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Abstract

Microbial fuel cell (MFC) has been one of the most attractive biotechnologies in the recent years
since it was demonstrated that it can perform the degradation of organic matter with the
concomitant production of electricity. The possible applications of the technology range from the
self-powered wastewater treatment, self-powered sensors, production of electricity in remote
regions and heavy metals recovery. This technology presents several issues and drawbacks, from
fundamental to practical, which still limit the scale-up and the industrial application.
Single-chamber MFC (SCMFC) is a particular configuration that consists of a unique compartment
where anode and cathode electrodes are exposed to the same solution, no polymeric membrane is
placed between the two electrodes and protons produced at the anode can freely diffuse toward the
cathode. This configuration is known as “air-breathing” MFC since one side of the cathode is
directly exposed to the air while the other side is facing the same solution of the anode. The absence
of a physical barrier between the electrodes of SCMFC brings colonization of the cathode by
bacteria, obtaining a bio-catalyzed electrode. However, the absence of a barrier could theoretically
increase the oxygen diffusion toward the anode, decreasing the columbic efficiency and the power
production performances. There is a lack of studies related to the oxygen consumption in Single
Chamber Microbial Fuel Cells, although the knowledge of bioelectrochemical mechanism occurring
at the cathode is of primary importance for the operation of the device.

Air-breathing Cathodes are made with polytetrafluoroethylene (PTFE) on the air-side of the
electrode, to avoid solution leakage. Thus, PTFE role on the oxygen reduction reaction (ORR) that
takes place at the cathode should be considered. However, no detailed studies on its influence on the
ORR performances are present in literature.

The application of enzymatic cathodes could improve the open circuit potential (ocp) and power
production of SCMFC, but has to deal with enzyme inhibition due to the direct contact of the
enzyme and the electrolyte of the anodic chamber, wastewater and several different ions that can
bind to the actives sites of the enzyme, decreasing the amount of active sites available to the
substrates.

A possible application of stainless steel as support for biocatalyzed anodes, to decrease the cost of
SCMFC (AISI304 is a couple of orders of magnitude cheaper than Carbon cloth - CC), has to deal
with microbial influenced corrosion.

Considering the above remarked issues, the research activity had both fundamental and practical

goals and the research project has been focused to four main objectives.
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The first objective was the study of the bioelectrochemical mechanism of oxygen consumption in
Single Chamber Microbial Fuel Cells (SCMFC). A hand-made amperometric direct electron
transfer enzymatic sensor based on bilirubin oxidase was developed and applied in SCMFC to study
the oxygen content. Prior to the application in SCMFC, the enzymatic sensor was calibrated in
phosphate buffer and wastewater, in different aeration conditions. The lifetime of the biosensor was
studied by calibrating the same sensor over 14 days and evaluating the loss in current response.

The hand-made enzymatic microsensor helped clarify the bioelectrochemical mechanism of oxygen
consumption in SCMFC. The cathodic biofilm developed on the air-breathing cathode plays a key
role to maintain the anaerobic condition in the anode chamber. The biofilm acts as “natural barrier”

for the oxygen diffusion to the anode.

The second objective was the study of the PTFE effect on the oxygen reduction reaction in air-
breathing biocathodes. Four sets of MFCs were built, where the difference was in the composition
of the external layer of the cathode (GDL), with PTFE content from 60 to 200% w/w (weight ratio
is referred to the carbon powder). The effect of PTFE content on the cathodes of operating MFCs
undergoing ORR was evaluated by electrocatalysis parameters. The results show that MFCs with
the lower PTFE percentages in the GDL had a prompt startup and high current outputs. Electro-
activation of the cathodes was shown by a change of the Tafel slope from 120 mV/decade of current
(corresponding to no electrocatalysis), down to a lower limit of around 80 mV/decade of current
(electrocatalytic behavior). Activation is reversible and related to the biological consumption of
acetate in the MFCs. The ORR seems mostly related to biologically-assisted electron transfer

activation, inhibited by the PTFE presence in the triple-contact zone.

To further improve the electrocatalytic performance of the biocathode, enzyme electrodes have to
be developed. Thus, the third objective was the study of the H,O, inhibition on laccase-based
enzymatic biocathodes in mediated electron transfer (MET) and direct electron transfer (DET)
configuration and the H,O; inhibition mechanisms on the electrodes. The MET laccase-biocathode
was made using osmium poly(allyl)amine as the redox mediator. The DET laccase-biocathode was
made by adsorption of the enzyme on modified gold electrode with Vulcan® carbon. The study of
H,0, inhibition showed two different mechanisms depending on the wiring technique utilized for
the sensor development. The inhibitor binds to the free enzyme or the enzyme-substrate complex,

obtaining a non-competitive reversible inhibition for the MET biocathode. The inhibitor binds
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preferentially to the enzyme-substrate complex in the case of the DET biocathode, obtaining an

uncompetitive inhibition, especially at high H,O, concentration.

The fourth and last objective was the study of the electrochemical behavior of AISI304 applied as
anode electrode in a SCMFC. The suitability of AISI304 as anode support was investigated in
different aeration conditions. AISI304 anode suffered from pitting corrosion due to the presence of
residual oxygen in the anode chamber. Whereas, if strictly anaerobic conditions were ensured at the
electrode surface, microbial corrosion did not occur. AISI304 and CC showed similarity in term of
power generation, organic substances oxidation kinetics and dependence of the electrocatalytic

properties on the biofilm settlement and stability.






1.

INTRODUCTION

1.1 Historical and Scientific context

The rapid increase of world population and the improvement of living standards during the last 60
years have dramatically increased the energy consumption and waste production [2]. Although
fossil fuels are most likely expected to lead the energy-supply system in the next 30 years [3],
renewable energies will rapidly increase their role. At the same time, recycling processes and
biodegradation techniques are becoming more important in waste management [4]. Accordingly,
considerable efforts of the scientific community have been devoted to study bioremediation and
renewable energy technologies [5-8]. Particular interest is given to technologies capable of
performing self-powered bioremediation of polluted water for niche application, such as at the small
scale or in remote regions not served by industrial treatment plants or power grids [9], and
technology for the local production of energy. At the same time, the continuous exchange of data
and information is nowadays of primary importance, thus the possibility to develop self-powered
remote wireless sensors for environmental, industrial or military application is crucial [10].

In this contest, microbial fuel cells (MFCs) have been one of the most attractive biotechnology for
the self powered wastewater (WW) treatment since the capability to perform the oxidation of
various organic compounds present in WW and wet wastes with the concomitant production of
electricity has been demonstrated [11]. MFC is a challenging technology and several issues call for
continuous and deep research in this field, as shown by the impressive increase of publications in
the last 25 years (figure 1.1). The number of publications is not the only remarkable point in the
propagation of MFC technology of the recent years. Figure 1.2 shows the allocation in the journals
of publications related to MFC. It is interesting to note the inter-disciplinary nature of this
technology, which ranges from biology and microbiology to bioelectrochemistry, from
environmental engineering to materials science. Thus, a collaborative effort of biologists,
electrochemists and engineers is required in order to optimize the technology and make it

commercially viable.
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1.2 Organization of the Dissertation

The chapters of the dissertation are organized as follow:

The state of the art in microbial fuel cell bioelectrochemistry, cell configurations and electrodes
development are presented and the open issues of the technology remarked. Accordingly, the
objectives of the dissertation, aimed to solve the presented issues are described and the experimental
methods presented. The dissertation has then been divided in “Part 1” and “Part 2”, being the first
dedicated to the study of the bioelectrochemical mechanism of oxygen consumption in Single
Chamber Microbial Fuel. The latter has been dedicated to the study of bioelectrodes for Single
Chamber Microbial Fuel Cell application, construction procedures, electrochemical behavior,
performances and inhibition phenomena. At the end, the conclusions are presented. Enzymes and

enzymes inhibition mechanisms are described in two appendices as supplementary information.






2.

STATE OF THE ART

2.1 Microbial Fuel Cell Technology

2.1.1 Microbial Fuel Cell Definition

A microbial fuel cell is an electrochemical system that consists of an anode, which accepts electrons
produced by the anaerobic degradation of organic matter catalyzed by microbial culture, and a
cathode which transfers electrons to an electron acceptor [9]. This technology is aimed to physically
separate the oxidation and the reduction processes, as in batteries and fuel cells, forcing microbes to
use electrons as intermediate in the electrode cascade processes [12]. When anaerobic conditions
are present in the anodic chamber of the MFC, the electrons produced by the anaerobic oxidation of
organic compounds (the electron donor) are transferred from the microorganism to the anode
surface and flow in the external circuit that connect the anode to the cathode where they will be

utilized for the reduction of the final electron acceptor.

2.1.2 Reactions in Microbial Fuel Cell

The communities of microorganisms adhering to the electrode surfaces are named a biofilm [13]
and the pollutant (organic matter), named the substrate, is the carbon and energy source for the
biological processes inside the biofilm. The chemical composition of the substrate can strongly
affect the biodegradation process and the electricity production. Several substrates have been tested;
some examples are reported in table 2.1.

Sodium acetate is the most used substrate for laboratory MFCs due to its high solubility in water
and the peculiarity to be an “end product” in many metabolic pathways for higher order carbon
sources that makes it readily usable by the microorganisms. Furthermore, it is inert towards
microbial unwanted reactions at room temperature such as fermentation and methanogenesis [14].
Glucose is another substrate that has been widely studied [15]. It is a fermentable substrate and can

be consumed by competing metabolism such as fermentation and methanogenesis that cannot
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produce electricity. It has been found that glucose-fed microbial fuel cells show anodic biofilms
with more diverse bacterial community compared with acetate-fed MFCs. This seems related to the
presence of microbial species that do not produce electricity but participate in the degradation
processes by breaking down the glucose into small molecules and, at a later stage, in less complex
compounds that are utilized by electricigens species [16]. Due to the presence of a diverse microbial
community, glucose-acclimated MFCs have shown good response to substrate switch. When
propionate or acetate were injected in glucose-acclimated MFCs, a rapid increase in the power
production was obtained and the maximum power was reached in a short time. Acetate-acclimated
MFCs required a longer time to reach the maximum power production [16]. For practical
applications, wastewaters have been tested as substrate for MFC to reduce decontamination

treatment cost [17].

Table 2.1

Examples of different substrates used in Microbial Fuel Cells.

Substrate Reference
Sodium Acetate P. Clauwaert; D. Van Der Ha; N. Boon et al., 2007 [18]
Glucose S. K Chaudhuri and D. R Lovley, 2003 [15]
Lactate A. K. Manohar and F. Mansfeld, 2009 [19]
Wastewaters S. Venkata Mohan; G. Mohanakrishna et al., 2008 [17]
Brewery wastewater Y. Feng; Xin Wang et al., 2008 [20]
Landfill leachate A. Gélvez; J. Greenmanb; I. Ieropoulos, 2009 [21]

If we consider glucose as electron donor and oxygen as electron acceptor, we may represent the

reactions in a MFC as follow:

Anode Reaction:

C,H,,0,+6H,0 —6CO, +24H" +24¢~  E’=+0.01V (eq. 2.1)

Cathode Reaction:

60, +24H" +24¢” —12H,0 E°=+123V (eq. 2.2)

10
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Oxygen is the most energetically favorable electron acceptor due to its high oxidation potential (E°=
+1.23V at pH 0 and 25°C). However, the low reaction rate of the oxygen reduction reaction leads to
high reduction overpotential and under practical conditions the biochemical standard potential for
the oxygen reduction reaction (ORR) (E°=+0.81V at pH 7 and 25 °C) cannot be reached.

The overpotential () is defined as the additional potential, beyond the thermodynamic requirement,
needed to drive a reaction at a certain rate [22]. The overpotential affects the electric efficiency (&)
of the MFC, that is defined as:

£=1- % (eq. 2.3)
where 7,1s the overpotential for the anode reaction and 7, is the overpotential for the cathode
reaction.

It is interesting to note that if ORR kinetics were fast on materials available over the earth’s surface,
a wide variety of oxidation reactions would occur spontaneously. Metallic materials would corrode
very rapidly and non-metallic materials might be highly sensitive to oxidative deterioration. The
reactive oxygen species resulting from fast oxygen reduction would exert incredibly high oxidative

stresses on living organisms, resulting in accelerated aging and death [23].

2.1.3 How can a microbial fuel cell work?

One common question for a reader not familiar with the bioelectrochemical field is:

How can a MFC work? How is possible that microorganisms transfer electrons to an external
collector? These are good questions, and several researches have been focused to clarify these
points. Microorganisms are not designed to dispense energy and power a fuel cell. Their redox
processes take place inside the microbial cells, thus in a microbial fuel cell the task is to transfer
electrons from the inside of the cell membrane to the outside (and vice-versa at the cathode) since
the electrodes cannot directly penetrate bacterial cells. Moreover, once the electrons have been
transferred outside of the cell membrane they must reach the electrode surface via an extracellular
electron transfer process. Two major mechanisms can be identified to accomplish the electron
transfer between microorganisms and electrodes (figure 2.1) [24]:

Extracellular Direct Electron Transfer (E-DET) and Extracellular Mediated Electron Transfer (E-
MET).

11
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2.1.3.1 Extracellular Direct Electron Transfer (E-DET)

The E-DET proceeds via physical contact of the redox protein of the bacterial membrane with the
electrodes and does not involve dissolved species. To accomplish E-DET the microorganisms must
have electron transfer proteins bounded to the membrane that transfer electrons from the inside of
the bacterial cells to the outside where an outer-membrane protein allows the electron transfer (ET)
to a solid electron acceptor (the electrode) (figure 2.1 A). The outer membrane consists of c-type
cytochromes, multi heme-containing proteins active in ET pathways. Heme is a molecule that forms
a number of reduced and oxidized states. For cytochrome ¢ the heme is partially exposed to the
solution/electrode surface [25] and requires physical contact with the electrode.

It has been recently demonstrated by Lovley research group [26,27] that Geobacter Sulfurreducens
can evolve electronically conducting molecular pili. These pili can be considered as microbial
“nanowires” that perform carbon nanotube-like charge propagation (figure 2.1 B). Thus, nanowires

allow higher microorganism density and consequent higher ET.

A B C substrate
substrate " \
substrate S
\ | e |
— ‘\\ / ‘l"‘. ‘ H+, (_‘()1 ‘
\-. "" \ I‘I 2
,/ l.‘ e l| \ ) //
|"" e " "yl H+, CO, /:,." - i e
|\ H€0: ) / C mediator, D
\ / / \2 mediator
S < |

Direct Electron Transfer = Mediated Electron Transfer

Figure 2.1 Schematic representation of electron transfer mechanisms between microorganism and anode
in MFC. Direct contact between cytochromes of the microorganism and electrode surface (4); contact by

mean of nanowires (pili) (B); mediated electron transfer via endogenous redox mediators (C).

12
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2.1.3.2 Extracellular Mediated Electron Transfer (E-MET)

E-MET is based on dissolved redox species. Different E-MET mechanisms can be classified
depending on the nature of the mediating redox species: 1) via exogenous and ii) via endogenous
redox mediators [28]. The E-MET via exogenous redox mediators was the object of many studies in
the 1980s [29]. Accordingly to this approach, an artificial mediator should be introduced to support
ET. Many compounds have been proposed, the majority based on phenazines, phenothiazines,
phenoxazines and quinones, but the use of exogenous redox mediators were abandoned due to the
necessity of regular addition of the redox compounds. Moreover, Newman and Kolter demonstrated
in 2000 that Shewanella Oneidensis strain MR-1, formerly Shewanella putrefaciens, can excrete a
quinone-like molecule that performs the extracellular electron shuttles [30] opening a new scenario:
the E-MET via endogenous redox mediators.

Thus, E-MET via endogenous redox mediators (figure 2.1 C) is based on the capability of
microorganism to produce low-molecular electron shuttling compounds [24]. Examples of
endogenous redox mediators are bacterial phenazines like pyocyanine and 2-amino-3-carboxy-1,4-
naphtho-quinone (ACNQ) [28]. The advantage of this class of redox mediators is that ET is
independent of the presence of exogenous mediators.

Microbial extracellular ET is a fascinating area of research that calls for improvements. The
majority of the studies until now was aimed to investigate the microbial electron transfer to the
electrode surface, whereas for the reverse transfer only a few reports can be found [31-33].
Moreover, to the best of the writer’s knowledge, only two microorganisms have been deeply
investigated: Geobacter Sulfurreducens [26,27] and Shewanella Oneidensis [34-36]. Even if some
studies have been intended to investigate ET in mixed species biofilms [37,38], further
investigations are needed to clarify how other microorganisms, except Geobacter and Shewanella,

contribute to the conductivity of biofilms.

13
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2.2 Microbial Fuel Cell configurations

2.2.1 Two-chamber Microbial Fuel Cell

To lower the cathodic overpotential for the oxygen reduction reaction, materials and cell
configurations coming from the well-established low temperature hydrogen fuel cell technology
were adopted, where platinum is widely used as catalyst for ORR, especially supported on carbon
electrodes [39]. Thus, MFC systems where initially designed with two-chamber configurations that
mainly consist of an anodic chamber and cathodic chamber separated by a proton exchange
membrane (PEM) (figure 2.2). Abiotic cathodes were used, chemically catalyzed with Pt-based
materials as catalyst for the ORR [40]. The protons produced at the anode by the oxidation of the
organic matter move through the PEM in the cathodic chamber where they react with OH to give
water, at the same time the PEM limits the oxygen diffusion toward the anode [12]. The anode
chamber can be filled using wastewater or bacteria inoculation whereas buffer solutions are used at

the cathode chamber, where aeration must be added to provide oxygen to the cathode [41].

l PROTONIC MEMBRANE

ANODE CHAMBER

CATHODE CHAMBER

CATHODE

ANODE

Figure 2.2 Schematic representation of a two chamber MFC with a proton exchange membrane and

aeration system at the cathode chamber.

14
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Good electrocatalytic performances were reported for Pt-based cathodes in acidic solution [42], but
in the case of neutral or slightly alkaline condition (typical for MFC operation), the performances
were lower. Experiments have been conducted using non-catalyzed carbon based cathodes adding
final electron acceptors, such as ferricyanide, to avoid the aeration process [43], but the
concentration of the electron acceptors needs to be restored, which limits this approach. Moreover,
it was demonstrated that the PEM cannot totally prevent oxygen diffusion to the anodic chamber
and different methods were investigated to ensure the anaerobic condition with increased costs [44].

The PEM also negatively affects the overall internal resistance of the system.

All the above mentioned issues strongly increase the capital and operating cost and act as bottleneck
to the technology. Biocathodes as valid and cost-effective alternatives to platinum for the catalysis
of the oxygen reduction for microbial fuel cells were first suggested by studies with marine
sediment MFC, demonstrating that biofilm developing on metal electrodes can catalyze ORR [45].
Other preliminary studies reported that biofilm formation on the cathode of two-chamber MFCs,
due to bacteria contamination from the anode chamber (or the air), increased the overall
performances of the MFC [46]. Moreover, experiments conducted with the cathode chamber
specifically inoculated with electrochemically active microorganism showed that the biofilm
developing on the cathode acts as bio-catalyst (bio-cathode), and thus no expensive Pt-based
catalysts are needed to catalyze the ORR [47]. Based on the presented achievements, researchers
have focused on a different MFC configuration named Single-Chamber Microbial Fuel Cell

(SCMEFC), presented below.

15



- 2. State of the Art -

2.2.2 Single-Chamber Microbial Fuel Cell

A single-chamber MFC consists of a unique compartment where anode and cathode are exposed to
the same solution, no polymeric membrane is placed between the two electrodes and protons
produced at the anode can freely diffuse toward the cathode. This configuration is known as “air-
breathing cathode” MFC, since one side of the cathode is directly exposed to the air while the other

side is facing the same solution of the anode (figure 2.3).

AIR CATHODE

ANODE

Figure 2.3 Schematic representation of a single chamber MFC.

2.2.2.1 “Air-Breathing” Cathode and Oxygen Diffusion in SCMFC

The absence of a physical barrier between the electrodes of SCMFCs brings colonization of the
cathode by bacteria, which form the bio-catalyzed electrode. The biofilm that grows on the
electrode is characterized by a complicated chemistry that is rarely investigated in literature.
Preliminary studies conducted with hand-made potentiometric sensors evidenced that several
reaction take place at the biocathode interface, in addition to the main ORR [48]. As an example,
sulfate reduction and carbonate precipitation play a key role and dramatically affect the SCMFC
performances.

The absence of a barrier between the biocathode and the bioanode of SCMFC could theoretically
increase oxygen diffusion toward the anode, decreasing the columbic efficiency and the power

production performances. Conversely, removing the PEM led to increased performances in

16
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preliminary experiments with carbon paper cathodes containing platinum [49]. Further studies
demonstrated that SCMFCs based on Pt-free carbon cloth biocathodes can achieve performances
similar to the Pt-based cathodes [50,51]. These apparent conflicting results call for new and detailed
studies about the bioelectrochemical mechanism that allow the anode to reach anaerobic conditions,
as the oxygen consumption in single chamber microbial fuel cells is not well discussed in literature

and needs to be clarified.

2.2.2.2 Cathodes for SCMFC

As previously introduced, cathodes for SCMFCs were initially based on carbon cloth electrodes
modified with Pt and PTFE to prevent the leakage of liquid electrolyte while allowing the transport
of oxygen [52]. Furthermore, Pt-free cathodes with PTFE and Micro Porous Layers (MPLs),
consisting in carbon black particles that facilitate the biofilm growth, have been tested [51].
Activated carbon has also been tested together with Pt-free carbon cloth electrodes utilizing PTFE
based Gas Diffusion Layers (GDLs) [53].

Among the numerous publications present in literature describing methodology for cathodes
preparation [51,54,55], many extremely different amounts of PTFE are used for the construction of
the GDL but the effective influence of this compound on the ORR and the biocathode performances

1s seldom or never discussed.

2.2.2.3 Anodes for SCMFC

At the anode, unmodified carbon cloth electrodes have been commonly applied in SCMFCs due to
their ideal characteristic of biocompatibility, high surface area that provides an excellent support for
the biofilm settlement, chemical stability and good electrical conductivity [11,20,51,56]. Chemical
and electrochemical modification of the carbon cloth anodes have also been investigated aiming to
enhance the immobilization of microorganism and increase the surface charge-transfer properties
[57]. Chemical modification such as acid attack and thermal treatment were effective to introduce
functional groups on the surface to increase the bacteria attachment, but these modifications involve
complex steps or harsh conditions that increase the pretreatment cost and can also modify the basic
properties of the carbon materials. Electrochemical oxidation is simpler to perform, but the
effectiveness of the introduced modifications along SCMFC operation is not clear as most studies
were focused on the start up of the cell [57,58].

Moreover, the carbon cloth fragility and its price make it not suitable for the scale up of the

technology. Thus, different materials have been tested, such as metal electrodes, nanomaterials and

17
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conductive polymers [59]. Stainless steel electrodes are of great interest due to the extremely low
cost of this material if compared to carbon cloth. The main disadvantage of stainless steel is that it
can suffer of corrosion problems due to the complex environment of SCMFCs. More research is

needed in order to clarify if AISI304 can be applied as anode material in SCMFCs.

2.3 Enzyme-based Amperometric Biosensors for Microbial Fuel Cells

2.3.1 Enzyme-based biocathodes

It has been previously discussed that the overpotential for oxygen reduction is significant even
when platinum or other metal-based electrodes are used, showing the critical role of the cathodic
reaction for the power generation of MFCs, as the overpotential decreases the electric efficiency (&)
of the cell. Moreover, it has been demonstrated that Pt-based cathodes suffer from poisoning by
compounds in a bacterial solution. The microbial reduction potential of oxygen catalyzed by the
biofilm developing in SCMFCs on carbon electrodes was reported at values similar to the Pt-based
electrodes for long time operating MFCs, with open circuit potential (ocp) in the range of 0.15/0.25
V vs. SHE [18,50,56,60], thus a strong contribution of the overpotential was still present.

A promising approach to decrease the overpotential and consequently increase the ocp in MFCs is
the use of redox enzymes (see Appendix One — Enzymes, pp. 145) that can catalyze ORR at the
cathode, while a microbial anode is present. This type of MFC is named as hybrid-microbial fuel
cell. The great advantage of utilizing hybrid systems is that higher ocp can be reached. Using redox
enzymes of the multicopper oxidase family, it was possible to perform ORR under physiological

conditions at high electrode potential (c.a. 0.7 V vs. SHE) [61-63].

2.3.2 Multicopper oxidases

Multicopper oxidases (MCOs) constitute a large family of redox enzymes that coupled the oxidation
of different organic substrates with the four-electron reduction of O,. These enzymes are
evolutionarily and structurally related to pigmentation, morphogenesis, detoxification and lignin
degradation. The activity of MCOs is due to a minimum of four copper ions (per monomer of a
protein molecule) that can be classified in a mononuclear type I copper site (T1) and a trinuclear
copper cluster (TNC) T2/T3 depending on their magnetic and optical properties [64]. The T1 site is
the primary acceptor of the electrons from the substrate or from the electrode surface. The reduction
of the T1 Cu(Il) site proceeds with further internal electron transfer to the trinuclear T2/T3 cluster

where the reduction of molecular O, to water takes place. The T1 site imparts a light blue color to
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the enzyme solutions and it is characterized by a distinctly pronounced band of optical absorption at
the wavelength of 600 nm (¢ ~ 5000 M ".cm ') [65]. The MCOs can be divided in two classes,
depending on the substrate specificity of the T1 site, classified as broad specificity (class 1) and
high substrate specificity (class two).

2.3.2.1 Laccases (MCO class 1)

Laccases (E.C. 1.10.3.2; benzenediol: oxygen oxidoreductase) are the most abundant sub-group of
MCOs and belong to the broad specificity class (class 1). They are able to catalyze the oxidation of
different organic compounds (especially aromatics) including phenols, diamines and some inorganic
compounds. Due to the broad substrate specificity, ease of cloning and high catalytic activity,
laccases have been the enzyme of choice for many industrial applications [66].

Laccases can have plant or fungal origin, the latter is the most described in literature. Fungal
laccases are typically monomeric proteins with a molecular weight of approximately 60—70 kD.
They have good heat tolerance and isoelectric point (p/) values that range between 3 and 5. Fungal
laccases are involved in degradation pathogenesis and detoxification of lignin, but their role during
the delignification is not well understood. It was initially suggested that they participate in lignin
degradation due to their ability to oxidize various polyphenolic compounds. It was later
demonstrated that laccases can catalyze the in vitro degradation of lignin, but the produced low
molecular weight components can repolymerize. The enzymatic decomposition of lignin results in
some toxic products dangerous for the fungal mycelium. Thus, it has been proposed that laccase
detoxifies these low molecular weight phenolic components converting them to polymers nontoxic
for fungal hyphae [67].

The application of laccases to develop biocathodes in mediated electron transfer (MET) and direct
electron transfer (DET) configuration has been extensively demonstrated using carbonaceous and
gold electrodes [68—72]. The optimum pH for the majority of fungal laccases is in the slightly acid
pH range, due to the binding of hydroxide ions to the T2/T3 site at high pH that prevents the
electron transfer from the T1 site to the T2/T3 cluster and decreases the enzyme activity. It has been

found that some laccases have poor stability in the presence of chloride [73].
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2.3.2.2 Bilirubin Oxidases (MCO class 1)

Bilirubin oxidases (EC 1.3.3.5; bilirubin: oxygen oxidoreductase) are another sub-group of MCOs
that oxidize bilirubin to biliverdin with the concomitant reduction of O, to H,O (2.4) [74].

Bilirubin + )50, — Biliverdin+ H,0O (eq.2.4)

Bilirubin oxidases (BOx) are attractive since the detection of bilirubin is of great importance for the
medical field. In addition, BOx have been immobilized on electrodes surfaces to make oxygen
biocathodes and the capability to exchange electrons at the electrode surface in MET and DET
electrodes was repeatedly demonstrated using various carbonaceous electrodes [75-78]. Similar to
laccases, BOx contains four copper atoms, classified by a T1 and the T2/T3 trinuclear cluster and
have a molecular weight of approximately 60 kD. Unlike laccases, BOx display high stability and
activity at neutral pH and tolerance towards chloride anions, which makes them a good candidate

for the reduction of oxygen in physiological conditions [73,79].

2.3.3 Hybrid-Microbial Fuel Cell with MCO-based Biocathodes

Hybrid-MFCs were studied in a two chamber configuration with laccase coated on a Pt electrode
and an ocp up to 1.1V was reported [80]. Another study described a two-chamber hybrid-MFC
equipped with a cathode utilizing laccase mixed with carbon nanoparticles in a polymer matrix
directly on sole carbon paper as support [81]. A Shewanella MR1 anode was coupled with a carbon
black cathode with adsorbed laccase in a two chamber MFC reaching 1 V ocp [82]. An enzymatic
cathode was tested in Single Chamber MFC utilizing a bilirubin oxidase-based carbon cloth cathode
reaching a maximum ocp of 0.690V vs. SHE for the cathode and 1.05 V for the cell [83]. Thus,
enzymatic cathodes demonstrated to be extremely useful to enhance the power production of
microbial fuel cells. However, one challenge in the application of hybrid-MFC is the stability of the
enzymatic cathode due to the presence of the microbial anode, a complex electrolyte and the
operation at neutral/slightly alkaline pH. Small inorganic anions, such as hydroxyde, fluoride and
chloride, can bind to the TNC of laccases, inhibiting the enzymes. Thus, the enzymatic cathode
could suffer of deactivation and inhibition problems (see Appendix Two: Enzyme Inhibition, pp.
155). Moreover, it has been demonstrated that laccase and bilirubin oxidase are inhibited by H,O,
[84,85]. Later studies further underlined that the H,O, produced by glucose oxidase-bioanode can

inhibit the performance of laccase biocathode with a consequent loss in performances of the full
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device [86]. It was found that H,O, irreversibly affect the electrocatalytic activity of bilirubin
oxidase, whereas reversible inhibition was found in the case of laccase biocathode [85], but the

inhibition mechanism is not well described in literature, calling for detailed investigations.

2.4 Construction of Enzyme-based Amperometric Biosensors

When constructing an enzyme-based amperometric biosensor, or “enzyme electrode”, the electron
transfer between the enzyme and the electrode surface is the primary goal. In order to achieve this
result, different techniques have been developed to produce the electrodes. Adsorption, covalent
binding, crosslinking and entrapment of the enzyme in redox polymer hydrogels are some examples
[87-89]. Moreover, polymer matrixes have been tested to improve sensor stability and lifetime
[90,91]. In the last decade, enzyme engineering has been of great interest and several efforts were
devoted to maximizing the stability of enzymatic electrodes, facilitating the electron transfer and
improving their performances [92-94]. Depending on the type of electronic coupling between the
redox enzymes and electrodes for the construction of enzyme electrodes or biosensors, three

generations of amperometric biosensors can be described [25]:

- First-generation biosensor: a substrate or a product of the enzymatic reaction (i.e. H,0O,)
diffuses to the transducer and causes the electrical response.

- Second-generation biosensor: the enzyme delivers the electrons produced by the enzymatic
reaction to an artificial mediator that communicates with the
transducer, obtaining the electrical response.

- Third-generation biosensor: the enzyme directly delivers the electrons produced by the

enzymatic reaction to the electrode.

2.4.1 First-generation biosensor

First-generation biosensors are based on the electrochemical detection of the decrease of a substrate
or the increase of an enzymatically generated product (figure 2.4) [95]. Basically, the oxygen
consumption or the hydrogen peroxide productions are measured for oxidase enzymes. The latter
has been preferred due to a better reproducibility (O, concentration may vary during the
measurement) and the possibility to decrease interfering reactions. Redox inorganic mediators
capable to catalyze the oxidation or reduction of hydrogen peroxide are of great interest as they
decrease the applied potential and, thus, avoid many electrochemical interferences. Prussian Blue

(ferric hexacyanoferrate) has found large application for this purpose [96-98].
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Figure 2.4 Schematic representation of an amperometric biosensor of first-generation.

2.4.2 Second-generation (MET) biosensor

Small redox active molecules (mediators) can react with the enzyme active sites and the electrode,
shuttling the electrons between the enzyme and the electrode surface (figure 2.5). Electrostatic
complexing of the enzyme with redox active molecules is of remarkable interest particularly in the
case of large enzymes, like glucose oxidase (186 kD), where the prosthetic group is buried inside
the protein structure. Thus, MET biosensors have the advantage to greatly facilitate the enzyme-
electrode communication [89]. Figure 2.5 depicts from right to left the three processes that take
place in a second generation biosensor: the molecular recognition, the redox mediation and the
signal generation. The mediator is regenerated at the electrode surface with no overpotential. The
redox molecules (redox shuttles) can be organized in redox polymers (or redox hydrogels),
obtaining an electron-conducting phase where the permeation of water-soluble reactants and
products are rapid. In these redox polymers, the electrons can diffuse by several mechanisms as
self-exchange between immobile redox centers or collision between mobile reduced and oxidized

redox centers [63].
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Figure 2.5 Schematic representation of an amperometric biosensor of second-generation.

2.4.3 Third-generation (DET) biosensor

Direct electron transfer (DET) occurs through the enzyme’s ability to oxidize or reduce a substrate
while transferring the electrons to or from the electrode surface, without the need for an external

mediator. Thus, electrons are transferred from the enzyme active site to the electrode, or vice versa

(figure 2.6) [99].
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Figure 2.6 Schematic representation of an amperometric biosensor of third-generation.
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The absence of the mediator provides the advantage to operate in a potential window closer to the
redox potential of the enzyme itself [25]. Following Marcus’ theory, the kinetics of electron transfer
between two redox species is determined by the driving force (e.g., the potential difference), the
reorganizational energy and the distance between the two redox centers [100]. Thus, the
unfavorable orientation of enzyme molecules on electrode surface may block the electron exchange
between the electrode and the electroactive redox center of enzyme via a tunneling mechanism. In
order to ensure DET, the enzyme active center must be placed in the proximity of the electrode
surface and properly oriented. Over the past years extensive research on the DET between enzymes
and electrodes has been carried out. Experimental evidences for DET were reported using different
redox enzymes and applying various strategies to orientate enzymes and minimize the enzyme-
electrode distance, thus, promoting the DET [101-106].

The efficient DET remains a scientific challenge due to the location of the active sites of enzymes,

which in many cases are situated deeply in the apoenzyme structure [89].
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3.

OBJECTIVES OF THE DISSERTATION

Despite the results achieved in the recent years and presented in the previous chapter, several issues
still affect the microbial fuel cell technology, ranging from fundamental to more practical problems.
It is important to remark the lack of studies related to the oxygen consumption in Single Chamber
Microbial Fuel Cells, although the knowledge of bioelectrochemical mechanisms occurring at the
cathode is of primary importance for the operation of the device. The use of PTFE to make Gas
Diffusion Layer in Open-Air Cathodes with no detailed study about the PTFE influence on the
oxygen reduction reaction performances is another point to be considered. The applicability of
hybrid-microbial fuel cells with enzymatic cathodes could improve the ocp and power production of
the devices, but there are only few detailed studies on the inhibition mechanisms of enzyme-based
biocathode. A possible application of stainless steel as a support for biocatalyzed anodes, to
decrease the cost of SCMFC, has to deal with microbial influenced corrosion. Considering the
above issues, the research activity had both fundamental and practical goals and the PhD project has

been focused to four main objectives:

One: Study of the bioelectrochemical mechanism of oxygen consumption in Single Chamber
Microbial Fuel Cells.

Two: Study of the PTFE effect on the oxygen reduction reaction in air-breathing biocathodes.

Three:  Study of H,O; role and inhibition mechanisms on laccase-based oxygen biocathodes in

mediated electron transfer (MET) and direct electron transfer (DET) configuration.

Four: Study of the electrochemical behavior of AISI304 applied as anode in SCMFC.
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To accomplish objective one, a hand-made amperometric enzyme sensor based on bilirubin oxidase
was developed. The sensor construction and application for oxygen measurement in SCMFC is
described in Part 1 — Bioelectrochemical mechanisms, chapter 5 of the dissertation. The
experimental activity related to objectives two, three and four is reported in the Part 2 of the

dissertation — Electrode Development, chapter 6, 7 and 8 respectively.
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4.

METHODS

4.1 Fundamentals of the applied techniques

4.1.1 Electrochemical techniques

Electrochemical techniques are applied to study redox processes in the heterogeneous phase, thus
the chemical species that react on the electrode surface, taking or releasing electrons. The majority
of the electrochemical techniques required three electrodes: a working electrode (WE), a counter
electrode (CE) and a reference electrode (RE) connected to a potentiostat. The WE is the electrode
where the electrochemical processes of the test take place. The current flows between the WE and
the CE that is characterized by a bigger area than the WE, to avoid polarization and interference on
the WE response. The electric circuit is closed by means of the electrolytic solution. The potential
of the WE is referred to the RE, which has a fixed potential. No current flows between the WE and
the RE.

The international accepted primary reference electrode is the standard hydrogen electrode (SHE)

that has all components as unit activity:
Pt/ H,(a=1)/ H"(a=1,aqueous) (eq. 4.1)

However, SHE is not very convenient from an experimental standpoint, thus potentials are often
measured and quoted with respect to other reference electrodes. A common reference electrode is

the silver-silver chloride electrode:

Ag/ AgCl/ KCl (saturated) (eq. 4.2)

with a potential of +0.197V vs. SHE;
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or:
Ag/AgCl/ KCl(3M) (eq.4.3)
with a potential of +0.210V vs. SHE.

Another common reference electrode is the saturated calomel electrode (SCE), which is:

Hg/ Hg,Cl, | KCI (saturated) (eq. 4.4)
with a potential of +0.242V vs. SHE [22].

In this dissertation, the potentials are referred to silver-silver chloride (3M) or saturated calomel

electrode as specified in each chapter.

4.1.1.1 Polarization

In electrochemistry, a polarization consists of a technique that allows applying a potential to the
working electrode to shift the potential from the equilibrium value upon passage of faradic current.

The extent of the polarization is measured by the applied overpotential n:
n=E-E, (eq. 4.5)

It is possible to distinguish between potentiostatic polarization and potentiodynamic polarization.

In the case of the potentiostatic polarization, the WE is polarized to a fixed potential and the current
between the WE and the CE is recorded as a function of time. This technique is also named as
chronoamperometry, which is the most common technique used for the operation of amperometric
sensors. It annihilates the influence of the capacitive current on the sensor reading and thus the
performed measurement. In a potentiodynamic polarization, the potential applied to the WE is
changed linearly in the time, with a scan rate (mV-sec"), following a potential ramp, while the

current is measured. This is referred to as voltammetry.

4.1.1.2 Cyclic Voltammetry

Cyclic voltammetry (CV) is a potentiodynamic electrochemical technique where the potential of the
WE is changed linearly in the time between potential E; and E,, according to a characteristic
triangular diagram (figure 4.1). To obtain the cyclic voltammogram the current at the WE is plotted

versus the applied potential (i-E curve).
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Figure 4.1 Potential-time diagram for a cyclic voltammetry.

4.1.1.3 Rotating Disk Electrode

The Rotating Disk Electrode (RDE) is a fundamental tool that allows controlling the mass transport
towards the working electrode. The mass transport is accelerated by the application of a mechanic
force that produces a forced convection. Thus, RDE allows to control and to define the
hydrodynamic conditions of the experiments. The RDE consists of a conductive disk of the desired
material for the working electrode, embedded in an inert non-conductive polymer. The plate is
connected to an electric motor to control the electrode’s rotation speed (w). The Levich equation
predicts the current observed at the RDE and shows that the current is proportional to the square

root of the rotation speed when no kinetic limitation is present:
i, =0.62nFAD”’0'*v™"°C, (eq. 4.6)

where i; is the measured current, » is the number of electrons transferred, F' is the Faraday Constant,
A is the electrode area, D is the diffusion coefficient, w is the rotation speed, v is the kinematic
viscosity of the solution and Cs is the electroactive species.

When there is a kinetic limitation, the current is predicted by the Koutecky-Levich equation:
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I 1 1 1 1

TETro=— . 4.7
i i, i i 0.62nFAD"w"’v7"°C (q-4.7)

where i, and i; are the kinetic-limiting and diffusion-limiting current densities respectively;
iy 1s: ik = nFAka (eq. 4.8)

where kris the electron transfer rate constant.

Figure 4.2 depicts the variation of the current with the rotation speed of the RDE for a reaction with

kinetic limitation.

¢ i, (i proportional to ®w'/2)
/

Current

w2

Figure 4.2 Relation of the current with the rotation speed (w'”) for a rotating disk electrode polarized

at a fixed potential in the case of slow kinetic.

4.1.2 Microscopy Technique

4.1.2.1 Scanning Electron Microscopy

The utility of the Optical Microscopy in nanotechnology is severely limited by its resolution (close
to 150nm) due to the diffraction limit of the light. Electron microscopy overcame this problem
thanks to wavelengths between 10~ and 10° nm [107]. The Scanning Electron Microscope (SEM)
utilizes focused beams of electrons to obtain information. When the incident electrons come in
contact with the specimen, energetic electrons are released from the surface. The scatter patterns

made by the interaction yields information on size, shape, texture and composition of the specimen.
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A variety of detectors are used to attract different types of scattered electrons, including secondary
and backscattered electrons as well as x-rays.
The specimens need to be conductive; non-conductive specimens undergo to sputter coating to be

covered with a thin layer of conductive material (typically gold/palladium alloy).

4.2 Calculations

4.2.1 Single Chamber Microbial Fuel Cell productivity

The Single Chamber MFCs were polarized with a constant resistance (R) of 1002 and the cell
potentials (E) across the resistance were monitored. £ was recorded using multichannel data
loggers. The current was calculated based on Ohm’s law / =E/R and power generation (P) was

calculated using the formula P =FE"-1.

4.2.2 Tafel slopes

Processing of data from quasi-stationary polarization curves permits the calculation of the Tafel
slope (b) and the electrode—solution interface resistance () of the electrodic process. Basically, two
methods are applicable for the Tafel slope experimental determination [108]. The first is based on

one of the forms of the Tafel equation:
E=a+ blOg(]) (eq 49)

where E is the electrode potential, / is the current, and a is a parameter connected with the
experimental conditions of the electrochemical process under evaluation. Under activation control,
an electrochemical half-reaction can show a linear section in a graph of E vs. log(/), whose slope is
b. This method is prone to subjective evaluation, and on highly porous materials might bring to
modifications of the expected Tafel slope, due to microporosity, channel length and width [109].
The derivative method gives more reliable and objective Tafel slope values. The empirical Tafel
equation is first added with the ohmic drop term (7). Since the total current / is the product of the

current density i and the surface area A, the below equation is derived:

E=a+blog(l)+r-I1=a+blog(i-A)+r-i-A (eq. 4.10)

The differentiation of Eq. (4.10) with respect to the current gives:
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E 4, b . (eq.4.11a)
al 1-1n(10)

for the total current (/), and
9IE ot 4 (eq.4.11b)

+
di i-In(10)

for the current density (7).

From Eq. (4.11a), a graph of dE/dI vs. 1/ gives a straight line, where the slope is proportional to the
Tafel slope b, and the intercept gives the ohmic resistance r of the electrode. From Eq. (4.11b), a
graph of dE/dlvs. 1/i gives the Tafel slope and the resistance multiplied by the surface. Evaluation

of dE/dl and 1/1 is easily obtained from numerical methods.

4.2.3 Capacitance and Electrochemical Accessible Surface Area

Electrochemically active area is defined as the extent of surface capable of producing a faradaic
current. As a rule, the extent of electrochemical surface area differs from the geometric (total)
accessible area, and from the projected surface area. The difference is particularly pronounced for
highly porous materials, as it is the case of the GDL and MPL layers of the cathodes of MFC
systems.

The definition of the capacitance C is:

_ % (eq. 4.12)

where AQ is the electrical charge supplied to the capacitor and AE is the resulting potential
variation. Based on the definitions of current (/) and scan-rate (s7), it is possible to obtain the
following equation:

sr-C=1 (eq. 4.13)
where / is the average between the anodic and cathodic currents, in the purely capacitive zone of the
voltammograms. A graph of / vs. scan-rate gives a straight line, whose slope is an estimation of the

total capacitance C of the electrodic double-layer capacitor.

The total capacitance C is related to the specific capacitance (cy,/ uF cm 2) by the equation

C=cy A (eq. 4.14)
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where 4. is the real conductive surface wetted by the electrolyte, also called electrochemically
accessible surface area [110,111]. Therefore, the experimental determination of the capacitance C
gives a quantity that is proportional to the electrochemical surface area. At constant temperature, ¢,
changes with electrolyte concentration. As a consequence, C depends on both surface extent and
electrolyte concentration. An increase in electrolyte concentration produces a more compact electric

double layer, generating a higher capacitance.

4.3 Amperometric enzyme biosensors

In this dissertation second and third-generation enzyme biosensors are presented. The techniques

applied to make the sensors are following described.

4.3.1 Second-Generation (MET) Enzyme Biosensor

4.3.1.1 Redox mediator

To make the second-generation biosensors Osmium bipyridine poly(allyl)amine (PAH-Os) was

used as redox mediator (figure 4.3C).

Hel™

A B C

Figure 4.3 Osmium bypiridine modified poly(allyl)amine (C) redox polymer synthesis.
[Os(bpy)Cl(pyCHO)] " complex (A); poly(allyl)amine (B).
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The PAH-Os is a redox polymer obtained from the reaction of the complex [Os(bpy),Cl(pyCHO)]"
(figure 4.3A) with the amino groups of the poly(allyl)amine (figure 4.3B) [112]. The osmium
complex anchored to the polymer has sufficient mobility to mediate the electron transfer with
different enzymes as extensively demonstrated [70,113]. The redox mediator was immobilized onto
the electrode surface of a modified gold electrode, together with the enzyme, using the self-

assembled, layer-by-layer technique.

4.3.1.2 Self~assembled Layer-by-Layer Technique

The self-assembled layer-by-layer technique (LbL) consists in the alternate deposition of
macromolecules, polycations and polyanions, on solid surfaces as schematized in figure 4.4 [114].
The deposition process is due to the overcompensation of charges. When the charged
polyelectrolyte is adsorbed on the modified electrode surface, the charge is not balanced, but
overcompensation is obtained and the polarity of the topmost layer is inverted. Thus, the adsorption
of a new layer of opposite charge is possible. The thickness of the multilayers electrode is

exponentially increased by increasing the layers number [115].
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Figure 4.4 Self-assembled layer-by-layer technique steps diagram. Gold electrode (A); gold-surface
modification (B); polycataion deposition (C); macromolecule deposition (D). Steps C and D can be

repeated until the desired number of layers.
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4.3.2 Third generation (DET) biosensor

The DET biosensors were made in two different ways: 1) by cross-linking on carbon electrodes
using 1-pyrenebutyric acid, N-hydroxysuccinimide ester (PBSE) as “tethering” agent (figure 4.5),
which provides stable and effective enzyme immobilization and orientation. This technique allowed
to develop an amperometric oxygen biosensor based on bilirubin oxidases; and 2) by simple
adsorption on modified gold electrode with Carbon Vulcan® for the H,O, inhibition study on

Laccase-based biocathode.

Figure 4.5 1-pyrenebutyric acid, N-hydroxysuccinimide-ester (PBSE)

The pyrene moiety of PBSE interacts with the aromatic-like structure of carbon materials through
irreversible m-m stacking. This allows the functionalization of the electrode surface with
succinimidyl ester groups that are highly reactive to nucleophilic substitution by primary and

secondary amines that exist on the surface of the enzyme molecule [104,106]
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S.

OXYGEN CONSUMPTION IN SINGLE
CHAMBER MICROBIAL FUEL CELL

From: M. Grattieri; S. Babanova, C. Santoro;, E. Guerrini; S. Trasatti; P. Cristiani; M. Bestetti; P.
Atanassov, Enzymatic Oxygen Microsensor Based on Bilirubin Oxidase Applied to Microbial Fuel Cell

Analysis, Electroanalysis, 27(2) (2015) 327-335.

5.1 Introduction

In a microbial fuel cell, the direct contact of oxygen with other reactants confined in the anode
compartment must be avoided, in order to divert electrons and utilize them in an external load. If
oxygen can reach the anode, short circuit of the system is obtained. In a two-chamber microbial fuel
cell, the separation between oxygen and reactants at the anode is ensured by the presence of a PEM.

In the case of Single Chamber MFCs, no physical barrier is placed between anode and cathode.
Thus, the presence of oxygen at the anode could significantly, or totally, decrease the kinetics of the
involved processes and the efficiency of the electron transfer between microorganisms and
electrode surface. Therefore, the diffusion of oxygen is an unwanted environmental factor, which
should be diminished to negligible values if cannot be completely avoided. Conversely, the
concentration of oxygen at the cathode needs to be maximized, as it is often the limiting reagent for
efficient MFC operation [13,116].

Based on the above context, a selective and localized measurement of oxygen content in SCMFCs
would clarify the bioelectrochemical mechanism of oxygen consumption and would be of primary
importance for understanding the processes and the mechanisms involved in MFC operation [117].
Nevertheless, current MFC studies rarely report oxygen concentration measurements [118]. Most
frequently, the presence/absence of oxygen is just assumed. Commercial oxygen microsensors are
relatively “cheap” in comparison to other advanced analysis techniques [119] but considering the

cost of the equipment to use common microsensors, the price can be significant. Moreover, the
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characteristic application in MFC of the existing microsensors is generally difficult due to the
complex geometry of the cell. Therefore hand-made microsensors with high selectivity, high
sensitivity and a flexible structure has to be developed [120].

As previously introduced, enzymatic molecules are reported as highly active and selective towards a
specific and unique reaction [121], which makes them useful for many industrial applications [122],
as well as catalysts in the design of biofuel cells and biosensors [101,123,124]. The enzymatic
microsensors have several important features and the most important ones are selectivity and
substrate specificity. Among the broad and diverse list of proteins, the enzymes belonging to the
family of multicopper oxidases (MCOs) are one of the most extensively studied and explored
enzymes in the design of bio-electrochemical systems. This is mainly due to their capability for
direct oxygen reduction to water, performing in nature and when incorporated in the design of
enzymatic electrodes [70,78,85].

Two possible electron-transfer mechanisms exist, by which MCOs can perform oxygen reduction
reaction (ORR) at the electrode surface [61,76-78]:

1) a four-electron transfer

O, +4H" +4¢” —2H,0 (E'=123Vvs.SHE)  (eq.5.1)

i1) or a two-electron transfer producing hydrogen peroxide

O,+2H"+2¢” — H,0, (E’=0.69V vs.SHE)  (eq.5.2)

The formation of H,O, decreases the number of electrons transferred per molecule of oxygen
reacted and thus decreases the Columbic efficiency of the bioelectrode. In addition the produced
H,0, can have negative impact on living cells.

Bilirubin oxidase (BOx) was chosen to develop the hand-made biosensor for the study of SCMFCs.
For application of BOx in the design of amperometric biosensors to monitor MFC, reaction (5.1) is
the most favorable, since it extracts the maximum number of electrons, increasing the recorded
current and avoids the release of toxic products [78]. A key advantage of BOx and all MCOs is their
ability to reduce oxygen by carrying out direct electron transfer avoiding the need of mediator
utilization. In order to achieve DET, the enzyme active center should be placed in the proximity of
the electrode surface. One strategy to promote the DET is the modification of a carbon support with
I-pyrenebutyric acid, N-hydroxysuccinimide ester (PBSE), which provides stable and effective
enzyme immobilization. A PBSE-modified carbon cloth electrode was reported to support faster

and more complete bio-electrochemical oxygen reduction than unmodified electrodes with only
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physisorbed BOx, generating higher current densities. According to Ramasamy [106], this effect
can be related to the formation of a covalent bond between the amino group of the enzyme and the
PBSE-tether that reduces the electron tunneling distance between the enzyme and the electrode,
facilitating DET. Moreover, it has been demonstrated that by cross-linking the enzyme to the
electrode with PBSE, four-electron transfer mechanism of oxygen reduction reaction takes place
(Equation 5.1) [78]. BOx displays high activity and stability at neutral pH and high tolerance
towards different anions, such as F~ and CI [125]. Therefore BOx has been used in physiological
conditions as a bilirubin or DNA sensor [126,127] and as a catalyst for the ORR in biofuel cells
including MFC [77]. Constructing enzymatic oxygen microsensor based on the utilization of
bilirubin oxidase will provide specific oxygen reduction avoiding the influence of other
electrochemically active species. In fact, the electrochemical active species are very likely to be
present in wastewater or to be produced as intermediates or final metabolic products of organics
oxidation during MFC operation. The developed sensor was further explored for localized oxygen
measurements, carried out in an operating MFC. Based on the sensor readings, an oxygen profile

from the anode surface to the cathode and through the cathodic biofilm was created.

5.2 Materials and Methods

5.2.1 Sensor construction

A sheet of carbon cloth (Fuel Cell Earth) (Figure 5.1A) was used as a source for the bundle of
carbon cloth fibers (CC) (Figure 5.1B) (average diameter for a bundle of fibers < 100 um; 10 um
single fiber diameter). The bundle (ohmic resistance between 6 and 10 €2) was used as support for
the construction of the enzymatic oxygen microsensor that at the end, as specified below, itself
composed of only one fiber. In order to electrically connect and make the sensor more robust, the
bundle of carbon cloth fibers was linked with a nickel wire (200 mm diameter) using a bi-
component (A — monomer; B — hardener) silver conductive epoxy resin (H22 EPO-TEK) with a
mixing ratio of 100A : 4.5B w/w. The volume resistivity of the paste is reported as <0.005 Q-cm.
Curing of the conductive epoxy resin was performed at 80°C for 50 minutes. The obtained device
(ohmic resistance between 15 and 30€2) was placed inside of a micropipette tip (200 mL Yellow
Universal Pipette Tip, Figure 5.1C) leaving only one carbon fiber out of the tip at a certain extent. A
bi-component nonconductive epoxy resin (3M Scotch-Weld Epoxy Adhesive DP100 Clear) with a
curing time of 8 hours at 25°C was used to insulate the fiber and leave only the tip uncovered

(Figure 5.1D). The tip was then lapped with abrasive paper, thus the sensor exposed to the
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electrolyte was the end part of the single carbon fiber with a diameter of 10 um (7.85-107 cm?).

Only this portion was further subjected to enzyme immobilization.

Teflon case Ni wire

snc | st

Silver |
Conductive |
Paste ‘

Non-
Conductive
Epoxy Paste

Figure 5.1 Sensor construction. Carbon cloth sheet (A); SEM image of selected CC fibers bundle (B);
schematic description of the device (C); SEM frontal view of a detail of the sensor tip before the lapping

procedure (D).

Bilirubin oxidase enzyme used in the present work was purchased from Amano Enzyme Inc. with a
specific activity of 2.53 U/mg of protein. The enzyme was immobilized onto the carbon fiber
surface via 1-pyrenebutyric acid, N- hydroxysuccinimide ester (PBSE, Sigma Aldrich). To
accomplish that, the tip of the sensor was immersed in 0.01 M PBSE solution in dimethyl sulfoxide

(DMSO) and left for 1 hour. The sensor was then washed, placed in 2mg-mL™" solution of BOx,
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dissolved in 0.1M phosphate buffer (PB) (pH 7.5) and kept at 4°C for 16—18 hours to obtain enzyme
attachment. After enzyme immobilization the biosensor was ready for calibration or further steps
such as silica encapsulation.

To increase sensor stability and introduce a diffusional barrier, the tip of the sensor was
encapsulated using a chemical vapor deposition technique (CVD) as previously reported by Gupta
et al. [91]. The silicate matrix was obtained by hydrolysis of tetramethyl orthosilicate (TMOS) as
alkoxide precursor, followed by condensation to yield a polymeric oxo-bridged SiO, network.
Encapsulated sensors were prepared by positioning the wet sensor after the enzyme immobilization
in a closed petri dish with two small containers having 200 uL of tetramethyl orthosilicate (TMOS)
and 200 uL of water, respectively, for five minutes at 30°C. Only the liquid on the sensor surface is
transformed into a silica gel. The additional water container serves to capture the excess of TMOS

Vapors.

5.2.2 Electrochemical Tests

A three-electrode setup was used for all electrochemical experiments, where the sensor was
connected as working electrode (WE), a platinum wire was the counter electrode (CE) and a
Ag|AgCl (3M) electrode (3mm diameter) was the reference electrode (RE) (all potentials in this
chapter are referred to this reference electrode). The electrochemical response of the device with
and without immobilized BOx was studied by cyclic voltammetry at three different aeration
conditions under controlled flow: air-saturated solution ([O, in solution]= 6.91 mg-L™), 60 sec
purging oxygen (purity 96%, [O, in solution]= 20 mg-L™") and 30 min purging nitrogen (purity
90%, [O5 in solution]= 0.66 mg-L™"). The cyclic voltammetry was recorded from 0.7 V to - 0.4 V at
100 mV-sec™ in a 0.1M PB (pH 7.5) + 0.IM KCI. Based on the performed CVs, a potential of -0.4
V was selected for sensor calibration and operation. The sensors were calibrated by
chronoamperometry in four different aeration conditions: air-saturated solution ([O; in PB]= 6.91
mg-L" and [0, in WW]= 3.74 mg-L™), 60 sec purging oxygen (purity 96%, [O; in solution]= 20
mg-L™"), 1 min purging nitrogen (purity 90%, [0, in PB]= 5.47 mg-L" and [O, in WW]= 3.38
mg-L™") and 30 min purging nitrogen ([O; in PB]= 0.66 mg-L™" and [0, in WW]= 0.63 mg-L™"). The
oxygen concentration in the calibration solutions was determined by a commercial DO probe
(HQ440d, Hanch). The chronoamperometry was performed after 30 seconds of equilibration time
with 120 seconds of current recording at -0.4 V. The current value was recorded every second and
the steady state current observed at the end of the measurement was taken as the sensor reading.

Calibration curves were obtained for both encapsulated and not encapsulated sensors in triplicate.
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The best performing sensor in terms of sensitivity and linearity of the response was chosen for
monitoring a MFC system. The chosen sensor was further calibrated in wastewater using the same,
previously described procedure in order to investigate an eventual matrix effect. The lifetime of the
sensors was also studied. One and the same sensor was calibrated in wastewater at day one right
after it has been prepared and then at different days (i.e. days 1, 3, 4, 5, 8 and 14). The sensor was

kept at 4°C between measurements.

5.2.3 SCMFC Setup

A membraneless single chamber MFC with air-breathing cathode, having a volume of 125 mL was
used in this study. A AISI304 stainless steel anode [30] and activated carbon (AC) based cathode
[31] were used as electrodes in the SCMFC. The stainless steel anode (diameter of 4 cm, area of
12.6 cm®) was connected to a plastic-insulated copper wire and the connection was insulated by at
least 5 layers of high-viscosity epoxy resin (MAPEI Epojet). The anode was placed at the bottom of
the SCMFC (see chapter 8, pp. 103). Electrical connection was tested for internal resistance and
fluid contact/leakage by prolonged exposure to distilled water. The geometrical surface area of the
AC based cathode exposed to the solution was a disk of 2 cm in diameter. The electrical connection
to the external circuit was made with a copper wire in the case of the anode and by direct
connection of the carbon cloth for the cathode. In the external circuit, a resistance of 100Q2
connected the anode and cathode poles. The electrolyte was urban wastewater (pH around 7)
coming from the treatment plant of Albuquerque (NM, USA). The wastewater was used as received,
without any pretreatment step. During SCMFC operation, sodium acetate (Sigma Aldrich) was

added to the electrolyte as substrate (carbon source) for bacteria.

5.2.4 Determination of oxygen profiles in SCMFC

In order to reduce eventual interference in the sensor response, profiles of oxygen concentration in
proximity of both anode and cathode surfaces (Figures 5.2A and 5.2B, respectively) were
determined under open circuit conditions of the MFC. Preliminary experiments (not reported here)
demonstrated that the presence of a current flow could considerably increase the noise of the

amperometric sensor response.
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Pt wire

Bio-sensor

Luggin + Ag|AgCl

cathode

304 SS anode 304 SS anode
A B

Figure 5.2 Schematic analysis-setups approaching the anode (A) and the cathode (B).

The microsensor along with Ag|AgCl (3M) reference and Pt-wire counter electrodes were inserted
from the upper cap of the MFC and moved down from the level of the solution towards the anode
(Figure 5.2A). For the cathode monitoring, the microsensor was bent to reach the cathode surface
and it was moved from the anode towards the cathode creating oxygen profile between the two
electrodes (Figure 5.2B). The position and movement of the oxygen microsensor was controlled by

a computer-controlled stage (NLE Series Precision Linear Stage, Newmark Systems Inc.) having a

maximum spatial resolution of 100 nm.
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5.3 Results and Discussions

5.3.1 Electrochemical Performances

The electrochemical performance of the BOx-based microsensor was examined via cyclic
voltammetry (CV), carried out at 100 mV-s™ in 0.IM PB + 0.1M KCl solution (pH 7.5) (Figure
5.3). The potential window of the cyclic voltammetry was selected between 0.7 and -0.4 V in order
to avoid enzyme denaturation and ensure enzyme function. Control electrode, containing only
carbon fiber and no enzyme showed almost flat response over the investigated potential window.

After the enzyme immobilization, increased capacitance and current output were observed.
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Figure 5.3 CVs. Scan rate: 100 mVs”'; CE: Pt; RE: Ag|AgCl (3M). WE: carbon cloth fibers in oxygen
saturated solution (black); BOx microsensor electrode in oxygen depleted solution (green), in air-

saturated solution (blue) and in oxygen saturated solution (red).

The highest difference in the sensor response as a result of different oxygen content in the
electrolyte was recorded at -0.4 V; therefore, this potential was consequently chosen as a proper
potential for the subsequent chronoamperometry analyses. One of the main problems of enzymatic

biosensors and biological systems in general is their low stability. This constraint can be overcome
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with encapsulation of the enzyme in silica matrix [128]. Silica encapsulation is a simple, fast and
effective method for entrapment of biological specimens. This encapsulation process involves low-
temperature hydrolysis of appropriate monomeric precursors. The polymeric framework grows
around the biomolecule, creating a cage and thus protecting the enzyme from aggregation and
unfolding. These silica matrixes are chemically inert, hydrophilic, and inexpensive to synthesize.
Their porous nature provides an efficient design that restricts movement of the enzyme but allows
free access of the analytes [129]. In addition to the increased stability, the silica matrix creates a
diffusional barrier, which ensures operation of the sensor at mass transport controlled mode. In this
condition the sensor has a linear response from the concentration of an analyte [130].

In order to test the effect of the silica layer on the performance of the developed enzymatic oxygen
sensor, a comparison between encapsulated and not encapsulated sensors was also performed.
Chronoamperometry measurements of the sensor response at various oxygen concentrations were
carried out in 0.1M PB + 0.1 KCI (pH 7.5) solution at the chosen potential of -0.4 V.

These measurements were executed with two sensor types:

I not encapsulated,

1I: encapsulated with silica-layer.

Each measurement was carried out in triplicate (Figures 5.4A and 5.4B). Considering that low
oxygen concentrations have been previously reported for biofilms [117], the calibration graphs are
presented without the current values obtained for the solutions where oxygen was added ([O,= 20
mg-L™']). In this way, it is possible to visualize the graphs in the range of interest.

Both sensor types showed a good linear current response as a function of oxygen concentration with
a coefficient of determination R* > 0.97. The sensitivity of the type I sensor was higher since the
electrode was directly exposed to the electrolyte. At the same time, the reproducibility of the sensor
response was lower in comparison to the encapsulated sensor (type /), especially at small oxygen
concentrations, which we expect to have in MFC. Therefore, the encapsulated sensor was selected
for further implementation in determining MFC’s oxygen profile due to its higher response
reproducibility. The next step was calibration of the type /I (encapsulated) sensor in wastewater
(WW) solution in order to avoid eventual matrix effect (Figure 5.4C). The sensor showed linear
response in both PB and WW. The response in terms of current intensity and sensitivity was lower

in the latter. There are two possible reasons for the decreased sensor performance:

1) the conductivity of the wastewater is significantly lower than the phosphate buffer, which

introduces ohmic losses and thus leads to decreased current densities;
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i) although BOx shows good resistance towards halogens, the complicated chemistry of the
wastewater (used as received) creates a matrix effect that can modify the enzyme

performances and behavior.

Therefore, the MFC analyses were performed after calibration of the sensor in WW solution. The

presence of sludge in the murky solution did not affect the sensor linearity.
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Figure 5.4 Calibration curves. Not encapsulated sensor (A) and encapsulated sensor (B) in 0.IM PB +
0.IM KCI. Encapsulated sensor in 0.1M PB + 0.IM KCl and in WW (C), lifetime in WW from day I to day
14 (D).

52



- 5. Oxygen consumption in SCMFC -

Figure 5.5 depicts the calibration graph for encapsulated sensors in PB and WW considering the
four oxygen concentrations described in chapter 5.2.2. It is important to note that the biosensor

maintains a linear response also at high oxygen concentration.
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Figure 5.5 Calibration curves for encapsulated sensor in 0.IM PB+0.IM KCI (pH 7.5) and in WW using

Jfour oxygen concentrations.

In order to study the sensor lifetime, the calibration procedure was repeated at different days (Figure
5.4D). In terms of linearity and reproducibility, the sensor performance was maintained for 8 days
for the encapsulated biosensor. After that time, the response was no longer linear and became totally
flat (Figure 5.4D — Day 14). It is interesting to remark that the enzyme showed only slight gradual
deactivation over time. The deactivation of the enzyme was faster for not encapsulated sensors:
after 2-3 days unacceptable responses were obtained. This phenomenon most likely was a
consequence of the direct contact of the enzyme with pollutants in the wastewater that decreased
significantly the enzymatic activity. Silica encapsulation stabilized the enzyme and quadrupled the

sensors life.
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5.3.2 SCMFC Analysis

Membraneless single chamber microbial fuel cell equipped with an activated carbon (AC) based air-
breathing cathode and a AISI304 stainless steel anode was inoculated with fresh urban wastewater
at the beginning of the test. Sodium acetate was added to the electrolyte as a substrate (3 g-L™") for
bacteria. The SCMFC was polarized with a constant resistance of 100 Q and the corresponding cell
potential was recorded and recalculated in terms of power. The power generated from the SCMFC
over time is shown in Figure 5.6 A. The SCMFC was unproductive for five days, as power values
close to zero were observed. At day 6, the cell started to produce power, reaching 10uW, which
dropped to zero at day 7. It has to be taken into consideration that at the startup both the anode and
the cathode of the SCMFC where clean, un-colonized, electrodes. Thus, the initial delay is needed
to allow bacteria colonizing the surfaces, obtaining the bio-catalyzed electrodes. Bacteria consume
acetate to grow and, as explained below in chapter 5.3.3, to establish anaerobic conditions inside the
SCMFC. At the end of day 9, the 3 g-L"' sodium acetate concentration was re-established by
addition of acetate in the solution. Three days later (day 12), the power production started again and

constantly increased until day 18 (80 uW), when the experiment was terminated.

5.3.3 Oxygen Profiles Towards the Anode Surface

Profiles of oxygen concentration in the proximity of the anode were determined under MFC open
circuit conditions. The microsensor was inserted into the MFC and moved down from the level of
the solution to the anode surface (Figure 5.2A). The position of the oxygen microsensor was
controlled by a computer-controlled stage with a maximum spatial resolution of 100 nm. The
oxygen profiles approaching the anode surface were measured at different time intervals: after day
1, 3, 8 and 15 of MFC operation (Figure 5.6B). At the startup of the MFC operation (day 1), the
oxygen concentration was approximately constant along the entire path, with the exception of the
first millimeters close to the solution surface where the concentration of oxygen was higher. After 3
days, the concentration was still constant but at a slightly lower value. The oxygen consumption
during these first days is associated with the microbial aerobic processes taking place in the SCMFC
during the startup process with no power production. As a result of oxygen consumption, anaerobic
conditions establish inside the bulk solution, from the solution surface towards the proximity of the
anode [56]. The lower oxygen concentration detected in the SCMFC at day 8 shows that oxygen
was progressively consumed over this period. The SCMFC started to produce power at day 6, and
when all the acetate was consumed, it fell dramatically to zero. A very low oxygen concentration at

10 mm from the solution surface was detected at day 15, consistent with the highest power

54



- 5. Oxygen consumption in SCMFC -

production. These results remark that the absence of oxygen in the region close to the anode of the

SCMEFC plays a key role in the cell productivity.
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Figure 5.6 Power generated by the SCMFC over time (A), triangles indicate acetate addition. Oxygen
profile to the anode surface at days 1, 3, 8 and 15 (B).
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5.3.4 Oxygen Profiles Towards the Cathode Surface

For the cathode analyses, the microsensor was moved from the anode towards the cathode (Figure
5.2B). The oxygen profiles measured approaching the cathode surface are shown in Figure 5.7 A at

two different days (8 and 15).
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Figure 5.7 Oxygen profiles to the cathode surface at days 8 and 15 (A); cathodic biofilm after 18
days of operation (B).
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The oxygen content at 4.5 mm far away from the cathode surface was almost equal to that measured
close to the anode at the same days of MFC operation. Moving the sensor closer to the cathode
surface, the oxygen concentration tended to increase. At day 8, oxygen continuously increased
towards the electrode surface, reaching 1.2 mg-L™ in the proximity of the cathode. The curve at day
15 exhibits a practically flat profile from 2.5mm to the cathode surface, where the oxygen content
was 0.6 mg-L™'. This concentration was half of value observed for day 8. The results confirm that
the biofilm developed at the cathode surface (figure 5.7 B) acts as barrier for oxygen diffusion as
previously hypothesized, but never directly measured [48,51,118] and further demonstrates that the
power production was strictly connected to the oxygen consumption in the SCMFC. Based on the
oxygen-profile measurements, it can be proposed that the cathode biofilm has a thickness around 3

mm.
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6.

BIOCATHODE DEVELOPMENT

From: E. Guerrini; M. Grattieri; A. Faggianelli; S.P. Trasatti; P. Cristiani, PTFE Effect on the
Electrocatalysis of the Oxygen Reduction Reaction in Membraneless Microbial Fuel Cells,
Bioelectrochemistry, 106 (2015) 240-247.

6.1 Introduction

Similar to any other chemical fuel cell, in SCMFCs the most energy-demanding process is the
electroreduction of oxygen (ORR) at the cathode [23] and great efforts have been devoted in the last
decades to find electrode materials with lower overpotential for this half-reaction [131-134].
Oxygen reduction reaction is critical as it can produce, locally, very reactive compounds such as
hydrogen peroxide and hydroxyl radicals, according to a two-electron path, or specific
intermediates as a result of a four-electron path [135]. Carbon-based materials are conventionally
used as components of cathodes in the form of composites or thin layers normally kept in place with
organic binders. The most common binders are Nafion® when a hydrophilic layer is required
(Micro-Porous Layer, MPL) and PTFE if hydrophobicity is necessary (Gas Diffusion Layer, GDL)
[136,137]. Both materials come from the low-temperature fuel cell field. These two binders are
widely used for electrodes of MFCs, but different performances and optimal concentrations are
sometimes reported [55,138,139]. Compression of the GDL is usually applied during the thermal
treatment to increase the electrical conductivity of the carbon powder.

ORR electrocatalysis was attempted by means of different routes [140,141] and several advantages
were already pointed out by using microbial biofilm as catalyst (biocathode) on carbon matrix
[45,50,142—-145], capable of continuously producing enzymes [146,147]. Bacteria colonize the wet
surface with a hydrophilic biofilm. Consequently, open-air biocathodes must meet:

1) hydrophobicity on the air side, to prevent solution leakage from the cathodic compartment,

with high oxygen diffusion [148];
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i) hydrophilicity on the water side, as the catalysts of the electrochemical process act at the
interphase between liquid and solid electrode.
In order to discuss these aspects, an electrochemical approach is herein applied based on the
analysis of the polarization curves (ohmic drops, Tafel slope and mass transport issues). Tafel
slopes (b) in biological systems are seldom calculated. In some cases, b is calculated on the linear
sweep voltammetry [149,150]. In these cases, polarization resistances, Tafel slopes and exchange
currents are calculated to evaluate the electrical current passing through the cathode. Together with
Tafel slope calculations, the capacity (C) of the electrochemical double layer was determined and
used as a parameter proportional to the electrochemically accessible surface area. Close scrutiny of
results led to a deeper understanding of the real role of PTFE in the environment of a microbial fuel
cell. GDL was prepared under atmospheric pressure, using PTFE content in the range of 60 to

200%, with the aim to specifically stress the PTFE role in the oxygen reduction reaction.

6.2 Materials and methods

6.2.1 SCMFC design

Single chamber MFCs were operated in batch mode at room temperature (22 + 2 °C). A Pyrex
bottle of 125mL was equipped with a large Pyrex flange on one side, to accommodate the air-
breathing cathode. On bottle top, a hermetic plastic screw cap was used to prevent air exchange
with the electrolyte. Raw inlet from a wastewater treatment plant (Nosedo Milan, Italy) was used as
medium and inoculum. The wastewater had buffer power (pH around 7) and low initial COD (up to
500 mg-L™" of O,). Sodium acetate (Sigma-Aldrich ACS reagent, 99.0%) was periodically added
during the experiment as fuel for bacterial metabolism (36.5mmol-L™" acetate for each addition).
Anodes were made of 2x5 cm carbon cloth (SAATI C1), without any pretreatment or additional
layer on the surface. Carbon cloth was electrically connected to a plastic-insulated copper wire by a
carbon-based conductive paste (TIMCAL). The connection was then insulated by at least 5 layers of
high-viscosity epoxy resin (MAPEI Epojet). The anode was mounted in the lower opening by a
rubber plug. Electrical connection was tested for internal resistance and fluid contact/leakage by
prolonged exposure to distilled water. Cathodes were built from a square 3x3 cm carbon cloth
(SAATI C1) modifying the procedure described from Santoro et al. [50] by the addition of:

a) one layer of carbon (TIMCAL ENSACO 350G)+Nafion® ink on the internal surface (MPL) and
b) one layer of carbon (TIMCAL ENSACO 350G)+PTFE ink on the external surface in contact
with air (GDL).
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The geometric surface area exposed to the solution was a disk of 2 cm in diameter. The electrical
connection to the external circuit was made with a copper wire in the case of the anode and by
direct connection of the carbon cloth for the cathode. In the external circuit, a resistance of 100Q2
connected the anode and cathode poles. Four sets (triplicates) of SCMFCs were built. The
difference was only in the composition of the external layer of the cathode (GDL). The fabrication
of the GDL begun by heating at 100 °C for 24h a given amount of carbon powder (TIMCAL
ENSACO 350G) and carbon cloth to completely remove humidity. GDL layer was constructed by
room temperature spreading of a carbon powder—PTFE suspension ink on one face of the carbon
cloth. A thermal treatment at atmospheric pressure was then carried out to ensure the fixing of the
layer. Working at atmospheric pressure limited the PTFE content in the ink to a minimum
percentage of 60% weight with respect to the carbon powder, as lower percentages exhibited
mechanical instability. The PTFE ink was prepared by adding 1 g of dehydrated carbon powder
with 7 g of deionized water (18.2MQ, MilliQ) and thoroughly mixed. 0.67 g of Triton®X100 was
added to the mixture as surfactant, together with the needed mass of PTFE suspension, and briefly
mixed. The prepared ink was then bar-coated over the pre-treated carbon cloth. The resulting
material was heated at 290 °C for 15 min, to promote the evaporation of the surfactant, and then at

330 °C for 30 min to melt the PTFE.

6.2.2 Experimentation

Four types of cathode were built, with PTFE varying from 60 to 200%w/w (60, 80, 100, 200%) with
respect to carbon powder content (GDL composition only). For each composition, three identical
SCMFCs were built and remained operational for more than two months in batch mode. The
potential difference across a 100Q resistance was continuously recorded, and electrochemical
experiments were performed. The potential £ was recorded every 10min, using a multichannel Data
Logger (Graphtec midi LOGGER GL&820). The generated current (/) was calculated as previously
indicated. Polarization curves were recorded in-situ at a low scan rate (0.166 mV-s') [108], using a
three-electrode configuration. The cathode was connected to the working terminal of the
potentiostat, a Pt wire was connected to the counter, and a SCE reference electrode (Amelchem) (all
potentials in this chapter are referred to this reference electrode) was equipped with a Luggin
capillary and positioned close to the working electrode, so that no compensation of the ohmic drops
was necessary. After equilibration at the open-circuit condition, a linear potential ramp was applied
from the open circuit potential of the electrode, down to appreciable currents (higher than —500

uA). The separation of electro-kinetic factors and electrodic ohmic resistances was performed by a
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further evaluation of the data (see chapter 4.2, pp. 35). The double layer capacitance was measured
by cyclic voltammetry (CV) at different potential scan rates (4, 25, 64, 121 and 196 mV-s™'). The
same three-electrode configuration as used for the polarization curves was employed. The potential
window was selected from —50mV to +50mV vs. the open circuit potential (ocp) of the cathode. In

this potential interval, no Faradaic currents or redox peaks were observed.

6.3 Calculations

6.3.1 Tafel Slope

To calculate the Tafel Slope from the quasi-stationary polarization curves, both interpolation and

derivative methods were applied (chapter 4.2.2 pp. 35) and the mean value was used.

6.3.2 Capacitance from cyclic voltammetry

Cyclic voltammetries (CVs) were conducted on the cathodes at different operating times of the
SCMFCs in order to obtain an evaluation of the total surface area accessible to the electrolyte. The
potential window of the CV was chosen to be in a zone where no faradaic processes were expected

to occur. The electrochemical response was then approximated to a capacitor [110].

6.3.3 Normalization of current production by electrochemical surface

In literature, the calculation of surface area was recently implemented using a value of 35 uF - cm *
for the carbon specific capacitance cg, [111]. Assuming C proportional to the real, wetted,
electrochemical surface, the normalization of the exhibited ORR currents by C gives an estimation
of the specific electrocatalytic activity of the electrodic material. Capacitance changes were

estimated and used to compare the relative performances of the different cathodes.

6.4 Results and discussion

6.4.1 SCMFC current output

The evolution over time of the current (/) of the four types of SCMFCs is reported in Fig. 6.1. One
curve for each SCMFC is shown, as current outputs of triplicates were very similar. The triangles

along the abscissa indicate the addition of 36.5 mmol-L™" (3 g~L_l) of sodium acetate. The trend of
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current shows higher values in the SCMFCs with lower PTFE contents at cathode. All SCMFCs
started productivity in a few days and settled at a first plateau corresponding to a current less than
400 pA. The SCMFCs with the lowest content of PTFE (60%) showed a prompt power production,
but the SCMFCs with 80% PTFE had a similar trend and currents. Higher contents of PTFE gave a
different response: the SCMFCs with 100% PTFE in the cathode started slowly to produce current,
and settled at ~250 uA; the SCMFCs with 200% PTFE in the cathode did not show an appreciable
current production after the first addition of acetate. After a second addition of acetate, at day 18,
the SCMFCs with 60 and 80% PTFE in the cathode showed comparable currents. The SCMFCs
with 100% PTFE slightly increased current. The SCMFCs with 200% PTFE showed a hint of
current production up to a maximum and then a slow decay from the 23™ to the 37" day. Another
addition of acetate at day 37 increased current production, especially in the SCMFCs with the lower
PTFE concentrations. After the last addition of acetate, at day 52, the SCMFCs with 60 and 80%
PTFE started a prompt current production, with a maximum plateau of ~700 wA for the lowest

composition. At the same time, 200% SCMFCs showed no significant production of current despite

the additions of acetate.
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Figure 6.1 Current trends of SCMFCs with different PTFE contents in the cathode. Triangles indicate

acetate additions.
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6.4.2 Polarization curves
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Figure 6.2 Polarization curves of cathodes with different PTFE contents (%) at days zero (overlapped)
and 61 operating.

Fig. 6.2 shows quasi-stationary polarization curves, recorded at day 61 on cathodes of well
operating SCMFCs (each curve is the average of experiments conducted on the three identical
MFCs) and for simplicity only one of the polarization curves at day zero (all very similar). The
graph documents the transformation of a non-electrocatalytic carbon-based electrode (day zero,
practically no current) into a more active electrode, exhibiting higher currents as PTFE content was
decreased. This correlated well with the SCMFC current trends in Fig. 6.1. All the cathodes showed
a continuous increase of current as the potential became more negative, without diffusion-related
plateau. This trend demonstrated that, in this potential window, oxygen concentration on the
electrode was not the limiting factor, in agreement with the results of previous experiments [51].
Moreover, Fig. 6.2 shows that, although very low current was produced in 200% PTFE SCMFCs, a
capability of the electrode to produce currents was increased in respect to day zero. High PTFE
cathodes appeared to be lightly influenced by the biological activity in the SCMFC. To emphasize
the evolution of ORR catalytic biocathodes consistently with the SCMFC productivity, the
exhibited currents (media and standard deviation of points taken from polarization curves at the
same days) at a potential of —250mV (vs. SCE) are reported in Fig. 6.3 vs. the lifetime of each
SCMFC.
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Figure 6.3 Faradaic currents extracted from polarization curves of cathodes at a potential of =250 mV

(vs. SCE) vs. time. Mean values and standard deviations of the triplicates are reported.

At the selected potential (—250mV vs. SCE), polarization curves of all SCMFCs showed the
linearity typical of Tafel plot calculations. Averages of the triplicates, together with standard
deviations, are reported. As for the productivity of the SCMFCs, the cathodes supported very low
currents from the start, up to day 3. At this time, only the 60% PTFE cathodes activated quickly
showing increases in current production. The activation quickly followed in 80% and 100% PTFE
cathodes, then slowly and less in 200% PTFE cathodes. A small tendency to decrease current output
was evident in the final part of the experimentation for all the cathodes. It is worth noting that the
current showed a high standard deviation, together with higher scatter of the average, during the
unproductive days (see Fig. 6.1, days 12—-18) especially for 60-80% PTFE concentrations. This is
consistent with the deactivation of bacteria metabolism in the biocathode in the periods of acetate
depletion. Current did not decrease in the case of the 100% PTFE SCMFCs, pointing to a minor
bacteria activity that never depleted completely the acetate in the SCMFCs.

The currents finally decreased in the 200% PTFE cathodes after a hint of productivity of the

SCMEFCs, in consequence to the second acetate dosage.
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6.4.3 Tafel slopes and resistances

The exhibited currents / in the graphs of Figs. 6.2 and 6.3 can be related to two different parameters:
1) an increase in current might be due to an increase in electrochemically accessible surface
area, maintaining the electrocatalytic characteristics of the pristine materials;

i) an increase in current might be due to real-electrocatalytic effects.

In this last case, a modification of the path (or rate determining step) occurs, with an increase of the
ORR reaction rate on the same extent of electrochemical surface. Similarly, a decrease in the
exhibited current might be due to an increase in the intrinsic ohmic resistance of the electrodic
interface (). The method used for the evaluation of these parameters is the calculation of the Tafel
slopes b and the resistance 7, as described in the theory/calculation section. Application of the
derivative method to the quasi-stationary polarization curves is synthetized in Fig. 6.4. The Tafel
slopes b for the four PTFE concentrations are reported on the primary ordinate axis. The resistance r
for the two outmost concentrations is reported on the secondary ordinate axis vs. days of operation.

In all cases, the mean of triplicate measurements is reported.
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Figure 6.4 Calculated Tafel slopes (primary axis) and cathode ohmic resistances (60% continuous line;

200% dashed line, secondary axis) vs. time of single cathodes with different PTFE contents.
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The resistance r of the electrode interface showed a very low value in both cases, pointing to a quite
conductive electrode—solution interphase. Furthermore, this parameter decreased from 1 to 1.5 Q
down to near 0.1 Q at 61 days. The increase of electrical conductivity could be due to a build-up of
ion concentration in the developing biofilm [48]. Although minimal, differences between 60% and
200% compositions are evidenced. In particular, 200% PTFE cathodes did not show appreciable
resistance contribution from the beginning of the experiment. 60% PTFE cathodes showed a higher
resistance at the beginning. Consequently, the marked differences in current productivity and quasi-
stationary cathodic polarization curves cannot be ascribed to variations of r. Fig. 6.4 also reports the
calculated Tafel slopes b of the four concentrations and their variation with time. With an invariant
b, electrocatalytic effects cannot be ruled out, but a variation of b is a sufficient condition to call for
electrocatalysis. b is an intensive parameter: a decrease in b is ascribed to electrocatalytic activation;
an increase of b, calls for electrocatalytic deactivation of the electrochemical process. Cathodes
approached an initial Tafel slope of 120mV/decade of current, indicative of an uncatalyzed ORR.
Lower PTFE contents showed a lower Tafel slope even at the startup of the cell, indicating a prompt
activation of the electrode. Nevertheless, a general decrease of this parameter down to a value near
80mV/decade of current was clearly visible for all the cathodes within the first week. From days 10
to 18, deactivation occurred, in connection with the decay of MFC performance (Fig. 6.1). The
120mV/decade of current value was reestablished for the most productive (60%), as well as the less
productive (200%) and slightly productive (100%) cathodes. b remained high for the two higher
PTFE percentages, even after the second acetate addition at day 18, while it moved again to 80
mV/decade of current for the 60% cathode. The 80% content cathode moved slowly from
100mV/decade of current, down to 80 mV/decade of current at day 61. The variation of b appeared
to be strictly connected with the acetate availability. Consequently, it seemed most related to the
biocathode development and activity. A first period was associated to the evolution of the abiotic,
uncatalyzed cathode into a catalyzed cathode with a lower b. The differences in the current trends
point out that this is a crucial step for the stimulation of SCMFC productivity. The electrocatalytic
properties of an active biofilm on the cathode are supported by the anodic oxidation of acetate,
supplying the electron flow from the anode through the external circuit. Deactivation of
electrocatalysis happens when acetate is consumed and the lack of acetate inhibits the bacterial
metabolism. Reversal of the deactivation is possible by a new acetate addition. The reversibility of
the process is more evident with the lowest PTFE composition, once the acetate is fed to the
SCMEFC. Too high concentrations of PTFE act against this process of electrochemical re-activation,
resulting in a permanent deactivation of the electrocatalytic electron transfer process in few days, as

proved by the general increase in Tafel slope from days 10 to 15. The lowest value of 80
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mV/decade of current is, however, higher than the conventional chemical electrocatalysts (30—60
mV/decade of current) [131]. This value calls for a limited electrocatalytic activity of the

biocathodes.

6.4.4 Capacitance and normalized current production
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Figure 6.5 Cyclic voltammetries at different scan rates in the capacitive zone of a cathode with 60%

PTFE content.

The calculation of electrochemical double-layer capacitance C from cyclic voltammetry gave an
evaluation of the surface-active area changes of the cathodes. Fig. 6.5 shows an example of the
voltammograms for a 60% PTFE cathode, recorded at different scan rates at day zero. Curves did
not show any faradaic peak, thus resembling the behavior of a capacitor. Potential window was
selected large enough (from —50 to +50mV) to estimate the capacitive currents. The mean
capacitances of the cathodes at the four different PTFE contents were reported in Fig. 6.6 as a

function of time. Standard deviation was shown in the plot, too.
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Figure 6.6 Double layer capacitance trends (average with standard deviation) of the cathodes with

different PTFE contents.

The capacity of the 80% PTFE cathode was definitely higher than the others. Wetting of the GDL
increased at the beginning of the experiment, promoted by the relatively low PTFE content. In the
case of 60% PTFE cathodes, wetting resulted in no capacitance increase. This apparently
contrasting result can be explained in terms of poor mechanical stability of this GDL: carbon
particles detach from the carbon cloth as the cathode gets wet during the first days. Leakages cause
the loss of the GDL carbon particles, which are responsible for the increase of active surface area.
Nevertheless, the great difference in capacitances between the 60 and 80% PTFE cathodes did not
affect the current trends (Fig. 6.1). The trend of each curve was quite similar: after the first days, C
increased up to a maximum (day 34" in the graph) and then decreased again. The final decrease
might be due to fouling (carbonate precipitation [50,51]). To quantify the relation between cathode
capacity and current, calculation of the normalized currents was attempted. In Fig. 6.7, the absolute
values of the ratio between the cathodic currents / at —250mV of Fig. 6.3 and the capacitance C of

Fig. 6.6 are reported.
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Figure 6.7 ORR currents normalized by the double layer capacity vs. time of the cathodes with different
PTFE contents.

The y-axis is expressed in logarithmic scale. The lowest PTFE concentration, reaching a maximum
value of 3.18-10°, was two orders of magnitude higher than the others (9.3-107, 5.2:107, 2.5-10 for
the 80, 100 and 200% PTFE, respectively). A peak of activity was visible for the three lower
concentrations, around the days from 7 to 13. It has to be taken into consideration that during these
days the SCMFCs with the lower concentrations started to produce current, whereas the 200%
PTFE was unproductive, in agreement with the absence of the peak in figure 6.7. Conversely, no
peak of activity is present for the following days, despite the current production of the 60, 80 and

100% PTFE SCMFCs. This behavior is discussed in chapter 6.4.5.

6.4.5 Electrocatalysis and electrochemical active surface

Observing the behavior of normalized currents shown in Fig. 6.7, it is possible to discuss the trends

with two different suppositions:
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1) the evolution of very active ORR sites on the surface of the electrode took place at the
beginning of SCMFC life, then these active sites undergo permanent deactivation when the
electrode wetting was completed;

2) the evolution of ORR active sites is not related to the electrochemically accessible surface
area.

The first hypothesis is not supported in the light of the data shown in Fig. 6.4, as well as the current

trends in Fig. 6.1. 80mV/decade of current Tafel slopes point to a more efficient ORR, occurring

until the day 61. The current trends in Fig. 6.1 are consistent with the increase of cathodic
polarization curves in Fig. 6.2, which was maintained during that time. Deactivation, observable
after the peaks in Fig. 6.7, does not reflect in a decrease of currents, polarization curves, or Tafel
parameters during the rest of the experiment. The second hypothesis is corroborated by the high
activity documented before the dramatic increase of the capacity of 80% PTFE cathodes, shown in

Fig. 6.6. It is possible to conclude that the permeation of the solution into the pores not covered

effectively by the PTFE in the GDL allowed the increase of its electrochemical surface area,

although unconnected with an actual enhancement of the ORR electrocatalysis. In fact, 60% PTFE
cathodes exhibited even higher currents, together with the lowest electrochemical surface area.

Based on the results achieved by the electrochemical tests, the cathode activation during the first

days of the SCMFC operation was clearly documented by the decrease of the kinetic Tafel slope

parameter. This is a sufficient condition to call for electrocatalysis. Efficient active sites for ORR
due to the biocathode development [50,51,146] explain at best the superior performance of

SCMFCs with low PTFE contents. ORR occurs in the hydrophilic MPL in contact with the water

inside the SCMFC, as the mechanical instability destroyed the GDL layer during its wetting. These

sites go through activation and deactivation phases during the SCMFC's life, coherently with the
acetate addition and consumption. The lower productivity of the high PTFE content cathodes is
consequently explained. Cathodes with 200% PTFE did not show any significant activity during the

SCMEFC's life, and the calculated ratio 7/C poorly increased over time. An intrinsic inertness of the

PTFE to sustain the biocathode and ORR is inferable. In fact, the highest PTFE cathode does not

show significant current production and, after an attempt of electrocatalytic activation that might be

attributed to incomplete wetting of the electrode MPL during the first days of operation, a

permanent deactivation is demonstrated by the constant, high Tafel value. Based on the fact that the

ORR can take place in the proximity of the triple-contact zones, where electrolyte, electronic

conductor (carbon powder) and air (oxygen) coexist, the following steps might summarize the

mechanism of ORR in the MFCs tested:

- biological ORR active molecules (mediators) are produced inside the cathodic biofilm;
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- if the PTFE content is low, grafting of these active molecules occurs on the carbon surface
and the ORR occurs with a 80mV/decade of current Tafel slope;

- if PTFE covers the large percentage of carbon surface near the triple-contact zone, grafting
of the active molecules is inhibited and the ORR occurs on the cathode with a 120
mV/decade of current Tafel slope.

This mechanism is also consistent with the decrease of the Tafel slope during the first days of the

experiment. Before the complete wetting of the cathode, the three phase interface is presumably in

the MPL where the electronic conductors are carbon particles and carbon cloth. Long-term
permeation of the water in the GDL moves the triple-contact in the zone where PTFE on carbon
particles inhibits the ORR. This inhibition is permanent and proportional to the capability of the

PTFE of covering the carbon particles with a homogeneous and thick veil. The mechanical

instability of GDL in the 60% PTFE cathode showed a virtually PTFE-free triple-contact zone in

the MPL with a low electrochemical surface area, but large enough to fully sustain the ORR
electrocatalysis of the SCMFC.

Fig. 6.8A reports a SEM micrograph of a 60% cathode after three days of operation, showing the

exposure of the carbon cloth fibers in the cracks underneath the GDL. Fig. 6.8B shows a detail of

the 60% GDL, evidencing its friable nature at high magnifications (12,500x). The other cathodes
with a higher PTFE content did not show similar erosion processes. Operating the SCMFCs in batch
condition, the pH of solution increased over the value of 8.5, allowing the precipitation of
carbonates at the cathode, MPL side, as already documented in previous experiments [50,51]. The
deposition of a carbonate layer might decrease the electrochemical-active area, acting as a barrier to
the waterfront, like the PTFE does in the GDL. It has to be underlined that the expected results for

SCMFCs operating in flow is not far to that obtained in batch, because the stagnant condition in the

porous MPL should be preserved. The solution permeates the porous media depending on the

hydraulic conductivity that, in turn, is a function of the porous medium properties and hydraulic
properties (acceleration, pressure, gravity etc.) following a hydraulic gradient governed by the

Darcy law [151]. Biofilms in porous media grow, occupying pore space and obstructing fluid flow

through pore gorges. In general, the structure of a biofilm can vary a lot depending on a number of

factors including hydrodynamic conditions, nutrient availability, bacteria species, and cell
communication [152]. Erosion occurs due to shear stress exerted by the bulk fluid on the biofilm-
fluid. Operating in turbulent flow, the biofilm should be inhibited outside the MPL solid matrix at

velocity higher than 2m-s' [153].
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Figure 6.8 SEM micrograph of a 60%cathode, GDL side, after three days of operation (A). Detail of the
60% GDL at 12,500 % magnifications (B).
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LACCASE-BASED BIOCATHODE

From:

1) M. Grattieri; P. Scodeller; C. Adam, E. Calvo, Non-Competitive Reversible Inhibition of Laccase by
H202 in Osmium Mediated Layer-By-Layer Multilayer O2 Biocathodes, Journal of the
Electrochemical Society, 162 (9) (2015) G82-G86

2) C. Adam; P. Scodeller; M. Grattieri; M. Villalba; E.J. Calvo, Revisiting Direct Electron Transfer in

Nanostructured Carbon Laccase Oxygen Cathodes, Submitted

7.1 MET Laccase-based Biocathodes

While preparing a biocathode, the maximum current production is the primary goal. Key factors to
achieve this goal are the increased enzyme concentration and its capability to communicate with the
electrode surface. Entrapping the enzyme in a polymeric film is a possible approach to maximize
the enzyme loading. In order to achieve reproducible enzyme electrodes, it is essential to control
film thickness, enzyme and mediator surface loading, variation of oxygen partial pressure,
convective-diffusion mass transport in the liquid electrolyte, and the charge of the topmost layer
[154]. This can be achieved by using the layer-by-layer (LbL) electrostatic adsorption technique
pioneered by Decher [114]. The advantage of the LbL self-assembly over hydrogels of same
composition is that the electrodes can be designed and built choosing from different variables such
as thickness, enzyme loading, osmium concentration and charge of the topmost layer. Unlike
randomly oriented redox hydrogels, cast or electropolymerized films, organized nanostructured thin
films allow control over the film thickness, the enzyme loading and the mediator concentration.
While one assumes homogeneous composition in the x-y plane at any normal distance z from the
metal surface, there is a normal distribution of species, electrostatic potential and vector electron

transfer given by a redox concentration gradient.
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The LbL technique allows coating alternate layers of enzyme and a polymer redox mediator until a
desired amount. Thus, the enzyme concentration can be greatly increased and utilizing a mediator,
such as the poly(allyl)amine osmium, the enzyme-electrode communication is increased, facilitating
the electron transfer.

During the catalytic reduction of oxygen by laccase mediated by the osmium complex tethered to

the poly-electrolyte, PAH-Os, the reactions occurring in the film can be written as:

4PAH - Os (I ) +Lac[4Cu(Il) |—— Lac[4Cu(l) |+ 4PAH - Os (III ) 0. 7.1

+ Ky s ke,
Lac[4Cu(]) |+ O, +4H* =——=—=ES—*=—Lac[4Cu(Il) |+ #,0 €3.72)

Where ES is the complex formed between Lac and molecular oxygen. At the electrode surface:

4{PAH -Os (III ) +e (electrode) — PAH - Os (Il )} (cq.73)

with further redox charge propagation by electron hopping between adjacent osmium redox sites
covalently bound to the polymer back-bone in the normal direction to the electrode surface in the
multilayer film assisted by segmental motion of the polymer strands. In Eq. 7.9 the stoichiometry
number is T, = 4, since four moles of osmium complex are needed to fully reduce the 4-copper sites
of Lac, while the number of electrons is n = 1 for the osmium redox mediator [155]. The substrate
O, undergoes partition between the bulk solution and the film (we assume a partition coefficient Kg
= 1 for oxygen since the thin enzyme films are highly hydrated) and then diffuses within the film
with a diffusion coefficient Do,. The mediator is assumed to be confined within the film, PAH-Os,
covalently attached to the polyelectrolyte backbone. Charge propagation occurs by electron hopping
self-exchange between adjacent sites of the reduced and the oxidized forms of the mediator
described by a diffusion coefficient De [156,157]. Michaelis-Menten kinetics is assumed for the
enzyme-substrate reaction with the association constant Kys and enzyme turnover, kc,.. The reduced
mediator, PAH-Os(II) regenerates the enzyme from the “Native Intermediate”, NI, into the “Fully
Reduced Laccase” Lac[4 Cu(Il)] and Lac[4 Cu(I)] respectively [158] by exchanging 4 electrons
with a mediator-enzyme constant k, according to the conventional “ping-pong” mechanism. It

should be noted that under physiological conditions these four electrons are exchanged sequentially
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through the T1 copper site of the enzyme and further transferred by internal electron transfer (ET)
to the tri-nuclear T2-T3 cluster [158]. The second-order differential equations describing the system
in the steady state are given by Eqs. 7.4 and 7.5 [159,160]. The symbols in brackets refer to the
concentrations of the corresponding species, which vary across the film. Equations 7.4 and 7.5 are

non-linear second order differential equations and have no closed analytical solutions.

d’[PAH-Os]  &kk,[PAH-Os] [0, ] [Lac]

¢ dxz k[PAH-OS] (KMS + [02] )+ kcat [02] (eq. 74)
d2 [02] _ kkcat [PAH_OS] [02] [LaC]TOT
> dx? k[PAH—OS] (KMS + [Oz] ) + kcat [02] (eq. 7.5)

Pratt and Bartlett [160,161] have described a kinetic case-diagram for approximate solutions of the
differential Eqs. 7.4 and 7.5, with the boundary conditions for multilayer enzyme electrode with
self-contained immobilized redox mediator and freely diffusing enzyme-substrate (cases [ to VII).

These approximations have been recently verified experimentally for glucose oxidase and PAH-Os

in LbL films [162].

7.1.1 MET Laccase-biocathode construction

In LbL films, the film thickness, Os surface concentration and enzyme loading grow with the
number of adsorption steps. The catalytic current varies with the film thickness (L) since charge
propagates within the film by electron hopping and the charge increases with thickness [156]. At
high bulk oxygen concentrations, the model predicts that the current will be limited by the kinetics
of the reaction between the mediator and the enzyme T1 Cu site, cases I and II in Bartlett-Pratt

model for thin and thick films respectively [160].

I(casel) = CnnF[PAH - OS] k[Lac] L (eq. 7.6)

T0T TO0oT

1 (caseII ) =nF [PAH - OS]TOT \/CnDek[Lac]T o (eq. 7.7)
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Therefore at high oxygen concentration, the catalytic current increases linearly with the film
thickness (number of enzyme bilayers), the [PAH-Os(II)] follows a Nernstian dependence on the

electrode potential:

N F(E-E,)
i RT

(eq. 7.8)

At low oxygen concentration, cases V and VII in Bartlett-Pratt model describe the biocathode

current density for thin and thick films respectively [160]:

L[Lac]TOT k. Ks[O,].
KMS + KS [02 ]w (eq.7.9)

I(caseV)=¢,nF

2{,D,[PAH -Os], k., [LAC] K[O,]

TOT ~~cat

Ks+K[0,],

oo}

I(caseVII) =nF (eq. 7.10)

Figure 7.1 depicts a plot of the catalytic current density at po, = 1 atm at the plateau potential (0.15
V) as a function of the number of laccase layers and PAH-Os, i.e. the film thickness. For the
thinnest films (corresponding to the lower coverage), the current increases linearly as the film
thickness increases (case I). For the thicker films, on the other hand, the current density reaches a
constant value, imax (case II). This is in excellent agreement with the predictions of the model:
in case I, for the thinnest films, the current dependence in film thickness is first order while for
thicker films, case II predicts a current density independent of film thickness. It is noteworthy that
evidence for the transition of the limiting cases of Pratt-Bartlett model for amperometric enzyme
electrodes could be obtained because of the unique features of the LbL enzyme multilayer strategy,
i.e. the ability to vary the film thickness in a controlled way at the nanometer scale. In both cases,
for the enzyme-mediator rate determining step, one expects a Nernstian dependence of the catalytic
current that follows the Os" redox mediator concentration dependence on electrode potential (Eq.

7.9) giving rise to a catalytic wave in Figure 7.7 [160].
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Figure 7.1 O, reduction catalytic current at 0.15 V vs. Ag/AgCl as function of number of PAH-
Os/Laccase layers; measured by cyclic voltammetry (v = 5 mV-sec”) in O, saturated 0.1 M acetate

buffer 0.2 M KNO; pH 4.7; RDE: w = 9 Hz. Ellipsometric thickness d.

It should be noted that E,; shifts from the reversible potential of the Os"/Os™" surface redox couple,
0.35 V, toward less positive potentials as the number of layers increases, approaching the redox
potential of the surface Os"'/Os" couple under these experimental conditions, i.e. 0.31 V [160]. At

low O, concentration with [0,] <<K,, case V predicts a Michaelis Menten dependence on O

MS
concentration, while for case VII, square root dependence is expected. Notice the different laccase
concentration dependence for thin (Eq. 7.9) and thick films (Eq. 7.10), i.e. linear and square root,
respectively, because of electron diffusion limitations in thick films. We can approximate the

current density to the enzyme reaction rate only for thin films.

7.1.2 MET Laccase-biocathode response

Purified enzyme laccase from Trametes trogii has been employed in this study [163]. Strain 463
(BAFC: Mycological Culture Collection of the Department of Biological Sciences, Faculty of Exact
and Natural Sciences, University of Buenos Aires) of Trametes trogii (Funalia trogii)

(Polyporaceae, Aphyllo phora-les, Basidiomycetes) was used in these experiments. Stock cultures
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were maintained on malt extract agar slants at 4°C. Details of culture conditions and purification of
the enzyme laccase have been reported elsewhere [84].

Figure 7.2 shows the CVs obtained for Lac,|PAH-Os, biocathodes, with n values from 1 to 4 and m
from 2 to 5. The electrode responses in N, saturated solution (7.2A) remark that the progressive
osmium deposition brought to an increased load of Os redox molecules as can be seen by the
increased current peaks related to the redox couple Os"/Os™ (at 0,3V vs. Ag|AgCl). At the same
time, the current responses in O, saturated solution (figure 7.2 B) increased, until current values

close to the previously presented for a Lacs|PAH-Oss biocathode.
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Figure 7.2 Cyclic voltammetry of (Lac),(PAH-Os),, biocathodes with n = 1 and m =2 (black line), n=2 m=3
(red line), n=4 m=5 (blue line), RDE: w = 16 Hz at pp,=0 in N, saturated acetate buffer of pH4.7 + 0.2 M
KNO; at 500 mV.s™ (4) and at po; =1 in O; saturated acetate buffer of pH4.7 + 0.2 M KNOs at 5 mV-s™ (B).
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7.2 Role of H,O,

Laccase biocathodes have been intensively studied for biofuel cells [70,90]. In 2010, it was reported
the first evidence that laccase can be inhibited by H,O, produced by the enzymatic reduction of
oxygen in osmium mediated biocathodes [84]. Later, it was shown that biofuel cells based on a
laccase cathode suffer a dramatic loss in performance due to the H>O, produced by glucose oxidase
immobilized at the anode [86]. The inhibition mechanism of H>O, on mediated laccase electrodes
was unclear until recently, when Milton and Minteer reported the reversible inhibition of laccase by
hydrogen peroxide in mediated electron transfer by (2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) ABTS [164]. Since hydrogen peroxide can be formed at the anodes of biofuel cells
and also be accumulated during oxygen reduction in laccase-modified electrodes, it is imperative to

understand the mechanism of inhibition.

7.3 H,O, Inhibition in MET Laccase-based biocathodes

7.3.1 Materials and Methods

3-mercaptopropane  sulfonate (MPS) was purchased from Sigma-Aldrich Argentina.
Poly(allyl)amine (PAH), sodium acetate and acetic acid (100%) were obtained from Fluka. All
reagents were analytical grade and used without further purification except PAH which was
dialyzed against Milli-Q water. Ultra pure water was obtained from a Milli-Q purification system
(nominal resistivity 18.2 MQ at 25°C) and used to prepare all solutions. The complex osmium
poly(allyl)amine (PAH-Os) was synthesized as described elsewhere [112]. The osmium content was
evaluated spectrophotometrically at A = 475 nm (e = 8100M ' cm ). A gold electrode primed with
20 mM 3-mercaptopropane sulfonate in 0.01 M H,SO4 was further modified on top with a layer of
Os bipyridine covalently tethered to poly(allyl)amine cationic polyelectrolyte followed by
adsorption of laccase from a solution of a suitable pH value (around 5) where the protein carries a
net negative charge (pl = 3.3). This process was repeated with rinsing between each adsorption step
to yield an all-integrated enzyme-mediator system as previously reported [70]. The enzyme laccase
(Lac) was co-immobilized with 100 uL of 0.44 mM osmium bipyridine redox polyelectrolyte
mediator (PAH-Os, pH 8) via layer-by-layer (LbL) electrostatic self-assembly technique. After

rinsing the electrode with Milli-Q water, the following layer was deposited covering the modified
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electrode with 100 uL of 8 uM laccase solution in Milli-Q water for 20 minutes. In every case the

LbL self-assembled electrode structures was covered with a topmost layer of PAH-Os.

7.3.1.1 Electrochemistry

Cyclic voltammetry was performed using an Autolab PGSTAT 30 potentiostat in a three-electrode
cell with a platinum gauze as counter electrode and Ag|AgCl (3M) as reference electrode (all
potentials in this chapter are referred to this reference electrode). The working electrodes were
rotating gold discs (d = 5 mm) embedded in KelF polymer. All measurements were performed in
0.1 M acetate buffer of pH 4.7 containing 0.2 M KNO;. Before measurements, all solutions were
degassed with pure nitrogen or saturated with gas mixtures of nitrogen/oxygen in different ratios. In
order to control the oxygen partial pressure, the N,/O; ratio of this gas mixture was controlled by
means of precision flow meters and flow regulators (G. Bruno Schilling, Argentina). Calibration of
the N»/O, gas mixtures was performed with the rotating disc electrode (RDE) convective-diffusion

limiting current density

7.3.2 Results

The adsorption of laccase on the PAH-Os layers was monitored with the quartz crystal
microbalance obtaining an average surface concentration of 1.34 x 107" mol-cm* in each
adsorption step, while the thickness of the enzyme-mediator multilayer thin films was monitored by
in-situ ellipsometry at 632 nm. As shown by XPS [165], the enzyme multilayer films are comprised
of alternate layers of Lac and osmium polyelectrolyte mediator with some intermixing and
interpenetration of the layers contributing to a flexible wiring of the enzyme due to segmental
motion and electron hopping between adjacent redox centers and the enzyme Cu(T1) center

[84,166].
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Figure 7.3 Cyclic Voltammetry of (Lac);(PAH-Os), biocathode in 0.1 M acetate buffer (pH 4.7)+0.2M
KNOjs in absence of oxygen (curve a and b), and at po; = 1 atm (curve c), without H,O; (curves a, c) and

with 1 mM H>O; (curve b). The right axis corresponds to curves a, b and the left axis to curve c.

Figure 7.3 depicts the electrochemical response of the biocathode in the absence and presence of
oxygen. Under anaerobic conditions, the characteristic redox wave due to the surface confined
osmium complex can be clearly identified. In the presence of oxygen, the Nerstian shape of the
laccase mediated O, reduction catalytic current clearly develops.

Figure 7.4 shows the O, reduction current evolution after addition of H,O, from 1 uM to 1 mM
final concentrations. In all cases, the current drops to a steady state value at each peroxide
concentration. Notice in the inset that for the highest peroxide concentration, a steady current
density value is reached after more than two hours. The long time needed to reach a stationary
current in the case of the highest concentration of H,O; is indicative of an irreversible damage of
the enzyme for high peroxide concentrations as previously reported [167,168]. This result is
indicative of a reversible inhibition by peroxide since a steady state current arises from a balance
between the inhibition rate, which increases with peroxide concentration, and the rate of the enzyme
inhibitor release. Irreversible enzyme inhibition would result in a drop to zero of the catalytic O,

reduction current at all peroxide concentrations (as the H,O, concentration can be always assumed
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as higher than the enzyme concentration). Thus, at each peroxide concentration, a fraction of the
enzyme molecules is inactivated while there is a population of remaining active enzyme for each

inhibitor concentration.
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Figure 7.4 Chronoamperometry of (Lac);(PAH-Os), biocathode at po; =0.2 atm with added H,0; in 0.1
M acetate buffer (pH 4.7) + 0.2 M KNOs at E = 0.15 V, RDE: w = 16 Hz. Inset: expanded plot for I
mM.
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Figure 7.5 CyclicVoltammetry of (Lac);(PAH-Os), at different H,O, concentrations (0, 1, 10, 50, 100,
250, 500 and 1000 uM) for po, = 1.00 atm in 0.1 M acetate buffer (pH 4.7) + 0.2M KNO; at 25
mVs—1,RDE: w = 16 Hz.

Figure 7.5 depicts current density-potential curves for the enzymatic reduction of oxygen mediated
by the osmium polymer at different peroxide concentrations. The Nernstian potential dependence is
identical with and without peroxide in solution and the decrease in the catalytic current is
proportional to the peroxide concentration.

Larger inhibition is observed at higher oxygen partial pressures as can be seen in linear Dixon plots
of Figure 7.6 with a decrease in the slopes at higher pO,. Linearity of Dixon plots indicates that the
enzyme-inhibitor complex cannot reduce oxygen (complete inhibition) [169]. It should be noticed
that for thin films the current density is proportional to the enzyme reaction rate since diffusion

effects are negligible in ultra thin films as previously discussed in chapter 7.1.
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Figure 7.6 Dixon plot 1/i vs. [H,0,] at po, = 0.2, 0.5 and 1.00 for (Lac);(PAH-Os), biocathode.

A complete set of catalytic waves at increasing inhibitor concentrations is shown in Figure 7.7 as a
function of the oxygen partial pressure. The curves have been normalized to the limiting current at
pO;, = 1.00 atm in peroxide free solution, c.a. 114 uA cm °. The data was collected at 0.15 V where
the complete reduction of the Os polymer can be reached.

For each peroxide concentration, the O, reduction bio-catalytic current density increases with
oxygen concentration as it does in the absence of the inhibitor. The larger the concentration of
peroxide in solution, the lower the biocathode current density. However, in all cases the
characteristic enzyme electrode response is maintained. The reversible inhibition of laccase
biocatalytic oxygen reduction by peroxide results in a decrease of i, and the apparent

Michaelis Menten constant, Ko, = 0.5-0.6 atm, c.a. below 250 uM.
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Figure 7.7 Normalized O; reduction catalytic currents at different peroxide concentrations (0, 1, 10, 50,

100, 250, 500 and 1000 uM) at E=0.15 V, RDE: @ = 16 Hz. Lines are best fit to Eq. 7.10.

In order to determine the type of inhibition on the catalytic current, the complex interplay between
diffusion and non-linear enzyme kinetics needs to be taken into account, since the current density is

not necessarily proportional to the rate of the enzyme reaction.
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7.3.3 Discussion
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Figure 7.8 Lineweaver Burke plot (A), Eadie-Hofstee plot (B) and Hanes plot (C).
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Figure 7.8 shows different diagnostic plots for the enzyme inhibition in thin films [169,170]. Linear
Lineweaver Burke double reciprocal plots (Fig. 7.8A) with convergence on the x-axis corresponds
to apparent non-competitive inhibition. However, convergence of data on the ordinate,
characteristic of competitive inhibition, cannot be completely ruled out. Parallel linear Eadie-
Hofstee plots (Fig. 7.8B) are characteristic of non-competitive inhibition which is confirmed by the
non-parallel Hanes plots (Fig. 7.8C) [169]. In non-competitive enzyme inhibition mechanism, the
inhibitor binds to a different site than the substrate-binding site. The inhibitor may bind to the free
enzyme or to the enzyme-substrate complex [169,170]. Similar inhibition has been recently reported
for another artificial mediator of laccase oxygen biocathodes (ABTS) by Prof. Minteer’s group
[164].

Furthemore, the (Lac),(PAH-Os),, biocathodes do not electrochemically reduce hydrogen peroxide
[84]. A comparison of the CV in the absence and presence of peroxide in solution is shown in
Figure 7.1 under anaerobic conditions and demonstrates that H,O, cannot be reduced by laccase,
since there is no difference after addition of peroxide to the electrolyte. We may conclude that
soluble hydrogen peroxideis a non-competitive reversible inhibitor of laccase in oxygen
biocathodes mediated by PAH-Os. It should be stressed that for thick films, i.e L > 15 nm, the
diagnostic plots of Figure 7.8 are no longer valid, since the bio-catalytic current density is no longer
proportional to the enzymatic rate because of diffusion limitations and the current dependence on
oxygen substrate, enzyme and redox mediator is given by Eq. 7.10.

We demonstrate this behavior with data in Figure 7.9 for films with 4 and 12 enzyme-redox
polymer bilayers, respectively. In the absence of peroxide inhibitor, the normalized current densities
to the maximum current show no difference for thin and thick films. On the other hand, when 1 mM
peroxide is present in the solution, the inhibited biocathode shows a larger current drop for a thin
film (4 layers) than for a thick film (12 layers).

For the same fraction of inhibited enzyme molecules in the films, the current density dependence on

enzyme concentration is weaker for thick films than for thin ones, i.e. [Lac]l/2 in Eq. 7.10.
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Figure 7.9 Normalized catalytic current vs. po; for thin (W) and thick (o ) films and effect of addition of
ImM H,0; Lines are best fit to Eq. 7.10.

On the basis of the experimental evidences, we will discuss possible mechanisms to explain the
reversible non-competitive inhibition of laccase oxygen biocathodes by hydrogen peroxide.
Solomon’s group has extensively studied the mechanism of laccase oxygen catalysis [158,171,172].
Solomon’s mechanism considers that oxygen binds to the fully reduced laccase forming the laccase
peroxide intermediate with O, bridging between T2Cu(Il) and T3Cu(Il) and T3Cu(l). In order to
explain H>O, not binding to the O, binding site, we suggest that exogenous soluble H>O, inhibits
laccase by oxidizing T3Cu(I). Previous evidence that peroxide oxidizes the CuT3 site in laccase was
provided by Solomon’s group [167], and further disclosed that HO, binds with low affinity to the
oxidized CuT2/T3 trinuclear center with the need of CuT2 center to bind peroxide [173], previously
suggested by Vanngard [168].

Taking into account this mechanism, the inhibition reversibility was investigated. After inhibition,
washing the electrode and immersing in a fresh peroxide free electrolyte no difference with the
inhibited response was obtained. However, if the inhibited electrode was reduced at —0.4 V in
peroxide free and oxygen free electrolyte for ten minutes, the response of the original non-inhibited
bio-cathode was partially recovered. This suggests that peroxide oxidizes laccase, which needs fully

reduced T3Cu sites to bind O, and that strong reduction of these sites recovers the catalytic activity.
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Notice that laccase activity is recovered in the absence of oxygen and that the inhibition by peroxide
is more important at the highest oxygen partial pressures. Therefore, we assume that in the
reversible inhibition, peroxide competes for the electron injected at T1 copper center with the
oxygen reduction at the trinuclear cluster and the reductive reactivation of laccase. In the absence of
oxygen all electrons injected at T1 by Os(Il) result in the reductive enzyme reactivation. However,
at 1 mM peroxide concentration the initial response was no longer reached, which agrees with a
previous study of Solomon’s group who demonstrated that irreversible protein damage occurs at
high H,O; concentrations [167].

From the present experimental evidence and previous evidence of Kau et al. [167], we suggest that
peroxide inhibits laccase by oxidizing T3Cu(l) and interfering in the Solomon 4-electron

biocatalytic reduction of oxygen mechanism [172].
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7.4 DET Laccase-based biocathodes

The first evidence of direct electron transfer (DET) from an electrode to the T1Cu of laccase was
reported by Russian Scientists in 1978 and further confirmed in 1979 on carbon black electrodes
[72,174]. Several other reports on DET to laccase biocatalyst have followed [62,68,90,175-177].
Based on the molecular structure and size of laccases the maximum surface concentration of the
enzyme monolayer on electrode surfaces has been estimated 2-8-10"'> moles-cm™ [178]. The
orientation of the T1Cu site with respect to the electrode is critical for catalysis, and since the
population of enzyme molecules at tunneling distance is very low, the current densities reported for
flat electrodes with enzyme monolayers are small, typically below 1pA-cm™. For these reason, large

surface area carbon electrodes have been often employed to make DET electrodes.

7.4.1 Materials and Methods

Carbon Vulcan® XC-72 was obtained from Cabot Corporation. H,O,, H;SO4, HNO;, KNO3 and
Poly(vynilchloride) (PVC) were purchased from Sigma-Aldrich Argentina. Sodium acetate and
acetic acid (100 %) were obtained from Fluka. All reagents were analytical grade and used without
further purification. Ultra pure water was obtained from a Milli-Q® purification system (nominal

resistivity 18.2 MQ at 25°C) and used to prepare all solutions.

7.4.1.1 DET Laccase-biocathode construction

To make the DET laccase-biocathode, a rotating gold discs (d = 5 mm) embedded in KelF®
polymer was modified with successive deposition of Carbon Vulcan® and laccase. Carbon
Vulcan® powder was cleaned with nitric acid before use. A suspension of carbon (90%) in
poly(vinyl chloride) (PVC) (10%) in H,O was prepared and diluted five times in the solvent and
sonicated for 30 minutes. The gold disk electrode was first polished with alumina powder and tested
in H,SO4 (1M). A drop of the carbon suspension is deposited on the gold electrode and allowed to
dry completely. Before adsorption of the enzyme, cyclic voltammetry was performed in order to
measure the capacity of the electrode. It is worth mentioning that this step is crucial for the
successful adsorption of laccase. The electroactive area was estimated from the capacitive current
and varies between 100 and 2000 cm®. Adsorption of laccase was carried out by depositing a drop

of enzyme solution in H,O (0.3 mg-mL™) for 30 minutes and rinsed with MilliQ® water. Laccase
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adsorption was identified by measuring the ocp, being higher than 0.5 V in presence of active

laccase.

7.4.1.2 Electrochemistry

Cyclic voltammetry and chronoamperometry were performed using an Autolab PGSTAT 30
potentiostat in a three-electrode cell with platinum gauze as a counter electrode and Ag|AgCl (3M)
as a reference electrode (all potentials herein are referred to this reference electrode). The working
electrodes were the previously described gold discs modified with the carbon Vulcan®. All
measurements were performed in 0.1 M acetate buffer of pH 4.7 containing 0.2 M KNO;.

Before measurements, all solutions were degassed with pure nitrogen or saturated with gas mixtures
of nitrogen/oxygen in different ratios. In order to control the oxygen partial pressure, the N,/O, ratio
of this gas mixture was controlled by means of precision flow meters and flow regulators (G. Bruno

Schilling, Argentina).

7.4.2 Results and Discussion

7.4.2.1 Catalytic Oxygen Reduction on Carbon by Laccase

Very large surface area electrodes were employed in order to magnify the biocatalytic current
response and to improve the contact between the electrode and the active sites of laccase by the

carbon nanostructures.

Figure 7.10 SEM micrographs of carbon Vulcan®-PVC deposited on gold.
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Figure 7.10 depicts a scanning electron micrograph of a composite carbon Vulcan® XC-72 with

adsorbed laccase. The large capacitive charging current [, =C-v , observed in cyclic

voltammetries depicted in figure 7.11, is due to a large surface area of the dispersed Vulcan®
carbon as can be seen from figure 7.10. Comparing the capacitance obtained from the charging
current at different potential sweep rates and the value for HOPG specific capacitance, c.a. 2 uF-cm’

2 we obtain a surface area factor of 1500.
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Figure 7.11 Cyclic voltammograms of the catalytic reduction of O, by laccase adsorbed on carbon
Vulcan®-PVC deposited on the gold electrode in acetate buffer (pH = 4.7) in N, saturated electrolyte
(black line) and in O, saturated electrolyte (red line) at 25 mV-s.

Figure 7.11 depicts current potential curves for carbon Vulcan®-adsorbed laccase composite
cathode in nitrogen saturated and oxygen saturated electrolyte respectively. A clear onset of the bio-
catalytic O, reduction current at 0.65 V is observed in good agreement with the high potential of
Trametes trogii laccase T1 copper site (0.780 V) [179]. From the electrocatalytic response, two

potential regions can be distinguished:

1) a potential dependent current, independent of the oxygen partial pressure at low
overpotentials,
i) a low potential dependent regime, strongly dependent on the oxygen concentration at

high overpotentials. It should be noted that the current plateau at high overpotentials

1s well below the convective-diffusion controlled current.
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It can be noted that oxygen electroreduction is present also for the N, saturated electrolyte below
0.30 V. Considering the high porosity of the electrode and the high affinity of laccase towards
oxygen, traces of oxygen inside the porous electrode might be responsible for the obtained current
response.

The biocatalytic nature of the cathodic currents in oxygen containing solutions was confirmed by
the addition of fluoride as laccase inhibitor, since a complete offset of the catalysis was observed.
Figure 7.12 shows the polarization curves at different oxygen partial pressures and potentials, after

subtracting of the capacitive charging current in N, saturated solution.
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Figure 7.12 O, reduction catalytic currents at different electrochemical potential (E = 0.1, 0.15, 0.2,
0.25, 0.3, 0.35 and 0.4 V) Lines are best fit to eqn. 7.15.

Solomon has described the biocatalytic oxygen reduction by laccases, which can be represented by

equations (7.11-7.13).
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Lac(Cu;I1 )+e — Lac(Cuél) (eq. 7.11)
Lac(C uél )+ Lac(Cuf2 r31) — Lac(C ué’l) + Lac(Cu;2 31) (eq. 7.12)

Lac(Cu},)+3Lac(Cuy.,,p5) + 0, = Lac(Cuj) +3Lac(Cuyy s )+ H,O  (eq. 7.13)

The direct electron transfer (DET) from carbon to the T1 Cu atom represented by eqn. (7.11) is

dependent on the electrode potential and is insensitive to the oxygen partial pressure.

oF 0
Y (E-E
_ 1,0 RT( Tl)

kDET = kDETe (eq. 7.14)

where E’r; is the formal redox potential of CuT1 center in laccase and o the charge transfer
coefficient.

According to Solomon and Jones [172], the internal electron transfer from T1 Cu site to the tri-
nuclear copper cluster T2/T3 across 1.3 nm (eqn. 7.12) is fast, then both T1Cu site and the oxygen
reduction site at the T2/T3 Cu(I) which reacts with molecular oxygen according to eqn. (7.13) are in
equilibrium. This enzymatic reaction is insensitive to the electrode potential and has a Michaelis-

Menten dependence on oxygen partial pressure, pOa:

V= ViaxPos

= (eq. 7.15)
Ky +Po,

The experimental data at different oxygen partial pressures depicted in Figure 7.12 for different
electrode potentials show a Michaelis-Menten behavior. However, the apparent Ky, values vary

with electrode potential since these are apparent Michaelis Menten constants.
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7.5 H,O, Inhibition in DET Laccase-based Biocathodes

The interplay of the direct electron transfer from carbon electrodes to adsorbed laccase and the
inhibition of the cathodic reaction by hydrogen peroxide plays a key role on the enzymatic
electrocatalysis of the ORR. However, to the best of the writer’s knowledge, only the research
group of Prof. Minteer [164] has investigated the H,O, inhibition on laccase electrodes in DET
configuration, besides the importance of this process. Herein, the H>O, inhibition on Laccase

adsorbed on carbon Vulcan® electrodes was investigated.

7.5.1 Materials and Methods

For the inhibition study, the electrode was prepared as explained previously (chapter 7.4.1.1) with
successive deposition of the Vulcan® carbon suspension and laccase. Chronoamperometry at 0.3 V
was used in order to obtain the catalytic currents used for the inhibition mechanism study. All
measurements were performed in acetate buffer (pH = 4.7) under rotation (6 Hz) with successive

additions of freshly prepared hydrogen peroxide solution.

7.5.2 Results and Discussion

7.5.2.1 Inhibition of the Catalyvtic Activity by Hydrogen Peroxide

Figure 7.13 depicts the direct plot for the DET laccase-biocathode at different oxygen partial
pressures and increasing H,O, concentrations. The effect of the inhibitor on the biocatalytic current
response can be clearly seen, influencing both the Ky and the Vyax. In order to determine the
inhibition mechanism on the DET electrode, linearization methods were employed and the results

are reported below.
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Figure 7.13 Normalized O; reduction catalytic currents at different peroxide concentrations (0, 10, 50,

100, 500 and 1000 uM) at E =03V, w = 6 Hz.

7.5.2.2 Linearization Methods

Figure 7.14 depicts the Lineweaver Burke double reciprocal plots and the Eadie-Hofstee plots for
the DET laccase-biocathode. Parallel double reciprocal Lineweaver Burk plots (Figure 7.14 A) are
indicative of uncompetitive inhibition mechanism, unlike mediated mechanism previously reported
(chapter 7.3). On the other hand, Eadie-Hofstee plots suggest non-competitive inhibition
mechanism with parallel lines for low H,O; inhibitor concentration [169]. However, for the Eadie-
Hofstee plots at higher H,O, concentrations, non-parallel lines are obtained, with a tendency for
convergence in a joint intercept on the x-axis, corresponding to uncompetitive inhibition. These
results indicate the presence of a mixed inhibition mechanism, with predominance of uncompetitive
inhibition, especially at high H,O, concentration. The results are consistent with similar findings

from Prof. Minteer’s group with multiwall carbon nanotubes laccase-biocathode [164].
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Figure 7.14 Double reciprocal Lineweaver-Burk plot (A) and Eadie-Hofstee plot (B).
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8.

BIOANODE DEVELOPMENT

From: E. Guerrini; P. Cristiani; M. Grattieri; C. Santoro; B. Li; S.P.M. Trasatti, Electrochemical Behavior

of Stainless Steel Anodes in Membraneless Microbial Fuel Cells, Journal of The Electrochemical Society,

161(3) (2014) H62-H67.

8.1 From Carbon Cloth to Stainless Steel

Carbon cloth sheets (CC) are the most common material for anode application in MFC laboratory
studies due to low resistance and the physical structure of the material. The CC electrode consists of
interwoven fibers that allow the free access of microorganisms and mediators to the electrode
surface [11]. As a matter of fact, carbon cloth is still an expensive support, whose mechanical
fragility prevents its widespread use especially for long term operations. Furthermore, resistivity of
the tested carbon cloth was typically around 3—6 Q-cm. A large projected surface area would have
considerable power losses due to internal resistances. Thus, new materials need to be proposed as
alternative to the carbonaceous based electrodes.

A more rugged and cost effective material AISI304 stainless steel has been proposed to overcome
the weakness of carbon cloth for the scale-up of the MFC technology [180-182], especially for the
application in microbial electrolysis cells where the cathodic reaction of hydrogen evolution is
enhanced [47,183]. Despite a generally excellent corrosion behavior of this material [183], the
effect of bacteria (microbial corrosion) can be considerable in specific electrochemical conditions
and chemical environment, such as in the presence of sulfate reducing bacteria (SRBs) [184—186].
Literature studies of biocatalyzed anodes made of stainless steel, although still promising, did not

bring to the production of scalable and cost effective MFC systems [180,181].
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It is well known that a protective chromium enriched oxide layer forms on the surface of stainless
steel exposed to a natural aerated environment. Nevertheless, the stability of this oxide layer on
electrodes polarized far away from the free corrosion potential, in electrochemical systems like
MFCs, might become critical, with and without the contribution of bacteria. Once stainless steel
starts to corrode, it could act as a sacrificial electrode for providing electrons and eventually lose its
electrode function.

From an electrochemical point of view, too high of potentials (anodic) could break metal passivity
in transpassive regime, thus provoking massive dissolution of the metal [187]. Conversely, too low
of potentials (cathodic) could destabilize the surface oxides, thus reducing the thickness of the
protective layer or removing it completely [185]. In these circumstances, the surface of the metal
might be unprotected from external chemical attacks. In contradiction, the absence of this oxides
layer (normally considered insulating or semiconducting) could in principle increase the electron
transfer from/to the bacterial biofilm, as a consequent decrease of resistivity at the metal/solution
interface.

Previous experimentations with single chamber MFCs, using graphite bioanodes and biocathodes,
revealed a relevant role of SRB at the cathode [188] and confirmed in the best performing systems
in the presence of SRBs at the anode. In the perspective of extensive use of stainless steel in
substitution of graphite electrodes for industrial application of single chamber MFC in wastewater
plants, here, the microbial corrosion on AISI304 anodes was elucidated and the correlation of

microbial corrosion with power generation of SCMFC was established.

8.2 Materials and Methods

The SCMFC (volume: 125 ml) was used in this study. The system had an opening on one side (area
of 5 ¢cm?) to hold the cathodic materials, and two openings on the other side to insert the anodic
materials. A plastic screw cap sealed the top opening of the system. The SCMFCs were filled with
raw wastewater collected from the municipal wastewater treatment plant of Nosedo, Milan, Italy.
Chemical oxygen demand (COD) of the wastewater was 0.3 g-L™' [51]. Sodium acetate was
periodically added into the SCMFCs as substrate for bacteria metabolism. The external resistor (R)

connecting anode and cathode was 100 Q for all tests (Figure 8.1).
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Figure 8.1 Sketch of the different SCMFC configurations used. SCMFC with CC anode and cathode,
and a strip of AISI304 (4); SCMFC with a CC cathode and a strip of AISI304 anode in partially
anaerobic conditions (B); SCMFC with CC cathode and anaerobic round AISI304 anode (C).

The cathode (geometric area: 5 cm®) consisted of a carbon cloth sheet (Saati, Legnano Italy) with
one side being covered by a slurry of carbon black powder (TIMCAL, ENSACO 350 G) and Nafion
binder (5%w suspension in water/alcohols, Sigma Aldrich) to generate a micro porous layer (MPL)
[189], and the other side being coated with a layer of graphite powder + Teflon suspension (70%
w/w, Sigma Aldrich) to form a diffusion layer (GDL). No electrocatalyst was coated on the MPL
layer, which directly contacted with wastewater in the anode chamber of SCMFC.

The AISI304 anodes (Table 8.1) were cut from a 2 mm thick foil. The thickness of the stripe was
then reduced to 0.2 mm by cold working at room temperature. Cold working is the plastic
deformation of metals below the recrystallization temperature. The deformation was obtained by
passing the metal strip between two rolls with a gap of the selected dimension. The final anode
products were obtained from the rolled steel. The degreasing of the anode surface was achieved by
sonication in pure acetone first and in pure ethanol. Carbon-cloth (CC) based anodes (plain

untreated CC without MPL or GDL, 5x3 cm?) were used as the control throughout the experiments.

Table 8.1. Nominal composition of the AISI304 anode.

AISI No /
C Si Mn P S Cr Mo Ni Others
Common Name
304 0.07 0.75 2.00 0.045 0.030 18.0 - 8.0 NO.10
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8.2.1 Experiment description

The experimentation was scheduled and divided in three consecutive steps:

1) setup of three SCMFCs with both electrodes (anode and cathode) in carbon cloth;

2) substitution of two anodes with AISI304 strips from top to bottom of the cells. In the third
SCMFC, a strip of AISI304 was inserted, not connected and left at open circuit;

3) setup of two SCMFCs with the round AISI304 anode kept at the bottom of the cell, where

anaerobic conditions are more easily met.

Step 1. Three SCMFCs with clean un-colonized carbon cloth anodes were set up at the beginning of
the experiment. Fresh wastewater added with sodium acetate (COD: 3 g-L™") was used as inoculum.
The conductivity of the solution after the acetate addition was 4.5 mS-cm '. Chemical and

electrochemical measurements were conducted during the first 15 days of the operation.

Step 2. After these 15 days, an AISI304 strip (2x6.5 cm, area of 13 cm”) was immersed into one of
the three SCMFCs, and kept insulated from the carbon cloth anode (as in Figure 8.1a). The cell was
refilled with fresh wastewater and acetate, and the open circuit potential (ocp) of the AISI304 anode
was recorded during the next 15-days. In the other two SCMFCs, the carbon cloth anode was
removed and replaced with an AISI304 anode (2 X 6.5 cm, area of 13 cm?). The AISI304 anode
strips were vertically immersed into the cell solution, with the upper part close to the solution
surface and the lower part on the bottom of the solution (Figure 8.1b). The SCMFCs were then

refilled with fresh wastewater and sodium acetate, and operated for 15 more days.

Step 3 To compare the microbial corrosion of stainless steel anodes under anaerobic and aerated
conditions, two other SCMFCs were setup with circular AISI304 anodes (diameter of 4 cm, area of
12.6 cm?®) being positioned at the bottom of solution, in the strictly anaerobic zone (Figure 8.1c). As
for all the previous cells, the wastewater was refreshed and added with the same quantity of sodium

acetate.

8.2.2 Electrochemical measurements

A multi-channel multimeter (Graphtech midi Logger 820) was used to record the potential (E) over
the external resistance (Rex) every 15 minutes. The corresponding current (/) through the Rey was
calculated as previously indicated. The Ry was disconnected twice a week for measuring the ocp of

the anode and cathode. Unconnected AISI304 strip was continuously monitored during the 15 days
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of operation, and the ocp was recorded each 15 minutes using Graphtech midi Logger 820, with a
SCE as a reference electrode.

Polarization curves, more precisely quasi-stationary polarization curves, are a particular type of
linear sweep voltammetry (LSV) measured at a low scan rate (0.166 mV-s") [131]. A three-
electrode configuration was applied, with the testing electrode being connected to the working
terminal of the potentiostat, a Pt wire being connected to the counter, and a Luggin capillary
reference electrode being positioned close to the working electrode, so that no correction of the
solution ohmic drops was needed. A linear potential ramp was applied from the ocp of the electrode
to 0 V. All electrochemical potentials are reported vs. the saturated calomel electrode (SCE).

A scanning electron microscope (Leo 1430) was used to inspect the surface morphology of the
AISI304 anode before and after the SCMFC operation. The anode samples were washed with Milli-
Q water, gently scrubbed to remove the biofilms from the metallic surface, then sputtered with gold,

and left under argon flow before the SEM observation.

8.3 Results

8.3.1 Carbon Cloth anode performance

All SCMFCs were operated with CC anodes in the first 15 days (Step 1). The ocp of the CC anode
(as the control sample) dropped to =580 mV at the beginning stage of the tests, indicating that the
anode chamber became completely anaerobic (Figure 8.2). The SCMFC generated useful current
generation in correspondence with the ocp drops. The potential over Rex was ~50 mV, and the
current density was 1 A-m . Anodic and cathodic polarization curves performed at the beginning
and after 15 days of operation are overlapped in Figure 8.3 (absolute values). After 15 days of
operation, great increase in the current sustained by both electrodes is evident. The cathodic shape
did not change with time, while the current increased during the biocathode development in
agreement with previous studies [51]. The anodic curve undergoes a more complex variation, with a
current peak at the intersection with the cathodic curve. The anodic curve crosses at its maximum
the cathodic curve also in the case of the other two SCMFCs (data not reported). The anodic ocp
(the potential at zero current of each curve) decreases from the initial value of =280 mV down to the

value of about =500 mV. This is consistent with the open circuit measurements shown in Figure 8.2.
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Figure 8.2 Trend of the potential (over 100 2 R..,) of the SCMFCs with CC anodes (solid line, the left

axis) and the corresponding anodic ocp (dashed line, the right axis) during the 15 days of operation.
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Figure 8.3 Polarization curves (linear sweep, 0.166 mV-s"') of anode and cathode in SCMFCs with CC

anodes at day 0 and day 15. (Currents are expressed as the absolute values for Anode/Cathode

comparison and overlay).
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8.3.2 AISI304 anode performance

After 15 days, a AISI304 strip was immersed into the solution of a SCMFC (Step 2). The free
corrosion potential (ocp) of the AISI304 strip decreased constantly to —380 mV (Figure 8.4), 200
mV less negative than that of the CC anodes, as the wastewater becomes anaerobic, simply
following the redox potential of the solution and settled to a constant value in 10 days. No

macroscopic biofilms were observed on the AISI304 surface.

E |V (vs. SCE)

t/'d

Figure 8.4 Free corrosion potential trend of the AISI304 strip immersed close to the anode in a

SCMFC.

In the other MFCs, the carbon cloth anode was replaced with a new AISI304 stainless steel strip
(the biocathode was unchanged). Due to the rectangular geometry of the strip, the upper part of the
new anode operated near the surface of the solution and the lower part was in the deeper zone
(Figure 8.1B). During tests an occasional contact with oxygen happened on the surface, due to the

opening and handling of the SCMFC for electrochemical analyzes and sampling.
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Figure 8.5 Trend of the potential (over 100 2 R.,,) of the SCMFCs with AISI304 anode (solid line, the
left axis) and the corresponding anodic ocp (dashed line, the right axis) during the 15 days of

The ocp trend decreased within a week of operation (Figure 8.5), indicating that the anaerobic
condition was recovered in the chamber, and the SCMFCs started producing power. The ocp of the
AISI304 anode reached —510 mV, becoming more negative than AISI304 left in wastewater
solution and less negative than the carbon cloth anode, in two weeks. An increase of SCMFC
productivity is observed during the second week, correlated to the decrease of the ocp of the
AISI304 anode, up to a maximum at day 15.

The potential output was three times lower than the one exhibited by the SCMFC with carbon cloth
anode, and it did not reach a plateau. It must be noted that, despite the metal and carbon cloth
anodes have the same projected surface area, a considerably higher real surface is due to the
weaving of carbon fibers. Hence, the current output might partially be attributed to difference in the
real surface area.

Anodic polarization curves performed over time (0, 1, 4, 7, and 14 days) are shown in Figure 8.6.
The current intensity increased monotonically over time when biofilms started growing on AISI304
surfaces. The current output was low on day 0 and day 1, indicating the effect of the passive layer

controlling the stainless steel corrosion.
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Figure 8.6 Evolution over time of the anodic polarization curves of the AISI304 anode kept as in Fig.
8.1B, in partially oxygenated conditions. (Numbers next to the curves refer to the day of the

polarization measurement).

After day 2, the behavior of the passive layer disappeared, and two current peaks (one at =180 mV
(typical of stainless steel corrosion) and the other at =380 mV) evolved and persisted in the plateau
till the end of the experiment (15 days). The first peak appeared on day 4, a couple of days before
SCMFCs started to produce power. The second peak appeared on day 7, when SCMFCs had
measurable power output. Even though there was no evidence associated with power production in
the first peak, it was still apparent that the peak was correlated to the anaerobic progression in the

solution and/or to the modifications of the ocp of the metal.
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Figure 8.7 Evolution over time of the polarization curves of the carbon cloth cathode in the SCMFC

with the AISI304 anode. Numbers next to the curves refer to the day of the polarization experiment.

Figure 8.7 illustrates the response of the biocathode, already operating from the previous
experiment with graphite-based anode. The polarization curve on day zero, right after the anode
exchange and wastewater refreshment, shows high currents. This points to effective capacity of the
biocathode to maintain the catalysis of oxygen reduction also in the new environment.

Polarization curves for cathode (Figure 8.8, curve a) and anode (Figure 8.8, curve b) after 15 days
showed an increase in current response. The AISI304 anodic curves showed the evolution of the
anodic peak at a potential close to —380 mV. No typical stainless steel corrosion peak was visible at
around —180 mV. The ocp of the anode on day 15 reached to —580 mV, close to the potential
exhibited by the CC anode (Figure 8.2).
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Figure 8.8 Cathode (a) and anode (b) polarization curves at day 15 of a SCMFC with anode AISI304

positioned as in Fig. 8.1C, in the presence of strictly anaerobic conditions.

8.3.3 Polarized AISI304

In another comparative experiment to confirm the passive layer chemical stability, a new AISI304
strip was exposed to fresh wastewater with acetate. The metal was kept at —600 mV (SCE) by
means of a potentiostat for one day. After this period, a polarization curve was recorded, from —600
mV up to 0 mV, at 0.166 mV-s . The resulting graph was similar to the curves at day 0 and 1 in
Figure 8.6. No peak was observed and the metal exhibited low currents. This test confirmed that the
first peak (day 4) was not caused by the chemical dissolution of oxides on the metal, if exposed to
wastewater at potentials of —600 mV. If the protecting oxide of the AISI304 would be modified by
the low potential, then a peak (at =180 mV) would have formed on the polarization. The low

currents demonstrate the presence of an effective oxide layer, protecting the metal.
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8.3.4 AISI304 anodes under partially aerated and strictly anaerobic conditions

The CC anodes were replaced with the rectangular AISI304 anodes (the biocathodes were intact). In
one case, the AISI304 anode was placed on the bottom of the MFC guaranteeing always strictly
anaerobic condition (Step 3). Instead, another AISI304 anode (the upper part) was occasionally in
contact with oxygen during the opening and handling of the SCMFCs for sampling and analyzes,
while the lower part was always anaerobic (Step 3). The results showed that the AISI304 anode in
the complete anaerobic environment had the power density comparable to the CC anodes (Figure
8.9, curve a).

Power production started after 3 days, and reached a stable plateau of 40 mV (0.4 mA). After the
acetate depletion on day 8, the power production dropped rapidly zero. Once acetate (3 g-L™") was
added, the current production regained a potential of 50 mV (0.5 mA). In contrast, the AISI304
anode with the upper part occasionally exposed to air had much lower power density (Figure 8.9,

curve b).
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Figure 8.9 Trend of the potential at 100 2 exhibited by the MFC with an AISI304 anode completely

immerged in anaerobic conditions (a) and partially immerged in the anodic solution (b).
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8.3.5 SEM observations of AISI304 anode surfaces after 15-day operation

After the 15 days of operation, the AISI304 anodes exposed to aerobic/anaerobic environment in the
anode solution were extracted from SCMFCs for SEM observation. Images A, C, and E (Figure
8.10) were for the lower part of the anode that was in strictly anaerobic status, while the images B,
D, and F were for the upper part of the anode that was occasionally exposed to air during refilling
and sampling. The SEM images showed that there was no change on the lower part surface, and the
oxide layer homogeneously covered the metal surface without damage. In contrast, spots on the
upper part surface were observed (Figure 8.10B), and two morphologies of corrosion pits were
revealed at higher magnifications (Figure 8.10D), with one being large and shallow and the other
being scale-like deposits over the pits. These deposits were probably morphologically attributable to
iron sulfide precipitates (using EDX analysis, data not shown). Analogous pits had been found on
AISI316 surface with the presence of SRB [190].

The SCMFCs with the AISI304 anode in strictly anaerobic environment had a long operational
period (up to two months), and the SEM micrographs showed there was no pitting on the surface
after two months of continuous current production (Figure 8.11). Moreover, grooves due to the
stainless steel sheet fabrication were still present on the used anode surface, indicating the good

anti-corrosion of the AISI304 anode under strictly anaerobic condition.

8.4 Discussion

The results clearly demonstrated that under the strictly anaerobic condition, the AISI304 anode
achieved similar power generation as the CC anode, and the corrosion of the stainless steel became
negligible. Three relevant concerns were

1) the mechanism of anode activation in anaerobic environment,

i1) the possible correlation between bioanode and biocathode performance,

ii1) the AISI304 corrosion mechanisms.
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Figure 8.10 SEM images at three magnifications of the AISI304 used as anode for 15 days. Left
images (4,C,E) refer to the lower part of the plate, exposed to anoxic conditions. Right images (B,D,F)

refer to the upper part of the plate, exposed to residual oxygen concentrations.

116



- 8. Bioanode development -

Figure 8.11 SEM images of AISI304 before the immersion (a) and after 2 months immersion (b) in

completely anaerobic conditions.

8.4.1 Anode activation in SCMFC

After inoculation, a SCMFC normally needs several days to acclimate, during which the anodic
potential decreased to a negative value associated with the anaerobic conditions. The ocp of
AISI304 anode and CC anode reached —580 mV (SCE), approaching the thermodynamic redox
potential of the acetate/CO, couple (about —600 mV at pH 8). Anodic polarization on day 0 showed
low current production (Figure 8.3 and 8.6), that is condition of kinetically inhibited electron
transfer. The SCMFC was under anodic control, since an increase in the cathodic polarization
would not give a higher current generation, whereas an increase in the anodic polarization curve
would cause an increase of current density in SCMFC. The anodic polarization on day 15 showed a
current peak close to the anodic ocp on both CC (Figure 8.3) and AISI304 anodes (Figure 8.6).
Such peaks, corresponding to active redox couples, were already detected in microbial fuel cells and
in microbial electrolyzers by cyclic voltammetry [191-194]. The shape of the polarizations curves
reported, despite the low scan rate (0.166 mV-s '), resembles closely the forward scan of the cyclic

voltammetry at | mV-s ' [194] or more [192,193].
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A general mechanism modeled recently by Strycharz et al. [194] splits the acetate oxidation
pathway on a bioanode into five steps with no assumption about the bacterial consortium, or the
type of mediators involved in electron transfer. The results in this study implied the presence of
mediators in the anodic biofilms. The peaks in the polarization curve on day 15 (Figure 8.3) pointed
unequivocally to a rate-determining step due to the transfer of electrons from the bacteria to the
electroactive mediators, since no similar peak of current was observed in the calculated cyclic
voltammetries of the other steps. The second peak on the AISI304 anode polarization (Figure 8.6)
had the same maximum peak potential as on the CC anode (Figure 8.3). Therefore, it is reasonable

to hypothesize that this is the same rate-determining step between the same mediators.

8.4.2 Bioanode biocathode mutual influence

The evolution of anodic and cathodic curves (Figure 8.3) determined the amount of electrons
exchanged via the external circuit and suggests a strong influence between anodic and cathodic
biofilm metabolisms. Previous observations had found that the development of biocathodes was
closely associated with the functionality of bioanodes [56]. The behavior of the biocathodes (Figure
8.7) supports this statement. On the other hand, the interconnection between anode and cathode is a
further proof of biologically activated cathodic reduction.

After day 0, the electrochemical response of the well-developed biocathode started to decrease,
lowering its activity from day 1, to 4, and finally 7. Current exchange capability decreased steadily
over time. At day 7, the new AISI304 anode started to collect electrons and the SCMFC generated
power. At day 14, the biocathode reversed its trend and showed to develop again, but it did not
reach the currents of day 0, since the current generation of the SCMFC was three times lower than
in the previous cycle. This behavior was a further qualitative evidence of a possible cooperation
between anodic and cathodic biofilms. Hypotheses on cooperation are often invoked to explain the
increase in power production frequently observed in MFCs inoculated with a consortium of bacteria
[182,186,189], although in the same biofilm and not in different biofilms. The first peak of current
in the polarization curves of the AISI304 anode (Figure 8.6) might be correlated to the mutual
influence of anode and cathode. The potential of this first peak is at the ocp of the unproductive
anode. The interaction of bacterial mediators with the oxidized metal at the initial ocp would have
started the electron exchange and biofilm growth, which was in agreement with previous results
[181].

It was also noticed that the anodic curve intersected the cathodic curve near its peak at =380 mV

(SCE) (Figure 8.3). The low ocp of the cathode suggests that the electrochemical reaction carried
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out at the cathode is not the direct oxygen reduction reaction, most likely is a reduction of SO4 to
S by sulfate-reducing bacteria, as studied in detail previously [51,188]. Bacteria grew on
biocathodes to obtain more electrons from the electrode (free of chemical catalyst), and anodophilic
bacteria, similarly, developed a specific anodic redox couple to exploit this electronic request. In
reverse, bioanode developed a peak to increase the electron exchange with the electrode at the
required potential, stimulated the cathodic electron exchange of the biocathode, and enhanced the
growth of electrogenic bacteria. At the same time, if either anode or cathode stopped electron
transfer (as in the case of replacing CC anode with stainless steel anode), the other electrode would
suffer a lower electroactivity. Bio-electrode development resumed only after the restoration of the

electron flux in the external circuit.

8.4.3 AISI 304 corrosion mechanisms

For the rectangular AISI304 anode vertically installed in SCMFCs, the upper part directly in contact
with residual oxygen (if any) in the head space of the anode chamber, which established a mixed
potential in the metal, and achieved a less negative ocp value (—380 mV). In fact, under mixed-
potential conditions, a zone of the metallic surface (the oxygenated part) became more cathodic than
the strictly anaerobic status, and thus a localized corrosion might occur. This is the case in which
pitting corrosion became evident (Figure 8.10B), and nucleation of cathodic centers started to
sustain the formation of pits. More pits showed up from bottom to top of the AISI304 anode, where
oxygen was not completely consumed by bacteria. Observation inside the pits of iron sulfide and
the presence of SRB (documented previously on both the electrodes) [51,118,188] might establish a
correlation between localized corrosion and bacteria metabolism in the well-known phenomenon of
biocorrosion [195-197]. The pitting corrosion might be carried out by bacteria, since the cathodic
polarization at —600 mV (Par. 3.2.1) excluded the possibility of a purely electrochemical corrosion.

In contrast, the strict and homogeneous anaerobic conditions (the bottom of the solution in SCMFC)
inhibited corrosion on the AISI304 anodes. The negative potential prevented metal oxidation,
allowing current production that became comparable to CC anodes over time (Figure 8.3).
Furthermore, the SEM images demonstrated the effectiveness of using a AISI304 as a cheaper
anode material. Its corrosion resistance was well preserved under strict anaerobic conditions and the

passive layer was stable at the normal anodic potentials (less than =500 mV vs. SCE).
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9

CONCLUSIONS AND OUTLOOK

Microbial fuel cells are a fascinating biotechnology that still presents several issues for their
widespread application. The objectives of this dissertation have been focused to investigate four
urgent topics:

oxygen consumption in Single Chamber Microbial Fuel Cells;

PTFE influence on the oxygen reduction reaction in open-air biocathode;

H,O; inhibition in enzyme electrodes for improved biocathodes;

application of stainless steel anodes instead of carbon cloth-based anodes.

The results obtained along the three years research activity allowed clarifying the open issues in

these four topics and the most important achievements are highlighted below.

9.1 Oxygen consumption in Single Chamber Microbial Fuel Cells

The designed hand-made bilirubin oxidase enzymatic microsensor was successfully built, calibrated
and applied in SCMFCs. The microsensor was not poisoned by wastewater and the encapsulation
step with TMOS provided a diffusional barrier improving reproducibility and stability of the sensor.
The microsensor allowed for the understanding of the bioelectrochemical mechanism of oxygen
consumption and the key role of cathodic biofilm that develops on the open-air cathode electrode to
maintain the anaerobic condition in the anode chamber. The biofilm acts as “natural barrier” for the
oxygen diffusion to the anode. The oxygen profiles allowed correlating the oxygen concentration
inside the SCMFC with the start-up and the evolution of the power production of the cell.
Moreover, based on the obtained oxygen profiles, it can be proposed that the cathode biofilm has a

thickness around 3 mm.
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9.2 Biocathode Development

The effect of PTFE content in the cathodes of operating MFCs on ORR was evaluated by
electrocatalysis parameters. The results show that SCMFCs with the lower PTFE percentages in the
GDL had a prompt startup and high current outputs. Electro-activation of the cathodes was shown
by a change of the Tafel slope from 120 mV/decade of current (corresponding to no
electrocatalysis), down to a lower limit of around 80 mV/decade of current (electrocatalytic
behavior). Activation is reversible, related to the biological consumption of acetate in the MFCs.
The ORR is not related to the surface area, neither affected by diffusion-limitations, nor by ohmic
drops. It seems mostly related to biologically-assisted electron transfer activation, inhibited by the

PTFE presence in the triple-contact zone.

9.3 Laccase-based Biocathodes

Trametes trogii laccase-based biocathodes were developed, allowing for catalyzing oxygen
reduction reaction at high potential (0.4 V and 0.6V vs. Ag|AgCl 3M for the MET and DET
electrode respectively). The critical role of H»O, on the electrocatalytic performances was
demonstrated. The study of H,O, inhibition showed two different mechanisms depending on the
wiring technique utilized for the sensor development. The inhibitor binds with no preference to the
free enzyme or to the enzyme-substrate complex, obtaining a non-competitive reversible inhibition
for the MET biocathode. The inhibitor binds preferentially to the enzyme-substrate complex in the
case of the DET biocathode, obtaining an uncompetitive inhibition, especially at high H,O,
concentration. It is important to remark that unlike competitive inhibition, where at high substrate
concentrations (oxygen) the effect of the inhibitor is minimized or completely eliminated, for non-
competitive and uncompetitive inhibition mechanisms the effect of the inhibitor is present at all
substrate concentrations, thus strongly affecting the performances of the biocathode operating in a

hybrid-microbial fuel cell.
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9.4 Bioanode Development

AISI304 stainless steel in SCMFCs was extensively examined under aerobic/anaerobic conditions.
As first estimation, stainless steel anode material is a couple of orders of magnitude cheaper than
carbon cloth (CC). AISI304 anodes and CC anodes had similarities in terms of power generation,
current peaks (at —380 mV) and acetate oxidation. AISI304 anodes suffered from pitting corrosion
with the presence of residual oxygen in the anode chamber. Microbial corrosion did not occur under
strictly anaerobic conditions. CC anodes had higher power generation than AISI304 anodes at the
beginning stage of SCMFC operation, and AISI304 anodes approached the CC anodes over time.

Due to the mechanical stability, low cost, and anti-corrosion capability of AISI304, anodes with the
combined stainless steel and CC should be developed to enhance power generation, prolong the

MFC operational duration, and reduce the costs.

9.5 Outlook

The results presented in this dissertation, together with future improvements, will allow the
development and scale-up of optimized Single Chamber Microbial Fuel Cells. The performances of
SCMFC could be greatly improved if a proper design of the cell is provided and the device is
operated under specific conditions. Stacks of miniaturized microbial fuel cells are gaining interest
due to the possibility to improve power output utilizing small-volume devices. However, the oxygen
diffusion and the dimension of the cathodic biofilm studied in chapter 5 will have to be taken into
consideration when designing the device. If the distance between anode and cathode electrodes is
lower than the 3 mm measured for the cathode biofilm, short circuit will be obtained, with no power
production. The amount of PTFE in the GDL of the air-breathing cathodes must be properly
controlled to avoid leakage of the solution and, at the same time, to do not decrease the ORR
performances. The applicability of enzymatic-cathodes will have to consider the H,O; role and the
larger inhibition obtained at high oxygen pressures. Application of hybrid-MFC in conditions of
medium/low oxygen content could allow limiting the H,O, inhibition effects. AISI 304 could
substitute carbon cloth as support for the bioanode, with good cost-effectiveness. More research is
needed to further optimize the anode support and inexpensive carbon-based conductive paints may

be used on AISI304 to increase the conductivity and the biofilm adhesion on the electrode.
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APPENDIX ONE

Enzymes

Enzymes (E) are biological catalysts. They are classified as biomacromolecules that act in
numerous chemical transformations. Proteins, linear polymers of twenty different amino acids,
constitute the majority of enzymes. Substrates (S) are the reactants of the enzyme-catalyzed
reactions. Enzymes contain one or more active site, where the substrates (S) are chemically
transformed into products (P). One active site may comprise only a few amino acid residues, while
the rest of the protein maintains the three-dimensional integrity of the network. S are transformed
into P with a velocity that is 10°-10* times faster than the reaction in the absence of the bio-
catalyst. It is important to remark that the most important characteristics of enzymes are the high
specificity for the catalyzed reaction and for the substrates selection, which varies from molecule to
molecule. For the sake of simplicity and to avoid confusion, the enzyme commission have divided
enzymes into six major classes, depending on the total reaction catalyzed, utilizing a code number

that unambiguously identify each enzyme [198].

Redox Enzymes

Redox Enzymes, or oxidoreductases, are the first class of enzyme accordingly to the enzyme
commission. They catalyze redox reactions, where one molecule is oxidized while one is reduced as

depicted in figure Al.1.

Product,, . 2 Enzyme,4 . Co-Substrate,,

I /\

[))

Substrate , o “m Enzyme, 4 ™ Co-Substrate,,

Figure Al.1 Schematic representation of the catalytic mechanism of an oxidoreductase enzyme. “ox” and

“red” indicate the oxidized and reduced form respectively.
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The enzyme is reduced accepting electrons from the substrate. Following, the enzyme delivers the
electrons to a co-substrate (or a mediator) and comes back to the oxidized state. The presence of
both the reduced substrate and the oxidized co-substrate will continuously switch the enzyme
between the oxidized and the reduced states. In this way the bio-catalytic process is repeated,
obtaining a stationary state. This mechanism is named ping-pong as the enzyme switches between
the two-redox states to convert the substrate into product. It is possible to use an artificial co-
substrate, which means a co-substrate different from the one that the enzyme uses in nature, using
an electrode as electron acceptor and obtaining an electrons flow that allow to develop
amperometric biosensors. The enzyme can deliver the electrons to redox active molecules or can

directly communicate with the electrode surface.

Enzyme kinetics

The simplest description of the steady-state enzymatic kinetics is based on the Michaelis-Menten
model. It is assumed that S forms a complex enzyme-substrate (£S) with £ in a reversible step and
E, S and ES maintain equilibrium until an irreversible break of the complex ES gives the products P.

E+S <~ ES% E+P

(Al.1)

The second assumption of the model is that the £S concentration can be considered with the steady-
state conditions. This is not true immediately after the addition of the substrate, as the ES
concentration is increasing at his step (called pre-steady state conditions).

Briggs and Haldane proposed a more general mechanism where the direct and the reverse rate

constant (k; and k_;) for the formation of the complex ES are included:

k,
E+S = ES& E+P

k. (A1.2)

If we define e, as the total concentration of the enzyme and e, as the concentration of the enzyme-
substrate complex, the concentration of the free enzyme e is:

€ =€y~ (A1.3)
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Assuming that the concentration of the substrate is considerably greater than the concentration of
the enzyme, the concentration of the free substrate can be considered equal to the initial
concentration S.

It is now possible to define

de
dt

= kl (62 - eES)S - k—leES - kcaleES (Al1.4)

but when the steady-state is obtained (degs/dt=0)

. k.esS
ES = (A1.5)
kS+k , +k,,
the reaction rate, V,is V =k__ e £s thus:
= klkcateZS (Al 6)
kS+k  +k,, '
that can be rearranged to obtain the Michaelis-Menten equation
ds k. esS
V=22 cat€s =kES (A1.7)
d K,+S
where
ke
kE = cat” % (Alg)
K,s+S
and
k,+k,, . .
K,= k—w =Constant of Michaelis — Menten (A1.9)
1
k.es is the maximum reaction rate of the process, V,,,, , and the Michaelis-Menten equation can be

written as:
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VxS
K, +S

V= (A1.10)

The graph for the Michaelis-Menten equation (equation 10) is reported in figure A1.2.

max

%Vmax ------ /

Reaction Rate, V

Substrate Concentration

Figure A1.2 Graph of the Michaelis-Menten equation.

This is the expected shape for the calibration of an enzymatic sensor made with an enzyme that

follows the Michaelis-Menten model. At low substrate concentration (S << Kjs), the reaction rate

increases linearly with the substrate concentration and the Michaelis-Menten equation can be

simplified to

V=VMAXS (AL.11)
KMS
When S = Kysthe reaction rate is exactly half of the V,,,, .
When k_, >>k_, thus
k—1
K,s=— (A1.12)
kl
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and Kjscan be considered as an indicator of the affinity of the enzyme for the substrate. A low Kjys
value corresponds to a strong ES complex whereas if the Ky value is high, the enzyme has low
affinity for the substrate and the ES complex is weak. The disadvantage of the direct plot (non-
linear) is that Ky and Vix can be determined only with difficulty. Linearized representations are
preferred to overcome this problem. There are different ways to find Kys and Vix from the
conversion of the Michaelis-Menten equation, such as Lineweaver Burke double reciprocal plot,

Eadie-Hofstee plot and Hanes plot [169].

Lineweaver Burke Double Reciprocal Plot

By taking the reciprocal of the Michaelis-Menten equation:

1 _Kis+S) (A1.13)
Vi VS
that can be rearranged to obtain
1 Kus (l)+ ! (A1.14)
Vi Vi \NS) Vi
applied to a straight line equation y =mx +q
_1 and x=l (A1.15)
% S

Thus:

K . . -1
m = slope = —"5; y—intercept = and x—intercept = ——

MAX MAX K MS
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Figure A1.3 Lineweaver Burke Double Reciprocal Plot

Eadie-Hofstee Plot

The Michaelis-Menten equation also can be rearranged into

and dividing through by S

Thus:

. . V,
m = slope =-K,,;; y-intercept =V,,,, and x—intercept = 24X

V(Kys+S)=VyuxS
VK, +VS=V,,.S
VS=-VK,+V,\S
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V/S

Figure Al.4 Eadie-Hofstee Plot

Hanes Plot

By taking the reciprocal of the Michaelis-Menten equation and multiply by S:

S S tS)_ Kus+S (A1.20)
Vv ViaxS Viiax
The equation is rearranged to
RIS .0 (A1.21)
Thus:
m = slope = ; y—intercept = —5-; x —intercept = —K
MAX MAX
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S/V

Figure A1.5 Hanes Plot
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APPENDIX TWO

Enzyme Inhibition

Enzyme inhibition is defined as the negative effect on enzyme activity by ligands (inhibitors)
specifically binding to defined catalytic or regulatory centers. In the majority of the cases, the
inhibitor binds reversibly to the enzyme and can be released or displaced, obtaining reversible
inhibition. On the other hand, certain inhibitors bind so strong to the enzyme that they cannot be
detached, obtaining irreversible inhibition. This last case can be caused by covalent binding of the
inhibitor, i.e. suicide substrates that initially follow the catalytic process but subsequently form a
covalent bond with a functional group of the active center and block the enzyme. Reversible and
irreversible inhibitors have to be discussed separately, thus, it is imperative to determine the nature
of inhibition in advance. One possible way to distinguish between reversible and irreversible
inhibition is to separate the inhibitor from the enzyme by dialysis, gel filtration, ultrafiltration, etc.
In the case of reversible inhibition, total enzyme activity should be restored, while no reactivation
may be expected for irreversible inhibition. However, the enzyme may suffer from activity loss due
to the separation procedure, making it difficult to distinguish inactivation from inhibition.

A reliable test to achieve this goal is the determination of the time dependence of the inhibition
effect (figure A2.1). In the case of reversible inhibition, the inhibitor immediately reduces enzyme
activity to a constant time-independent value. On the other hand, for irreversible inhibition the
inhibitor exponentially reduce enzyme activity with a pseudo first order reaction. If the
concentration of the inhibitor is the same of the enzyme, the inhibitor will finally inactivate all

enzyme molecules (stoichiometric binding to the enzyme) [169].
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100 p-========-- Uninhibited reaction----------
X
- IRREVERSIBLE INHIBITION
>
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k¥
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Figure A2.1 Time course for an irreversible and reversible inhibition. [I]; and [I], refer to increasing

concentration of reversible inhibitor.

Enzyme Inhibition Mechanisms

Irreversible inhibition

The irreversible binding of inhibitor (/) to an enzyme can be described as

k[
. k
k. (A2.1)
There is an initial formation of a non-covalent E/ complex, which is then transformed by an

irreversible process into the inactive complex EI.
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Reversible Partial and Complete Inhibition

The general description mechanism for reversible inhibitors can be schematized as follow (A2.2)

k;
E+S = ESB E+P

k.

+ -
I I

NS

EI+A4 = EIS * EI+P

ks (A22)

where V, = k,E and (S — 00) and V, =k,E . Among the reversible inhibition mechanisms, the first

distinction is made between partial and complete inhibition. In the case of partial inhibition, V, =0,

thus the enzyme remains active even after the binding of the inhibitor and it is still possible to

obtain the product, but the activity of the enzyme may be affected by the inhibitor.

For complete inhibition, V, =0, thus the enzyme forms an inactive dead-end complex and the
product is not obtained. It is not easy to distinguish between partial and complete reversible
inhibition. A possible way is related to the graphical representation of the experimental data with
the Dixon plot, where the reciprocal of the reaction rate is plotted versus the inhibitor concentration
(figure A2.2). For partial inhibition the Dixon plot does not yield straight lines, whereas for

complete inhibition a linear graph is obtained.

157



- Appendix Two: Enzyme Inhibition -

1/V

1/V

Inhibitor

Inhibitor

Figure A2.2 Dixon plot for partial inhibition (A) and complete inhibition (B).

Graphic Representation for Reversible Complete inhibitions

To characterize the inhibition types, the turnover rates of several measuring series with varying
substrate concentrations have to be performed, each series containing a constant amount of the

inhibitor. Moreover, as control test, one series without inhibitor have to be measured, for the

determination of Kys and Vyax.

Non-competitive inhibition

In the case of non-competitive inhibition, the inhibitor binds in a different binding site than the

enzyme substrate, either to the free enzyme or to the enzyme-substrate

complex.

3
E+S <= ESS E+P

-1

+
I/ /

o

El+A4 = EIS

k.

+
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In non-competitive inhibition the apparent Michaelis constant and the maximum velocity are both
affected by the inhibitor. The linearized plots for the experimental evidence will give the behavior

reported in figure A2.3
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Figure A2.3 Lineweaver Burke double reciprocal (4) Eadie-Hofstee (B) and Hanes plot (C) for

reversible complete non-competitive inhibition.
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The Lineweaver Burke double reciprocal plot presents all straight lines that meet in a joint intercept
left of the ordinate. The lines differ in gradient and ordinate intercept, because the inhibitor
influences both the apparent Michaelis constant and the maximum velocity. When the binding of
substrate and inhibitor occur completely independent of each other, the joint intercept is located on
the abscissa and this case (where Km is not changed) is named as “pure non-competitive
inhibition”. On the other hand, the shift of the joint intercept up or down, away from the abscissa, is
characteristic of “mixed non-competitive inhibition”. In particular, when the joint intercept is
shifted above the abscissa the substrate tends to impede binding of the inhibitor, thus the inhibitor
binds with a slight preference to the free enzyme. When the joint intercept is shifted below the

abscissa the inhibitor and the substrate support each other in their binding to the enzyme.

The Eadie-Hofstee plot may present parallel or non-parallel lines, but always with different y-

intercepts and x-intercepts. The Hanes plot present non-parallel lines.

Competitive inhibition

In the case of competitive inhibition, the inhibitor competes with the enzyme substrate for its

binding site at the active centre of the enzyme.

k,
E+S <= ESX E+P

_|_

1
b

El

(A2.4)

Vuax is not changed in this case, as substrate is in large surplus (S — OO) and displaces the inhibitor

(as reversely large quantities of inhibitor displace the substrate). The linearized plots for the

experimental evidence will give the behavior reported in figure A2.4.
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1/Vv

1/8S

Figure A2.4 Lineweaver Burke double reciprocal (4A) Eadie-Hofstee (B) and Hanes plot (C) for
reversible complete competitive inhibition.

161



- Appendix Two: Enzyme Inhibition -

The Lineweaver Burke double reciprocal plot presents all straight lines that meet in a joint intercept
on the ordinate, and the y-intercept corresponds to 1/Vyax. The Eadie-Hofstee plot presents non-
parallel lines that meet in a joint intercept on the ordinate, and the y-intercept this time corresponds
to Vmax. The Hanes plot for competitive inhibition present parallel lines. It has to be remarked that
Competitive inhibition is important for the analysis of enzyme specificity by substrate analog as

competitive inhibitors (antagonists) serve as targeted blockers of enzyme reactions in therapy.

Uncompetitive inhibition

Uncompetitive inhibition is a rare type of inhibition. The inhibitor binds exclusively to the enzyme-
substrate complex, thus, such a mechanism will be obtained when the binding site for the inhibitor

is only formed in interaction with substrate:

k,
E+S <= ES5 E+P

_l_

I
M.

ESI

(A2.5)

The linearized plots for the experimental evidence will give the behavior reported in figure A2.5.
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Figure A2.5 Lineweaver Burke double reciprocal (4A) Eadie-Hofstee (B) and Hanes plot (C) for

reversible complete uncompetitive inhibition.
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