area that needs more 

exploration. 

3.5.3 Membranes 

As discussed earlier, some types of MFCs have a component known as a proton 

exchange membrane (PEM). More specifically, these types of MFCs are dual 

chamber MFCs in which the anodic chamber is separated from the cathodic 

chamber using this membrane. The main purpose of this membrane is to limit the 

cross-over of chemicals and compounds from the electrolyte in one chamber to 

another while allowing the transfer of protons from the anodic chamber to the 

cathodic chamber. It stops from chemicals such as potassium ferrycianide and also 

any absorbed oxygen in the cathode electrolyte to pass through to the anodic 
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chamber. While having these advantages, one of the disadvantages of such 

membranes is that they increase the internal resistance of the MFC. Moreover, these 

membranes are composed of expensive materials such as Nafion and thus make a 

considerable contribution to the expenses incurred in building an MFC. 

3.6 Voltage Generation from MFCs 

As discussed earlier, MFCs are devices that are capable of producing electrical 

energy on a low scale. To put things into perspective, the electrical devices that we 

use e.g. Television, Refrigerator, Computer etc., work on an electrical voltage of 

220V~110V.  Furthermore, handheld devices e.g. mobile phones and tablet PCs, 

usually work on voltage in the range of 5V~3V. While a conventional MFC is able 

to produce an open circuit voltage (OCV, the voltage at which the MFC does not 

have any load connected, therefore there is no flow of current and no energy 

expended) in the range of 0.3V to 0.8V. Moreover, when the MFC is connected to 

an external load, Rext, the voltage level further decreases due to the flow of electrons 

through the external load. Furthermore, there is a limit to the energy that an MFC 

can deliver as defined by equation (2) in section 3.4. 

Once a load is connected, the electrons that are collected at the anode, produced 

by the exoelectrogens, travel through the collector and the load towards the cathode. 

This produces a current. More specifically, this current, I, is related to the voltage 

across the MFC, 𝑉𝑀𝐹𝐶, and external load, 𝑅𝑒𝑥𝑡, by the following relation; 

 𝐼 =
𝑉𝑀𝐹𝐶

𝑅𝑒𝑥𝑡
 (4) 

 

𝑉𝑀𝐹𝐶 itself is dependent on a number of factors and imposes the limit up to 

which energy/power can be delivered to an external load. 

Since there is a current passing through the external load, power is being 

generated by the MFC. This power, 𝑃, produced by the MFC is given by the 

following relation; 

 

 𝑃 = 𝑉𝑀𝐹𝐶𝐼 (5) 
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Equation (5) can be used to express power in terms of just voltage – equation 

(6) or just current – equation (7); 

 

 𝑃 =
𝑉𝑀𝐹𝐶

2

𝑅𝑒𝑥𝑡
 (6) 

 
 𝑃 = 𝐼2𝑅𝑒𝑥𝑡 (7) 
 

These relationships are related to the external parameters of an MFC such as 

the external load etc., but, internally, the MFCs are much more complicated than a 

conventional source of electrical energy such as chemical fuel cells or batteries. The 

way the bacteria behave and thus, produce electricity, is dependent on a variety of 

factors. 𝑉𝑀𝐹𝐶 is the component of these equations which varies according to these 

factors such as temperature, pH, substrate concentration, internal resistance, anode 

overpotentials, cathode overpotentials etc. Therefore, it is extremely difficult to 

predict the electrical output of an MFC since it depends upon the variety of factors 

that affect microbial activity. A typical current density vs. voltage response of an 

MFC is given in the Figure 10. It is also referred to as the polarization curve. 

 
Figure 10: Polarization curve of an MFC. The figure is divided into 3 regions. Region 1 (gray color) 
represents the region of low current and the region in which the voltage decreases rapidly. Region 2 
(light blue color) represents the region in which the MFC operates with an almost linear behavior. 
Region 3 (red color) represents the region in which there is again a rapid voltage drop but with a 

higher current. 
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Different regions of MFC operational behavior, in terms of voltage and current 

are shown in Figure 10. Moreover, if we look closely on the y-axis, we can see that 

different potentials relating to the MFC are marked. E0 is the theoretical maximum 

potential that the cell produces. This maximum can be calculated according to the 

redox reactions that are occurring on the electrodes of an MFC. OCV represents the 

measured OCV of the device while OCV* represents the y-intercept, if the line in 

the 2nd region is extended until the y-axis, as defined by the dashed yellow line. 

Nevertheless, the maximum energy that can be produced have its limits based 

on thermodynamic principles. More specifically, on the redox reactions that are 

occurring inside an MFC on the anode and the cathode. The total potential 

difference (also known as total cell potential), Eemf, across any electrochemical cell 

is given by equation(3), ECathode and EAnode refer to the potentials of the different 

reactions occurring at the cathode and anode, respectively, of the MFC. This has 

already been discussed in section 3.4. Hence, the total cell potential, which is 

present across an MFC, depends on the reactions that are occurring on the anode 

and the cathode of an MFC. The factors that are directly related to the MFC, which 

effect the voltage of an MFC, are the anode overpotentials, the cathode 

overpotentials and the internal resistance. More specifically, the Eemf that will be 

present across the MFC will be given by the following relationship; 

 𝐸𝑒𝑚𝑓 = 𝐸0 − (∑ 𝑂𝑃𝑎𝑛 + |∑ 𝑂𝑃𝑐𝑎𝑡| + 𝐼𝑅𝑜ℎ𝑚𝑖𝑐) (8) 
 

Where, ∑ 𝑂𝑃𝑎𝑛 are the total overpotentials at the anode, |∑ 𝑂𝑃𝑐𝑎𝑡| are the total 

overpotentials at the cathode and 𝐼𝑅𝑜ℎ𝑚𝑖𝑐 refers to losses due to the ohmic 

resistance in the cell. Ohmic losses are one of the most important losses that need 

to be dealt with when designing an MFC. These losses are dependent on the shape 

and architecture of an MFC. More specifically, these losses partly occur due to the 

resistance imposed by the solution/medium to the conduction of ions and thus is 

also related to the distance between the anode and the cathode. In the case of dual 

chamber MFC, the ohmic resistance imposed by the PEM also contributes to the 

ohmic losses. Therefore, it is important to select a PEM that offers minimal 

resistance to the protons moving across it. Moreover, it is also important to select 

wires and contacts, external to the cell, that offer minimum resistance.  



HARVESTING ENERGY FROM MFCS AND THEIR IMPEDANCE ANALYSIS 

 

25 
 

The potential drops due to the ohmic losses that are present between a 

membrane and an electrode (reference) due to the electrolyte can be quantified 

using the following relationship; 

 Δ𝑉Ω =
𝛿𝑤𝐽

𝜎
 (9) 

 

Where, 𝛿𝑤 is the distance between the test points in water in cm, 𝐽 is the current 

density with units A/cm2 and 𝜎 represents the conductivity of the solution with units 

S/cm. 

Overpotential, is the difference in the theoretical potential of a redox reaction 

and the actual experimental potential at which the redox reaction is occurring. This 

difference in the potential can occur due to a number of reasons such as: 

i. Activation losses. A part of activation losses occurs due to the 

unavoidable energy loss whenever a redox reaction is initiated. This 

loss is usually in the form of heat and occurs at both the cathode or the 

anode. Moreover, this loss also encompasses the losses due to the 

transfer of electrons from the bacteria to the anode. This involves all the 

different electron transfer mechanisms that are discussed in section 3.3. 

To reduce activation losses, it is advisable to use catalysts at the cathode 

and try out different types of bacteria that exhibit more efficient electron 

transfer mechanisms. These losses cause the voltage drop in the 1st 

region of Figure 10. 

ii. Bacterial metabolism. When a bacterial metabolizes any substrate, there 

are voltage losses that occur in its metabolic process. Basically, bacteria 

need to expend energy when they metabolize a substrate. For example, 

a part of this energy is spent to pump a proton across a bacteria’s 

membrane to facilitate the metabolic process. 

iii. Mass transfer losses. The redox reactions occurring inside an MFC, that 

enable it to produce a voltage have certain limitations. As the reactions 

are occurring at the electrodes, it is not always the case that the reactants 

necessary for the redox reactions are present in the electrode vicinity or 

being transported efficiently to the electrode’s vicinity. Moreover, it can 

also happen that the products of these reactions are not efficiently 
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transported away from the electrode to give way for more reactants. 

Both these factors combined, impose a limit on the reaction’s rate. 

Which in turn limits the power produced by the MFC. 

In region 2 of Figure 10, which represents the linear behaviour of an MFC, it 

can be seen that the Eemf produced by the cell is related linearly to the internal 

resistance and the current flowing through an MFC if the y-intercept of this region 

(obtained by extended the line up till the y-axis) is taken as the y-intercept of the 

relationship. This relationship is given by equation (10). 

 𝐸𝑒𝑚𝑓 = 𝑂𝐶𝑉∗ − 𝐼𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 (10) 
 

It is important to notice here that 𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 comprises of both the ohmic 

resistance that the cell exhibits and the losses due to the over potentials of both the 

cathode and the anode. This internal resistance can be measured, or approximated 

using different techniques, some of these techniques are mentioned below: 

i. Slope of the Polarization curve in the linear region can be used with 

equation (10) to approximate the internal resistance. 

ii. Peak of the power density curve (Section 3.7.3) can be used to 

approximate the internal resistance. As explained in section 3.7 

equation (18), the maximum power is obtained if the external resistance 

is equal to the internal resistance. In this way, the resistance calculated 

at the peak power (using the values of voltage and current at the peak 

power point and the ohm’s law) is estimated as the internal resistance 

of an MFC. 

iii. Electrochemical impedance spectroscopy is a technique that is widely 

used to investigate the internal resistance of an MFC. It is a very useful 

technique gives more insight into the internal resistance of an MFC than 

other methods. In particular, this technique is important for the work I 

have performed in my Ph.D. and thus a whole chapter is dedicated to it 

– Chapter 4. 

The different components of the MFC’s internal resistance of an MFC are 

explored in section 3.7.1. 
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3.7 Power Generation from MFCs 

One of the main highlights of research on MFCs has been the ability to extract 

power from them. The level of power obtained from an MFCs is low (<2000 

mW/m2)44 and practically, this level of power and the level of output voltage from 

an MFC, as discussed in the previous section, is not very useful for direct use. But 

research has shown that with proper techniques and external components, MFCs 

can have useful applications as energy resources. For example, an MFC can be used 

to power a remote sensor45.  

Power generated from the MFC can be calculated using equations (5), (6) and 

(7). This power can be normalized according to different factors relating to the MFC 

such as the volume of its chamber, the area of its anode, the area of its cathode etc. 

Studies have shown a relationship between these factors and the power produced46. 
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Figure 11: Relationship between produced power and Anode area (a) and Cathode area (b)46 (PEM 

refers to the Proton Exchange Membrane). Reprinted with permission from Applied Microbiology and 
Biotechnology, Springer Link. 

To calculate the normalized power of an MFC with respect to the area of its 

anode, it is required to calculate the active or accessible area of the anode. If the 

anode is not pressed against a surface than both the sides of the anode will 

contribute to its area. In this case, to calculate the anode area, 𝐴𝑎𝑛, the following 

relationship can be used; 

 𝐴𝑎𝑛 = 2 × 𝐿𝑎𝑛𝑊𝑎𝑛 (11) 
 

Where, 𝐿𝑎𝑛 is the length of the anode and 𝑊𝑎𝑛 is the width of the anode. The 

factor of 2 is present to consider both sides of the anode. In the case that the anode 

is pressed against a surface, such as a support or an electron collector, the factor of 
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2 must be ignored. Moreover, in this case, the anode is considered to be of a 

rectangular shape. If the shape of anode is different e.g. if it is of a circular shape, 

the respective formula to calculate the area of the anode must be used. 

Once the area of the anode is calculated, the normalized power produced, with 

respect to the anode area can be calculated using the following relationship; 

 𝑃𝑎𝑛 =
𝑉𝑀𝐹𝐶

2

𝐴𝑎𝑛𝑅𝑒𝑥𝑡
 (12) 

 

Furthermore, as discussed earlier, the power can also be normalized to the 

chamber/reactor volume. In order to calculate the power of an MFC normalized to 

its reactor volume, the following relationship can be used; 

 𝑃𝑟𝑒𝑎𝑐𝑡𝑜𝑟 =
𝑉𝑀𝐹𝐶

2

𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑅𝑒𝑥𝑡
 (13) 

 

Where, 𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 is the volume of the reactor and 𝑃𝑟𝑒𝑎𝑐𝑡𝑜𝑟 is the volumetric 

power of the MFC. To calculate the volume, the volume of the medium/electrolyte 

can be used, or the volume of the reactor can also be calculated using proper 

dimensions. 

Power generation in MFCs can be optimized through proper design of the 

system, which involves proper selection of all its components. Moreover, external 

circuitry and power management systems need to be used to properly extract the 

energy generated by MFCs. These components will be discussed in detail in section 

3.8. 

MFCs are systems that produce electrical energy. Nevertheless, these systems 

exhibit an internal resistance, Rint which affects the overall behavior and the power 

output of the device. 
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Figure 12: MFC with the potential difference produced, Eemf, internal resistance, Rint and load, Rext. 

Figure 12 shows how the resistances are imposed on the system once a current 

flow through the device. 𝐸𝑒𝑚𝑓, is the total potential difference between produced 

by the MFC. As shown in the earlier sections, 𝐸𝑒𝑚𝑓 is dependent on both the anode 

reactions and the cathode reactions. This is equal to the voltage recorded on the 

terminals of an MFC when it is not loaded, in other words, the voltage is Open 

Circuit Voltage (OCV), 𝑉𝑜𝑐𝑣. OCV is equal to 𝐸𝑒𝑚𝑓 because when the MFC does 

not have a load connected to it, no current flows. Consequently, there is no potential 

drop across the internal resistance, 𝑅𝑖𝑛𝑡. Therefore, whenever there is an external 

load connected, there will always be a potential drop (and energy lost) across the 

internal resistance, 𝑉𝑖𝑛𝑡. This value would be deducted from the 𝐸𝑒𝑚𝑓 to give the 

voltage across the load, 𝑉𝑚𝑓𝑐. 

 𝑉𝑚𝑓𝑐 =
𝐸𝑒𝑚𝑓 × 𝑅𝑒𝑥𝑡

(𝑅𝑖𝑛𝑡 + 𝑅𝑒𝑥𝑡)
 (14) 

 

Thus, there is a difference between the total power generated by the MFC and 

the total power that is delivered to the external load. The total power produced by 

an MFC can be calculated, using equation(6), by equation(15). 

 𝑃𝑡𝑜𝑡𝑎𝑙 =
𝐸𝑒𝑚𝑓

2

𝑅𝑖𝑛𝑡 + 𝑅𝑒𝑥𝑡
 (15) 

 

On the other hand, the power delivered to the external load is given by 

equation(16), using equation(6) and equation(14). 
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 𝑃𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 =
𝐸𝑒𝑚𝑓

2 × 𝑅𝑒𝑥𝑡

(𝑅𝑖𝑛𝑡 + 𝑅𝑒𝑥𝑡)2
 (16) 

 

Since, 𝐸𝑒𝑚𝑓 is equal to 𝑉𝑜𝑐𝑣, we can re-write equation(16) as follows, 

 𝑃𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 =
𝑉𝑜𝑐𝑣

2 × 𝑅𝑒𝑥𝑡

(𝑅𝑖𝑛𝑡 + 𝑅𝑒𝑥𝑡)2
 (17) 

 

It is evident from equation(17) that the power which is delivered to an external 

load by an MFC is inversely related to the internal resistance. Therefore, it is very 

important to study in detail and minimize the internal resistance of an MFC. 

Furthermore, it can be seen that if 𝑅𝑖𝑛𝑡 = 𝑅𝑒𝑥𝑡, equation (17) will reduce to equation 

(18). 

 𝑃𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 =
𝑉𝑂𝐶𝑉

2

4𝑅𝑖𝑛𝑡
 (18) 

 

3.7.1 Internal Resistance of an MFC 

Since the power that can be extracted from an MFC depends on its internal 

resistance, it is important to explore what factors contribute to the internal resistance 

of an MFC. Equation(19) represents the factors that contribute to the internal 

resistance of an MFC; 

 𝑅𝑖𝑛𝑡 = 𝑅𝑎𝑛 + 𝑅𝑐𝑎𝑡 + 𝑅𝑚𝑒𝑚 + 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 (19) 
 

Where, 𝑅𝑎𝑛 is the resistance related to its anode. Typically, this involves the 

resistance of the material used as the anode as any material that is used as the anode 

will exhibit its own resistance. Table 2 lists some resistivities associated to different 

materials. Similarly, 𝑅𝑐𝑎𝑡 is the resistance related to its cathode. As for the anode, 

the cathode will be made out of a specific material e.g. carbon paper. This material 

will have its own resistive effect which will contribute to the overall internal 

resistance. 𝑅𝑚𝑒𝑚 is the resistance related to the exchange membrane which is 

usually found in dual chamber MFCs. This membrane acts as a barrier for the 

different chemicals and compounds present in the cathodic and anodic chamber of 

an MFC and offers an additional resistance to the internal electrical path of ions in 
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an MFC. Lastly, 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 refers to the resistance related to the electrolyte present 

inside an MFC47. All of these resistive elements limit the power production of an 

MFC. Moreover, resistive elements such as Ran and Rcat also exhibit complex parts, 

therefore, in reality, they are impedances. These complex parts are related to the 

capacitive effects of the different layers present on these elements and the different 

reactions and processes occurring on them. A more detailed study of these resistive 

elements can be performed using Electrochemical Impedance Spectroscopy (EIS) 

which is discussed in detail in chapter 4. Further research on the internal resistance 

of an MFC can help improve their performance and hence, their practical 

application as renewable energy resources. 

3.7.2 Columbic Efficiency 

MFCs generate power by unlocking the electrons stored inside a biomass. This 

is done by the EAB which form a biofilm on the anode of an MFC. The EAB 

metabolize biomass (e.g. biomass present in wastewater) and in the process produce 

electrons. The degree by which the MFCs are able to extract/recover electrons from 

the biomass is a measure known as columbic efficiency. It is defined as the ratio 

between the charge recovered and the total charge present inside the organic matter. 

Columbic efficiency, Ce, in terms of the current measured through an external load, 

I, over a time period, T, is given by the following relationship; 

 𝐶𝑒 =
𝑀𝑠 ∫ 𝐼 𝑑𝑡

𝑇

0

𝐹𝑏𝑒𝑠𝑣𝑎𝑛𝑜𝑑𝑒Δ𝐶
 (20) 

 

Where, Ms is the molecular mass of substrate, F is the Faraday’s constant, bes 

are the moles of electrons that can be extracted from the substrate, vanode is the 

volume of liquid present inside the anode compartment of an MFC and ΔC is the 

change in the concentration of the substrate. 

3.7.3 Polarization Curve and Power Density Plot 

Polarization curves are plots obtained by recording the value of current 

produced over a wide range of operating voltage of a particular device. The range 

of voltage is usually from OCV (or very high resistance) to short circuit (SC, or 

very low resistance) condition. Polarization can be performed using a series of 
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external resistances connected one after another, starting from the highest value. 

Furthermore, it can also be performed using Linear Sweep Voltammetry (LSV) 

technique. In LSV, a device varies the voltage from OCV to SC at a fixed rate (e.g. 

1 mV/s) and measures the current produced at each voltage step. These plots are 

used to characterize the performance of an MFC and therefore, it is necessary to 

introduce them. Figure 10 in section 3.6 explains the different regions of a 

polarization curve and the reasons behind this particular behavior. From the data 

obtained, the power density related to the voltage/current density values can also be 

calculated. These power density and current density values can then be used to plot 

the power density curve. Power density curves also carry significance when it 

comes to evaluating an MFCs performance.  

 
Figure 13: Typical polarization curve and power density plot related to an MFC. 

Figure 13 shows a polarization curve plotted with the power density curve of 

the same MFC. Polarization curve shows the behavior of an MFC in the different 

voltage regions. On the other hand, power density plot shows how the output power 

changes with respect to the operating voltage and current density. It is useful in 

order to find out the optimal operating point which gives the maximum power 

output. Figure 14 shows the points related to the Maximum Power Point (MPP) 

marked on the graph. IMPP, VMPP and PMPP represent the current density at the MPP, 

voltage at the MPP and power density at the MPP respectively.  
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Figure 14: Polarization curve and power density plot with the MPP marked. 

It is evident from Figure 14 that this particular MFC has an optimal operational 

point, in terms of voltage, in between the range 0.3V to 0.4V. Moreover, this MPP 

corresponds to a produced power density of about 95 μW/cm2. To enforce the MFC 

to work within these operational parameters, power management systems are used 

which are discussed in detail in section 3.8. Due to the important information they 

present, both of these graphs are very important and are often displayed in the same 

image. 

3.8 Power Management Systems 

Most of the research that has been done in the past two decades on MFCs has 

been regarding their use as a sustainable energy source which is beneficial to the 

environment. An important aspect of making MFCs useful as energy sources is the 

development of efficient Power Management Systems (PMSs).  

MFCs produce energy in the low voltage range (< 1 V) and the electrical energy 

produced in this voltage range is not very useful. To power even the simplest and 

least demanding (in terms of voltage and power) electrical device, voltage higher 

than 1.8 V is required. Special electrical circuits and components are used to build 

a PMS to step up voltage, store and properly use the electrical energy that is 

extracted from an MFC. Figure 15 shows a typical setup of an MFC with a PMS 

used to power a load and store any excess energy, for use later. 
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Figure 15: MFC connected to a PMS for efficient energy extraction, energy storage and its use. 

PMS comprises of two main components, an electrical circuit and a storage 

element. The electrical circuit has the main function of capturing the electrical 

energy coming from an MFC and conditioning it for storage. Furthermore, it also 

boosts the voltage level so that it is compliant to be used with other devices such as 

sensors etc. On the other hand, the storage element is used to store this energy for 

use whenever needed. This storage element could be a battery similar to the ones 

found in our smart phones48 or it can also be a supercapacitor49. 

Not only do the PMS extract energy from the MFCs, but, with recent 

developments, they can also set an operational voltage for the MFCs. This way the 

power extracted from the MFCs is the maximum power possible from these devices 

as discussed in section 3.7.3. PMS technology at present employs different 

techniques to also track the MPP of an MFC. The popular techniques that are used 

to extract energy from an MFC are the following: 

i. PMS based on capacitors50–52. These are the simplest power extracting 

circuits in which the MFC is directly connected to a capacitor. As the 

capacitor gets connected to the MFC, charge flows from the MFC and 

gets stored on the capacitor. The total energy, E, that gets stored on the 

capacitor is dependent on its initial and final voltage and its capacitance, 

C, according to the following equation; 

 𝐸 =
1

2
(𝑉𝑓𝑖𝑛𝑎𝑙

2 − 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙
2 )𝐶 (21) 
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A PMS based on capacitor might simply have many parallel capacitors, 

storing energy. When they are required to output the energy, they can 

be connected in parallel to provide a higher voltage and sustainable 

current. Different versions of capacitor-based PMS use different 

methods and connections to enhance the output according to the 

requirements. 

ii. PMS based on charge pumps53–55. Charge pumps are devices that are 

commercially available which are able to store and transfer energy at a 

voltage level higher or lower than the inputs. These devices use 

capacitors as temporary charge storing elements and with the help of 

internal switches, are able to output higher voltages which are directly 

compliant with other electrical devices. 

iii. PMS based on boost convertors56–58. Boost convertors have a similar 

functionality to that of charge convertors since they also increase the 

level of voltages. These devices use not only capacitors but also 

inductors and diodes as external components. Moreover, similar to 

charge pumps, boost convertors are also widely available as commercial 

devices. In some PMSs, charge pumps and boost convertors are also 

used together. 

Figure 16 shows how the above devices can be used in the form of a schematic 

to build a PMS44. As shown in the figure, there are several ways in which these 

components can be arranged to design a PMS. 
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Figure 16: Different topologies used in energy harvesting. Reprinted with permission from (44). 

Copyright (2018) American Chemical Society. 

The three techniques/devices explained above can be used independently to 

extract energy from an MFC or can be used with more circuit components to 

implement the MPP Tracking (MPPT) technique44. A PMS that operates an MFC 

at MPP basically extracts energy intermittently from the MFC. When such a circuit 

initially starts extracting energy from the MFC, the voltage of the MFC drops (since 

the MFC is taken out of the OCV condition). This is represented by the red line that 

starts at T=0 in Figure 17. 
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Figure 17: Voltage curve of an MFC operating with a PMS that operates the MFC within a voltage 

range corresponding to the MPP. The red curves indicate when the device is in a loaded condition. Blue 
curves indicate that the device is in open circuit condition 

Once the voltage reaches a certain threshold, Va, the PMS stops extracting 

energy from the MFC and thus the MFC goes again into open circuit condition with 

the voltage starting to rise, represented by blue lines in Figure 17. Vb is another 

threshold of the PMS which is very close to Va but greater than it. When the MFC, 

now in open circuit, reaches Vb, the PMS again closes the circuit and starts to extract 

energy from the MFC. This cycle of opening and closing the circuit goes on until 

the PMS is in operation. This way the operational voltage of the MFC is restricted 

in between Va and Vb. At present, there are several PMS systems that are 

commercially available, which have both the energy harvesting systems 

(comprising of charge pumps/boost converters) and MPPT circuitry. Most of these 

commercially available also have the option to set externally the MPP voltage 

thresholds. 

To make the MFC’s energy harvesting capabilities matter at a practical level, 

it is not only important to optimize the MFC’s internal design, but it is also 

important to develop novel and efficient ways of extracting and using an MFC’s 

energy. Moreover, the PMSs used must be developed in a way that they are 
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inexpensive and energy efficient. Furthermore, these PMSs should also be able to 

incorporate the MPPT circuitry. 

3.9 Applications of MFCs 

MFCs have a variety of applications in the real world. Therefore, a lot of 

research has been done on MFCs in the past decade. This section will discuss the 

main uses of an MFC. 

3.9.1 Electricity generation 

MFCs can generate electrical current. This current can either be stored in an 

external element such as a battery36/supercapacitor55 or it can be used directly to 

power an external load such as a resistor59 for the purpose of power generation 

calculations. 

To calculate the power produced by an MFC, a known resistance can be 

connected to the terminals of an MFC (anode and cathode) and the voltage can be 

measured using a voltmeter. The current is obtained using equation(45) and the 

power is obtained from equation(5), it can be normalized according to the cathode 

are or the anode area. In some cases, the power value is also normalized according 

to the MFC volume59. 

Although the power generated by an MFC is low and not constant, it can still 

prove to be useful when it comes to powering sensors in remote locations. A lot of 

research has been done on sMFCs for their use as power sources25,51,54,60,61 

especially in remote marine locations. 

One very important factor in energy generation applications of MFCs is the use 

of a proper power management system. The use of a system that can efficiently 

extract energy from an MFC makes it possible for MFCs to be used as power 

sources. 

3.9.2 Wastewater treatment 

Another important use of the MFCs is their ability to treat wastewater. 

Wastewater has several compounds and molecules inside it that need to be treated. 

The way MFCs can help treat wastewater is by consuming organic matter present 
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inside wastewater. Not only does this reduce the chemical oxygen demand (COD) 

of the waste water but, in the meanwhile, also produces energy62. In simpler terms, 

the EAB in MFCs would be feeding on the organic waste present in the wastewater 

and in the process, cleaning it. 

This dual functionality of MFCs of producing energy while treating wastewater 

makes them ideal candidates for an increased research in this field. For applications 

of MFCs as wastewater treatment devices, single chamber and continuous flow 

modes have been found to be more useful63–65. 

At present, the wastewater treatment facilities use up a lot of energy. In 2017 

alone, the United States spent nearly $40 billion on water and wastewater 

infrastructure66. With more developments in the MFC wastewater treatment 

technology, this number could reduce dramatically. Recent studies have shown that 

MFCs also have the potential to reduce sulphides and not just organic compounds. 

Rabaey et al. showed a removal of up to 98% of sulphides using MFCs67. MFCs 

hold a lot of potential to be used as wastewater treatment devices that also produce 

energy. 

3.9.3 Hydrogen Production 

Hydrogen production is important in present day world. The present production 

of hydrogen occurs from several sources as described in Figure 18. 

 

Figure 18: Sources of hydrogen production in the world. 

Sources of Hydrogen Production

Natural Gas Heavy Oils Coal Electrolysis
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Considering that most of the hydrogen produced in the world is produced by 

burning fossil fuels, it is important to consider alternative sources of hydrogen 

production. More importantly, sources have to be identified that are environment 

friendly. One such source could be the use of MFCs for the production of hydrogen. 

A small external potential is applied, in this case, to the MFCs to overcome the 

electrochemical limitations to allow the Hydrogen evolution reaction (HER) for 

production of Hydrogen in MFCs68. Moreover, the cathode in this case is kept under 

anaerobic conditions. The chemical reactions that take place in the MFC are 

explained by the following equations; 

 

 𝐶2𝐻4𝑂2 + 2𝐻2𝑂 → 2𝐶𝑂2 + 8𝑒− + 8𝐻+ (22) 

 

 8𝐻+ + 8𝑒− → 4𝐻2 (23) 

 

Where, equation (22) belongs to the reaction occurring at the anode. On the 

other hand, equation (23) belongs to the reaction occurring at the cathode. 

3.9.4 MFC based biosensors 

Another very important and upcoming feature of MFCs is their use as 

biosensors. MFCs are based on EAB, which are biological organisms. Like all other 

living organisms, EAB have a response to an external stimulus. Conditions like 

temperature69–71, salinity72,73 and pH74–76 can have substantial effect on the 

performance, more specifically the power and voltage production, of an MFC. 

Moreover, another important use of the MFCs’ sensitivity to external stimuli is 

their use as sensors for toxicity detection. Not only the processing of wastewater is 

an issue but also the detection of toxicants present in the waste water is an important 

issue. Furthermore, toxicants that are introduced into the environment and the river 

stream through industrial waste can be hazardous for the marine life and the general 

well-being of the society. MFCs are biological devices which are based on EAB. 

EAB use the organic matter present in water bodies to feed themselves and while 

doing so, produce electrons (building a potential difference across its electrodes). 

This production of electrons is somewhat proportional to the EAB’s metabolic 

activities. If, toxicants are introduced to the MFCs, they can inhibit bacteria’s 
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metabolic activity, and this can result in a dramatic decrease of potential difference 

across the MFC’s electrodes. Intelligent systems can be designed and developed to 

detect these voltage patterns across an MFC and in turn, predict if a toxicant has 

been introduced into the MFC. A lot of research is being performed at present to 

develop reliable and quick MFC based toxicity sensors77–79. The presence of these 

systems in river streams and other water bodies can help us detect toxicants and 

enable us to act in time to reverse damage caused by toxicants.  
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4 Electrochemical Impedance 

Spectroscopy 

4.1 Introduction 

Electrochemical Impedance Spectroscopy (EIS) is a technique that is widely 

used to obtain the impedance response of a variety of systems. It is a useful non-

invasive technique that can be used to understand the different processes occurring 

inside an electrochemical system. These processes can be occurring at the interface 

between an electrode and the electrolyte. Moreover, they can be related to the 

diffusion of substrates and ions within the electrolyte and can also be related to the 

presence of different membranes. The systems which are investigated using EIS are 

the ones in which, primarily, the main conduction is through ions and not through 

electronically conducting elements such as di-electrics.  

In the past few decades, EIS has been widely used to study a variety of 

systems80–85. This includes batteries76–84, solar cells94–100, fuel cells in general101,102, 

studies related to materials prone to corrosion84,103–107 etc. EIS has also been found 

helpful in the detection of antibodies108–110, DNA111–113 and cancer cells114–116.  The 

variety of fields in which EIS can be applied signifies its importance, reliability and 

robustness as a technique to investigate a system. 

More related to my Ph.D. thesis, EIS has also been widely used to investigate 

the processes and reactions occurring inside an MFC and the different materials 

used as anodes and cathodes in an MFC9,117–121. EIS is also used to calculate the 

overall internal resistance of an MFC, different components of which are introduced 

in section 3.7.1. Once the EIS is performed, most of the components of internal 

resistance can be assigned respective values by analyzing the EIS results.  

EIS is performed using specialized devices known as Potentiostats. The 

specific device that I have used during the course of my Ph.D. is a potentiostat by 

Biologic. Once the EIS results are obtained there are a range of software and 

techniques that are used to analyze the results. One of the most common technique 
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is the fitting of EIS data using equivalent electrical circuits (EECs). This technique 

will be discussed in detail in the following sections. 

4.2 Fundamentals of EIS 

EIS is performed by applying a small AC signal on the electrodes of the system 

under study. EIS can be performed in 2-electrode and 3-electrode configurations. 

In the case of 2-electrode configuration, EIS is simply performed on the primary 

electrodes of the system. In the case of a traditional MFC, these are the cathode and 

the anode. As for the 3-electrode configuration, the architecture of an MFC (or the 

device under study) must be modified to add an additional electrode, known as the 

reference electrode. 

 
Figure 19: A dual chamber MFC with a reference electrode. 

Figure 19 shows a dual chamber MFC with a reference electrode. The 

architecture of any type of MFC can be modified to include reference electrode if 

the physical dimensions do not introduce any complications. The reference 

electrode has a known potential that is fixed. An example of a possible reference 

electrode could be one based on Ag/AgCl which has a potential of 0.23 V ± 10 mV 

with respect to the standard hydrogen electrode. With the help of a reference 

electrode, EIS can be used to investigate the processes occurring on any one of the 

two primary electrodes i.e. cathode or anode. In addition to the reference electrode, 

anode and cathode need to be connected as the working and counter electrodes. This 

role of a working or a counter electrode can be inter-changed depending on the 

requirements. This is discussed in section 4.5.  
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In contrast, a 2-electrode configuration is only able to investigate the total cell. 

The use of a reference electrode is not restricted to EIS but can also be used for 

other characterization techniques such as the polarization curve and power density 

plots which are discussed in section 3.7.3. 

The AC signal, which is applied to perform EIS, is usually a voltage signal but 

can also be imposed as a current signal to the concerned system (in this case it is 

known as galvanostatic EIS). The signal imposed on the system must have a small 

amplitude, relative to the operational voltage of the system, to make sure that the 

steady state response of the device under study is not disturbed. This amplitude is 

usually within the range of 5 mV to 50 mV. The AC signal is applied over a range 

of frequencies with fixed frequency steps. This frequency range can be in between 

very low frequencies to very high frequencies, e.g. from 1 mHz to 1 MHz. 

Moreover, a DC bias can also be added to the AC signal that is applied to the 

system. A DC bias is when a constant DC voltage is added to the signal throughout 

the experiment.  

After the voltage signal is imposed, at a specific frequency, on to the system, 

the current response is recorded and used to calculate the impedance of the system 

at the respective frequency point. In this way, impedance of the system is recorded 

at different frequencies within the defined frequency range at fixed frequency 

intervals. Hence, an impedance spectrum is obtained which is inherent to the system 

on which EIS was performed.  

Figure 20 shows an example of an applied voltage and the respective current 

response from the system. The frequency of the applied voltage in this case is 500 

Hz and the voltage has an amplitude of 50 mV. 
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Figure 20: Imposed voltage on a system and the current response. 

It can be seen from Figure 20 that the current response of the applied voltage 

has the same frequency but is shifted, on the time axis, by a certain amount, δt, 

towards the left side of the graph. This kind of behavior occurs if the system under 

study has a capacitive behavior which causes a certain phase difference between 

the voltage and the current. A shift towards the right would correspond to an 

inductive behavior of the system. Moreover, the current signal is also different in 

terms of amplitude from the applied voltage signal. Both, the phase difference and 

the change in magnitude are related to the impedance exhibited by the system at the 

specific frequency. 

The impedance of any system at a frequency, 𝑓, is given by equation (24); 

 𝑍(𝑓, 𝑡) =
𝑉(𝑓, 𝑡)

𝐼(𝑓, 𝑡)
 (24) 

 
The functions of voltage and current are given by equation (25) and equation 

(26), respectively; 

 𝑉(𝑓, 𝑡) = 𝑉0𝑠𝑖𝑛(2𝜋𝑓𝑡) (25) 
 

 𝐼(𝑓, 𝑡) = 𝐼0𝑠𝑖𝑛(2𝜋𝑓𝑡 − 𝜃) (26) 
 

δt 
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In equation (26), 𝜃 is the phase difference between the current and the voltage 

due to the impedace imposed by the system. Equations (25) and (26) can be re-

written as follows; 

 

 𝑉(𝜔, 𝑡) = 𝑉0𝑒(𝑗𝜔𝑡) (27) 
 

 𝐼(𝜔, 𝑡) = 𝐼0𝑒𝑗(𝜔𝑡−𝜃) (28) 
 

where, 𝜔 = 2𝜋𝑓 and 𝑗 = √−1 (the imaginary unit). Using equations (27) and 

(28), equation (24) can be rewritten as follows; 

 𝑍(𝜔, 𝑡) =
𝑉(𝜔, 𝑡)

𝐼(𝜔, 𝑡)
=

𝑉0

𝐼0
𝑒𝑗𝜃 = |𝑍(𝜔)|𝑒𝑗𝜃 (29) 

 

Therefore, it can be seen that the impedance, at a given frequency, is directly 

related to the ratio of the amplitudes of the voltage and current and to the phase 

difference between the voltage and current. Equation (29) can be further modified 

using Euler’s formula to obtain the following relationship; 

 

 
𝑍(𝜔, 𝑡) = |𝑍(𝜔)| (cos(𝜃) + 𝑗𝑠𝑖𝑛(𝜃))

= |𝑍(𝜔)| 𝑐𝑜𝑠(𝜃) + 𝑗|𝑍(𝜔)|𝑠𝑖𝑛(𝜃) (30) 

 

 

 

Equation (30) provides two different parts that comprise the total impedance – 

real and imaginary. In electrical systems, imaginary part of the impedance, 

reactance (𝑋), is present due to capacitive or inductive effects. If a system only 

comprises of resistances, the total impedance has no imaginary part.  

Mathematically, to have a zero imaginary part in the impedance calculated in 

equation (30), 𝜃 must be equal to zero. Consequently, there would be no phase 

difference between the current response and the applied voltage. Moreover, what is 

referred to as the total internal resistance of an MFC in chapter  is actually the 

total internal impedance of an MFC. 

Real, Zr Imaginary, Zi 
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There are certain important conditions that need to be fulfilled to obtain reliable 

and robust EIS data: 

i. Linearity. It is important that the system under study behaves linearly 

while the EIS signal is imposed. This would allow us to develop linear 

models which help interpret the data obtained through EIS. Linearity 

puts the limit on the amplitude of the imposed AC signal. If a system 

has a fairly linear behavior, a relatively large AC signal can also be 

imposed to perform EIS. But, since MFCs do not have an ideally linear 

behavior, especially in certain regions (Figure 9, regions 1 and 3), it is 

important to keep the amplitude of applied AC signal low. In the end, it 

becomes a trade-off between keeping linearity (which requires a low 

amplitude signal) and reducing noise (which requires a signal with high 

amplitude). 

ii. Causality. The current response that is received is primarily due to the 

imposed voltage, but there are other factors that can interfere with the 

current response. Causality imposes the limitation that the current 

response should only be due to the imposed voltage and thus other 

factors that can interfere with the current response should remain 

minimal. 

iii. Stability. The system should remain stable throughout the extent of the 

EIS measurement. An EIS measurement can take from 2 minutes to up 

to several hours to finish. The time for an EIS measurement depends on 

the range of frequency and the experimental points per decade, in terms 

of frequency. The clause of stability says that we have to ensure that 

system remains stable during this period and does not drift in terms of 

voltage. Moreover, once the perturbation i.e. imposed externally ends, 

the system should return to the same state as before the perturbation 

starts. 

4.3 Representation of EIS data 

The data obtained through EIS is a collection of the values of impedance at 

different frequencies. These values of impedance can be perceived in two different 
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ways. The first way to look at it is as the sum of its real and imaginary parts. The 

second way is to consider it as a magnitude and phase combination. Both of these 

representations are visualized in separate plots.  

First, let’s have a look at the plot which presents the real and imaginary parts 

of impedance on the x and y axis, respectively. This plot is called a Nyquist plot 

and is shown in Figure 21. 

 
Figure 21: Nyquist plot of the EIS performed on a simple RC circuit. 

This Nyquist plot is obtained by performing EIS on a simple RC circuit similar 

to the one shown in Figure 21. If you look closely, the y-axis is the negative of 

imaginary value of impedance. This is done to make the representation more 

intuitive and so that the data is plotted in the first quadrant. One drawback of a 

Nyquist plot is that the frequency at which a particular point of impedance was 

obtained cannot be inferred from the graph. The blue arrow points to a certain 

impedance at a frequency. The length of this arrow represents the magnitude of the 

impedance at this point and the angle this arrow imposes on the x-axis represents 

the phase of the impedance at this point.  

The plot of Figure 21 belongs to the RC circuit shown in the image. Since there 

is only one resistor and one capacitor present, there is only one time constant related 

to the capacitor. The semicircle contained in the Nyquist plot is the characteristic 

of such a setup where there is only a single time constant. Other systems, such as 

MFCs, are much more complicated than a simple RC circuit. Therefore, they might 

have several time constants related to their EIS. Thus, they may have multiple 

partial semi circles in the plot. Figure 22 shows the Nyquist plots of data obtained 
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by performing EIS on MFCs under different operational conditions. As it can be 

seen from the images, one Nyquist plot may have more than one semicircular arc. 

 
Figure 22: (a) and (b) Nyquist plots pertaining to EIS measurements performed on MFCs under 

different conditions9. Reprinted with permission from Electrochimica Acta, Elsevier. 

Impedance of a system can also be written in terms of its magnitude and phase 

(the quantities that represent the blue arrow in Figure 21). To calculate the 

magnitude and phase, following equations can be used; 

 |𝑍| =  √𝑍𝑟
2 + 𝑍𝑖

2 (31) 

 

 𝜃 = arctan (
𝑍𝑖

𝑍𝑟
) (32) 

 

Where |𝑍| is the magnitude of the impedance of the system and 𝜃 is the phase 

of the impedance of the system. |𝑍| and 𝜃 can be used to plot another representation 

of the EIS data known as the Bode plots. Both the components are plotted on 

separately, on the y-axis, with the frequency (or log of frequency) as the variable 

on the x-axis. A typical bode plot, of a simple RC circuit is shown in Figure 23. 
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Figure 23: Bode plot representation of EIS data of a simple RC circuit. 

An important feature of the bode plot is that it shows the frequency data as well 

as the impedance data. Typically, |𝑍| and 𝜃 curves are plotted on the same graph 

with the proper color coding and a dual y-axis setup. The representation shown in 

Figure 23 is for a simple circuit and is quiet straight forward. There is a change in 

the magnitude and a change in phase of 90° due to the capacitor and resistor. The 

frequencies around which these changes occur are dependent on the values of R and 

C.  

In real systems such as MFCs, these plots can be much more complicated since 

there are multiple capacitance, resistances and processes that contribute to the 

whole impedance spectrum. Figure 24 shows a bode plot representation of EIS data 

which was performed on an MFC under different operational conditions. 
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Figure 24: Bode plot of EIS measurement performed on an MFC9. Reprinted with permission from 

Electrochimica Acta, Elsevier. 

4.4 Analysis of EIS data 

It is important to analyze the EIS data and obtain meaningful parameters which 

carry information about the system under study. Using EIS data, the system under 

study can be modelled as a series of electrical components, connected in specific 

arrangements. For example, if EIS data is used to fit an EEC model of an MFC, 

there are several parameters, related to the MFC’s internal impedance, that can be 

quantified. Figure 25  shows an example of the possible impedance elements 

present on the anode side of an MFC. As it can be seen, the total impedance related 

to the anode side can be broken down into several elements. Each of these elements 

play its own role in the overall impedance. Furthermore, each of these elements can 

be co-related to the different biological, interfacial and chemical processes 

occurring on the anode of an MFC. 
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Figure 25: A possible EEC model of an MFC's anode. 

 

In Figure 25, the capacitances, both interfacial and biofilm, are denoted by the 

letter ‘Q’ instead of the more common symbol for a capacitor ‘C’. Moreover, the 

symbols are also slightly different. This is because the element shown in the image 

is a Constant Phase Element (CPE). CPEs are discussed in mores details later in 

this section.  

To delve deeper into the analysis of EIS data, let us first consider the simplest 

form of an electrical system – a system that just contains a resistance. In this case, 

the impedance of the system will be given directly by using Ohm’s law and using 

the amplitudes of the applied voltage and the current response; 

 𝑍 =
𝑉0

𝐼0
 (33) 

 

This is due to the fact that a resistor does not introduce any kind of phase 

different between the applied voltage and the current response. Moving on, let us 

consider a capacitor. The current response of capacitor, if a voltage 𝑣(𝜔, 𝑡) =

𝑉0 sin(𝜔𝑡) is applied is given as follows; 

 𝑖(𝜔, 𝑡) = 𝐶
𝑑𝑣(𝜔, 𝑡)

𝑑𝑡
= 𝐶𝑉0𝜔 cos(𝜔𝑡) = 𝐶𝑉0𝜔 sin(𝜔𝑡 +

𝜋

2
) (34) 

 

Where 𝐶 is the capacitance of the capacitor. It is evident from equation (34) 

that the waveform of the current is different only in terms of magnitude and is 

shifted in the time axis. This shift in the time axis is known as a phase difference 

and this case, the phase difference is π/2. To summarise, the current is leading the 
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voltage by a value of -π/2. This phase difference is also seen when plotting the bode 

plot of an RC circuit, which introduces a phase change of 90°, see Figure 23. The 

introduction of a -π/2 phase difference indicates the characteristics of a component 

that is purely imaginary. To calculate the impedance of the capacitor we can use the 

ohms law as follows; 

 𝑍𝐶(𝜔, 𝑡) =
𝑉(𝜔, 𝑡)

𝐼(𝜔, 𝑡)
=

𝑉0

𝐼0
𝑒𝑗𝜃 =

1

𝜔𝐶
𝑒−𝑗

𝜋
2 =

1

𝑗𝜔𝐶
 (35) 

 

Similarly, if we consider an inductor instead of a capacitor, we can calculate 

the current response of an applied voltage, 𝑣(𝜔, 𝑡) = 𝑉0 sin(𝜔𝑡) of the inductor. 

The relation between the current and voltage of a capacitor is given by equation 

(36). 

 𝑣(𝜔, 𝑡) = 𝐿
𝑑𝑖(𝜔, 𝑡)

𝑑𝑡
 (36) 

 

 

Consequently, using equation (36), we can calculate the impedance using 

equation (37).  

 𝑍𝐿(𝜔, 𝑡) =
𝑉0

𝐼0
𝑒𝑗𝜃 = 𝜔𝐿𝑒𝑗

𝜋
2 = 𝑗𝜔𝐿 (37) 

 

It can also be seen from equation (37) that, for an inductor, the current lags the 

voltage by 90°. The magnitude of phase change is the same as that of a capacitor 

but in the case of a capacitor, current leads the voltage by 90°. Moreover, it is 

important to notice that if a system has an inductive behaviour, the imaginary part 

of equation (30) will be positive. On the contrary, if a system has a capacitive 

behavior, the imaginary part of equation (30) will be negative. Furthermore, MFCs 

mostly have a capacitive behavior and only very rarely show inductive elements. 

This is the reason why the Nyquist plot of Figure 21 has a y-axis which is -Zimag 

rather than Zimag for a more convenient visual representation. 

To obtain the EEC model of the internal resistance of an MFC, ideal behavior 

of a capacitor as defined by equations (34) and (35) is not always sufficient. 

Therefore, additional components which are not mainstream electrical components, 

are used to assist in the proper modelling of EIS data. These elements are: 
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i. Constant Phase Element (CPE). CPE is a more general form of a 

capacitor. In other words, it can be thought of as an imperfect capacitor. 

It is mostly used as an element for modeling equivalent circuits. More 

specifically, it plays an important role in modelling double layers. In the 

case of a CPE, the impedance is given by equation (38). 

 𝑍𝐶𝑃𝐸(𝜔, 𝑡) =
1

𝑄(𝑗𝜔)𝑛
 (38) 

 

Where, Q is referred to as the CPE’s pre-factor and n is the CPE’s index 

(0<n<1). It can be noticed here that the capacitor is a special case of a 

CPE in which n = 1. Moreover, if n = 0, the CPE becomes a resistor. 

The phase difference that a CPE introduces is given by −𝑛
𝜋

2
 (- n . 90°) 

CPE is usually denoted by the letter ‘Q’ and has a symbol like the one 

shown in Figure 26.  

 

 

Figure 26: Symbol of CPE. 

ii. Warburg Element. Warburg impedance element is related to the 

impedance caused by the diffusion process. It is also known as the 

Warburg diffusion element. The Warburg element comes in handy 

when modelling is required for a process related to linear diffusion that 

is semi-infinite. To elaborate, the process is an unhindered diffusion 

towards a planar surface, which in our case is the electrode. When 

considering diffusion processes, this is the simplest case in which the 

only factor that matters is the linear distance to the electrode. Moreover, 

Warburg is again a simplification of the CPE in which the CPE index, 

n, is equal to 1

2
 and the CPE factor, Q, is equal to 1

𝑊
 (where W is the 

Warburg constant). Therefore, the impedance related to a Warburg 

element can be simplified to equation (39). 
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 𝑍𝑊(𝜔, 𝑡) =
𝑊

√𝑗𝜔
 (39) 

 

Warburg element is denoted by W. Since, in the case of Warburg 

element, n = 1

2
, the value of phase introduced by a Warburg element is 

−
𝜋

4
 (- 45°). The symbol used for a Warburg element is given in Figure 

27. 

 

 

Figure 27: Symbol of (a) Warburg element and (b) Warburg short element. 

A more specialized case of the Warburg element is known as the 

Warburg short element, Ws. This element is used to model a process in 

which the diffusion is occurring at length which is finite. In the case of 

Ws the impedance is given by equation (40). 

 𝑍𝑊𝑆
(𝜔, 𝑡) = 𝑅𝑑√

𝜔𝑑

𝑗𝜔
tan−1 (√

𝑗𝜔

𝜔𝑑
) (40) 

 

Where ωd is known the frequency related to the diffusion process and 

Rd is known as the diffusion resistance. 

All the elements that are introduced in this section are summarized in Table 3. 
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Table 3: Impedance elements used for EEC models. Adapted with permission from Renewable and 
Sustainable Energy Reviews, Elsevier.122 

Impedance 

Element 

Letter 

Representation 
Impedance Equation 

Electrical 

Circuit Symbol 

Resistor R 𝑍𝑅 = 𝑅  

Capacitor C 𝑍𝐶(𝜔, 𝑡) =
1

𝑗𝜔𝐶
 

 

Inductor L 𝑍𝐿 = 𝑗𝜔𝐿  
Constant 

Phase 

Element 

Q 𝑍𝐶𝑃𝐸 =
1

𝑄(𝑗𝜔)𝑛
 

 

Warburg W 𝑍𝑊 =
𝑊

√𝑗𝜔
 

 

Warburg 

Short 
Ws 𝑍𝑊𝑆

= 𝑅𝑑√
𝜔𝑑

𝑗𝜔
tan−1 (√

𝑗𝜔

𝜔𝑑

)  

 

Using the parameters and elements explained in this section and summarized 

in Table 3, EIS data, from a variety of systems, can be used to give meaningful 

information and insight into the systems. The systems that are more relevant to my 

thesis are MFCs. Therefore, the use of EIS to investigate MFCs only will be 

discussed in the following section. 

4.5 EIS and MFCs  

It is important to minimize the MFCs’ internal impedance to improve their 

power production. There are several phenomena, surfaces and processes that are 

occurring inside an MFC which contribute to the MFC’s overall internal 

impedance. Therefore, it is not only important to calculate the overall impedance of 

an MFC but, it is also essential to get knowledge about the contributions of the 

different resistive elements present inside an MFC. This way more targeted 

approaches can be formalized to reduce the internal impedance of an MFC, 

resulting in an improved power performance. 

Initially, EIS was adopted by Min and co-workers to evaluate the internal 

resistance of an MFC123. Later, studies using EIS began to investigate the 
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impedance contribution of different membranes, usually found in a dual chamber 

MFC, on the overall power production of an MFC47,124–129. A large number of 

studies also investigated the effect of electrode spacing and different 

substrates/electrolytes, along with the PEM, on the internal impedance of an MFC 

in different setups and configurations46,130–138. Most of these studies found that 

reducing the inter-electrode spacing increases the power density due to a decreased 

internal resistance of the MFC. In addition, Cheng and co-workers found that the 

OCV is increased by reducing the electrode spacing138. Studies cited above, and 

more similar ones were the reason for employing MFCs with reduced electrode 

spacing such as air-cathode MFCs. Furthermore, it was discovered that a larger area 

of anode with respect to the area of cathode resulted in a reduced internal impedance 

of an MFC139. 

When considering impedance analysis and EEC modelling, the internal 

impedance of an MFC can be summed up into three main components – the ohmic 

resistance, Rohm, the charge transfer resistance, Rct and the diffusion resistance, 

Rd
119. Therefore, the internal resistance of an MFC can be written as equation (41). 

 𝑅𝑖𝑛𝑡 = 𝑅𝑜ℎ𝑚 + 𝑅𝑐𝑡 + 𝑅𝑑 (41) 
 

The sum 𝑅𝑐𝑡 + 𝑅𝑑 is also referred to as the polarization resistance137. 

Polarization resistance is related to the interface between an electrode and the 

electrolyte. Moreover, polarization resistance is also related to the diffusion of 

substrate or other chemical species in the vicinity of an electrode. Both, anode and 

cathode, possess a polarization resistance. Therefore, equation (41) can be further 

extended to include all the components related to the total cell. Moreover, the 

resistance due to the membrane can also be included to give it a more complete 

form. This extended version is given in equation (42). 

 

 𝑅𝑖𝑛𝑡 = 𝑅𝑚𝑒𝑚 + 𝑅𝑜ℎ𝑚 + 𝑅𝑐𝑡
𝑎𝑛𝑜𝑑𝑒 + 𝑅𝑐𝑡

𝑐𝑎𝑡ℎ𝑜𝑑𝑒 + 𝑅𝑑
𝑎𝑛𝑜𝑑𝑒 + 𝑅𝑑

𝑐𝑎𝑡ℎ𝑜𝑑𝑒 (42) 
 

Since 𝑅𝑖𝑛𝑡 is obtained through the data collected by EIS and it embodies all the 

different components mentioned in equation (42), it is important to fit the overall 

internal impedance of  an MFC to quantify, if not all, at least most of the elements 
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defined by equation (42). At the same time, it is also very important to properly 

understand and assign the results obtained from fitting. This is because the results 

gathered by performing EIS on an MFC are obtained by applying a voltage in a 

wide frequency range. The resulting current response in not governed by a few ideal 

components e.g. resistors and/or capacitors. Instead, the current response is a result 

of the cumulative impedance effect of several non-ideal equivalent electrical 

elements present within the MFC. This type of quantification from fitting has been 

performed by several works in literature9,47,140.  

A typical simple circuit that can be used to define the interface between an 

electrode, e.g. the anode, and the electrolyte is shown in Figure 28. 

 
Figure 28: EEC of an anode-electrolyte interface. 

Where, Cdl is known as the double layer capacitance. A double layer 

capacitance is the capacitance resulting from an electrical double layer effect. More 

specifically, it is the behavior which is seen at the boundary of an electrode (in the 

case of Figure 28 an anode), and a liquid medium such as the electrolyte. Basically, 

the charges present on the ions in the electrolyte are separated from the charges 

present inside the electrode by a finite distance (of the order of nm). Such 

interaction between the two types of charges, which happens at the interface 

between the electrode and the electrolyte, causes this capacitive effect. Cdl has a 

behavior similar to that of a capacitor.  

Additional elements might also be observed in a bio-anode that is modeled 

using this technique. These elements are related to the biofilm that is formed on the 
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anode, due to which additional charge transfer process occurs. Moreover, the 

thickness of the biofilm also effects the double layer capacitance. Furthermore, an 

element that is related to the diffusion of substrate is also present. The most typical 

element that is introduced due to the diffusion is the Warburg element. Figure 29 

shows the EEC of a bio anode with the Warburg element which represents the 

substrate diffusion. 

 
Figure 29: EEC of a bioanode with the diffusion element. 

Similar to Figure 28 and Figure 29, the EEC of cathodes can also be obtained. 

In fact, to obtain parameters that are specific to either the anode or the cathode, it is 

important to perform EIS in a 3-electrode configuration which was discussed in 

section 4.2. In this case, where we need to calculate the impedance parameters 

specific to the anode, it is required that we connect the anode as the working 

electrode and cathode as the counter electrode. The third node, which is referred to 

as the reference electrode, will be connected to the reference electrode we have 

selected. On the other hand, if we need to calculate the parameters specific to the 

cathode, we need to connect the cathode as the working electrode, anode as the 

counter electrode. The third node will again be connected to the reference we have 

chosen. A 3-electrode experimental is used to investigate half cells – either the 

anode half or the cathode half. 

In the case of a 2-electrode setup, the data we obtain through EIS will contain 

the information about the total cell. This includes the polarization resistances of 

both the anode and the cathode, the series resistance due to the electrolyte and the 

resistance due to the membrane, if any. It will also contain information about the 
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diffusion resistance. Moreover, if a biocathode is also present, the EIS data will also 

contain information about it. Therefore, in a 2-electrode setup, it will be more 

difficult to extract results that give precise information about the different elements 

of the internal impedance. In fact, many studies performed in the past incorrectly 

interpret the data obtained through EIS. This has been discussed in detail by 

Benetton et al. in their comprehensive review on the use of EIS to investigate 

MFCs119. 
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5 Characterization and analysis of 

MFCs based on mixed 

community bacteria using 

different enrichment methods 

MFCs can offer a sustainable source of clean energy, but at the present scale 

their exploitation is still limited. Moreover, MFCs also have a potential as 

biosensor. To make these use-cases possible, it is very important to increase their 

efficiency and performance. In addition, it is important to understand their 

sensitivity towards toxicants introduced in the MFCs medium. Hence, it is essential 

to understand how the biofilm present on the bio anode performs all the necessary 

electrochemical processes. For this purpose, many techniques and methods have 

been employed in the past to study bio anodes. We chose the use of EIS along with 

other characterization techniques to study the biofilm formed using bacteria from a 

mixed community. Another important part of this study was to properly analyze 

and interpret the data obtained through the characterization since many studies in 

the past, using EIS have not properly explained the results. Part of this chapter, 

relating to the experiments, results and discussions are also issued in an article 

published in Electrochimica Acta: 

Agostino, V., Ahmed, D., Sacco, A., Margaria, V., Armato, C., & Quaglio, M. 

(2017). Electrochemical analysis of microbial fuel cells based on enriched biofilm 

communities from freshwater sediment. Electrochimica Acta, 237, 133-143. 
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5.1 Introduction 

As the use of MFCs as bio sensors and electricity generating devices is 

increasing, the investigation into how the bio anodes work is becoming increasingly 

important. The interest not only lies in the functioning of the biofilm but also in 

how the biofilm is formed. The majority of the research performed on biofilm 

formed in an MFC, designed to perform biosensing, uses specific type of 

bacteria78,141-145. Therefore, MFCs pertaining to these studies are based on 

exoelectrogens belonging to a pure culture. These pure cultures of bacteria usually 

belong to one of the two strains: 

• Geobacter sulfurreducens 

• Shewanella oneidensis 

Moreover, mixed cultures were also used in studies which were taken from 

already operating MFCs and thus the start-up period, referring to the bio-anode 

formation, was investigated79,143–147. Consequently, there are only few studies that 

discuss the use of mixed culture bacteria in biofilm formation and MFC 

operation148,149. For practical applications of MFC, it is important to investigate 

MFCs based on a mixed consortium. For the latter purpose, a mixed consortium, 

which comes directly from the environment, results to be more adapt to the 

conditions that prevail in a real environment where MFCs based on these consortia 

could be used as sensors. Such real environment bacterial consortia have already 

been used to implement MFCs used as power sources for applications such as 

wireless sensing. The sources of these consortia are mostly sediments belonging to 

seawater and freshwater. Both these resources inhabit bacteria that are active 

electrochemically. 

An important step in any MFC setup is the biofilm formation and acclimation. 

Moreover, the future performance of an MFC depends on this phase of its life. For 

the formation of a biofilm, a source of the bacteria is required. This can be taken as 

pure culture, mixed culture direct from the environment or mixed culture from 

already running MFCs. The consortia from already running MFC has an advantage 

as it takes lesser time for the acclimation. Furthermore, specific enrichment 

methods in the start-up phase of an MFC have been proposed to reduce the time 
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taken. For example, Pierra and co-workers used iron-enrichment method which 

resulted in reducing the time required for the MFC start-up150. A method based on 

Iron enrichment enables selective growth of bacteria in the mixed consortia. Apart 

from the bacterial sample and enrichment methods, another factor that plays an 

important role in the biofilm formation is the potential at which the anode is kept 

with respect to the cathode. This potential inherently decides the amount of energy 

that is used for the growth of the biofilm. Theoretically, to reduce the time required 

for the formation of biofilm, it is important to have the anode at a potential which 

is higher with respect to the reaction potential of the redox compound. This would 

effectively provide an increased amount of energy to the bacteria for the growth of 

the biofilm. Nevertheless, having a lower anode potential (resulting in a higher 

overall potential difference between anode and cathode) results in a biofilm which 

is better in terms of current density. Therefore, the potential selected is a tradeoff 

between the required time and the current density produced. Moreover, the chosen 

potential, for the biofilm formation, also depends on factors such as the substrate 

(carbon source) and medium employed.  

5.2 Experiment structure 
The main purpose of this experiment was to study the complete setup of an 

MFC which includes the acclimation phase, the enrichment phase and 

electrochemical characterizations on a functional bioanode. Different investigation 

techniques were used to understand better the formed biofilms under different 

enrichment strategies. For the purpose of this experiment, we used a disc shaped 

dual chamber MFC76 which is shown in Figure 30. Moreover, the MFC system used 

here is a continuous flow one, in which, the cathodic and anodic chamber medium 

are constantly injected into the MFC using a syringe pump system – NE1600, New 

Era Instrument, USA. This syringe pump system, working with the MFCs, is also 

shown in Figure 30. 
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Figure 30: Architecture and setup of the MFC systems used. 

5.2.1 Acclimation Experiment 

In the start, for the acclimation of the biofilm, it is necessary to set a potential 

across the cathode and anode as discussed in the previous section. One way to do 

this is to use a resistor connected to the anode and the cathode. To test the influence 

of value of the external resistor and hence the potential difference across the anode 

and cathode, we used 3 different values of resistances, 47 Ω151–153, 470 Ω and 1 kΩ. 

For each value of the resistance, a duplicate of MFCs was used to improve the 

robustness of the results. Therefore, a total of 6 MFCs were used for this part of the 

experiment. The syringe volumes used to pump the anodic and cathodic medium 

were 60 mL and the retention rate selected was 0.5 mL/h76. The length for which 
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this experiment was conducted was 3 weeks. Furthermore, the experiments were 

conducted at room temperature i.e. 21 ± 2° C. After this initial phase, polarization 

tests on the MFCs were started from the 5th week to analyze the difference in 

performance of MFCs based on the three initial resistances. During the experiment, 

the anodic voltages with respect to a reference electrode Ag/AgCl were also 

recorded. 

5.2.2 Enrichment Experiment 

The enrichment method affects the MFCs performance. In our experiment we 

used two different enrichment methods to study their effect on the MFCs power 

production. These two enrichment methods are: 

i. General Enrichment (GE). The chemicals and nutrients added are given 

in Table 4. 

Table 4: Composition of the General Enrichment. 

Name Chemical Formula Amount 
Potassium chloride KCl 0.10 g/L 

Ammonium chloride NH4Cl 1.5 g/L 
Sodium hydrogen 

phosphate 
Na2HPO4 4.28 g/L 

Sodium dihydrogen 

phosphate 
NaH2PO4 2.45 g/L 

Sodium acetate C2H3NaO2 2.5 g/L 
Wolfe’s Vitamin 

solution (ATCC) 
- 10 mL/L 

Wolfe’s trace mineral 

solution (ATCC) 
- 10 mL/L 

 

ii. Ferric Citrate Enrichment (FeC). In the FeC enrichment, a high 

concentration (13.70 g/L) of Ferric Citrate (formula: FeC6H5O7) was 

added to the electrolyte composed by all chemical compounds 

summarized in Table 4. Therefore, the only difference between the two 

enrichments was that of Ferric Citrate. FeC enrichment was used in 
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order to create an environment that favors the growth of Dissimilatory 

metal-reducing bacteria (DMRB)150,154. DRMB is the same group of 

bacteria that contains Geobacter sulfurreducens and Shewanella 

oneidensis, which are the preferred types of EABs in the field of MFCs. 

Before the use of both these mediums, in order to ensure anaerobic conditions, 

enhancing then the microorganisms’ proliferation, nitrogen gas was used to remove 

any oxygen present. The volume of inoculum was 40 mL which contained both the 

freshwater and sediment. Furthermore, the volume of enrichment medium added 

was 40 ml. Thus, the total volume was 80 ml. The total enrichment time was 3 

weeks and the experimental was carried out under room temperature i.e. 21 ± 2° C. 

After this enrichment phase, double chamber MFCs, as shown in Figure 30, 

were used for the inoculation. Similarly to the acclimation phase, the experiments 

were conducted in a duplicate. Therefore, two MFCs were derived from GE 

enriched inoculum and two MFCs were derived from the FeC enriched inoculum. 

For all the inoculations, 10 % inoculum volume with respect to the total anodic 

chamber volume was used. Moreover, during the acclimation phase, the cells were 

put under a load of 47 Ω, based on the result of acclimation experiment (see Section 

5.3.1). As explained above, the acclimation phase is defined as the start-up period, 

during which the EAB properly proliferated on the anode surface, leading thus to 

the formation of biofilm. Since, these experiments were also setup in a continuous 

flow mode, the cathodic and anodic medium were pumped in using a syringe pump 

system – NE1600, New Era Instrument, USA. The rate of medium injection was 

0.5 mL/h. 

After the initial acclimation phase, a series of electrochemical characterizations 

were performed on the MFCs to analyze the effects of the two different enrichment 

methods. These characterizations included EIS, Cyclic Voltammetry (CV) and 

Polarization. Moreover, the voltage of the MFCs were monitored throughout the 

experiment. Electrochemical characterizations were also performed on identical 

MFCs which were abiotic, i.e. without any biofilm. This was done for greater depth 

in the analysis of the data obtained from the various electrochemical 

characterizations, which included: 
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i. Polarization Test. Polarization tests were performed by varying the 

external resistance applied to the MFCs. Initially, the cells were set to 

open circuit and the voltage value was recorded.  Then, resistances were 

varied using the following values: 8.2 kΩ, 6.8 kΩ, 4.7 kΩ, 2.2 kΩ,1.5 

kΩ, 1 kΩ, 0.68 kΩ and 0.33 kΩ. The cells were allowed to stabilize each 

time the value of a resistance was changed, before recording the values. 

Current and power densities were calculated using the values of voltage 

obtained and the resistance values. 

ii. EIS. EIS was performed at each point in the polarization test. Therefore, 

impedance data of all the cells were collected in all the different stages 

of polarization. The parameters used for EIS are listed in Table 5. 

Table 5: EIS Parameters. 

EIS Parameters 

Frequency Range 3 Khz – 3 mHz 

Signal Amplitude 25 mV 

Configuration 

3-electrode (Anode – Working 
Electrode, Cathode – Counter 

Electrode and Ag/AgCl – 
Reference Electrode) 

VSP potentiostat by BioLogic was used to perform the EIS 

measurements. Moreover, EIS measurements were also performed in 

non-turnover condition and on identical MFCs in which the anodes 

were abiotic. Non-turnover conditions refer to the situation in which an 

anodic substrate is not present. In our case, the anodic substrate is 

sodium acetate. 

iii. CV. Lastly, after the polarization tests and EIS were finished CV was 

performed on the MFCs155,156. The selected scan rate was 1 mV/s and 

the potential range, vs. Ag/AgCl, selected was -0.6 V to +0.2 V. After 

polarization test and EIS, the MFCs were left to stabilize under a load 

of 1 kΩ for 1 week during which the values of voltages were recorded. 

CV is important in characterizing the reactions that are occurring the 
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electrodes and the microorganisms which cause electron transfer. In the 

experiments, we collected CV data to further affirm the hypothesis we 

developed using EIS, which deduces that the GE enrichment performed 

better than the FeC based enrichment. CV was performed in both 

turnover and non-turnover conditions 

Once the electrochemical characterizations were completed, a biological study 

of the bio anodes was also performed. This was performed using the technique 

known as fluorescence microscopy. The device used for fluorescence microscopy 

was the Nikon ECLIPSE Ni. The main purpose was to analyze the distribution of 

the biofilm within the anode. As a precursor to this analysis, LIVE/DEAD BacLight 

Bacterial Viability Kit by Invitrogen was used to stain the anodes. For this purpose, 

carbon felt from the anodes were washed using sterile PBS. This was done to 

remove any medium from the original MFC setup. Afterwards, the carbon felt was 

stained using the dye for 20 minutes. Then, the anodes were re-washed using PBS 

to remove the excess of dye that is not bounded with microorganisms. Lastly, the 

software NIS Elements Image Software was used to analyze the images and to 

approximate the count of living and dead microorganisms. 

5.3 Results and Discussion 

5.3.1 Acclimation Experiment  

The main purpose of this experiment was to assess the difference in the 

performance and hence, the acclimation of a mixed community biofilm that was 

formed under different load conditions. For this purpose, duplicate MFCs were 

loaded with different values of external resistances (47 Ω, 470 Ω and 1 kΩ).  

Figure 31 displays the results of anodic performance in terms of the anode 

voltage with respect to a reference (Ag/AgCl). 
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Figure 31: Anode potential vs. Ag/AgCl reference of MFCs in acclimation phase under different load 

conditions. 

It is evident from Figure 31 that all the different resistances had a different 

effect on the acclimation phase. Furthermore, for MFCs47 (MFCs connected to 47 

Ω) and MFCs470 (MFCs connected to 470 Ω) the duplicates had a similar response 

to each other. On the other hand, for MFCs1k (MFCs connected to 1 kΩ) the 

duplicates had a slightly different response to each other especially in the first few 

days, which can also be referred to as the lag phase. Moreover, it is important to 

highlight how MFC47 duplicate was the one which performed better than the rest, 

in terms of a stable voltage production. The average values anodic voltage with 

respect to Ag/AgCl is given in Table 7. It is important to notice that the values 

presented in Table 7 and Figure 31 are the anode half-cell voltages i.e. the voltage 

of the anode with respect to the reference. Therefore, some of the values are also 

negative. 
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Table 6: Average anodic voltages of the three duplicates with respect to the reference (Ag/AgCl). 

Duplicate Name 
Average Anodic Voltage vs. 

Ag/AgCl (V) 

MFCs47 0.134 ± 0.013 

MFCs470 -0.050 ± 0.015 

MFCs1k -0.238 ± 0.025 

 

Furthermore, all the cells showed a current production over the period of this 

experiment. The maximum current densities produced by each duplicate is shown 

in Table 7. 

Table 7: Maximum current densities produced by the 3 duplicates. 

Duplicate Name 
Maximum Current Density 

Produced (mA/m2) 

MFCs47 241 ± 106 

MFCs470 198 ± 18 

MFCs1k 130 ± 12 

 

Following this initial phase of voltage monitoring, polarization tests were 

conducted on the MFCs in the third week. As discussed in section 3.7.3, 

polarization tests enable us to obtain important information about the performance 

of an MFC. The results of the polarization test are shown in Figure 32 and Figure 

33. 
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Figure 32: Polarization Plot. 

 

 
Figure 33: Power density plot. 

In terms of performance related to current density and power density produced 

by an MFC, it is clear from Figure 32 and Figure 33 that the MFC under the lowest 
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external resistance (47 Ω) performed better than the rest. On the other hand, the 

MFC under the highest external resistance (1 kΩ) resulted in the worst performing 

MFC. This can be seen in both the polarization and power density plots. Moreover, 

the MFCs connected to the intermediate resistance, i.e. 470 Ω, exhibited 

performances in between the best and the worst cases. 

Therefore, it can be concluded from the results that a lower external resistance, 

in the acclimation phase, enabled the MFCs to perform well in terms of the MPP 

and the maximum current density. 

5.3.2 Enrichment Experiment 

This part of the overall experiment dealt with the study on two different types 

of enrichment used i.e. GE and FeC. As discussed earlier, FeC enrichment was used 

to favor the selective growth of Dissimilatory metal-reducing bacteria 

(DMRB)150,154. Furthermore, Geobacter sulfurreducens and Shewanella oneidensis, 

which are the most widely used EABs in the field of MFCs, both are members of 

the DRMB group.  

This part of the experiment was divided into a series of electrochemical 

characterizations. After the initial phase of sub-culturing, the GE and FeC 

enrichments were inoculated in MFCs. Since the MFCs used were double chamber, 

the inoculation was done in the anodic chamber. In this initial phase, the technique 

used to monitor the growth and development of the biofilm was the voltage 

monitoring. For this biofilm acclimation phase, the external resistance used was 47 

Ω, which was chosen based on the results from section 5.3.1. Biofilms acclimated 

at lower resistances become robust in terms of current density and can maintain a 

good current generation even at higher voltages. 
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5.3.2.1 Voltage monitoring in the inoculation phase 

 
Figure 34: Voltage monitoring of the MFC inoculation phase of the two enrichments. 

Figure 34 shows the results of voltage monitoring of the inoculation phase of 

the MFCs belonging to the two enrichments. The voltage results are again related 

to the half-cell voltage i.e. the voltage of the anode with respect to the reference. As 

it can be seen in, the low acclimation resistance produced an anode voltage that was 

positive. Furthermore, it can be noticed in Figure 34 that the time required, for 

startup, was larger for FeC enriched MFCs when compared to the GE enriched 

MFCs.  

Table 8: Important parameters obtained through voltage monitoring in the inoculation phase. 

Type of 

Enrichment 

Start Up Time 

(Days) 

Anode 

Voltage (V) 

Steady State Current 

Density (mA/m2) 

GE 5 0.173 ± 0.012 74 ± 4 

FeC 10 0.224 ± 0.015 50 ± 3 

 

FeC enriched MFC exhibited a lower current density in comparison with GE 

enriched MFC. This, in addition to the fact that the FeC enriched MFCs took a 
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longer time to startup, points to the relatively poor performance of the FeC enriched 

MFC in this initial phase of the experiment. One reason for this could be the fact 

that there might still be present a trace amount of Ferric citrate from the enrichment 

phase. The presence of Ferric citrate would introduce a competition between the 

anode and the Ferric citrate as electron acceptors form the bacterial metabolism and 

thus would reduce the number of electrons travelling to the anode and through the 

external load. 

5.3.2.2 Polarization Test 

After the MFCs completed the inoculation phase and were producing a stable 

current, the polarization tests were conducted. These tests were conducted by 

varying the value of the external resistance, moving from a high resistance towards 

a lower resistance. Every time a new resistance was imposed, each cell was allowed 

to stabilize before recording the value of voltage.  

The results from the polarization tests are shown in Figure 35. It can be seen 

from the results that the GE-MFCs outperformed the FeC-MFCs. It can be seen 

from Figure 35 (a) that the MPP achieved by GE enrichment MFCs is almost twice 

as large as the MPP reached by FeC enrichment MFCs, as reported in Table 9. The 

MPPs, for both types of enrichment, corresponded to an external load of 1 kΩ. 

Furthermore, the current density plot in Figure 35 (a) shows a higher current density 

produced by GE enrichment MFCs relative to the FeC enrichment MFCs at low 

voltage. 

Table 9: MPP parameters obtained. 

Enrichment Type MPP (mW/m2) Anode Voltage at MPP (V) 

GE 79 ±12 -0.4 V 

FeC 38 ± 2 -0.3 V 

 

Moreover, it is important to underline that the MPP for FeC enriched MFCs 

and GE enriched MFCs did not occur at the same voltage, as represented in Figure 

34 (b).  
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Figure 35: (a) Polarization plot with power density vs. current density. (b) Power density vs. anode 

voltage. Both plots represent the half cell anode voltage. The valuues that are ploted here are the mean 
values from dupliate MFCs with error bars shown. 

Considering the results we obtained, the hypothesis of the work154 performed 

by Sathish-Kumar and co-workers, which suggests that an iron based enrichment 

improves MFCs’ performance, is negated. On the other hand, our results are in line 
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with those of Kim et al. and Pierra et al. where an inoculum enrichment with ferric 

citrate resulted in a relatively poor performing MFC when compared to an MFC 

enriched with the general procedure for anaerobic bacteria157,150. There can be 

multiple reasons for this result: 

i. Diversity of DMRB. There are many different bacteria that are present 

in the DMRB group and not all of them have the ability to transport 

electrons to the extracellular matrix. 

ii. Inoculum Source Composition. It is also possible that the source of our 

inoculum i.e. fresh water, did not present the possibility of a selective 

growth of DRMB group through iron-based enrichment.  

Nevertheless, it is evident from the data collected during the polarization and 

voltage monitoring tests that the MFCs based on GE enrichment method performed 

better. 

5.3.2.3 EIS 

EIS was performed on the MFCs of both enrichments to understand better the 

different processes occurring on the anode electrode. Moreover, the scheme chosen 

for these experiments was to perform EIS on each of the polarization points. In this 

way, we also studied the impact of the polarization on the processes occurring inside 

the MFC. Therefore, for each MFC, EIS was performed at a total of 9 points in the 

polarization curve – OCV, 8.2 kΩ, 6.8 kΩ, 4.7 kΩ, 2.2 kΩ,1.5 kΩ, 1 kΩ, 0.68 kΩ 

and 0.33 kΩ. Another important fact to notice here is that the polarization was not 

performed through Linear Sweep Voltammetry (LSV) which uses a potentiostat to 

impose a potential across the cell. On the other hand, fixed loads were applied and 

the MFCs were left to stabilize on each potential before performing further 

characterizations. This approach minimizes external perturbations and improves 

EIS results as discussed in section 4.2. Figure 36 shows the Nyquist plots plotted 

using the EIS results. 
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Figure 36: Nyquist plots: (a) GE enrichment based MFCs. (b) FeC enrichment based MFCs. 

It is evident from Figure 36 that the polarization has a considerable impact on 

the impedance of an MFC. Even though, the impedance is measured between the 

anode and the reference, it has an impact on the overall cell. It is very interesting to 

notice that the impedance for MFCs from both types of enrichments decreases until 

1 kΩ and then starts to increase again. This is the same point of the power density 

curve (1 kΩ) at which both the types of MFCs reached the MPP (Figure 35 (b)). 

The values of resistances calculated from the impedance data do not match the value 

of resistance connected externally to the MFCs. Therefore, the MPP achieved by 

these MFCs is not due to a matching of the internal and external resistance. On the 

other hand, we believe that the MPP is achieved due to the minimal internal 

resistance experienced by the anode side at this specific polarization. In other 

words, the polarization condition is optimal for the biofilm, which produces the 

electrical energy extracted from MFCs. It is important to understand that MFCs are 

based on biological microorganisms and are different from conventional fuel cells, 

for which the MPP is governed by the internal and external matching of resistance. 

On the contrary, for MFCs, it is more important to create optimal conditions for the 

biofilm so that they perform at their best. 

Figure 36 (a) shows the results obtained for the GE enrichment based MFCs 

while Figure 36 (b) shows the results obtained from the FeC enrichment based 

MFCs. A clear difference, in the impedance, between the two types of cell is visible. 

GE enrichment based MFCs showed an impedance lower than the FeC enrichment 

based MFCs. This is in line with the results obtained from the polarization tests in 

which it was seen that the GE enrichment based MFCs outperformed FeC 

enrichment based MFCs. Furthermore, despite the fact that the maximum 

impedance (which is observed for the open circuit condition) is similar for both the 

types of MFCs, the minimum impedance observed for both the MFCs is quite 

different. For GE enrichment MFCs, it is quite lower relative to that of FeC 

enrichment based MFCs. 

In the Nyquist plots shown in Figure 36, the points marked by different shapes 

are the experimental data obtained. On the other hand, the lines are plotted using 

the fitting results. Nyquist plots give information regarding the impedance spectra 

(about the imaginary and real parts of the impedance) but do not provide 

information about the frequencies at which these impedances were calculated. Due 
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to this reason, some frequencies such as the minimum and maximum frequencies 

are marked on the images for reference. But to better understand the relation of 

impedance with the frequency of applied signal, it is important to visualize the 

results using the Bode plots. 

Figure 37 shows the Bode plot representation of the EIS data. The data plotted 

is for some selected points of the polarization. This is necessary to visualize and 

analyze the graphs properly without over-crowding them. Moreover, similar to 

Nyquist plots, the points represent the experimental data while the lines are obtained 

by fitting the EIS results. 

It can be noticed that the data related to the frequency and magnitude are plotted 

using a logarithmic scale. The plot related to the phase of the system is of particular 

importance in a Bode plot. This is because, whenever a peak (or a change in the 

trend) is encountered in a Bode plot’s phase part, it corresponds to the impedance 

due to a process occurring inside the system under study or is related to an 

impedance due to a particular interface.  Furthermore, it can also be related to 

diffusion process. The frequency corresponding to this peak/change in phase trend 

gives the information about the time constant corresponding to the particular 

process or interface. From here on, a process and an interface are collectively 

referred to as ‘process’. Moreover, if within this range more than one processes are 

contributing to the overall impedance, it is possible that one of the processes 

overshadows the effect of the rest and therefore hides the change related to them in 

the Bode plot. 

The peaks related the processes occurring in the MFCs are visible in Figure 37. 

In particular there are two that can be noticed, one that is occurring around 1 Hz 

and the other occurring below 100 mHz. Moreover, the peaks are separated better 

in the open circuit condition for GE enrichment based MFCs (Figure 37 (a)) and 

overall in the FeC enrichment based MFCs (Figure 37 (b)). More information that 

can be extract just by looking at the Bode plots is knowing how ‘fast’ or ‘slow’ a 

process is in terms of its time constant. The peaks occurring towards lower 

frequencies corresponds to processes that are slower. Generally, the slower process 

is related to the diffusion process discussed in section 4.4. It can also be seen that 

the peak related to the slower process has a slight dependence on the polarization. 

On the contrary, the peak related to the faster process is not dependent on the 

polarization. 
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Figure 37: Bode plots: (a) GE enrichment based MFCs. (b) FeC enrichment based MFCs. 

Impedance data were also collected for MFCs in non-turnover condition and 

with abiotic anodes. The results for the abiotic anode are shown in Figure 38. 
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Figure 38: EIS results relating to the abiotic anode MFC: (a) Nyquist plot, (b) Bode plot. 
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It can be seen from Figure 38 (b) that the dependence of the slower process, on 

the polarization is stronger while the first process remains unaffected by the 

polarization 

The two processes that are visible in the Bode plots refer to the charge transfer 

process and the diffusion process. Charge transfer process is the faster of the two 

process and refers to the charge transfer that is happening at the anode – electrolyte 

interface. It is important to keep in mind that all these tests were performed in a 

three-electrode configuration with the anode as the working electrode. Therefore, 

the results discuss the processes occurring at the anode side of the MFC. Moving 

on, the slower process represents the diffusion process, of the ionic species present 

in the electrolyte, that is occurring at the anode side. This also explains the 

dependence of the slower process on the polarization. A certain polarization that 

favors diffusion will result in a relatively faster diffusion process and vice versa. 

On the contrary, the charge transfer process at the anode – electrolyte interface is 

independent of the polarization since it is occurring in the vicinity of the anode 

electrode (in the nm scale) and takes no effect from the spatial polarization. 

Bode plot and Nyquist plots are the graphical methods used to plot and visualize 

the impedance data. To extract more quantitative data related to the time constants 

and the values of equivalent electrical components that model the system, it is 

important to fit the EIS data. 

 
Figure 39: Fitting results. 
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Figure 39 shows the results that we obtained from fitting our EIS results in 

obtained under different conditions. It is important that the fitting results are 

carefully analyzed, and the elements present in the EEC model are properly 

associated with the underlying processes occurring in the MFC. Since this study is 

focused on the bioanode, the results all refer to the anodic side of the cell. Table 10 

shows the proper interpretation of the elements obtained through fitting. 

Table 10: EEC elements' association to Anodic half-cell processes. 

Process 
Element(s) related to 

the process 

Series Resistance RS 

Substrate Diffusion W 

Anode – Electrolyte 

Interface 

R1 

C1 

Biofilm 
R2 

C2 

 

It can be seen in Figure 39 that all the EEC models contain a resistance RS, 

which is more commonly known as the series resistance. This resistance is due to 

the electrolyte solution and wired connections. Furthermore, the element W refers 

to the Warburg diffusion discussed in section 4.4. This is related to the diffusion of 

the substrate within the anodic half-cell. It is important to appreciate that the 

Warburg diffusion element is not present only in the non-turnover condition. This 

further strengthens the claim that it is related to the diffusion of the substrate. 

Moving on, the elements R1 and C1 are related to the charge transfer on anode – 

electrolyte interface. As evidence, it can be seen that these components are present 

in all different conditions of Figure 39, since in all of them this interface is present. 

Lastly, the elements R2 and C2 are related to the process introduced due to the 

presence of a biofilm. When a biofilm forms on the surface of the carbon felt which 

is used as the anode electron collector, it introduces a new interface which is in 

between the electrolyte and the electrode. This layer introduces capacitive effects 

due to the charge transfer between biofilm and the electrode. Moreover, it also 

introduces a double layer capacitance due to the charge accumulation. These two 

impedances cumulatively introduce the R2 and C2 elements in the EEC. 
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Confirmation of this hypothesis is given by the fact that the R2 and C2 elements are 

missing from the abiotic anode EEC. 

Now that the processes related to the elements present in the EEC are 

appropriately associated, it is important to have a quantitative analysis of the values 

of these elements.  
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Table 11: Parameters obtained by fitting the EIS results of the GE enrichment based MFCs. 

Polarization 
resistance 

(Ω) 

GE enrichment Based MFCs 
Anode – Electrolyte 

Process Biofilm Process Diffusion of 
Substrate 

Goodness 
of Fit 

R1(Ω) C1(mF) τ1(s) R2 (Ω) C2(mF) τ2 (s) Rd(Ω) τd(s) χ2(·10−5) 
OC 16.2 18.7 0.30 2861.0 128.7 368.34 8.1 3.88 6.03 

8200 16.5 20.4 0.34 357.1 61.9 22.10 7.3 3.26 14.12 

4700 13.9 20.2 0.28 177.0 62.2 11.01 7.1 3.22 2.93 

2200 12.8 20.0 0.26 80.5 63.2 5.09 7.0 2.99 5.51 

1000 11.0 20.6 0.23 75.7 63.0 4.76 6.8 2.77 5.90 

330 9.9 21.3 0.21 100.2 98.8 9.88 7.9 3.39 3.70 

  

Table 12: Parameters obtained by fitting the EIS results of the FeC enrichment based MFCs. 

Polarization 
resistance 

(Ω) 

FeC enrichment Based MFCs 
Anode – Electrolyte 

Process Biofilm Process Diffusion of 
Substrate 

Goodness 
of Fit 

R1(Ω) C1(mF) τ1(s) R2 (Ω) C2(mF) τ2 (s) Rd(Ω) τd (s) χ2(·10−5) 
OC 46.3 26.1 1.21 3106.2 36.5 113.45 16.1 16.36 5.86 

8200 40.9 27.4 1.12 500.9 28.4 14.25 15.5 15.95 8.88 
4700 42.4 26.3 1.11 335.8 36.2 12.14 15.2 14.75 5.87 
2200 45.9 25.0 1.15 295.0 46.4 13.67 14.4 12.56 2.66 
1000 40.0 25.9 1.03 240.5 44.3 10.67 13.3 12.16 4.84 
680 41.2 23.6 0.97 317.3 39.3 12.47 15.0 14.23 4.13 
 

Table 13: Parameters obtained by fitting the EIS results of the MFCs with abiotic anode. 

Polarization 
resistance 

(Ω) 

MFC with Abiotic Anode 
Anode – Electrolyte 

Process 
Diffusion of 
Substrate 

Goodness 
of Fit 

R1(Ω) C1(mF) τ1(s) Rd(Ω) τd (s) χ2(·10−5) 
6800 19.37 11 0.22 9800 16.10 2.54 
2200 19.33 11 0.22 2404 11.74 2.18 
1000 20.81 11 0.22 1007 7.82 1.15 
330 18.94 12 0.23 323 4.07 2.45 

 

Table 11 and Table 12 present the parameters that were calculated using the 

EIS data’s fitting results for the GE enrichment based MFCs and the FeC 

enrichment based MFCs, respectively. Furthermore, Table 13 displays the results 

obtained from EIS data’s fitting of the MFC with an abiotic anode. These tables 
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show the values for capacitance and resistance for different processes and calculates 

the time constants as well. In reality, the EEC were not obtained through capacitors 

but through CPEs118,158. CPEs are discussed in section 4.4. To obtain the equivalent 

values of capacitance form the CPE’s parameters, equation (43)159 can be used. 

 𝐶 = 𝑄
1
𝑛 × 𝑅

1
𝑛

−1 (43) 
 

Where 𝑄 is the CPE’s pre-factor and 𝑛 is the index of CPE. Furthermore, to 

obtain the time constant τ, the following equation can be used: 

 𝜏 = 𝑅 × 𝐶 = (𝑅 × 𝑄)
1
𝑛 (44) 

 

In the case of Table 13, which represents the fitting results of an abiotic MFC, 

it can be seen that the anode – electrolyte interface is not dependent on the 

polarization. Both the values of capacitance and resistance remain consistent. On 

the other hand, the diffusion process reported in Table 13, which is represented by 

the parameters Rd and τd is has a significant amount of dependence on the value of 

the external resistance. Table 11 and Table 12 represent the parameters calculated 

from the EEC of MFCs based on GE enrichment and FeC enrichment, respectively. 

It is evident from looking at the tables that the fastest process for the MFC anodes 

is the process pertaining to anode – electrolyte interface. Moreover, the values of 

the time constants do not change as the polarization changes. Furthermore, the 

values of this first process remain almost the same in all conditions i.e. abiotic, non-

turnover and turnover conditions. To confirm this visually, a Bode plot of the EIS 

was constructed at 1 kΩ (which refers to the MPP). This plot is presented in Figure 

40. 
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Figure 40: A comparison of the first process seen under 3 different conditions - abiotic, non-turnover 

and turnover. The arrow points to the peak which is related to the first process. 

In Figure 40, the arrow points to the peak that is related to the anode – 

electrolyte interface process. This process is comprised of a double layer 

capacitance and the charge transfer resistance. The double layer capacitance is in 

the order of tens of millifarads, which is quite high. This is due to the fact that we 

used carbon felt as the electrode which a highly porous material thus resulting in a 

large double layer capacitance159,160.  

Moving on with the analyses of the parameters obtained, the slower charge 

transfer process represented in both Table 11 and Table 12 is the process due to the 

biofilm. As it can be seen from Figure 39, a new process is introduced in all the 

EECs related to MFCs with a bio anode. This is due to the fact that an additional 

interface – the biofilm, has formed on the carbon felt.  The parameters calculated, 

relating to this process are also listed in Table 11 and Table 12. Apart from the fact 

that this is the slower amongst the two charge transfer processes, it is also dependent 

on the polarization of the MFC. Especially, the charge transfer resistances of this 

process are dependent on the polarization while the dual layer capacitance 

associated with this process remains more or less the same for all values of 

polarization and in both types of enrichments. Furthermore, another interesting fact 
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to notice here is that the change transfer resistances, R2, for this process kept 

decreasing until the polarization at which the MPP occurred (1 kΩ) and increased 

again when the external resistance was reduced further. Therefore, it confirms the 

hypothesis that the MPP is achieved due to an optimally functioning biofilm rather 

than a matching of the external and internal resistance. Furthermore, similar to the 

faster charge transfer process, this slower charge transfer process also exhibited 

relatively large double layer capacitances. This again is due to the fact that the 

biofilm grew on the porous carbon felt. 

Lastly, the process related to the diffusion of substrate is also listed in Table 11 

and Table 12. The parameters of this process are extracted from the Warburg 

element shown in the EECs of Figure 39. This process is related to the diffusion of 

sodium acetate towards the biofilm and of the products of the metabolic process 

(HCO3- and H+) away from the biofilm. A further confirmation of this hypothesis 

is the absence of this process in the EEC of non-turnover condition in Figure 39, 

for which there is no substrate present in the MFC. The time constant related to the 

diffusion process falls in the same range of the charge transfer of the biofilm which 

has a large capacitance. It is due to this that the effect of the diffusion process is not 

visually apparent as a third process in the bode plots of Figure 37. The biofilm 

charge transfer process has ‘masked’ the diffusion process in the graphical 

representations. Nonetheless, with the help of fitting, we were able to extract 

important data relating to the diffusion process. Moreover, the diffusion process of 

Table 11 and Table 12 show no co-relation with the polarization condition of the 

MFCs. It is also important to compare the two enrichment types that were used for 

this experiment – GE and FeC in terms of the parameters obtained through EIS and 

fitting (Table 11 and Table 12). It is evident from the data that GE enrichment based 

MFCs performed better than FeC enrichment based MFCs having lower resistances 

for all the respective processes. Furthermore, GE enrichment based MFCs also 

exhibited faster processes than those of FeC enrichment based MFCs. 

Quantitatively, the diffusion time constants for GE enrichment based MFCs were 4 

times smaller those of FeC enrichment based MFCs. This can be explained by the 

fact that the two enrichments produced biofilms that were different in terms of 

population, composition and structure. Since GE enrichment based MFCs 

performed better, it can be inferred that they had a more active biofilm which 

therefore created a stronger diffusion gradient for the substrate. This resulted in a 
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faster diffusion process of the substrate in the case of GE enrichment based MFCs. 

Similarly, for the biofilm charge transfer process, GE enrichment based MFCs 

exhibited a time constant which was faster than that of FeC enrichment based 

MFCs. Especially, the biofilm process time constant at MPP for GE enrichment 

based MFCs was about two times faster than that of FeC enrichment based MFCs. 

This superior performance in terms of the time constant, related to the biofilm 

process, at MPP is in line with the relative superior performance of GE enrichment 

based MFCs shown in the results of polarization tests (section 5.3.2.2). 

Furthermore, the dual layer capacitance values related to the biofilm charge transfer 

process are also quite different. For GE enrichment based MFCs they fall in the 

range of 1.6 – 3.3 mF/cm2 while in the case of FeC enrichment based MFCs, they 

are in the range 0.7 – 1.2 mF/cm2. This confirms the hypothesis that the biofilms 

formed as a result of the two enrichments were different in terms of structure and 

electrical performance. Lastly, as expected, the dual layer capacitance related to the 

anode – electrolyte interface remained more or less the same for MFCs of both 

enrichments. This is because this interface is very similar for both the MFCs i.e. the 

interface between the anodic medium and the carbon felt (anode). On the other 

hand, the charge transfer resistance for this process was lower for GE enrichment 

based MFCs than the FeC enrichment based MFCs. 

5.3.2.4 CV 

Figure 41 shows the voltammograms that were obtained through CV of MFC 

based on both the enrichments. Part (a) of the figure, relating to the GE enrichment 

based MFCs, shows a shape that is sigmoidal catalytic. This usually belongs to the 

acetate oxidation by bacteria in which electrons are transferred in a conduction-

based manner161–164. The figure also shows sigmoidal function’s first derivative. 

This first derivative is a curve that has peak which can be used to detect a 

mechanism of charge transfer involved in the production of current. Looking at the 

insert of Figure 41 (a) it can be noticed that the site responsible for the putative 

electron transfer has a center at -0.4V versus Ag/AgCl which is very close to the 

potential of G. sulfurreducens’ cytochromes of the outer membrane (0.190 V vs 

SHE equivalent to −0.387 V vs Ag/AgCl)165.  

As for the FeC enrichment based MFCs, the voltammograms are shown in 

Figure 41. These voltammograms demonstrate the occurrence of a redox system 
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which has an oxidation peak centered at -0.115 V versus Ag/AgCl and a reduction 

peak centered at -0.315 V versus Ag/AgCl having a midpoint potential, Ef which is 

equal to -0.215 V versus Ag/AgCl. This Ef is the same as what is found for 

phenazines which act as shuttles carrying charges and are produced by a variety of 

microorganisms165. Pyocyanin is one of the most popular phenazine in research and 

is produced by Pseudomonas spp. In previous studies, Pyocyanin has been 

identified on carbon electrodes which are submerged in aqueous solutions166,167. 

These results that point towards a condition which is not in steady-state in terms of 

the rates of the two processes – electron transfer and diffusion. These results comply 

with the results obtained through the analysis of EIS data, i.e. for FeC enrichment 

based MFCs the time constant for the charge transfer process related to the biofilm 

was smaller than the constant of the diffusion process. In contrast, GE enrichment 

based MFCs exhibited a slower charge transfer process related to the biofilm with 

respect to the time constant for the diffusion process which allowed a steady state 

condition. Therefore, resulting in a voltammogram that is shaped like a sigmoid. 

The non-turnover voltammogram of the MFCs from both the types of enrichment 

are also plotted in Figure 41. It is evident from these voltammograms that in the 

condition when there is an absence of the substrate, the catalytic wave is not present. 

This further confirms that the catalytic wave in turnover condition belongs to the 

metabolism of acetate that the microorganisms perform. 
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Figure 41: Cyclic voltammograms (both turnover and non-turnover): (a) General-enriched biofilm. 

First derivative of the turnover CV is also shown, where Ef indicates the putative electron transfer site 
centered at −0.4 V. (b) FeC-enriched biofilm. Ef centered at −0.215 V indicates the arithmetic average 

of the oxidation and reduction peaks. 
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5.3.2.5 The use of Butler-Volmer-Monod model in the analysis of 

electrochemical kinetics 

To better understand the biofilms based on the two enrichment, we performed 

an analysis of polarization curves using the Butler-Volmer-Monod (BVM) model9. 

This enabled us to get a better understanding of the electrochemical kinetics and 

gives information about the metabolic process that enables the oxidation of 

substrate through Monod general enzyme kinetics and also about the transfer of 

electrons to the anode from bacteria, using the Butler-Volmer relationship. 

Equation (45) gives the current density obtained using the BVM model168. 

 𝐼 = 𝐼𝑀𝐴𝑋

1 − 𝑒−(
𝐹

𝑅𝑇
)𝜂

𝐾1𝑒
−(

(1−𝛼)𝐹
𝑅𝑇

)𝜂
+ 𝐾2𝑒−(

𝐹
𝑅𝑇

)𝜂 + (
𝐾𝑀

𝑆 + 1)

 (45) 

  

Table lists all the elements present in equation (45): 

Table 14: Definition of elements for equation (45). 

Equation Element Definition 

F Faraday constant 

R Gas Constant 

α Transfer co-efficient 

η Anodic Overpotential 

KM Michaelis–Menten constant (substrate affinity constant) 

S Concentration of substrate 

T Absolute temperature 

IMAX Maximum current density obtainable 

K1 & K2 These are the parameters related to kinetics 

 

The results obtained by using this BVM model to fit the experimental data are 

plotted in Figure 42. The value of the transfer co-efficient, α calculated for using 

this model was 0.5 (GE enrichment based MFCs) and 0.78 (FeC enrichment based 

MFCs). This is in line with the values that are generally obtained for bio-

electrochemical reactions (in the range of 0.4 to 0.8)169,170. As for the parameter K1, 

the obtained result for GE enrichment based MFCs was 0 which points to an 
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electron transfer process which is very fast (relative to the oxidation of substrate). 

In contrast, the K1 value obtained for FeC enrichment based MFCs was 2.3 which 

points to a less efficient process of electron transfer. Therefore, these results are 

consistent with the results obtained from CV and EIS in which it was found that GE 

enrichment based MFCs exhibited a more efficient process of electron transfer. 

Lastly, the values obtained for K2 are: 10.5 (GE) and 20.2 (FeC) which are 

consistent with the results found for bacteria that metabolize organic matter for 

survival168. 

 

 
Figure 42: Polarization curves of the two bioanodes from the two different enrichments and their 

relative fitting using the Butler-Volmer-Monod model. 
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5.3.2.6 Bioanode Imaging 

To have a visual representation of the biofilm that had formed in the two types 

of MFCs, imaging of the anodes was performed using the procedure described in 

section 5.2.2. This helped us in analyzing the distribution, density and heterogeneity 

of the formed biofilms. 

 
 

Figure 43: Biofilm fluorescence imaging of live/dead staining. (a) Gen-enriched biofilm, Max Intensity 
Projection (MaxIP) merge of green (live organisms) and red (dead organisms) channels. (b) Automated 

spot count relative to green channel. (c) Automated spot count relative to red channel. (d) FeC-
enriched biofilm, MaxIP merge of green and red channels. (e) Automated spot count relative to green 

channel. (f) Automated spot count relative to red channel. 
 

Figure 43 shows the results obtained from the imaging. It can be seen that the 

biofilms were not able to produce a dense mat on top of the carbon felt therefore, 

the calculation of the thickness of the biofilm was not possible. Nevertheless, the 

way the bacteria colonized the 3D structure of the anode was seen using multiple 

z-stacks for the entire thickness of the anode material (500 μm). Using the z-stacks, 

it was found that in the GE enrichment based MFCs, the biofilm almost completely 

penetrated the depth of the anode, 428 μm ± 31. In contrast, the biofilm of the FeC 

enrichment based MFCs was only able to occupy the anode to a depth of 325 μm ± 

38. Moreover, using the imaging technique, a live (green dot)/dead (red dot) was 

also performed. The ratio between the living and dead bacteria (living:dead) was 

found out to be 2.9 ± 0.5 for the MFCs based on GE enrichment. On the contrary, 

for MFCs based on FeC enrichment, the ratio was found out to be 1.4 ± 0.4. Both 

G
E 

Fe
C
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obtained results allowed to confirm that GE enrichment based MFCs showed a 

better formation of the biofilm. Furthermore, the higher charge transfer resistances 

seen in the FeC enrichment based MFCs’ anode – electrolyte process in Table 12 

can be explained by the fact that the FeC enrichment based MFC had a lower 

live/dead ratio thus having a larger resistance towards the anode – electrolyte 

process. 

5.4 Conclusion 

In this work, a complete electrochemical analysis was performed on the anodes 

of two different types of MFCs (different in terms of the enrichment method used) 

which had bacteria coming from a mixed community. Furthermore, the EIS data 

obtained was fitted through the EEC and to acquire the relevant electric parameters. 

The results indicated the presence of the different electrochemical processes within 

the anodic chamber: anode-electrolyte interface process, biofilm process and 

diffusion of substrate process. This impedance data was collected for all the 

polarization points thus revealing the relationship between the processes and the 

external polarization condition. For both types of enrichments, the MPP from the 

polarization test coincided with the minimum internal impedance calculated 

through EIS. Furthermore, in terms of performance, charge transfer process and the 

diffusion process, GE enrichment based MFCs dominated the FeC enrichment 

based MFCs. Delving into deeper details, FeC enrichment based MFCs had a 

slower diffusion rate, higher resistance and lower capacitance related to the biofilm 

process and a higher resistance for the anode – electrolyte interface process. Further 

evaluations such as a kinetics analysis, bioanode imaging and CV all confirmed the 

results obtained through EIS. To conclude, the GE enrichment-based bio anodes 

performed better and had a more efficient charge transfer process when compared 

to the FeC enrichment based bioanodes. 
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6 Moving Towards an in-situ 

Practical Application of MFCs as 

Power Sources 

MFCs have a potential to be used as power sources for sensors used in remote 

places such as a marine environment. Such sensors commonly need to transmit data 

only a couple of times a day to monitor the quality of sea water or of the 

environment. Therefore, the low power output that the MFCs provide is not an 

issue. Power extracted throughout the day can be used to record and transmit data 

once or twice a day. In such a location the ideal type of MFC to be used is known 

as the sedimentary microbial fuel cell (sMFC). The setup of an sMFC has been 

discussed in detail in section 3.5. As expected, many works in the literature have 

proposed their use as remote power sources for a sustainable and clean source of 

energy. Nonetheless, the setups proposed are too big and immobile and therefore 

cannot be used when mobility and compact size are necessary. In this work we 

designed and studied a new, small, mobile and inexpensive architecture of an MFC, 

which was setup as a floating device. Furthermore, for the biofilm formation and 

development phase we conducted experiments to compare a biofilm formed in the 

lab and one that was formed in-situ i.e. in the real marine environment. The biofilm 

formed in-situ proved to be robust and showed a good level of stability in terms of 

electricity production even though the environment was not a controlled one like a 

scientific laboratory. Part of this chapter, relating to the experiments, results and 

discussions are also issued in an article published in Applied Energy: 

 

Massaglia, G., Margaria, V., Sacco, A., Tommasi, T., Pentassuglia, S., Ahmed, 

D., Mo, R., Pirri, C.F. and Quaglio, M., 2018. In situ continuous current 

production from marine floating microbial fuel cells. Applied Energy, 230, pp.78-

85. 
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6.1 Introduction 

As discussed in the previous chapters, MFCs have the potential to be used as 

devices that provide electrical energy by metabolizing organic substrates171,172. 

Furthermore, they can also be used to treat waste water reducing the expenses 

incurred in waste water treatment while producing energy17,22,37,62. On the other 

hand, MFCs can be used in the sMFC configuration to provide a sustainable source 

of green energy to systems that require energy in the remote marine environment. 

The most exciting feature of the SMFC technology is their ability to use the organic 

substrates already present in the sediment and seawater to produce electrons. This 

produced electrical energy can then be harvested through a PMS, providing power 

to a system, such as a sensor, which monitors seawater health. In addition, these 

devices have minimal maintenance needs and costs and can keep on working for 

extended periods of time. Nonetheless, there are also some disadvantages that are 

associated with sMFCs. Firstly, sMFCs generally produce relatively lower voltages. 

Secondly, the ohmic losses experienced by the sMFCs are larger due to the 

increased dimensions. Lastly, the oxygen availability at the cathode is low due to 

the limited oxygen absorption into the water173. Furthermore, sMFCs also lack in 

terms of a stable voltage output25. 

Mostly, sMFCs that have been employed for practical applications in the 

oceans have a large size174,175. For example, an array of sMFCs which was 30 meters 

in length, was used by Arias-Thode and co-workers to provide electrical energy to 

a sensors that is used to sense passing ships known as a magnetometer176. 

Considering the size requirements and other limitations related to an sMFC, a 

variation of the sMFC has been anticipated recently which is known as floating 

MFC (fMFC). These new types of MFCs have been proposed for use in marine 

environments177 and also in waste water178. fMFCs float near the surface of the 

water with the cathode directly exposed to the air while, the anode is present in the 

underlying water. This not only enables the availability of more oxygen on the 

cathode but also ensures that the overall losses in terms of ohmic resistance are 

reduced. 
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Figure 44: A floating MFC setup used by Martinucci et al. 177 This image is re-printed with permission 

from Elsevier 2015©. 

All the works related to fMFCs up till now employ setups that are fixed and are 

not free to move on the surface of the water. For this reason, their applications are 

limited. In the present work, the main aim was to develop a floating MFC system 

that could enable the device to be portable while having compact dimensions. 

Portability is an important pre-requisite in many applications such as sensors etc. 

For this purpose, we used small scale MFCs in the single chamber configuration. 

These MFCs can produce electrical energy in a continuous manner using the 

organic matter present in sea water as their substrate for metabolism. Furthermore, 

the seawater acts as an electrolyte for the MFC. Another important aspect of the 

study is that we have compared the development and colonization of biofilm in-situ 

with the development and colonization of the biofilm using the standard enrichment 

approach conducted in a laboratory. By enabling the development of biofilm in-situ 

we also explored the use of aquatic biological environment as catalyst for biofilm 
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formation. Furthermore, we used a synthetic solid-state electrolyte (SSE), proposed 

recently by our group179, which is based on agar to increase the metabolism of the 

bacteria in the biofilm during the startup phase. This SSE contained nitrogen and 

organic resources to boost the growth of biofilm. Apart from providing important 

nutrients the SSE, also acts as a physical layer between the O2 from the cathode side 

and the anode one, maintaining thus the required anerobic condition on the anode. 

Air-cathode MFCs usually are equipped with a Pt/C catalyst layer on the cathode, 

which is expensive but improves the performance of an MFC. For this experiment, 

we did not use a catalyst layer on the cathode but allowed the unprompted formation 

of a biofilm (aerobic) on the cathode able to reduce oxygen. This has been explored 

previously by other groups as well180. The devices were setup and tested in a real 

marine environment (La Spezia bay, northern Italy) by using a data acquisition and 

transmission system and also in laboratory. Furthermore, the in-situ experiments 

were performed two times (in summers and winters) to study changes in 

performance due to the weather and temperature. 

6.2 Experiment Structure 

6.2.1 Scheme of experiment 

The work performed for this experiment was divided into a series of 

experiments to have a complete analysis of the proposed approach with the one 

generally used in the laboratories. Furthermore, for this experiment two main kind 

of MFCs were setup for comparison: 

i. is-MFCs. MFCs based on a novel enrichment method for the biofilm 

formation on the anodes. This enrichment method is explained in 

section 6.2.2.1. 

ii. st-MFCs. MFCs based on anodic electrodes which used the general 

enrichment approach which was explained in section 5.2.2. 

The two types of MFCs i.e. is-MFCs and st-MFCs were set up in the laboratory 

and monitored, in the laboratory, using a voltage monitoring system (with fixed 

load) and their performances were compared. Furthermore, EIS was also performed 

on the two types of MFCs. Both types of MFCs showed similar results in terms of 
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performance. Consequently, for further tests, is-MFCs were used. It is important to 

specify that is-MFCs did not consume any energy, effort and reagents for their 

enrichment process which is common for st-MFCs. For the purpose of subsequent 

experiments, six different MFCs were setup using in-situ colonized electrodes. 

Once these MFCs were setup, they were mounted on a floating system so that they 

could be deployed in a real marine environment for power production and 

monitoring. Two main campaigns were carried out for in-situ performance 

monitoring: 

i. Summer Campaign 

ii. Winter/Autumn Campaign 

The summer campaign (which used all 6 MFCs) was carried out for a period of 

58 days. On the other hand, the winter/autumn campaign (which used 4 out of the 

6 initially prepared MFCs) went on for 45 days. During these campaigns, a fixed 

external resistance was used as the load and the voltage was monitored through a 

data acquisition and transmission system for acquiring data to be used in 

performance analysis. In between the two campaigns, the devices were moved to 

our laboratories from La Spezia bay. 

 
Figure 45: Highlights of the overall in-situ experiment. This image is re-printed with permission from 

Elsevier 2018©. 

6.2.2 The two enrichment procedures explained 

As discussed earlier, the work started with developing anodic biofilms using 

two different methods of enrichments. This section describes the two techniques 
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used. The resulting anodes from these enrichment methods were compared in terms 

of power production over an extended period. This was done by monitoring the 

voltage produced by the MFCs with an external resistance attached. It should be 

noted that all reagents used in this experiment were bought from Sigma-Aldrich 

unless specified otherwise and no purification steps were taken for the reagents. 

6.2.2.1 In-situ pre-colonization enrichment 

In this enrichment technique, the biofilm was allowed to form directly on the 

carbon felt (Soft felt SIGRATHERM GFA5, SGL Carbon) which was later used as 

the anodes of the MFCs. To maximize the formation of biofilm, the carbon felt was 

initially immersed in PBS which contained sodium acetate having a concentration 

of 2.5 g/L. Then, the carbon felt was placed in-situ i.e. in the sediment 3 meters 

under water, for the process of biofilm formation. This was done in the La Spezia 

bay (northern Italy). 

6.2.2.2 Standard pre-colonization enrichment 

In the case of the standard method, carbon felt (same as the one used for in-situ 

method) was placed inside bottles containing seawater sediment sample which was 

enriched in 250mL serum. The fluid inside the bottle comprised of seawater with 

the following compounds dissolved in it: 

i. Ammonium Chloride (5.8 mM with concentration 0.75 g/L) as a source 

of nitrogen 

ii. Sodium Acetate (30 mM with concentration 2.5 g/L) as a source of 

carbon 

The above-mentioned compounds were added to enhance the formation of 

biofilm on the surface of the anode. A total of three enrichments were performed 

over a period of one month for the purpose of sub culturing. Throughout this period, 

the microbial cultures were placed under a gentle orbital shaking at 150 rpm at room 

temperature (21 ± 2°C). Lastly, at each step of enrichment, fresh media was used to 

inoculate 10% (v/v) of microbial cultures. 
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6.2.3 MFC setup 

The structure of the MFC used in this experiment was made using a 3-D printer, 

OBJET 30 by Stratasys. Polymethyl-methacrylate (PMMA), a material which is 

polymeric and UV-curable, was used to print these MFCs. The material used for 

both the cathode and anode was the same – carbon felt. Both the anode and the 

cathode had a nominal geometric area of 5.76 cm2. In the case of cathodes, 

additional layers of polytetrafluoroethylene were added to assist in oxygen 

diffusion. A total of four layers were applied on the external part of the cathode. 

The reactor had a volume of 12.5 ml. Furthermore, titanium wires were used as 

current collectors and were threaded into the electrodes to establish an electrical 

connection. For the addition of SSE to each anode’s surface, 6 ml of the SSE at 

around 50 °C (in liquid form) was transferred onto a petri dish and left to solidify. 

Once in solid state, it was broken down into smaller pieces. Lastly, these pieces 

were placed on the surface of the anode. 

6.2.4 Experiments conducted in Laboratory 

For the experiments conducted in the laboratory, triplets (nominally identical) 

of MFCs pertaining to each type of enrichment method (standard and in-situ) for 

the biofilm were made. All the devices were immersed inside a container full of 

seawater. The placement was done in such a manner that the cathodes of each 

device were exposed to air, while the anodes remained submerged in seawater. The 

devices were kept at room temperature condition i.e. 21 ± 2 °C. To maintain the 

level of seawater in the container, seawater was replenished on weekly basis and 

apart from this no other nutrients or fluids were added during the whole 

experiments. Each MFC was connected to a 560 Ω resistor and the voltage across 

the MFC was measured using a multi-channel data acquisition system – Agilent 

34972A. The voltages across the MFCs were recorded for a period of 40 days. 

Following the voltage monitoring campaign, impedance measurements were 

performed using a potentiostat – VSP Biologic. The parameters used for EIS are 

listed in Table 15. 
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Table 15: Parameters used for EIS. 

EIS Parameters 

Frequency Range 20 Khz – 10 mHz 

Signal Amplitude 10 mV 

Configuration 
2-electrode (Anode – Working 
Electrode, Cathode – Counter 

Electrode) 

 

 The EIS measurements were conducted with the external resistance of 560 Ω 

connected to the MFCs. 

6.2.5 Experiments conducted in-situ 

For the tests performed in-situ, a floating system that could support the MFCs 

was designed. This floating system was placed in the water 2 meters away from the 

wharf and anchored there. This location was in the Mediterranean Sea near the La 

Spezia bay. Figure 46 shows an overall sketch of the system and the actual pictures 

taken of the system being deployed. 

In order to collect the voltage production data of the cells and to monitor their 

performance, a cable (Igus CF9.02.12, multipolar) was employed. On one end, this 

cable was connected to the respective anodes and cathodes. While on the other end, 

it was connected to the data acquisition system (a schematic of which is also shown 

in Figure 46 (a) which was present in the control room. The data acquisition system 

consisted of a Raspberry Pi which acts as a portable mini-computer, in conjunction 

with a relay board which is programable (Devantech ETH8020). There were 8 

channels on this data acquisition board with the possibility of introducing different 

resistances to the MFCs as loads by programing the relay board. Once the voltage 

data was received through the relay board, the Raspberry Pi (acting as the control 

board) converted these signals to digital values through an on-board analog to 

digital converter. Lastly, a modem (connected to the Raspberry Pi) was used to 

transmit the data collected so that it could be accessed remotely. To perform the 
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data acquisition and transmission, control the overall operation and to program the 

relay board remotely using the internet, a custom software was developed and 

deployed on the Raspberry Pi. On the floating MFC side, the multiple wires inside 

the cable were connected to the titanium current collectors of the cathodes and 

anodes of respective MFCs. For the purpose of providing an insulation for the 

connections on the fMFCs side, a thermosetting resin was applied. 

 
Figure 46: Scheme of the in-situ experiments: (a) data acquisition system; (b) floating housing system 
(bottom view); (c) Programable relay board; (d) fMFC housing; (e) Inside view of the fMFC housing 

with the MFCs being attached; (f) Complete setup with the multipolar cable (bottom of sub image) and 
the floating panel (grey). This image is adapted with permission from Elsevier 2018©. 

A total of two voltage monitoring campaigns were conducted for the in-situ 

experiments. For the first campaign (summer), a total of six MFCs that were 
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nominally identical were used and this campaign lasted for 58 days (22nd July 2016 

to 18th September 2016). All of these MFCs were kept under a load of 560 Ω. 

Throughout the period of the campaign, the voltage was monitored using the data 

acquisition system and recorded. After the completion of this period, the MFCs 

were transferred to our laboratory and were kept submerged in seawater. During 

this period, the voltages were monitored using a commercial data acquisition 

system by Agilent (34972A). The second campaign (winter/autumn) began on 1st 

December 2016 and went on for 45 days until 15th January 2017. In contrast to the 

first campaign, only four out of the six original MFCs were used. All the four MFCs 

were kept under a load of 560 Ω throughout the experiment and the voltages were 

monitored using the data acquisition system.  

Furthermore, important parameters related to the seawater, such as pH, salinity, 

temperature etc., were monitored using Geoves SMx-485 meter. 

6.3 Results and Discussion 

6.3.1 Experiments Conducted in Laboratory 

Initial part of the experiment was related to the comparison of different 

enrichment approaches for the pre-colonization and preparation of anode. One of 

the two techniques compared was based on the standard enrichment method. The 

second enrichment was performed based on an in-situ approach. For each approach, 

three nominally identical MFCs were set up and the performance of these MFCs 

was recorded using voltage monitoring with an external resistance attached. These 

results are displayed in Figure 47. 
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Figure 47: Average current densities vs. time obtained from three (for each enrichment type) nominally 

identical MFCs based on in-situ and standard enrichment techniques. Error bars are also reported. 
The discontinuity between days 7 to 20 was due to an electrical malfunction. This image is re-printed 

with permission from Elsevier 2018©. 

It can be seen from Figure 47 that both is-MFCs and st-MFCs showed an initial 

increase in the production of power in the first four days. The maximum values of 

power density achieved by the two types of MFCs are presented in Table 16. 

Table 16: Maximum Average Power Densities for the two types of enrichments. 

MFC 
Maximum Average Power 

Density (mW/m2) 

is-MFCs 10 ± 3 

st-MFCs 18 ± 2 

 

This increase in the current density in the start, followed by a decrease after day 

4 in both the types of MFCs, can be ascribed to the SSE which was present on the 

anodes. The SSE is comprised of organic and nitrogenous sources which have 

proven to improve the metabolism of EABs181. Therefore, in the first few days with 

the presence of these sources, the MFCs’ performance improved but as the sources 

were depleted, the MFCs’ power production also started to decrease. The only 

remaining source of nutrition, after this point, to support bacterial metabolism were 
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the substrates present in seawater which had a concentration much lower than that 

in SSE. Furthermore, it can also be seen in Figure 47 that the is-MFCs showed a 

better average performance in terms of current density than that of st-MFCs after 

day six. Another important point to notice here is that the data in between day 6 and 

day 20 is missing. This was due to an electrical failure of the data acquisition 

system. This behavior of the is-MFCs can be attributed to the fact that the bio 

anodes of these MFCs were developed in the environment that these voltage 

monitoring experiments were conducted. Therefore, even in the earlier stages, these 

MFCs were more adapt to a seawater medium than the st-MFCs. On the other hand, 

st-MFCs needed some time to get acclimated to the seawater medium as their 

primary source of organic compounds and nutrition. As it can be seen from Figure 

47, after a period of about 35 days, both types of MFCs exhibited similar and stable 

current density. The values of current densities were 40 mA/m2 and 33 mA/m2 for 

is-MFCs and st-MFCs respectively. These values of current densities correspond to 

a power density in the range of 1 mW/m2. 

The results obtained from EIS are also in line with the voltage monitoring 

results. The Nyquist plots obtained using EIS data on the two types of MFCs are 

shown in Figure 48. 
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Figure 48: Nyquist plots obtained using EIS data of MFCs fabricated using two different enrichment 

methods. The points are based on experimental data, while the lines correspond to the fitting procedure 
performed using the circuit shown in the inset. This image is re-printed with permission from Elsevier 

2018©. 

The two semicircles that can be seen in Figure 48 correspond to two different 

processes. The one on the left is a high frequency process which is related to the 

cathode. As expected, this process exhibits very similar values for both the types of 

enrichments. This is because the electrodes used in all the MFCs were made from 

the same material and with the same dimensions.  

On the other hand, the second semicircle (on the left side of the image) 

corresponds to a slower process (occurring at a lower frequency). This process is 

related to the anode. Moreover, as it can be seen from the EEC (inset of Figure 48) 

that the EIS data did not show a process related to the diffusion of substrate. This 

is most likely because the diffusion process was masked by the large capacitance 

exhibited by the electrodes composed of carbon felt9. The second process exhibits 

different characteristics in the two types of MFCs. This is again an expected 
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outcome since this process, related to the anode, must be different since two 

different types of bioanodes have evolved due to the different enrichment methods 

used. A lower resistance related to the anodic process is seen in the is-MFCs 

compared to the st-MFCs.  

To acquire the values of the parameters related to the different processes, the 

EIS data were fitted through EECs. The same EEC was employed for both the types 

of MFCs which comprised of a series resistance Rs which is caused by the ohmic 

contributions of the medium, wires used etc. Furthermore, the two processes related 

to the cathodic and anodic interfaces were fitted using a parallel combination of a 

charge transfer resistance and a double layer capacitance. Both these parallel 

combinations R1 and Q1 for the cathodic process and R2 and Q2 for the anodic 

process were in series to each other in the overall EEC. Both the capacitances 

obtained through fitting were actually CPEs which were discussed in detail in 

section 4.4. The resistances obtained using fitting results are given in Table 17. 

Table 17: Resistance values obtained through fitting of EIS data. 

Type of MFC Rs (Ω) R1 (Ω) R2 (Ω) 

st-MFC 11.5 ± 2.6 131.7 ± 26.1 500.4 ± 22.3 

is-MFC 12.3 ± 1.5 128.9 ± 20.7 448.3 ± 18.6 

 

It can be seen from Table 17 that both Rs and R1 have very similar values for 

both types of MFCs and the only substantial difference lies in the value of R2 – 

related to the anodic process.  A smaller anodic resistance of the is-MFCs is in line 

with the earlier results related to the current density of the two MFCs in which the 

is-MFCs show a better performance. 

Both the results obtained through EIS and voltage monitoring point to the fact 

that the novel in-situ enrichment method that we have adopted successfully 

colonizes a bioanode and eradicates the need of using the procedures used in the 

standard enrichment technique. This reduces the amount of time, effort and reagents 

required to start an MFC. An in-situ pre-colonization also ensures that the EAB are 

kept in a natural habitat throughout the growth cycle thus reducing any effects that 

a synthesized environment might have on the diversity of the consortia which 
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develops. To summarize, the in-situ enrichment approach that we have proposed 

has the following advantages: 

i. Reduction in manual tasks since the only requirement is to put the 

anodes inside the sediment and later, their immersion into seawater. 

ii. Reduced need of reagents. 

iii. Natural habitat for the microbial consortia development. 

Due to all the benefits listed above and competitive performance, in-situ 

enrichment method was used for bioanode formation to be used in the rest of the 

experiments. 

6.3.2 Experiments conducted in-situ 

Once the laboratory experiments were over and the in-situ enrichment approach 

was chosen as the primary enrichment method, six fMFCs which were nominally 

identical were constructed. These fMFCs comprised of bioanodes which were 

enriched using the in-situ enrichment method. During the in-situ experiments, some 

important parameters relating to the experimental conditions were also recorded 

and are reported in Table 18. 

Table 18: Average of the measurements of different parameters during the in-situ experiments. 

Period 
Temperatu

re (°C) 
Conductivi
ty (mS/cm) 

Salinity 
(‰) pH Dissolved 

O2 (mg/L) 

Summertime  26.6 ± 2.5 59.0 ± 2.9 38.1 ± 0.3 7.9 ± 0.3 8.7 ± 0.5 

Winter / 
Autumn  

15.1 ± 2.0 38.3 ± 2.7 32.5 ± 0.6 8.3 ± 0.2 9.0 ± 0.5 

 

6.3.2.1 Summertime campaign 

Once the fMFCs were assembled, they were deployed in the La Spezia bay, 

through summers, and their performance in terms of production of power was 

monitored. Figure 49 shows the average current density from these fMFCs. For the 

calculation of this average current density, data from MFC4 and MFC5 were not 

used, as explained later. Instead, the current density measurements for these fMFCs 

are shown separately on Figure 49. 
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It can be seen in Figure 49 that the fMFCs initially produced a high current 

density which gradually reduced till day 15. This is similar to what was seen in the 

tests conducted in the laboratory. After this initial phase, the fMFCs stabilized and 

produced a current density of 135 mA/m2 towards the end of the experiment. This 

value of current density corresponds to a power density of 6 mW/m2. This 

performance in terms of power density is better when compared to the experiments 

conducted in the laboratory. Improved performance of the fMFCs operating in-situ 

is attributed to the fact that the fMFCs have an abundant supply of fresh seawater 

at their disposal. Furthermore, in this setup, the seawater is continuously moving 

due to ripples and waves which results in an efficient flow of the seawater through 

the fMFCs. Both these factors contribute to the fMFCs’ improved performance 

relative to the MFCs in laboratory. 

 
Figure 49: Current density measurements during the summertime campaign are reported in this 
figure. The black line is an average of the current densities of MFCs 1, 2, 3, and 6 while the points 

related to MFC 4 and 5 are shown separately. Error bars related to the average current density line are 
also reported. This image is re-printed with permission from Elsevier 2018©.  

 An interesting feature that we can extract from the data we collected is the 

effect of change in temperature on the voltage produced by the fMFCs. These cyclic 

temperature changes occurred due to the temperature difference in between the day 

and the night. Figure 50 shows the current density data recorded during days 34 and 
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40. It is clearly evident that variation in temperature has a significant effect on the 

current density produced. The minima occurred around 5am while the maxima 

occurred around 1pm. Furthermore, the change in current density recorded was of 

approximately ± 50 %. A variation in the performance of an MFC, due to external 

factors, has been widely studied and experienced both in the laboratory and in field 

experiments. The main factors that affect the performance of an MFC are: 

i. Temperature 

ii. pH 

iii. Salinity 

iv. External load applied 

 
Figure 50: The effect of temperature variation evident in the current density data from day 34 to day 

40. This image is re-printed with permission from Elsevier 2018©. 

A study by Velasquez-Orta et al. discovered that the most relevant external 

factor which had a noteworthy impact on the performance of an MFC was the 

ambient temperature182. On the other hand, Ren and co-workers studied the effect 

of operational temperature range, in order to find an optimal, to improve 

performance in terms of power in a miniaturized MFC70. On the basis of our results 

and the results from literature, it is evident that the metabolic activity of EABs are 
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affected by the ambient temperature. Nevertheless, as it can be seen in Figure 50 

the effect of temperature is cyclic in nature and thus results in an average current 

density value that is consistent over longer periods of time. 

The data shown in Figure 49 has the average of fMFCs 1,2,3 and 6 as a single 

line while, the data related to fMFCs 4 and 5 are shown separately as data points. 

This is because the two devices behaved differently from others either due to a 

malfunction in the data acquisition system (fMFC 4) or because the device itself 

did not perform as expected (fMFC 5). In the case of fMFC 4, the main issue was 

the connection of this device with the data acquisition system and the load 

resistance. Due to this problem, it kept on connecting and disconnecting causing 

erratic data points and not the actual ones. On the other hand, fMFC 5 suddenly 

experienced a decrease in performance from day 19. This followed another rapid 

decrease in performance on the 30th day. Following this point, fMFC 5 produced a 

very low current density (9 mA/m2) until the end of summertime campaign. 

On the 58th day, at the end of summertime campaign, all the MFCs were 

unmounted from the floating system and moved to our laboratory. This was done 

in order to understand the connection failure of MFC 4 and the decrease in 

performance of MFC 5. All the devices were placed in the same way they were 

placed for the first phase in in-lab experiments. Furthermore, the voltage was also 

monitored. The results of the voltage monitoring showed a consistent power density 

production of around 2 mW/m2 for all of the six MFCs. This value of power density 

is in line with the results discussed in section 6.3.1. During this intermediate in-lab 

voltage monitoring, MFC 4 did not exhibit any issues related to the electrical 

connections. Considering these outcomes, 4 out of the six original devices were 

shortlisted to be used for the winter/autumn campaign. More precisely, MFCs 3,4,5 

and 6 were selected for use in the second in-situ measurements campaign. On the 

other hand, MFCs 1 and 2 were kept in laboratory for other experiments which were 

not a part of this study. 

6.3.2.2 Winter/Autumn campaign 

The second part of the in-situ experiments were related to assessing the 

performance of the devices in a different season. Figure 51 shows the current 

density results obtained from this campaign. It is important to notice that Figure 51 

does not contain data related to fMFC 4. This is because fMFC 4 once again 



HARVESTING ENERGY FROM MFCS AND THEIR IMPEDANCE ANALYSIS 

 

115 
 

experienced problems related to the electrical connection resulting in erratic current 

density data points. Therefore, results related to fMFC 4 were not included in Figure 

51. Moreover, it can be seen in Figure 51 that fMFC 5 also showed a similar 

behavior to the summertime campaign. Initially, it performed well. The values of 

current densities were even better than fMFCs 3 and 6 until day 15. Nonetheless, 

fMFC 5 experienced an abrupt decline in current density values following day 15 

and continued this declined behavior till the end of the winter/autumn campaign. 

 
Figure 51: Current density results related to the winter/autumn campaign. This image is re-printed 

with permission from Elsevier 2018©. 

As for fMFCs 3 and 6, they performed consistently producing a stable current 

density throughout the second experimental campaign. Therefore, the results 

pertaining to these two fMFCs can be used for a comparison between the two 

seasonal campaigns. Even though the two campaigns had a difference in 

temperature of about 10 °C (Table 18), the performance in terms of current density 

did not show a significant change. This slow and steady change in temperature (due 

to a seasonal change) allowed the EABs to adapt their metabolic activity according 

to the ambient changes thus resulting in comparable performances to the 

summertime campaign. On the other hand, the changes seen in the performance of 

the fMFCs due to the change in temperature from daytime to nighttime is due to the 
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fact that these changes occur too quickly for the microbes to adapt to them thus 

resulting in a change in the performance. This effect of rapid temperature change 

has been observed in previous works as well183,184. 

The results that have been obtained from the two in-situ campaigns clearly 

indicated the utility of small-scale fMFCs. Both Figure 49 and Figure 51 show that 

small-scale fMFCs can produce stable electrical power which can be used in a 

variety of applications. Not only this, the source of organic compounds (which the 

EAB use as fuel) was the abundant sea water. Furthermore, these devices are 

constructed using materials and components that have a very low cost. For such a 

device to be functional, only the following components are required: 

i. Carbon felt – to be used as electrodes. 

ii. Housing for the floating setup composed of a polymeric material. 

Moreover, the convenience and minimal effort with which the anodes of these 

devices can be pre-colonized is unprecedented. All these factors point towards a 

source of sustainable energy which requires negligible maintenance, is inexpensive, 

does not require a fuel source (since it uses seawater as the source of organic 

compounds for the EAB to feed on) and is very easy to setup. 

Table 19 lists works related to fMFCs and the results associated with them. 

Table 19 has been introduced in order to analyze the different results and 

performances achieved thus far and the different materials, architectures and 

experimental schemes used in the different works. Until recently, there were only 

two works that have reported the production of electrical power using fMFCs in-

situ marine environments178,185. Both these research articles are based on 

experiments which used large scale MFCs. Moreover, these MFCs also contained 

PEMs. In the work by Huang and co-workers178, an anode composed of granular 

graphite is used. For biofilm formation, standard method was employed in the 

laboratory. The anodic compartment is separated from the cathodic compartment 

using a PEM and the cathode also has a catalyst layer based on Pt. The cathode is 

composed of carbon fibers. The total volume of the cell is 4.5 L and has a tubular 

structure. The reported power produced by this system is 4 mW/m2. This value of 

power density is similar to what we obtained using a small scale, easy to setup and 

inexpensive system.  
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Table 19:  A summary of the data related to fMFCs found in literature. This table is re-printed with permission from Elsevier 2018©. 

Architecture 
Total 

volume 
(L) 

Anode Cathode Carbon energy 
source Electrolyte Inoculum source L/F 

Maximum 
power density 

(mW/m2) 
Reference 

Circular tube 
made of PEM 4.5 GG 

Ni-coated 
GF + Pt/C 

layers 
None Seawater 

50/50 mixture of 
anaerobic and 
aerobic sludge 

collected from a 
WW treatment 

plant 

F 4a 185 

Sediment-like 
MFC installed in a 

container 
121 FB FB None Lake water Lake sediment 

layer L 2.2 54 

2 anodes, 1 PEM, 
2 cathodes 0.6 

Ti covered 
with iridium 

and 
tantalum 
oxides 

Biofilm-
covered SS 

10 mM sodium 
acetate Seawater Marine biofilm 

samples F 20 178 

Rectangular box-
type acrylic 

reactor 
1.9 GG + GF GC + Pt 

Glucose, macro- 
and micro-

nutrients, and 
sodium 

bicarbonate 

Synthetic 
WW Unknown L 311.2 186 

Cylindrical 
polyacryl-pipe, 1 

PEM 
0.1 CF CF 0–50 mM sodium 

acetate 
Synthetic 

WW 

ADF and WI, 
collected from a 

domestic brewery 
WW treatment 

plant 

L 6 187 

Hybrid 
sediment/plant 

MFC 
3.1 GC GC Initially, 3 g/kg 

sodium acetate Lake water Unknown F 12.2 188 

a Calculated value.  L/F: laboratory/field; PEM: proton exchange membrane; GG: granular graphite; GF: graphite fibers; Pt/C: platinum-covered porous carbon; WW: wastewater; FB: fiber 

brushes; SS: stainless steel; GC: graphite cloth; CF: carbon felt; ADF: anaerobic digestion fluid, WI: wastewater influent.
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On the other hand, Erable and co-workers185 used anodes in their setup which 

were composed of titanium with a coating of tantalum oxide and iridium oxide. 

Cathode was composed of stainless steel. Moreover, they also employed acetate in 

addition to seawater as the source of organic compounds for microbial metabolism. 

This work reported a power density of 20 mW/m2. Although this value is larger 

than the power density we obtained for our system, it is important to point out that 

the materials we used for constructing our MFCs were much cheaper. Furthermore, 

the biofilm pre-colonization phase was conducted in laboratory for this work using 

the standard approach which increases operational complexity and overall cost. In 

addition, catalyst layer was also used which add to the cost of the system.  

On the other hand, Table 19 also reports works that conducted experiments in 

the laboratory. In all of these cases, with only one exception, the produced power 

densities were quite low. The exception was a work by Song and co-workers186. 

Their device achieved a power density of 311.2 mW/m2 and used a cathode based 

on carbon with a catalyst (Pt) layer, a composite anode and glucose in addition to 

other nutrients for microbial metabolism. 

The power densities we were able to obtain from our fMFC devices were in the 

range of some milli watts. Although this range of power density is low, it is still 

quite useful in applications that require energy in remote environments such as the 

ocean. An example of such an application is a sensor to detect the quality of the 

marine environment. Different works in the literature have managed to successfully 

power different sensors using MFCs which produce power in a similar range. Zhang 

and co-workers were able to use energy extracted from an SMFC to operate a 

wireless temperature sensor54. For this work, Zhang et al. designed a PMS which 

used a supercapacitor as the energy storage element and the power density their 

device produced was 2.2 mW/m2. In addition, Gong and co-workers powered a 

sensor, using MFCs, which sensed oxygen levels in the seawater and the 

temperature and communicated them through an acoustic modem60. It is evident 

from the above worked that if we use our system with a custom designed PMS, we 

can use our fMFCs to power devices that require low energy such as sensors. 

Furthermore, our devices offer the added benefits of compact size and mobility. 

Having all the benefits discussed, our system still has room for improvement. 

Clear indication of this comes from the experience we had with the electrical 
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connection of MFC 4 in the floating system. This problem was related to the relay 

board which was used to program appropriate connections in between the fMFCs, 

data acquisition system and the external loads. This indicates the need to develop a 

more robust electronic control system to avoid such failures when the devices are 

meant to function in inaccessible remote areas without maintenance and 

supervision. Furthermore, another fault that was experienced in this setup was the 

one related to MFC 5. Through both summertime and winter/autumn campaigns, 

MFC 5 exhibited a strange behavior in which initially the device performed as 

expected but as later at some point the performance of MFC 5 reduced drastically. 

One explanation for this could be the fact that the floating MFC system was 

operating in real environment which is characterized by constant waves and ripples 

which cause the devices to physically move at all times. We believe that at some 

point, due to these movements, the connection between either of the electrodes and 

their current collectors (titanium wires) loosened causing this irregularity. Such a 

problem can be tackled by optimizing the design of the MFC devices allowing all 

the connections to more steadfast and robust. The abovementioned improvements 

in the MFCs’ design and electronic units’ development can be easily implemented 

to reduce the possibility of failure in these devices. 

In future works we also plan to consider the implementation of an fMFC 

livestock. An fMFC livestock is basically a collection of several fMFCs which are 

pre-colonized using the in-situ method. All of their performances will be monitored 

and an intelligent electronic control unit will decide to use only the best performing 

fMFCs to extract power in an optimal way. Moreover, the devices that cease to 

function in a proper manner can be discarded and new ones can be used in their 

place. This concept will allow to have back up fMFCs readily available to power a 

variety of low power electronic systems. 

6.4 Conclusion 

The main aim of this work is to propose a real application of fMFCs that are 

able to provide sufficient power for different applications. Furthermore, another 

important motive of this study was to propose a device which requires minimal 

time, effort and finances to start functioning as a source of sustainable and clean 
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energy. Moreover, the physical size of the device was kept small in order to make 

compact and mobile fMFCs able to work in remote locations. 

An innovative enrichment method i.e. the in-situ pre-colonization together with 

an SSE was proposed to ensure that the formed biofilms require very low effort to 

start up and are acclimated to the natural marine environments from the very start. 

fMFCs based on bioanodes enriched with this method were developed and tested 

in the La Spezia bay during two lengthy campaigns (one in the summertime and the 

second in winter/autumn). These fMFCs were able to produce 6 mW/m2 of average 

power density during the two campaigns and showed almost no dependence on the 

temperature. There were some setbacks that were experienced through the 

experiments which were related to improper connections, but such issues can be 

easily dealt with in the future. To improve the robustness of these devices, we will 

use the fMFCs livestock concept to ensure that if one or more of the fMFCs are not 

working properly, there are fully functional backup fMFCs which can replace the 

malfunctioning fMFCs. This will ensure a smooth operation of the overall system.  

In the future, we will test our devices in different marine and aquatic 

environments to investigate if the results we have obtained are reproducible or not. 

In case the results differ, we will examine the conditions and parameters that cause 

any variation in the performances of fMFCs. 
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7 Conclusion 

The present dissertation is an in-depth study of Microbial Fuel Cells (MFCs) 

as sustainable source for renewable energy. MFCs are fuel cells that are based on 

electroactive bacteria (EAB) forming a biofilm on the anode. These EAB feed on 

substrates present inside the electrolyte of an MFC. The medium acting as an 

electrolyte to the MFC can be an artificial one prepared in the laboratory for 

experimental purposes and, as many works have proposed, it can also be 

wastewater. EABs process the organic compounds present inside the wastewater 

(treating it in the process) and produce energy. Thus, proving to be an effective way 

to treat wastewater. Moreover, MFCs also have applications in bio-sensing. 

Changes in an MFC’s environment such as the temperature, pH etc. affect the 

performance since these are devices based on living organisms which are sensitive 

to such changes. Moreover, MFCs can be used in the marine environment in the 

form of sedimentary MFCs (SMFCs) and floating MFCs (fMFCs). These variations 

of MFCs allow their application in the marine environment as devices that can 

produce energy in the remote locations and with the use of proper power 

management systems (PMSs), can power low energy systems such as 

environmental sensors.  

Another important aspect of this thesis is the detailed discussion of 

Electrochemical Impedance Spectroscopy (EIS). EIS is a non-invasive 

electrochemical technique which enables us to study the impedance response of an 

electrochemical device. The impedance response of a device can provide valuable 

information about a device related to the different interfaces present in the device 

and also the different electrochemical processes that are taking place in the device. 

Moreover, EIS can also help us understand the effects of different parameters and 

external conditions on a device. 

EIS has been used on a wide variety of devices and the interest in use of EIS to 

investigate MFCs has risen in the past years. A comprehensive work related to the 

use of EIS to investigate MFCs, based on different enrichments methods has been 

discussed in detail in this thesis. At the time this work was published, most of the 
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works in the literature dealing with the use of EIS to investigate MFCs were using 

a pure culture mostly related to the following strains of bacteria:  

• Geobacter sulfurreducens 

• Shewanella oneidensis 

In the work that we performed, we focused on the use of mixed community 

bacteria for practical applications of MFCs. To start the culture, we used two 

different types of enrichment methods 1) General Enrichment (GE) and 2) Ferric 

Citrate based enrichment (FeC). This was done to study the effect of an iron-based 

enrichment method and its effects on the growth and health of the biofilm resulting 

from it. The MFCs based on GE were used to compare the effects of the FeC based 

method. 

To compare the two methods, a comprehensive electrochemical analysis was 

performed which involved the use of polarization tests, cyclic voltammeter and EIS. 

In addition, a biological analysis was also performed on the MFCs’ biofilms. A 

major focus was put on the analysis of EIS results based on experiments conducted 

in different polarization conditions and their proper interpretation. EIS was 

performed in a half cell (with three electrodes configuration) to gather in-depth 

information related to the evolution of the biofilm on the anode. Furthermore, the 

results obtained through EIS were fitted using different models to propose suitable 

equivalent electrical circuits. Parameters derived from these circuits prove to be 

very important when it comes to the quantitative analysis (in terms of time 

constants) of the processes occurring inside an electrochemical device. 

Furthermore, EIS also sheds light on the changes occurring in the electrochemical 

processes due to the variation in conditions and performance of the MFCs. 

The results obtained from EIS showed the presence of various electrochemical 

processes and interfaces present within the anodic chamber. Three main processes 

were identified: 

i. anode-electrolyte interface process, 

ii. biofilm process, 

iii. diffusion of substrate process.  
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Moreover, these EIS tests were performed on different points of the 

polarization curves and thus an understanding of the relationship between 

polarization condition and the performance (in terms of the efficiency of internal 

processes) of an MFC was also developed. The maximum power point (inferred 

from the polarization test) occurred at the same polarization point at which both 

types of MFCs exhibited lowest internal impedance. When the performances of the 

two types of enrichments were compared, it was deduced that the MFCs based on 

a GE based enrichment method performed better than the MFCs based on FeC 

based enrichment method. These results were confirmed by all the analysis 

techniques used during the experiments. If we consider the results from EIS, GE 

enrichment based MFCs performed better when considering the parameters relating 

to the charge transfer process and the diffusion process. EIS results showed that the 

FeC enrichment based MFCs had a diffusion process rate that was slower and 

generally exhibited larger resistances than the GE enrichment based MFCs. To 

summarize, the GE enrichment-based bio anodes performed better and had a more 

efficient charge transfer process when compared to the FeC enrichment based 

bioanodes. 

MFCs are devices intended to be used primarily for energy harvesting in real 

and practical situations. They provide a sustainable source of green energy that can 

sustain devices which require low power. Moving towards their widescale 

implementation as energy harvesting devices it is important to develop techniques 

and methods which allow an easy, in-situ and reliable implementation of MFCs as 

sources of clean energy. In order to develop such methods and devices, we explored 

the use of an innovative class of MFCs known as floating MFCs (fMFCs). fMFCs, 

are single chamber, air-cathode devices which operated mainly in marine and 

aquatic locations. In such applications, MFCs are mostly used to power sensors at 

remote locations, for example in the sea. To be able to do that efficiently, it is also 

important that these devices offer mobility and compact dimensions. At the time of 

publication of this work, the fMFCs designed were of large dimensions and 

immobile. The main aim of our work was to cater for the challenges related to 

mobility and size, meanwhile developing an MFC acclimation technique that 

requires minimal input for setting up the devices and making them functional. In 

addition, the technique we investigated also reduces the cost of setting up the fMFC 
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since no reagents and catalyst layers were used for acclimation and operation of the 

fMFCs. 

Initially, we compared a standard enrichment technique to an in-situ 

enrichment approach that we have proposed. In this novel technique, anode material 

(carbon felt) was directly buried inside seawater sediment (La Spezia bay, north 

Italy) for the formation of the biofilm on the anode. The two types enrichment 

methods of fMFCs were compared using voltage monitoring and EIS to assess 

differences in their performances. All the results we obtained in the comparisons of 

the two enrichment methods pointed out that the in-situ enrichment method was 

able to successfully acclimate the biofilm on to the anodes. Moreover, the 

performance in terms of power also indicated a more robust biofilm formed on the 

in-situ acclimated anode. Such an enrichment approach has several benefits such as 

a reduction in the work required to get the devices functional, a decrease in the 

number of reagents needed for start-up and it allows the bacteria to form a biofilm 

which proliferates in its natural habitat and the one in which it is intended to work 

for its functional life time. After this stage of the experiment, we moved on with 

MFCs acclimated in-situ and constructed fMFCs from them to test their 

performance in a real marine environment through voltage monitoring in an 

external load. This was done in two separate comprehensive seasonal campaigns 

(summertime and winter/autumn). The results showed a stable power density output 

from these devices with an average of 6 mW/m2. The devices did not show a 

variation in performance between the two seasonal campaigns thus proving 

themselves to be reliable. Power density output in this range has been used in the 

literature to provide energy to low power remote sensing systems in literature thus, 

affirming the utility of these devices. Such an approach of using fMFCs whose 

biofilms were acclimated in-situ not only prove to be stable sources of sustainable 

energy but also reduces the time and effort required to get these devices functional. 

Moreover, our design further improves the fMFCs’ mobility and reduces their 

dimensions which ensures their application in real marine environments where 

mobility and compact design are a pre-requisite.  

This dissertation starts with a comprehensive description of MFCs, their types 

and the main factors that affect their performance. Applications of MFCs as 

sustainable power sources has also been explored. Additionally, to improve their 
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performance, an in-depth analysis of the electrochemical technique – EIS is also 

performed. Then, an experimental work which we published in Electrochemical 

Acta has been thoroughly reported in which EIS was used as a tool to investigate 

the performances of biofilms in MFCs started from two different enrichment 

methods. Henceforth, another work we published in Applied Energy has been 

described which focuses on the real applications of MFCs as devices that provide 

renewable energy in remote locations. 

All the experiments performed, and the results inferred from them, point 

towards the utility of MFCs as a source of renewable energy in low power 

applications. Even though at present, MFCs are not implemented on a wide scale 

we believe that they have immense potential to be used as reliable and sustainable 

energy sources with the help of upcoming efforts and future developments in the 

devices. 

7.1 Future Scope 

In the present day and age, it is very important to explore alternate options for 

energy generation that are clean and reliable. Some of the main reasons why this is 

necessary are the depletion of fossil fuels, the escalating issue of pollution and the 

growing population of the world. MFCs provide one such source of clean and 

renewable energy. Furthermore, in the process of making energy, MFCs can also 

be used to clean wastewater. Though the energy produced from MFCs is low, they 

have a huge potential in applications that require low energy but in remote locations. 

One important example of such applications is the monitoring of marine life using 

sensors powered by MFCs. Not only do MFCs provide energy for the sensors in 

remote marine locations but do so without perturbating the natural habitat of marine 

life. Especially, advances in MFC technology such as the use of sMFC stacks make 

the use of MFCs as power sources more reliable. An MFC stack connected in 

parallel would provide a higher current while one connected in series provides 

higher operational voltage. Moreover, in a stack configuration, if an MFC fails or 

malfunctions, an intelligent electrical circuit can be used to switch the system over 

to other MFC(s) available for power production thus ensuring a continuous supply 

of energy. 
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To improve the production of power and performance of MFCs, it is important 

to understand the electron transfer mechanisms and the diffusion of substrate that 

occurs within the different types of MFCs. For this reason, EIS has been widely 

used to perform electrochemical analysis on MFCs. The use of EIS for analyzing 

MFCs is promising since it provides a non-invasive method to investigate the 

different processes occurring inside MFCs. It also provides a quantitative analysis 

of the resistive elements present inside an MFCs and thus helps in exploring 

materials and methods that help reduce the internal resistance of an MFC. 

Therefore, EIS will remain an important technique, even in the future, to understand 

the internal processes of MFCs.   

With more research in improving their power generation and reducing their 

internal resistance, MFCs will eventually reach a level of power generation and 

robustness enough to warrant their use as commercially available devices.  
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