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Abstract

The enzymatic biofuel cells are a type of fuel cells, which use biocatalysts (enzymes) instead of
conventional noble metal catalysts. The utilization of enzymes offers various advantages such as
mild operating conditions, variety of possible fuels and high catalytic selectivity, which can
theoretically enable a membraneless design. However, the use of enzymes is associated also with
significant disadvantages such as the difficulty in the establishing of efficient electron transfer
between the enzyme and the electrode surface and the very low long-term stability of enzymatic
electrodes.
The typical performance of enzymatic biofuel cells, which is in the microwatt range, and the
short operational life still limit their practical applications. The research in this field has been
mainly focused on the development of different procedures for immobilization and electrical
coupling of enzymes, while less attention has been paid to the overall system design. The current
study aims to show the systematic development of a glucose-oxygen enzymatic fuel cell. This
dissertation comprises different steps in the engineering of a biofuel cell, from the selection and
development of a suitable procedure for preparation of electrodes and the systematic
investigation of the electron transfer mechanism to the optimization of the electrode performance
and the coupling of the electrodes in a fuel cell configuration.
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Zusammenfassung

Die enzymatische Biobrennstoffzelle ist eine Art von Brennstoffzelle, die statt konventionellen
anorganischen

Katalysatoren

(Edelmetalle),

Enzyme

(Biokatalysatoren)

benutzt.

Die

Anwendung von Enzyme bietet verschiedene Vorteile im Vergleich zu anorganischen
Katalysatoren, wie zum Beispiel mildere Betriebsbedingungen, Vielfalt von möglichen
Brennstoffen und höhere Katalysator-Selektivität, die theoretisch einen membranfreien Aufbau
möglich macht. Allerdings ist die Anwendung von Biokatalysatoren auch mit verschiedenen
Nachteilen verbunden, wie zum Beispiel die Schwierigkeit eine effiziente Elektronübertragung
zwischen Enzym und Elektrodenoberfläche zu ermöglichen und der geringen Langzeitstabilität
еiner enzymatischen Elektrode.
Die typische Leistung der Brennstoffzellen im Microwattbereich und ihre sehr kurze
Lebensdauer begrenzen die bisherigen praktischen Anwendungen. Die Erforschung auf dem
Gebiet der enzymatischen Biobrennstoffzellen ist normalerweise mit der Entwicklung von
verschiedenen Prozeduren für die Enzymimmobilisierung und der elektrischen Ankopplung
verbunden, der Systemaufbau wurde eher weniger beachtet. Diese Doktorarbeit zeigt die
systematische

Entwicklung

einer

Glukose-Sauerstoff-bazierten

enzymatischen

Biobrennstoffzelle. Diese Arbeit umfasst alle Schritte, von der Auswahl einer geeigneten
Prozedur

für

die

Elektrodenpräparation

Elektronenübertragungsmechanismus,

über

und

der

die

systematischen
Optimierung

Untersuchung
der

des

enzymatischen

Elektrodenleistung bis hin zur Kopplung von Anode und Kathode zu einer gesamten
Brennstoffzelle.
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1.

Introduction

The present work entitled “The development of a glucose-oxygen enzymatic biofuel cell”
combines contributions from two

contemporary research

fields –

fuel cells

and

bioelectrochemistry. Both research areas can be regarded as branches of electrochemistry but in
comparison to the rather application-oriented energy-producing task of fuel cells,
bioelectrochemistry has a more fundamental spectrum, associated with the investigation of
electrical phenomena in biological systems (electrokinetic, membrane and electron transfer
phenomena). However, this differentiation is interchangeable in the broader sense, since the
practical optimization of fuel cells requires a solid theoretical background and can also generate
basic knowledge. On the other side, the investigation and understanding of bioelectrochemical
phenomena can result in technological applications (e.g. amperometric biosensors, which
emerged from redox protein electrochemistry studies).
Fuel cells are electrochemical devices, which convert chemical energy into electrical energy.
The direct energy transformation allows them to overcome the thermodynamic limitations of the
combustion-based power systems, increasing their efficiency up to typically 50-60%. The
concept of fuel cell dates back to the early 1839 [1] but just recently the increasing energy
demands and supply limitations of fossil fuels have motivated the commercial endorsement of
the fuel cell technology. On the other side, the historical development of bioelectrochemistry is
tightly associated with the advancement of electrochemistry. It can be dated back to the 18th
century with the experiments of Sulzer, Galvani and Volta [2] but it came to prominence in the
second part of the 20th century and is exponentially expanding since then.
Major focus of the bioelectrochemical research is the biological electron transport and the
electrochemistry of redox enzymes in particular [3]. Driving forces for these investigations have
been some practical applications such as the development of biosensors and bioreactors as well
as the need of fundamental understanding of enzymes redox chemistry. The possibility of
electrical contacting of enzymes has naturally prompted their employment as catalysts in fuel
cell systems and has initiated the concept and studies of enzymatic biofuel cells. Historically, the
work of Yahiro et al. from 1964 has been usually considered as the first report of an enzymatic
biofuel cell in the literature [4], although there is another paper by Davis et al. from 1962, where
1

the authors report electrical output in presence of Escherichia coli and glucose oxidase [5]. The
utilization of enzymes in biological fuel cells provides several substantial advantages such as
high activity at mild conditions, substrate selectivity and a high number of possible fuels.
However, the biological nature of the catalysts is also associated with important drawbacks such
as difficulty in the electrical coupling and insufficient stability. These features postulate
specialized niche applications of enzymatic biofuel cells rather than direct competition with
conventional fuel cells as larger scale electrochemical power sources.
Despite of the extensive research and numerous reports of enzymatic electrodes, the biofuel
cells still suffer from low performance and stability and the continuously growing number of
publications has not yet resulted in substantial improvement. The subject of this thesis is to
present the development and optimization of a glucose-oxygen biofuel cell in a systematic way.
The thesis includes overview of the existing enzymatic biofuel cells with focus on the glucose
and oxygen based electrodes, screening and investigation of suitable electrode modification
procedures and their testing in single electrode and fuel cell configurations. Among the
numerous anode modification procedures, specific attention will be drawn to two well-known
approaches, which have not been employed in a glucose-oxygen fuel cell configuration so far, in
an effort to understand the electron transfer mechanism and influence of electrode architecture
on the performance. In addition to the indispensable single electrode studies, focus will be put on
the influence of the fuel cell design and operational parameters. The aim of this study is to
optimize the performance of a glucose-oxygen enzymatic fuel cell and to show the importance of
all steps in the process of development, from the clarification of the catalytic mechanism to the
overall cell design, by addressing the particular examples.

2

2.

Theoretical background

2.1

Enzymatic electrodes

2.1.1 Redox enzymes and electron transfer to the electrode surface

Enzymes are proteins with mostly spherical or ellipsoidal shape that are able to catalyze
chemical reactions, typically accelerating the equilibrium constants by a factor of 108-1020 as
compared with non-catalyzed reactions. There is a local cavity within the protein molecule with
a characteristic constitution and stereoconfiguration that forms the catalytically active center,
where a chemically and spatially congruent substrate (“lock-and-key principle”) is converted to a
product (Fig. 2-1). The protein structure is capable of adapting conformationally to the substrate
to a certain extent [2].
The roughly 3000 enzymes currently known are grouped into six main classes according to
the type of reaction catalyzed. Relevant for bioelectrochemical applications is the class of the
oxidoreductases, which catalyze oxidation and reduction reactions by transfer of hydrogen or
electrons. Essential non-protein component of an oxidoreductase, required for its catalytic
activity, is the redox co-factor (redox center), which can be tightly or loosely bound to the
enzyme. Co-factors can be inorganic such as single metals (e.g. Cu), metal clusters (e.g. Ni-Fe)
and organometallic compounds (e.g. heme) or organic such as flavin adenine dinucleotide
(FAD), nicotinamide adenine dinucleotide (NAD) or pyrroloquinoline quinone (PQQ).

Figure 2-1: Schematic presentation of the “lock-and-key” principle for an oxidoreductase.
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A key issue in the development of biofuel cells is the selection of a suitable electrode
modification procedure, which would ideally preserve the activity of the enzyme by providing a
suitable environment and enable highly efficient electron transfer from or to the electrode
surface. It should be noted that in this respect the requirements for amperometric biosensors and
electrodes for biofuel cells overlap to some extent [6]. The principal route of achieving electron
transfer determines the electrode configuration. If an enzyme is capable of transferring
(rendering or receiving) electrons to the electrode, the process is termed Direct Electron Transfer
(DET). Less than 100 from over 1000 redox enzymes are known to feature DET [7]. In general,
enzymes that tend to exhibit DET possess spatially exposed redox relay located near the protein
periphery. In most of the cases, however, the redox unit is deeply buried into the protein
structure and isolated with a thick carbohydrate shell. In order to overcome the kinetic barrier for
electron transfer, a redox active species called mediator can be introduced to the
bioelectrocatalytic system. It is used to shuttle electrons between the enzyme and the electrode
and the process is referred to as Mediated Electron Transfer (MET). The basic electron transfer
principles in the context of biosensors, applicable also to enzymatic biofuel cells, have been
reviewed by Schuhmann et al. [8] and the main types of mediators used in biofuel cells research
are summarized in recent reviews [9, 10].
The bioelectrochemical reaction can be regarded as consecutive reactions, which are
schematically exemplified in the case of oxidation process (Fig. 2-2). The first one is an
enzymatic reaction, which can be described by Michaelis-Menten kinetics (Eq. 1 and 2). The
following reaction involves the regeneration of the reduced form of enzyme either by DET (Eq.
3) or MET (Eq. 4).

1

⇀
Eox + S ↽
 ES
k

(1)

kcat
ES →
Ered + P

(2)

k2
Ered 
→ Eox + ne −

(3)

k3
Ered + M ox 
→ Eox + M red

(4)

k

−1
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In the case of DET the current measured at the electrode is directly generated by the reoxidation
of the reduced form of enzyme and in the case of MET the current is a product of the reoxidation
of the reduced form of mediator at the electrode (Eq. 5).
k4
M red 
→ M ox + ne −

(5)

Thus, the bioelectrochemical current depends not only on the rate of enzymatic reaction but also
on the rates of enzymatic regeneration at the electrode in the case of DET and the rates of
enzymatic regeneration by mediator and mediator reoxidation at the electrode in the case of
MET. The same theoretical treatment with an inverted direction of electron flow can be applied
in the case of reduction reactions.

Figure 2-2: Reaction schemes for direct (DET) and mediated (MET) electron transfer.

2.1.2 Electrode modification and typical electrode architectures

There is a huge variety of immobilization strategies for both enzymes and mediators, which
include simple physical adsorption, covalent attachment, cross-linking and entrapment in
polymeric gels [2]. However, this is a rather formal differentiation since quite often the
5

immobilization approach is a combination of these methods. In general, monolayer
configurations tend to be displaced by multilayers or other three-dimensional (3D) structures in
order to increase the current output. 3D-structures can also provide suitable immobilization
matrices for the enzymes and thus retain for longer time their activity. Provided that efficient
electrical communication is achieved, essential problem that could possibly arise is the limited
mass transport of the fuel. Compared to conventional fuel cell electrodes, the enzymatic
electrodes exhibit higher complexity and the immobilization procedures are usually associated
with complicated chemistry. Mediators tend to be very helpful for enabling or increasing the rate
of electron transfer but the introduction of additional components raises further problems
associated with the intrinsic properties of the mediator (stability, toxicity) as well as system
design issues such as mediator diffusion or leaching.
DET enzymatic electrode configurations are usually realized with the help of carbon-based
and/or nanostructured materials such as spectrographic graphite electrodes [11, 12] or carbon
nanotubes (CNTs) [13-15]. The DET enzymatic electrode configurations are still outnumbered
by MET-based configurations due to the fact that very few enzymes exhibit DET as discussed in
the previous section. The MET enzymatic electrodes can be roughly divided into two groups:
with free diffusive and immobilized mediators. Enzymatic electrodes involving diffusional
mediators are expected to have less practical applications and such studies usually address a
novel enzyme immobilization matrix [16-18]. More common in the area of biofuel cells is the
application of immobilized mediator. Numerous strategies for immobilization of enzymes and
mediators on the electrode surface have been reported in literature [10]. Worth noting are
procedures, which use 3D matrices such as polymers, lipids and CNTs or combinations of these
to incorporate enzyme and mediator.
As already discussed, the utilization of mediators has a significant role in the establishment of
efficient electrical communication between the enzyme and the electrode surface but in many
cases the electrode stability can be influenced by mediator leaching. A promising strategy,
involving the covalent attachment of the mediator to a polymer backbone has been used in order
to overcome this problem. The most notable example, originally introduced by Adam Heller, is
the utilization of Os-based redox hydrogels as mediators and immobilization matrices [19-26].
So far, biofuel cells based on the concept of Os-based redox hydrogels exhibit probably the best
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characteristics in the context of implantable applications and other groups have also adopted this
procedure for immobilization of glucose oxidase (GOx) [27, 28] or other enzymes [29, 30].

2.2

Enzymatic fuel cells

2.2.1 Working principle, advantages and disadvantages of biofuel cells

Biofuel cells are conceptually equivalent of other types of fuel cells. The difference arises from
the nature of the catalysts, which are employed instead of conventional noble metal catalysts,
namely enzymes (biocatalysts). The utilization of biocatalysts results in different operating
conditions and different fuels [3]. The working principle of biofuel cells is the same as in
conventional fuel cells, namely fuel is oxidized at the anode side and the electrons which are
released by the oxidation reaction are driven through an outer electrical circuit, thus generating
electric current. Finally, the electrons reach the cathode, where they combine with an oxidant
(typically oxygen) and protons to a product (typically water). The working principle and main
components of the conventional polymer electrolyte membrane (PEM) fuel cell and an
enzymatic fuel cell are compared in Fig. 2-3.

Figure 2-3: Schematic presentation and working principle of PEM fuel cell and an enzymatic biofuel cell.

The power of a biofuel cell is a product of its voltage and current (P = U × I). The voltage of a
biofuel cell is determined by the potentials of its electrodes (Fig. 2-4). For this reason, it is
7

desired that the oxidation potential is kept as negative as possible and the reduction potential is
kept as positive as possible. The introduction of mediators often enables or increases the rate of
electron transfer and the currents, respectively, but decreases the voltage that can be produced by
the fuel cell. The reason is that the potential of enzymatic electrodes involving MET is
influenced mainly by the potential of the respective mediator, which has to be more positive than
the enzyme potential in the case of oxidation or more negative in the case of reduction in order
that electron transfer takes place. In this respect the utilization of DET approach is more
favorable for biofuel cell applications [7] but often there is a trade-off between the potential and
the rate of electron transfer.

Figure 2-4: Polarization curves of anode and cathode in a fuel cell. Features which determine the performance are
marked: current (I), voltage (U), open-circuit voltage (O.C.V.).

The utilization of biocatalysts provides several advantages over the conventional noble metal
catalysts. Biocatalysts are inexpensive and their extended usage is expected to lower the cost of
production, opposed to transition metal catalysts due to their limited availability. They are highly
efficient systems exhibiting high turnover numbers, selectivity and activity under mild conditions
(neutral pH and near-body temperature). The substrate specificity diminishes reactants crossover,
which theoretically enables a membraneless fuel cell, which reduces the costs and simplifies the
design. In addition, biocatalysts allow the utilization of more complex fuels (as their natural
substrates abundant in nature), opposed to the relatively poor chemistry of hydrogen and
methanol as typical fuels for conventional fuel cells.
8

Though, the biocatalysts have some disadvantages compared to transition metal catalysts. In
general, redox proteins tend to exhibit their superior catalytic properties exclusively in their
natural environment or, in other words, nature did not evolve enzymes for bioelectrocatalytical
applications. This is usually manifested by the difficulty in establishing electrical communication
between the protein and the electrode surface and by the limited stability of the biocatalystelectrode assembly. Another drawback of enzymes from a chemical engineering point of view is
the lower volumetric catalyst density. Enzymes are large molecules, so the number of active sites
per volume is usually lower compared to conventional metal electrodes.

2.2.2 Types of biofuel cells

According to the traditional definition, enzymatic fuel cells are a type of biofuel cells, which
utilize isolated enzymes [6]. If the biocatalysts are located inside living cells, the biofuel cells are
referred to as microbial, although in a recent report [31] it was shown that not only bacteria but
also human cells can be employed as catalysts in a fuel cell device. The use of single enzymes
(or enzyme cascades) allows to have defined reaction pathways on the electrode surface and to
overcome the limited output performance of microbial biofuel cells, which is considered to be
due to mass transfer resistances across the cell membranes [6]. On the other side, enzymes still
cannot compete with microbes in terms of long-term stability and fuel utilization (complete
oxidation).
There are also examples in the literature, where an enzymatic electrode has been combined
with a conventional catalyst electrode. Provided that an abiotic electrode usually exhibits higher
stability, metal catalysts for the anodic reaction [32-38] and more often for the cathodic reaction
[17, 30, 39-49] have been employed in order to complete the electrical circuit and to test the
bioelectrodes under “fuel cell” conditions. The presence of one biocomponent (either anode or
cathode) commonly allows the authors to refer to the studied systems as biofuel cells. Just
recently, a fuel cell incorporating silicon nanoparticles for the electrooxidation of glucose and
microperoxidase-11 (MP-11) for the reduction of hydrogen peroxide has been stated as a “hybrid
cell” [50].

9

2.2.3 Fuels, oxidants and enzymes

The nature of employed catalysts in enzymatic fuel cells allows the utilization of numerous fuels
including variety of sugars and low aliphatic alcohols. The most common and intuitive fuel for
enzymatic biofuel cells is glucose due to its high abundance in nature and essential role in human
metabolism [10]. Glucose is an important metabolic intermediate and a source of energy for a
variety of living organisms. From the enzymes that are capable of glucose oxidation, glucose
oxidase (EC 1.1.3.4, GOx) is the most widely employed in the area of biosensors and biofuel
cells. GOx is a dimer, composed of two identical subunits with a mean total molecular mass of
160 kDa, an average diameter of 8 nm and isoelectric point of about 4.2 [51]. The redox cofactor responsible for the catalytic function of GOx is FAD. GOx catalyzes the conversion of
glucose to gluconolactone, which spontaneously hydrolyzes to gluconic acid. The natural
electron acceptor for GOx is oxygen, which in the course of the natural reaction is reduced to
hydrogen peroxide [51]. Although GOx is a robust enzyme with high activity, there are two
major drawbacks, which complicate its use in biofuel cells. First is the difficulty in establishing
DET due the thick insulating carbohydrate shell [10], which usually necessitates the use of a
mediator and consequently shifts the anodic potential to more positive values. The second
drawback is its high reactivity with oxygen, which complicates the utilization of GOx-based
electrodes in membraneless fuel cell configurations since oxygen competes for the released
electrons with the electrode or the mediator and causes a decrease of the anodic current density.
In addition, the generation of hydrogen peroxide in the vicinity of the electrode should be
avoided since hydrogen peroxide is a highly reactive oxygen species with strong oxidizing
properties and can be harmful to biological components such as enzymes.
Another enzyme that has been widely used in biofuel cell applications is glucose
dehydrogenase (EC 1.1.1.47, GDH) [47, 52-54]. It has some advantages over GOx because its
natural electron acceptor is not oxygen but is expected to find limited application since it
requires a soluble NAD co-factor. A promising enzyme, recently introduced by Gorton and
collaborators for biofuel cell applications is cellobiose dehydrogenase (EC 1.1.99.18, CDH) [30,
55]. Its natural substrate is cellobiose but CDH isolated from ascomycete fungi can also oxidize
other disaccharides such as lactose as well as variety of monosaccharides including glucose. The
enzyme is a monomer containing a flavin and a heme domain. Other enzymes from the family of
10

dehydrogenases that have been used in enzymatic biofuel cells are PQQ-dependent GDH [56]
and fructose dehydrogenase [15, 57] for oxidation of glucose and fructose respectively.
Other possible fuels for enzymatic fuel cells are aliphatic alcohols such as methanol, ethanol
and glycerol, the important metabolic intermediate pyruvate and hydrogen as a non-carbon
containing fuel, which is known as a prominent substrate for conventional fuel cells. Different
dehydrogenases have been employed for the oxidation of alcohols. Worth noting here are the
enzyme cascades that allow complete oxidation of the substrate. For instance, a sequence of
NAD-dependent dehydrogenases has been used for oxidation of methanol to CO2 [49]. The
commonly reported anodic systems use only one enzyme, which catalyzes partial oxidation of
the fuel. The redox process is associated with the breakage of one chemical bond, which limits
the number of electrons that can be gained from the anodic reaction to two. The employment of
enzyme cascades allows better utilization of the chemical energy of the fuel and allows
summation of the electrons from every single reaction and thus increases the total current density
delivered by the fuel cell [58]. Other, PQQ-dependent dehydrogenases have been used for partial
oxidation of ethanol [59] as well as for full oxidation of glycerol together with oxalate oxidase
[60]. Hydrogen oxidation has been achieved by employing membrane-bound hydrogenase,
which contains a Ni-Fe catalytic center and exhibits high tolerance to oxygen and carbon
monoxide [61].
The most widely employed oxidant in enzymatic biofuel cells is oxygen and there are only
few reports of other compounds. Oxygen is the typical oxidant in conventional fuel cells, where
it is used in form of pure gas or air. In the case of enzymatic fuel cells it is usually used dissolved
in aqueous electrolyte, whereby its low water solubility raises additional mass transport
problems. The four-electron reduction to water catalyzed by the respective enzymes represents
the cathodic half-cell reaction [11, 12]. The typical enzymes used for oxygen reduction are plant
and fungal laccases and bilirubin oxidase (EC 1.3.3.5, BOD). These are multi-copper oxidases
that can oxidize variety of substrates and possess four metal ions classified into three types: T1,
T2, and T3. The T1 site is known to bind the organic substrate and the T2/T3 cluster catalyzes
the four-electron reduction of oxygen to water [11, 12]. Laccases usually exhibit activity at
slightly acidic conditions and are commonly employed at pH 5, while BOD has activity in more
alkaline media, which allows its utilization at neutral pH. Another enzyme system used for
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oxygen reduction is based on cytochrome oxidase and cytochrome c, both containing heme as
the catalytic center [62].
Other oxidant that has been rarely employed is hydrogen peroxide. From the enzymes capable
of hydrogen peroxide reduction microperoxidase-11 [63] and horseradish peroxidase [64] have
been employed in biofuel cells. MP-11 has been also used for the reduction of cumene peroxide
in a biofuel cell based on two immiscible solvents [65].

2.2.4 Applications of biofuel cells

The variety of intended enzymatic biofuel cell applications suggested in the literature tends to be
roughly broken into two classes: implantable power and general power. In general, the utilization
of such systems as possible power generating devices is slightly disputable since state-of-the-art
enzymatic fuel cells cannot compete with the conventional energy generators in terms of power
output and stability [66]. Nevertheless, in the context of electrochemical power, worth noting is
the prototype bio battery introduced by Sony® in 2007, which is based on the enzymatic biofuel
cell configuration reported by Sakai et al. [52].
The unique properties of biocatalysts suggest the employment of biofuel cells in uncommon,
niche applications and the most evident are for implantable power, based on glucose and oxygen
[6, 67]. The recent advances in the development of implantable electrically operated devices
raise the need of new power sources that would fit their specific requirements. The
miniaturization of biomedical devices demands miniaturization of their power sources, since the
size of the electrical device is usually dominated by the size of the battery [68]. Theoretically
there are number of biomedical accessories that would take advantage of a small implantable
power source such as the biofuel cell, including the cardiac pacemaker, neurostimulators, hearing
and vision devices, drug pumps, glucose sensors, bladder-control valves, etc. [6, 67]. However,
according to Adam Heller, one of the pioneers in the field, biofuel cells could not compete with
conventional Li-based batteries as power supplies for a pacemaker (due to short operational life)
or neurostimulators (due to limited power output) [66]. He proposes particular applications in
autonomous and disposable sensor-transmitter systems for monitoring bodily functions [66] or
the integration in medical feedback systems for drug-delivery, e.g. for diabetes monitoring and
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control [69]. It should be noted that just recently, the possibility of such applications has been
demonstrated by the implantation of a biofuel cell in a living rat [70].

2.3

Current limitations of glucose-oxygen biofuel cells

The typical enzymatic fuel cell demonstrates power in the microwatt range and low long-term
stability. Biofuel cell tests are often performed under quite different conditions (concentration,
temperature, pH, mass transport conditions, etc.), which complicates or hampers the comparison
between different configurations and the identification of the electrodes and fuel cells with the
best performance. It is obvious that for straightforward characterization some standardization is
needed and the logical way is adoption of methods from conventional fuel cells research.
Regarding the electrochemical experiments the importance of steady-state measurements should
be underlined. Once an unambiguous characterization of the biofuel cell performance under
steady-state conditions has been done, dynamic experiments for simulation of real applications
can be performed.
Essential for the future application of enzymatic fuel cells is their long-term stability. The
utilization of a batch container as the conventional electrochemical cell or a beaker raises the
problems of substrate depletion and product accumulation. Most of the reported configurations
are based on a simple batch type system with focus on the chemistry and processes occurring at
the bioelectrode interface. Flow-through systems offer possible solution for the long-term
stability investigation of biofuel cells.
Quite often the stability of biofuel cells is not evaluated at all, or in an inappropriate manner.
Numerous studies evaluate the long-term performance by recording the respective polarization
curves in different intervals of time, meanwhile storing the fuel cell in the respective solution.
These conditions do not represent the actual working conditions of such power-generating
devices. More realistic information about the long-term stability can be obtained by constant
polarization at potentiostatic or galvanostatic conditions.
Amongst the variety of enzymatic fuel cells based on different fuels and oxidants, glucoseoxygen fuel cells are the most renowned type and subject of most extensive research. Their
major intended application is associated with implantation and use as power sources for other
implantable devices. However, the problem with the low power density is especially pronounced
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in this case since glucose and oxygen are present in very low concentrations in the human body,
which still restrains any realistic practical applications. Therefore, in the development of
glucose-oxygen biofuel cells, apart from the fine tuning and increase of the voltage, a major
focus is the establishment of efficient electron transfer and increase of the currents. On the other
side, the low stability is affected by the intrinsic nature of enzymes as biocatalysts as well as
some issues associated with the electrode architecture (leaching of enzyme, leaching of mediator,
pH change, etc.). The desire for electron transfer efficiency and stability constitute the electrode
design as the essential step in the development of efficient biofuel cells. Consequently, most of
the research until now has been focused on this issue and less attention has been drawn to the
overall system design.
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3.

Aims of the study

In this work the systematic development of a glucose-oxygen enzymatic biofuel cell, including
selection of a suitable electrode modification procedure, electrode preparation, characterization
in single electrode studies and optimization, and, finally, combination of the electrodes in fuel
cell devices and its testing under different operating conditions, is studied.
As discussed in sections 2.1.2 and 2.2.1, the ideal glucose oxidizing enzymatic electrode
should exhibit as negative as possible oxidation onset potential and high current densities. The
electrode potential is limited thermodynamically by the potentials of the respective halfreactions. The standard potential of the glucose oxidation to gluconolactone is –0.37 V
(–0.61 V vs. SCE) and the standard potential of the oxidation of reduced FAD is –0.22 V
(–0.46 V vs. SCE). These values have been calculated under standard conditions, assuming pH 7
and an ionic strength of 0.25 M, according to the data in [71]. Since GOx in general does not
tend to exhibit DET with electrode surfaces, in order to establish an electrical communication, a
mediator is required. The redox potential of the mediator has to be more positive than the
potential of FAD in order that electron transfer takes place. The development of enzymatic
electrodes based on GOx has been associated to a great extend with the search of suitable
mediators, which have both favorable potential and fast kinetics with the enzyme and the
electrode surface according to Eq. (4) and (5), respectively.
Additional requirement with respect to practical and especially implantable applications is the
use of immobilized mediators. Some examples of such enzymatic electrodes, which have found
an application in glucose biofuel cells are ferrocene [72, 73], tetrathiafulvalene (TTF) [74, 75], 8hydroxyquinoline-5-sulfonic acid (HQS) [76] and Os redox hydrogels [20]. So far, Os hydrogels
with redox centers attached to a polymer backbone overpower other configurations as discussed
in [10]. However, the procedure of synthesizing Os redox hydrogels is usually complicated and
involves several steps [22]. In addition, with respect to the application of enzymatic biofuel cells
as implantable power sources, some issues, associated with the toxicity of Os-containing
compounds may arise [6].
After a thorough screening of different procedures for preparation of glucose-oxidizing
anodes, two other alternatives for electrical wiring of GOx have been identified as potential
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candidates for application in a biofuel cell. The first one is the notorious procedure, proposed by
Willner and Katz, which involves the reconstitution of apo-GOx (enzyme lacking co-factor) over
a gold electrode chemically modified by a PQQ/FAD redox relay [77, 78]. The sophisticated
approach based on the optimized structural orientation of mediator, co-factor and enzyme at the
electrode surface, which has been proposed by the authors, should result in effective electron
transport, sufficiently negative onset, fast kinetics and negligible dependence on oxygen [77].
The second procedure that will be investigated is based on the utilization of a specific
electrode architecture based on a polymer film, charge transfer complex (CTC) and gelatin layer.
This approach should enable efficient electron transfer between GOx and the electrode surface,
according to the authors [79]. This procedure results also in sufficiently negative anode potential,
high current densities, minor response to the oxygen in normal buffer solutions and remarkable
stability. The detailed description of the procedures and their advantages and disadvantages will
be presented in the corresponding sections.
The current thesis aims to demonstrate the gradual development of an enzymatic glucoseoxygen fuel cell with focus on some aspects of the optimization at both anode and fuel cell level.
Less attention will be paid to the oxygen-reducing cathode, which will be addressed only in the
context of the fuel cell performance. First, the two electrode modification procedures will be
investigated in detail in order to clarify their working mechanisms and the influence of the
electrode architecture. Afterwards the anode with better characteristics will be combined with an
inorganic cathode in a hybrid biofuel cell. This will allow for testing of the anode under “fuel
cell” conditions as well as for investigation of the influence of design and operating parameters
on the performance of the hybrid device. At the end the enzymatic anode will be combined with
an enzymatic cathode and some aspects, associated with the latter will be discussed.
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4.

Reconstitution of GOx on modified gold

4.1

Approach for electrode modification

The electrode modification procedure proposed by Willner and Katz [77, 78] involves several
successive steps, which are schematically depicted, together with the assumed electron transfer
mechanism, in Figure 4-1. The first step is roughening of the smooth gold surface by contacting
with liquid mercury and subsequent dissolving of the amalgam layer in concentrated nitric acid
(1). The second step involves the functionalization of the rough gold electrode with a cysteamine
monolayer, which introduces free amino groups at the surface (2). In the next step a mediator
molecule, PQQ, is attached to the functionalized surface (3). Then a modified FAD molecule:

N6-(2-aminoethyl)-FAD is attached directly to PQQ through its functional aminoethyl moiety
(4). Finally, apo-enzyme is reconstituted over the PQQ-FAD redox relay (5). The functional
electrode utilizes PQQ as a two-electron mediator, which transfers the electrons from FAD to the
electrode surface.

Figure 4-1: Schematic presentation of the electrode modification procedure and the respective working principle.
Adopted from [77, 78].

The concept of the procedure, shown above is a logical follow-up of the initial efforts of the
authors for reconstitution of apo-enzyme over a ferrocene-modified FAD in solution in order to
obtain a site-specific modified “electroenzyme” [77]. By assembling the PQQ-FAD redox relay
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and reconstituting the enzyme directly on the electrode surface, proper alignment and optimized
positioning is achieved, which should result in an effective electron transfer between the
biocatalyst redox co-factor and the electrode. Indeed, the authors reported current density of
about 300 µA cm-2 at 80 mM glucose, which was in the range of the calculated theoretical
current density, corresponding to the limiting turnover rate of the enzyme in a monolayer. In
addition, the electron transfer efficiency was demonstrated by less than 2 % decrease of the
amperometric

signal

in

presence

of

air

when

the

electrode

was

polarized

at

0 V vs. SCE [77]. Similar reconstitution procedure has been also successfully applied for
construction of enzymatic electrodes comprising of PQQ-boronic acid-FAD assembly [80],
FAD-functionalized Au nanoparticles [81] and FAD-functionalized carbon nanotubes [82].
Despite of the apparent advantages, the group of Professor Willner reported only the
employment of the reconstituted electrode together with a microperoxidase-11-based cathodes in
biofuel cells based on hydrogen peroxide and cumene hydroperoxide as oxidants [63, 65]. The
high performance of the proposed enzymatic anode design has motivated our initial efforts to
reproduce the procedure (and optimize it further if possible) and then to employ it for preparation
of an anode for use in a glucose-oxygen biofuel cell.

4.2

Electrode modification and activity

The method for electrode modification reported by Willner and Katz was adopted in the present
study with slight modifications, regarding the procedure for preparation of apo-GOx and the
carbodiimide coupling, which was used to assist the covalent attachment of PQQ and N6-(2aminoethyl)-FAD to the electrode surface. All steps of the modification were followed by cyclic
voltammetry.
Essential part in the procedure for preparation of apo-GOx is acidified salt treatment to unfold
the spherical rigid protein by precipitation, so the FAD co-factor can be split off. The variations
mainly concern the type of salt solution and the way of recovery of the dissolved protein. In this
work the method proposed by Swoboda [83] was preferred over the method originally employed
by Willner and co-authors [77] due to the simpler realization. The reconstitution ability of the
apo-enzyme was checked in control experiments in solution at conditions identical to the surface
reconstitution experiments. In a spectrophotometric assay the native enzyme exhibited activity
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stated on the label and was used as a reference (100 %). Activity of reconstituted enzyme in
solution was measured to be 86 % in the case of FAD and 63 % in the case of N6-(2-aminoethyl)FAD.
The carbodiimide coupling is a common activation method for the reaction between amino
and carboxylic groups, widely used in peptide chemistry. However, the carbodiimide reactive
intermediate suffers from limited lifetime in aqueous solutions. This is the reason why the
coupling reaction was further assisted by N-hydroxysulfosuccinimide in the present case, which
was expected to improve the overall efficiency [84, 85].
In the first step the smooth gold electrode was subjected to amalgamation and consequent
dissolving of the amalgam layer in concentrated nitric acid, according to the published
procedures [86, 87]. This treatment leads to roughening of the gold surface as can be seen in Fig.
4-2. The highly developed gold structure observed in scanning electron microscopy (SEM)
images is similar to the reported in the literature [86, 87].

Figure 4-2: SEM image of rough gold.

In control experiments the real surface of the electrodes was determined by integration of the
gold oxide reduction peak, according to [88] and a roughness factor of 25 ± 5 has been
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determined. Voltammogram of the rough gold surface recorded immediately after amalgamation
is shown in Fig. 4-3a. The observed voltammetric features have been assigned to OH layer
formation on different single crystal domains [89], which will be discussed in detail in the next
section. In the next step, a self-assembled monolayer (SAM) of cysteamine was formed on the
roughened gold surface. Gold modification by thiol-containing compounds is a widely used
approach for preparation of SAMs, which can be used to ensure selective access to the
underlying surface and to introduce functional groups for further electrode modification [90, 91].
The voltammogram of the resulting cysteamine-modified surface is shown in Fig. 4-3a.
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Figure 4-3: Cyclic voltammograms at different stages of the electrode modification. Conditions: 0.1 M phosphate
buffer, pH 7.2, room temperature, N2 atmosphere, scan rate: 20 mV s-1.

The incomplete suppression of gold redox properties indicates successful SAM formation but
incompact monolayer. The voltammetric features, accompanied by reductive desorption
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experiments (discussed in the next chapter) indicate that the observed electrochemical behavior
can be tentatively assigned to free Au(111) domains [89].
The electrode was further modified by PQQ, which presence on the surface could be followed
by the appearance of a redox peak at –0.16 V vs. SCE, which value is close to the literature
reported data (–0.13 V vs. SCE) [78] (Fig. 4-3b). The deviation can be due to the slight
difference in pH and buffer composition since the formal redox potential of PQQ is pH
dependent and an increase in pH decreases the potential, as shown in [86]. The value in the
present case corresponds to the value, which can be roughly estimated from the pH dependence
in the latter publication. In addition, the formal potential of immobilized PQQ is expected to be
influenced also by the properties of the buffer due to its influence on the acid-base equilibrium of
the polyelectrolyte mediator. The formation of PQQ layer is associated by additional suppression
of the redox processes on gold. A surface coverage of 54 pmol cm-2 has been estimated based on
the charge associated with the PQQ anodic peak assuming a two-electron process and a
roughness factor of 25. This value is one order of magnitude lower compared to the previously
reported values [78]. In general this method gives a rough estimation of the surface coverage,
since it is difficult to determine precisely the real surface area and the limits for PQQ peak
integration.
In the next step N6-(2-aminoethyl)-FAD has been attached to the surface. The presence of
FAD on the surface was evidenced by the appearance of a redox peak at –0.49 V vs. SCE, which
is in accordance to the value reported by Willner [78] and Gooding [92] (Fig. 4-3c). A surface
coverage of 14 pmol cm-2 was calculated. The attachment of FAD was followed by a decrease of
the PQQ peak charge with 3.8 × 10-5 C, which corresponded approximately to the charge
associated with the FAD unit (3.2 × 10-5 C). This phenomenon can be taken as an indication that
the modified PQQ molecules are accessible in the FAD peak during the voltammetry experiment
and that the observed PQQ redox peak is associated only with non-functionalized PQQ
molecules. It is likely that not all PQQ molecules are functionalized with FAD due to steric
hindrance and other limitations. To our best knowledge, the behavior and intermolecular electron
transfer in electrodes with redox components attached covalently in series has not been
investigated in the literature so far.
In the last step of the modification apo-GOx was reconstituted over the FAD/PQQ
functionalized electrode. The surface reconstitution was followed by additional suppression of
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both FAD and PQQ peaks (Fig. 4-3d). Willner and co-workers observed only FAD peak
suppression and ascribed it to insulation or “switching off” of FAD [77]. They assumed that not
only FAD units within the protein but also external free FAD sites were shielded. In this respect,
having in mind the large size of the protein and the short length of the spacer between PQQ and
FAD, we assume that screening of PQQ molecules is also possible. The significantly smaller
suppression of the FAD (and PQQ) peaks in the present case, compared to results in the original
work [77], could be taken as an indication of inefficient reconstitution. However, as discussed
above, the ability of the apo-enzyme for reconstitution in solution was proved by a
spectrophotometric assay. In addition, despite of the smaller suppression, the surface coverage
for GOx was estimated based on the depleted charge of the FAD peak, assuming two FAD units
per one molecule of GOx, and a value of 2 pmol cm-2 was obtained, which was close to the
literature reported value of 1.7 pmol cm-2 [78]. It should be noted that we used an identical
approach for the estimation of the GOx coverage in order to compare our results with the results
published in the literature. The active enzyme is a dimer composed of two sub-units, each
containing one FAD molecule, which in our opinion significantly complicates the successful
reconstitution of GOx on the electrode surface in a fully active form. However, in another study
Willner and co-authors have demonstrated that the enzyme is reconstituted in a biologically
active configuration on the electrode surface [80]. This conclusion was based on experiments
with electrodes lacking a PQQ unit that exhibited electrical response to glucose only in presence
of a diffusional mediator.
The enzymatic electrode in the present study exhibited high catalytic activity towards glucose
oxidation with current density (based on geometrical surface area), reaching about 700 µA cm-2
at 20 mM glucose (Fig. 4-4). The presence of one oxidation wave and the oxidation onset was in
accordance with previously reported results. However, as can be seen in Fig. 4-4, the onset of
glucose oxidation in the present case is shifted to more negative potentials with glucose
concentration. At 20 mM or higher the onset coincides with the PQQ redox peak. This is in good
agreement with the behavior at 80 mM glucose, originally shown in [77, 78], which has been
ascribed to a PQQ-mediated electron transfer mechanism. It should be noted that Willner and coworkers investigated the activity for glucose oxidation in a limited (compared to the present
case) potential range: up to 0.2 V [77] and up to 0.35 V vs. SCE [65] and in both cases the
oxidation curves had different shape.
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Figure 4-4: Cycling voltammograms, showing the oxidative activity of the enzymatic electrode in presence of
different glucose concentrations. Conditions: 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, scan rate: 20
mV s-1.

In the present case the upper potential limit of the voltammogram was extended to 0.5 V vs.
SCE in order to obtain a fully developed limiting current region. However, a peak was observed
instead of limiting current. It can be speculated that a similar behavior was shown in some of the
original publications [77, 78] but the comparison is difficult due to the difference in the potential
range. In the latter publications the upper potential limit was limited to 0.2 V vs. SCE and a peak
was observed. Though, in another publication by the same authors, the upper potential limit was
extended to 0.35 V vs. SCE and a well-expressed limiting current was observed [65]. However,
it should be noted that in both series of publications the same electrode modification procedure
has been addressed with no apparent difference, except the buffer composition. 0.1 M phosphate
buffer has been used in the publications with upper potential limit of 0.2 V vs. SCE. In the case
of a limiting current behavior, 0.01 M phosphate buffer with 0.05 M tetrabutylammonium
tetrafluoroborate (TBATFB) has been used but the authors have not provided an explanation
why the quaternary ammonium supporting salt changes the shape of the oxidative curve.
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The behavior in the present case (well-defined peak) is in general not characteristic for
bioelectrochemical systems. Such peak has been observed only in the case of hydrogen oxidation
by hydrogenases [93] due to deactivation at higher anodic potentials, associated with redox
changes of the NiFe catalytic center. However, this is not characteristic for GOx-based
electrodes. Even in the case of mass transport limitations in the system, the current after the peak
is expected to level off and not to decrease so dramatically. Moreover, well defined oxidation
peaks were present even at very low sweep rates, suggesting that substrate depletion is not
responsible for the electrochemical behavior of the enzymatic electrode.
On the other side, it is known that gold surfaces are able to catalyze the oxidation of different
sugars including glucose [87, 94]. The onset potential for glucose oxidation and the number of
peaks are correlated with the formation of AuOH species and the sharp current decrease at more
positive potentials is attributed to oxide formation [94]. In order to clarify the origin of
electrocatalytic activity in the enzymatic electrode, the behavior of smooth and rough gold, as
well as rough gold modified with different layers has been investigated.

4.3

Electrocatalytic activity and behavior of gold

The behavior of the freshly prepared rough gold surface has been studied at room temperature
and at 37 oC (Fig. 4-5). The voltammogram at room temperature is characterized by two peaks,
which appear at approximately –0.19 and 0.17 V vs. SCE, which shape is identical to the
reported in the literature [87]. At 37 oC the two very distinct peaks, observed at room
temperature, merge into one peak. Additionally a decrease of capacitance in the double-layer
region is observed. It was observed that this process occurs at room temperature as well but it
takes several hours, while at 37 oC it is accelerated and occurs within several minutes. Similar
change is observed when the electrode is kept in an inert gas atmosphere in absence of liquid.
The surface formed at 37 oC is stable under electrochemical conditions, but only in a limited
potential range. If the potential region is extended to the region of gold oxide formation the
features observed at room temperature are regenerated (Fig. 4-5). This process is referred in the
text as electrochemical activation and the respective curves are denoted as “activated” in the
figures. However, the regeneration is not complete since a decrease of the surface area is
observed. The decrease can be due to a similar phenomenon as reported in [95] in the case of
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gold surface after stripping of underpotential-deposited silver. The authors referred to the process
as “self-annealing” and explained it by the tendency of a rough surface to reduce surface energy
by merging smaller defects into larger ones.

300

at room temperature
at 37
200

at 37

o

C

o

C (activated)

A

100

I /

0

-100

-200

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

E / V vs. SCE
Figure 4-5: Cyclic voltammograms of rough gold at different conditions. Conditions: 0.1 M phosphate buffer, pH
7.2, N2 atmosphere, scan rate: 50 mV s-1.

The polycrystalline gold surface can be roughly considered as a combination of three low
index single crystal planes. In this respect the observed voltammetric features can be assigned to
OH formation on different single crystal domains of the polycrystalline surface (Fig. 4-6, data for
single crystal surfaces based on reference [94]). In [87] similar voltammetric features were
obtained after amalgamation but the authors correlated it to Au(110)-like structure. According to
our analysis it is more likely that the fresh rough surface, characterized at room temperature,
contains contributions of all three planes.

25

100

rough gold at room temp.

15

80

60

10

40
5

A
0

0

I /

A cm

-2

20

j /

-20
-5
-40
-10

-60

Au(111)
-80
-15

Au(110)

-0,6

-0,4

Au(100)

-0,2

0,0

-100

0,2

0,4

0,6

E / V vs. SCE
Figure 4-6: Cyclic voltammograms of rough gold and three types of single crystal gold. Conditions: 0.1 M
phosphate buffer, pH 7.2, room temperature, N2 atmosphere, scan rate: 50 mV s-1. Data for single crystal surfaces
based on [94].

The observed changes of surface properties of rough gold at elevated temperature can be
assigned to some kind of surface restructuring. The peak position in the voltammogram of rough
gold at 37 oC (Fig. 4-5, 4-6) resembles Au(100)-like surface but without additional microscopic
studies it is difficult to draw a final conclusion.
The activity of smooth and rough gold for glucose oxidation has been investigated at
37 oC. As can be seen in Fig. 4-7, smooth gold (flame annealed to melting) appears relatively
featureless, with low current intensities and low activity for glucose oxidation at
37 oC (oxidation onset at about 0.05 V vs. SCE and very low peak current). The negligible
activity of annealed gold is in accordance to the results in the literature [87]. If the electrode is
electrochemically activated, the activity is enhanced and the oxidation onset is shifted to
approximately –0.35 V vs. SCE. However, the peak current density reaches only about 7 µA cm2

. The shape of the voltammogram is identical to the behavior of alumina polished gold at room

temperature [96].

26

7

0 mM glucose
5 mM glucose

6

5 mM glucose (activated)
5

A cm

2

j

3

/

-2

4

1

0

-1
-0,6

-0,5

-0,4

-0,3

-0,2

-0,1

0,0

0,1

0,2

0,3

0,4

0,5

0,6

E / V vs. SCE
Figure 4-7: Cyclic voltammograms showing the activity of smooth gold before and after electrochemical activation.
Conditions: 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, scan rate: 5 mV s-1.

Similar to smooth gold, rough gold also exhibits very low activity in the limited potential range
(Fig. 4-8). Nevertheless, the associated currents are higher and the reaction starts at more
negative potential values. The catalytic effect of roughening has been shown in [87] and it has
been attributed to the exposure of active sites on the gold surface. The activity in the latter case
was significantly higher compared to present case and was increasing with an increase in
amalgamation treatment length. However, experiments in [87] were performed only at room
temperature,

whereby

the

process

of

surface

restructuring

observed

in

Fig. 4-5 occurs with significantly lower rate as discussed above.
Analogous to the case of smooth gold, when the rough gold surface is electrochemically
activated, the activity for glucose oxidation at 37 oC is significantly enhanced and the
voltammogram is characterized by much higher current densities and faster kinetics. Current
density of about 300 µA cm-2 is reached already at –0.15 V vs. SCE (Fig. 4-8). The voltammetric
behavior in presence of glucose of the electrochemically activated gold is identical to the
behavior of rough gold reported in the literature at room temperature [96] and the behavior of
smooth polycrystalline gold, which has been investigated in an extended potential range
(corresponding to electrochemical activation in the present case) [94]. If the electrochemically
activated rough gold surface is kept in buffer or is cycled only in the limited potential range, its
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activity decreases rapidly and soon falls down to the level observed before electrochemical
activation in Fig. 4-8.
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Figure 4-8: Cyclic voltammograms showing the activity of rough gold before and after electrochemical activation.
Conditions: 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, scan rate: 5 mV s-1.

The polycrystalline gold surface has been subjected to two different treatments (amalgamation
and electrochemical activation), which have different effects. On the one side amalgamation has
a pronounced influence on the catalytic properties. It increases the surface area and shifts the
oxidation onset to more negative values. The latter effect is ascribed to the selective exposure of
active sites, which can be tentatively interpreted in terms of different single crystal planes, since
the activity of gold is known to be dependent on the crystallographic orientation [94].
On the other side the activity of both smooth and rough gold surfaces at 37 oC and in a limited
potential range is low and it is restored only after electrochemical activation. The reason for this
low activity is difficult to identify unambiguously without additional investigations. In the case
of rough gold the surface restructuring at elevated temperature, leading to inactivation, can be
clearly observed by the characteristic change of the voltammogram shape (Fig. 4-5) and the
resulting features can be tentatively assigned to Au(100)-rich surface (Fig. 4-6). Electrochemical
treatment is one of the procedures that can be used to alter the properties of a metal surface and
to achieve certain crystallographic orientation. This process is referred to as electrochemical
faceting [97]. In the case of polycrystalline gold it has been demonstrated that the formation of
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an oxide layer and its subsequent reduction (controlled by a square-wave potential perturbation)
significantly changes the ratio of different single crystal planes and increases the fraction of
Au(111) [98]. The electrochemical activation in the present case involves the same processes and
differs only in the type of potential perturbation – potentiodynamic versus potentiostatic.
Consequently, it can be anticipated that it will have a similar effect on the gold surface.
However, it is difficult to assign the low activity solely to Au(100)-like surface, since it is
also expected to have a significant activity for glucose oxidation, according to [94], at least at
room temperature. Unfortunately, the simultaneous influence of temperature and potential range
of single crystal and polycrystalline gold surfaces has not been studied in the literature.
The reduced activity might be also associated with the adsorption of phosphate anions at the
gold surface, which process probably occurs in parallel with the change in the gold surface
crystal structure. Anions from the buffer solution can adsorb on the electrode surface and
partially block the initial stage of oxidation of gold, as discussed in [99], thus impeding the
formation of Au(OH) layer, which is responsible for the catalytic activity of gold [94]. It has
been shown that glucose oxidation is inhibited by anion adsorption [100, 101]. Phosphate anions
were found to have the least influence from the investigated anions in neutral media [100] but
major impact in acidic solutions [101], outperformed only by chloride anions. The inhibiting
effect of chloride has been demonstrated also in the case of rough gold, prepared by
amalgamation [87]. In addition, it should be noted that the geometrical conformity between the
anions and the different crystal lattices plays a role on the rate of adsorption, as discussed in
[101]. According to these considerations, it can be assumed that the reduced catalytic activity of
gold in the limited potential range can be ascribed to the simultaneous effects of surface
restructuring, associated with different single crystal planes, and/or phosphate adsorption.
Potential cycling in an extended region (formation and dissolution of an oxide layer) is expected
to clean the surface and change the ratio of different crystal lattices, which will lead to
restoration of the catalytic activity but only for a limited time.
After the activity of bare gold has been discussed, in order to investigate further whether the
catalytic activity of the enzymatic electrode has electrocatalytic or bioelectrocatalytic origin, the
behavior of the rough gold electrode has been checked at different stages of modification. First,
the activity of freshly prepared rough gold, modified by a SAM of cysteamine has been tested in
presence of glucose at 37 oC (denoted as “active RG/cysteamine” in Fig. 4-9; not the same as
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“activated” in previous figures). In control experiments the rough gold surface has been first
exposed to elevated temperature in phosphate buffer for a given time to enhance the surface
restructuring, shown in Fig. 4-5 and then modified by SAM. This surface has been referred to as
“inactive RG/cysteamine”. As can be seen in Fig. 4-9, the rough gold, which has been modified
by a SAM right after the amalgamation, exhibits high activity towards glucose oxidation.
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Figure 4-9: Linear sweep voltammograms of different rough gold (RG) surfaces, modified by cysteamine in
presence of 5 mM glucose. Conditions: 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, scan rate: 20 mV s-1.

The catalytic activity has been tentatively ascribed to exposed Au(111) domains [89], based on
the position of the peak and the characteristic form of the oxidation wave (a pre-peak and a main
peak at about 0.2 V vs. SCE), which is in accordance to the behavior of Au(111), shown in [94].
Contrary to the fresh rough gold, the “inactivated” rough gold, modified by SAM has a
negligible activity, which is evidenced by a small peak at about –0.1 V vs. SCE, which position
coincides with the position of the pre-peak in case of the “active” gold. The major peak is,
however, completely suppressed.
The hypothesis of exposed Au(111) domains on the “active” rough gold surface has been
further assisted by reductive desorption experiments [89]. The position of reduction peaks
depends on the presence of different single crystal domains on the surface due to different
binding strength with the chemisorbed thiol [102]. In the case of single crystal surfaces, the
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Au(111) exhibits the lowest affinity for thiol chemisorption and consequently the most positive
potential for its reductive desorption. It has been shown that in the case of polycrystalline gold,
due to presence of different single crystal domains, multiple peaks are obtained and only the
peak corresponding to Au(111) can be clearly observed at about –0.7 V vs. Ag/AgCl, while the
other peaks at more negative potentials merge into a broader one [102].
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Figure 4-10: Cyclic voltammograms (1st scans) for the reductive desorption of cysteamine formed on different rough
gold surfaces. Conditions: 0.5 M KOH, room temperature, N2 atmosphere, scan rate: 20 mV s-1.

As can be seen in Fig. 4-10, the rough gold surface modified by cysteamine lacks a peak at the
position, which would correspond to cysteamine reductive desorption formed on Au(111). This
hypothesis is also in accordance to the behavior in buffer (Fig. 4-3a), which indicates not
compact SAM and the observed peaks can be assigned Au(111)-like surface. On the other side,
the absence of the corresponding reductive peak in the case of “inactivated” rough gold and the
respective behavior in buffer (Fig. 4-5) can be tentatively assigned to lack of Au(111) domains.
In addition, the area of the desorptive peak in the latter case is significantly smaller, which
indicates smaller affinity of this type of surface towards the self-assembly, as discussed in [89].
The results shown above clearly indicate that the SAM preserves the catalytic activity of rough
gold at elevated temperatures even in the limited potential range. This effect can be tentatively
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ascribed to the selective exposure of Au(111) domains at the rough electrode surface and/or to
the prevention of anion adsorption.
The catalytic activity of the rough gold surface, modified further with different layers,
according to the electrode modification procedure has been also investigated (Fig. 4-11). Similar
to the cysteamine modified surface, gold functionalized by PQQ, FAD and GOx, exhibit
electrocatalytic activity toward glucose oxidation (Fig. 4-11) but the addition of further layers
decreases the activity, shifting the oxidation onset to more positive potentials and decreasing the
peak intensity.
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Figure 4-11: Cyclic voltammograms showing the activity for glucose oxidation of gold electrodes at different stages
of the modification. Conditions: 5 mM glucose in 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, scan rate:
5 mV s-1.

For example, the rough gold modified only by a SAM shows an oxidation onset at about
–0.3 V vs. SCE and peak current density of approximately 400 µA cm-2, while the GOxreconstituted electrode has an oxidation onset at about –0.1 V vs. SCE and peak current density
of approximately 70 µA cm-2. These results are in contradiction to the original results, where the
authors stated that the PQQ-FAD monolayer alone does not stimulate oxidation of glucose [78].
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4.4

Conclusions about the origin of catalytic activity

The enzymatic electrode prepared according to the modification procedure, proposed by Willner
and co-workers has a significant activity for glucose oxidation, even at concentrations as low as
5 mM. However, the results shown in the previous section indicate that it is difficult to ascribe
this activity solely to the catalytic action of glucose oxidase due to the apparent activity of the
underlying gold substrate. Smooth gold has a negligible activity for glucose oxidation at 37 oC in
the limited potential range of interest (Fig. 4-7). Under the same conditions rough gold also
exhibits low activity (Fig. 4-8). The high activity of rough gold can be observed either at room
temperature as demonstrated in [87] or after electrochemical activation by cycling in an extended
potential range. The loss of activity in the limited potential range is ascribed to some kind of
surface restructuring, which is evident by the change of the voltammogram shape, and possibly
by anion adsorption. The formation of a SAM on the rough gold surface preserves the activity
even at elevated temperatures and shifts the oxidation wave to more positive potentials,
resembling the behavior of Au(111). Based on these results it can be concluded that the largest
part of the activity of the enzymatic electrode comes from the underlying gold surface.
This conclusion implies that in previous studies, where the same electrode modification
procedure was used [63, 65, 77, 78], the possibility of an electrocatalytic (opposed to
bioelectrocatalytic) mechanism should be considered. This can explain the unrealistically high
turnover rate numbers (in the range of native enzyme) that have been estimated in the original
publications [77, 78]. In addition, the authors have reported a minor decrease in current in airsaturated solutions. The negligible response to oxygen has been taken as an indication of very
efficient electron transfer.
In order to investigate this unusually high tolerance to oxygen, the behavior of the rough gold
electrode modified by PQQ and FAD has been tested in presence of glucose and oxygen (Fig. 412). The modified electrode is active for oxygen reduction and the activity can be tracked down
to the bare and the cysteamine-modified rough gold surface as it has been shown in [103]. As can
be seen in Fig. 4-12, the oxygen reduction activity of the PQQ-FAD-modified electrode has an
onset potential around 0 V vs. SCE, which, having in mind the similar experimental conditions,
can explain the little dependence on oxygen, originally observed by the authors [77].

33

300

buffer
5 mM glucose, N

200

2

5 mM glucose, O

2

100

I /

A

0

-100

-200

-300

-400
-0,7

-0,6

-0,5

-0,4

-0,3

-0,2

-0,1

0,0

0,1

0,2

0,3

0,4

0,5

0,6

E / V vs.SCE
Figure 4-12: Cyclic voltammograms of the PQQ-FAD assembly, showing the catalytic activity for glucose oxidation
in presence and absence of oxygen. Conditions: 5 mM glucose in 0.1 M phosphate buffer, pH 7.2,
37 oC, scan rate: 5 mV s-1 (Response in buffer is also shown for clarity).

The results shown in Fig. 4-11 contradict the observation by Willner and co-authors that the
PQQ-FAD assembly does not stimulate glucose oxidation [78]. A possible explanation of this
lack of activity, which they observed, can be the use of smooth instead of rough gold surface.
This can be speculatively concluded by the experimental description of the electrode
modification in another publication: “Prior to the modification and measurements they (gold wire
electrodes) were cleaned according to … and, if required, roughened by treatment with mercury
followed by dissolution of the amalgam layer in nitric acid.“ [77]. However, this ambiguous
description impedes the straightforward analysis of the previously reported results.
The results shown above indicate that the bioelectrochemical origin of the current in the
reconstituted enzymatic electrode in the present study cannot be unequivocally confirmed and
compromise to a certain extent the original works. Based on these conclusions, the procedure,
involving reconstitution of apo-GOx on a modified gold surface has been abandoned and another
electrode modification route has been investigated.
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4.5

Experimental details

4.5.1 Chemicals and materials
Polycrystalline gold wires (0.5 mm diameter, 0.47 cm-2 working area) were used as platforms for
electrode modification and electrochemical measurements. The polycrystalline gold was first
subjected to electrochemical polishing [104] and then to flame annealing until the gold surface
was slightly melted. This surface has been referred to as smooth gold. Rough gold electrodes
were fabricated from a smooth gold surface by amalgamation [86, 87], which consisted of
typically 10 s long contact with liquid mercury, followed by dissolving of the formed amalgam
layer in concentrated nitric acid. In some experiments the gold electrodes were subjected to
electrochemical preconditioning, which consisted of 10 potential cycles from –1 V to 1.3 V vs.
SCE in 0.1 M phosphate buffer and has been referred to as electrochemical activation.
4.5.2 Synthesis of N6-(2-aminoethyl)-FAD

The modified FAD was synthesized according to the procedure of Bückmann [105]. Briefly, in
the first step FAD was reacted with ethyleneimine (aziridine) in water at 30 oC in dark to give a

N1-functionalaized FAD analog. The reaction was monitored by HPLC system, equipped with
DAD (Diode Array Detection) and ESI-MS (Electrospray Ionization Mass Spectrometer). After
100 h reaction time the 60 % conversion rate, which was cited in the literature was reached and
the reaction mixture was washed several times with cold ethanol to remove the unreacted
aziridine. In the next step the conversion of the chemically unstable N1-derivative to the desired

N6-(2-aminoethyl)-FAD, known as Dimroth rearrangement, was performed under mild aqueous
conditions (pH 6.5, 40 oC). After 7 h the reaction was terminated and the reaction mixture was
subjected to preparative chromatography. The desired product was identified in the largest
fraction, lyophilized and characterized by MS and 1H and

13

C Nuclear Magnetic Resonance.

Further details of the synthetic modification and analysis can be found in the Master’s thesis of
Ivan Ivanov, submitted to the Department of Organic Synthesis, UCTM Sofia in 2006.
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4.5.3 Preparation of apo-GOx
Apo-GOx was prepared from native GOx from Aspergillus niger (198 U mg-1 activity as stated
on the label), according to the procedure described by Swoboda [83]. Briefly, GOx was added
slowly to an acidified saturated ammonium sulfate solution (pH 1.4) at –5 oC. The yellow
supernatant was removed after centrifugation at 15000 rpm for 20 min at –5 oC and the
precipitate was redissolved and neutralized with sodium acetate solution at 0 oC. The neutralized
solution was subjected to one more cycle of acidified salt treatment, centrifugation and
neutralization and when colorless, the enzyme was precipitated with neutral 90 % saturated
ammonium

sulfate

solution

and

redissolved

to

concentration

approximately

10 mg ml-1 in 0.1 M phosphate buffer (pH 6.2), containing small amounts of bovine serum
albumin and sodium azide.
In control experiments, apo-enzyme was reconstituted with FAD and N6-(2-aminoethyl)-FAD
in solution. The apo-GOx was dissolved to concentration 1 mg ml-1 and reacted with the
respective co-factor for 4 h at 25 oC and 12 h at 4 oC. The activity of native and reconstituted
enzymes was measured spectrophotometrically by a glucose oxidase assay kit (K-GLOX,
Megazyme).

4.5.4 Electrode modification

The enzymatic electrode has been was modified according to the published procedures [77, 78].
Briefly, the freshly prepared rough gold electrode was soaked in 0.02 M cystamine solution for 2
h at room temperature, which resulted in a SAM-modified surface. In the next step the electrode
was

incubated

for

1.5

h

in

0.003

M

solution

of

PQQ

in

the

presence

of

0.01 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 0.005 M
N-hydroxysulfosuccinimide (NHS) in 0.01 M HEPES aqueous buffer solution (pH 7.5) at room
temperature. The PQQ-modified electrode was further functionalized by reaction with 0.0004 M

N6-(2-aminoethyl)-FAD

in

0.01

M

HEPES

buffer

solution

in

the

presence

of

0.001 M EDC and 0.001 M NHS for 1.5 h at room temperature. Finally, the FAD-modified
electrode was reacted with 1 mg ml-1 apo-GOX solution in 0.1 M phosphate buffer solution (pH
6.2) for 4 h at room temperature and for 12 h at 4 oC. The buffer solution contained also 0.1 %
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w/v bovine serum albumin and 0.1 % w/v sodium azide as stabilizers and preservatives. After
that the electrode was left for 1 h more in buffer solution without apo-enzyme in order to remove
the physically entrapped protein.

4.5.5 Electrochemical experiments

Electrochemical experiments were carried out in a three-electrode electrochemical cell with
saturated calomel electrode (SCE) as a reference electrode by the use of potentiostat
PGSTAT302 (Autolab, Netherlands). The gold wires were used as working electrodes and Pt
wire as a counter electrode. Measurements were performed in 0.1 M phosphate buffer
(pH 7.2) under nitrogen or oxygen atmosphere.
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5.

Enzymatic electrode based on TTF-TCNQ

5.1

Historical background and advantages of TTF-TCNQ

Charge transfer complexes (CTCs) are molecular complexes, characterized by partial transfer of
electron from a donor to an acceptor. CTCs can be in general classified as a type of organic
conductor together with organic conductive polymers [106]. The history of conductive organic
molecules could be dated back to 1954, when the first molecular crystal (perylene-bromine
complex) with high conductivity was reported [107]. However, the field of organic conductors
was practically initiated by the discoveries of the tetracyanoquinodimethane (TCNQ) and the
tetrathiafulvalene (TTF) molecules [108] and benchmarked by the first report of near-metal
conductivity of the TTF-TCNQ complex [109]. TTF-TCNQ is a CTC (also known as organic
salt or organic metal) with a room temperature conductivity in the range of 400 ± 100 S cm-1
[110] due to efficient overlapping of the π-orbitals of the respective molecules. The conductive
salt is composed of segregated parallel stacks of TTF and TCNQ and the π-orbitals interact
mainly along the stacking direction, which results in a quasi-one-dimensional conductor [108].
The unique electrical properties of TTF-TCNQ have naturally prompted studies on its
utilization as an electrode material. Jaeger and Bard first studied the behavior of TTF-TCNQ
electrodes in different aqueous solutions and found a stable potential range of about 0.7 V [111].
Since this groundwork, the TTF-TCNQ complex evolved as a highly efficient electrode material
for more specific, namely bioelectrocatalytic applications. Pioneering works in this direction
were done by Kulys and co-workers with other organic salts – complexes between Nmethylphenazinium (NMP+) or N-methylacridinium (NMA+) and TCNQ [112, 113]. Later on,
Albery and co-workers investigated different CTCs as electrode materials for the oxidation of
GOx. They found that the best performance had the TTF-TCNQ salt [114] and exploited it
further as an electrode material for the regeneration of other flavoenzymes [115].
Since then, the enzymatic electrocatalysis on TTF-TCNQ electrodes has been a subject of
extensive research, almost exclusively for biosensor applications. TTF-TCNQ has been mostly
used in combination with GOx for the determination of glucose concentration but studies,
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involving other substrates and enzymes have been also reported. The efforts in the development
of amperometric biosensors based on TTF-TCNQ have been summarized in a recent review
[116].
In our opinion CTC-based enzymatic electrodes have a great promise for biofuel cell
applications. Glucose biosensors based on TTF-TCNQ exhibit high current densities, high
oxygen tolerance and remarkable stability under continuous operation [79, 117]. In addition,
CTC has several other advantages. Enzymatic electrodes based on TTF-TCNQ do not require
complicated modification procedures, in fact they can be prepared as simply as carbon paste
electrodes by mixing of the respective components [118]. The TTF-TCNQ salt is commercially
available and has high electronic conductivity, which is beneficial for lowering the ohmic
resistance within the electrode layer. The morphology of the CTC-crystals can be tuned by
variation of the experimental conditions [119]. They can be also prepared in form of
nanoparticles [120]. These strategies can be applied to tune the catalytic properties of the CTC
and/or to increase the catalytically active surface area. Both TTF and TCNQ have low toxicity,
which is attributed to their low solubility in water and physiological fluids [121]. In addition, the
catalytic properties of the CTC and the overpotential for glucose oxidation can be further
improved by lowering of the redox potentials of its components, e.g. of TTF [122]. However,
despite these promising features, TTF-TCNQ anode, to our best knowledge, has not been
employed in an enzymatic fuel cell so far.
There are several reports describing the electrical contacting of GOx through TTF-TCNQ but
our attention has been drawn by the approach, proposed by Khan [79]. This modification
procedure should ensure high current densities, relatively negative oxidation onset and fast
kinetics. Especially beneficial for biofuel cell applications is the remarkable stability, which has
been reported in the literature. Khan et al. have shown that glucose biosensors based on TTFTCNQ can retain up to 40 % of their initial response after 100 days of continuous operation [79].
Therefore, we have decided to adopt the procedure, to investigate it in detail and optimize it and
finally, to employ the resulting enzymatic anode in a biofuel cell.
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5.2

Electrode modification and activity

The electrode modification involves several steps, which are schematically depicted in
Fig. 5-1 [79]. In the first step a conducting polymer film is electrochemically grown on a
stainless steel electrode (1). In the second step a layer of TCNQ is applied on the polymer
surface (2). After that, a TTF solution is cast over the TCNQ layer, thus allowing for a direct
growth of CTC crystals (3). In the next step, enzyme solution is adsorbed at the TTF-TCNQ
crystal structure (4). Finally, the whole assembly is covered with a gelatin solution to form a
stabilizing gelatin film and after drying the film is cross-linked with glutaraldehyde (5).

Figure 5-1: Schematic presentation of the electrode modification procedure, according to [79].

The underlying chemically inert polymer film should ensure mechanical stability of the
electrode assembly. According to the authors, the polymer film swells in presence of
tetrahydrofuran (THF) in which TCNQ is dissolved by the casting procedure and TCNQ crystals
penetrate the polymer, thus providing strong roots for the TTF-TCNQ crystal structure [79]. The
polymer film, referred to as “shapable electroconductive“ film in the original publications, is
based on galvanostatically synthesized polypyrrole doped by a sulfated poly(β-hydroxyethers)
polyanion and has a conductivity in the order of 15-20 S cm-1 [79]. In the present study, a
commercially available polyvinyl sulfate was used as a dopant anion since it is known that larger
surfactant polyanions provide films with better electrical and mechanical properties [123]. The
film was grown on a stainless steel support under galvanostatic conditions from aqueous
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solution, containing pyrrole and the polyanion. This resulted in a highly developed surface with
the characteristic cauliflower structure as shown in Fig. 5-2. It should be noted that the film was
not peeled off from the support as in the original work but used for further modification attached
to the steel electrode.

Figure 5-2: SEM image of the polypyrrole layer.

A SEM image of the CTC grown in two consecutive steps directly over the polypyrrole
surface is shown in Fig. 5-3. As can be seen the CTC crystals have the characteristic elongated
shape and form dendritic structures. These structures have been also referred to as “nanowires”
in the literature [119].
In order to characterize further the electrode architecture, after the electrode modification has
been completed, the enzymatic electrode assembly has been peeled off from the stainless steel
support and a cross-section cut has been made. The corresponding SEM image is shown in Fig.
5-4. The side, which is oriented to the viewer, corresponds to the polypyrrole layer. This is
evident from the imprints left by the stainless steel surface, which has been polished with emery
paper before the electropolymerization.
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Figure 5-3: SEM image of the CTC crystals (top view).

Figure 5-4: SEM image of the cross-section of the enzymatic electrode.
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Three layers can be clearly distinguished and the thickness of every layer has been estimated
from the micrograph as follows: 2 µm polypyrrole layer, 60 µm catalyst layer, composed of CTC
crystals with adsorbed GOx, and 5 µm gelatin layer. The thickness of the polypyrrole layer,
determined from the SEM image corresponds to the thickness, estimated from the deposition
charge according to empirical dependence reported in [124]. As can be seen in Fig. 5-3 and 5-4
the catalyst layer of the enzymatic electrode is characterized by randomly distributed CTC
bundles and cavities, forming a highly irregular porous structure, which serves as a matrix for
enzyme immobilization. According to previous reports, this matrix was described as a standing
highly-branched tree-like structure emerging from the polymer layer with a size of 40-50 µm [79,
117]. This presentation seems to be unrealistic taking into account the present results for
electrodes with a similar CTC loading. SEM observations in the present case do not indicate
CTC crystals penetrating the polypyrrole layer as reported in [117] or structures, vertically
standing on the electrode surface [79]. Another important observation is that unlike the
previously reported presentation of gelatin, penetrating the CTC crystals and stabilizing the
respective structure [79], the gelatin layer in the present case penetrates little in the catalyst layer
and forms a well-defined membrane on top. This phenomenon will influence the transport
properties of glucose in the enzymatic electrode and has significance for the modeling.
According to the SEM observations in the present case, the concentration of glucose can be
described by diffusion through a membrane (gelatin) layer and further diffusion and reaction in a
catalyst layer.
The electrochemical behavior of the enzymatic electrode has been studied between –0.2 and
0.2 V vs. SCE in 0.1 M phosphate buffer (pH 7.2), since this potential region is regarded as
“stable”, where no CTC decomposition occurs [111]. As can be seen, despite the low sweep rate,
large capacitive currents, exceeding the reaction currents, are observed. According to
experiments with electrodes lacking polypyrrole, the pronounced capacitive behavior is ascribed
to the underlying polymer surface and not to the high surface area of the CTC crystals or to the
underlying stainless steel support, as shown in Fig. 5-5 (note the axis scales). The
voltammograms in buffer indicate some oxidative process occurring at the stainless steel surface
at more positive potentials but the associated currents are negligible.
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Figure 5-5: Cyclic voltammograms of the stainless steel support and the enzymatic electrode with and without a
polypyrrole layer. Conditions: 0.1 M phosphate buffer, pH 7.2, room temperature, N2 atmosphere, 400 rpm, scan
rate: 5 mV s-1.

The oxidative activity of the enzymatic electrode is demonstrated in Fig. 5-6. Similar
voltammetric behavior, exhibiting large capacitive and significantly smaller faradaic currents,
has been reported by Pauliukaite et al. in the case of a TTF-TCNQ-based carbon paste biosensor
for determination of glutamate [118]. The pronounced capacitive behavior in the latter
publication can be ascribed to the graphite powder, which has been used to prepare the paste,
while in the present case the major capacitive contribution comes from the polypyrrole layer. As
can be seen in Fig. 5-6, the enzymatic anode exhibits activity for glucose oxidation and the
currents increase with substrate concentration. Maximum current in presence of 5 mM glucose
reaches ca. 110 µA (corrected for the background current), which corresponds to nearly 400 µA
cm-2 current density (calculated with respect to the geometrical surface area). The open circuit
potential of the enzymatic electrodes after equilibration in the electrochemical cell under rotation
in presence of glucose has been typically around –0.2 V vs. SCE, while as can be seen in Fig. 5-6
the oxidation onset observed in the positive scans is at ca. –0.1 V vs. SCE. In general, the onset
potential for the glucose oxidation reaction is mainly related to the type of mediator used in the
system. Further analysis of the oxidation onset and the mechanism will be presented below.
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Figure 5-6: Cyclic voltammograms of the enzymatic electrode in presence of different glucose concentrations.
Conditions: 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400 rpm, scan rate: 5 mV s-1.

5.3

Optimization of the modification procedure

As already shown in Fig. 5-4 the catalyst layer has a highly irregular porous structure and it can
be anticipated that the enzyme distribution within this layer will have significant effect on the
activity of the enzymatic electrode. To optimize the performance of the electrode, the ratio
between CTC and GOx has been varied in a systematic way. In addition the influence of the
thickness of the gelatin layer has been also checked.

5.3.1 Influence of CTC loading and morphology

The concentration dependencies of the current at 0.2 V vs. SCE (corrected for the background
current) of two enzymatic electrodes with different CTC loadings are shown in Fig. 5-7a. The
CTC loading was found to have a minor influence at lower glucose concentrations and higher
impact at higher glucose concentrations, shifting the currents at 30 mM glucose from ca. 150 µA
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for 1 mg cm-2 CTC to ca. 310 µA for 2 mg cm-2 CTC. Also, the linear region in the concentration
dependence was extended with an increase of the loading.
The influence of the CTC loading has been additionally investigated at 5 and 20 mM glucose
(Fig. 5-7b). 5 mM glucose has been chosen as the operational concentration of interest (normal
glucose concentration in the human body) and 20 mM has been chosen as a concentration, close
to saturation.
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Figure 5-7: a) Concentration dependencies of two enzymatic electrodes with different CTC loadings;
b) Dependence of the current on the CTC loading at two different glucose concentrations. Conditions: 0.1 M
phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400 rpm. Data extracted from cyclic voltammetry experiments and
corrected for background current.

At 5 mM a CTC loading, higher than 2 mg cm-2 does not influence the current output anymore,
while at 20 mM the current increases in the whole investigated range. Based on these results, 2
mg cm-2 has been chosen as the optimum CTC loading for further tests in presence of 5 mM
glucose. Similar investigation of the influence of CTC loading has been presented in the original
work,

where

the

authors

also

reported

an

optimum

value

of

about

2 mg cm-2 for the CTC loading [79]. It should be noted that in the latter case the electrode
modification procedure involved adsorption of the enzyme on the CTC crystals and subsequent
removal of the excess enzyme solution. This implies a combined effect of both loadings,
whereby the amount of adsorbed GOx increases with the CTC loading (shown by
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spectrophotometric measurements) and limits the discrimination between both effects. In the
latter work the authors reported also mechanical instability of the crystal structure by loadings
higher than 2 mg cm-2, which was not observed in the present case.
In addition to the loading, the influence of the morphology of CTC on the performance of the
electrode has been studied. The morphology of the CTC crystals determines the active surface
area and therefore has a direct effect on the current density. The procedure, which has been used
for growth of the CTC crystals, is basically a precipitation reaction, which is performed directly
on the electrode surface. It has been demonstrated that the experimental conditions of the
precipitation reaction determine to a great extent the morphology of the crystals, ranging from
simple nanowires to complicated helical dendrites [119]. However, the effect of the surface area,
influenced by the morphology has not been studied before.
The growth of the CTC crystals, which is depicted in Fig. 5-1 proceeds in two steps. This type
of precipitation procedure has been used in the literature [79, 117] and has been adopted in the
present case. In the first step, a layer of dry TCNQ is formed at the electrode surface and in the
second step a solution of TTF in acetonitrile (ACN) is applied in several castings over the TCNQ
layer. In this way, the dry TCNQ dissolves in the TTF solution and immediately reacts, thus
forming the precipitate organic salt. This kind of crystal growth corresponds approximately to a
stepwise addition of solid TCNQ crystals to a TTF solution and maintains low concentration of
TCNQ.
However, it is known that the higher concentration of reactants leads to faster nucleation,
which results in smaller crystal size [125]. Therefore, the precipitation procedure has been
performed also in one step in order to check whether it would influence the morphology and the
activity, respectively. The CTC crystals have been grown by simultaneous casting of TTF and
TCNQ solutions over the polypyrrole-modified electrode, which ensures high concentration of
both

reactants.

A

SEM

image

of

the

corresponding

surface

is

shown

in

Fig. 5-8. Indeed, the one-step procedure results in needle-shaped crystals with smaller size
(compare Fig. 5-3 and 5-8) and consequently higher surface area. The increase in surface area is
manifested by an increase in currents, which has been observed by constant polarization at 0.1 V
vs. SCE (Fig. 5-9).
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Figure 5-8: SEM image of the CTC crystals formed by one-step precipitation, which is based on simultaneous
casting of TTF and TCNQ (top view).

1200

1000

A cm

400

j

600

/

-2

800

200

stepwise casting of TTF and TCNQ
simultaneous casting of TTF and TCNQ

0

0

200

400

600

800

1000 1200

1400 1600 1800

t / s

Figure 5-9: Chronoamperometric response at 0.1 V vs. SCE of two enzymatic electrodes, employing CTC crystals
prepared in two different ways. Conditions: 20 mM glucose in 0.1 M phosphate buffer, pH 7.2, 37 oC, N2
atmosphere, 400 rpm.

As can be seen in Fig. 5-9, the precipitation of the CTC crystals in one step increases the steadystate response with approximately 200 µA cm-2 at 20 mM glucose.
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5.3.2 Influence of GOx and gelatin loading

The influence of the GOx loading on the anode performance in the present study has been tested
at constant CTC loading (Fig. 5-10). The effect is similar to the effect observed in the case of
CTC. Decreasing the GOx loading twice suppresses the currents at higher glucose
concentrations, decreases the linear region and shifts the saturation concentration to lower values
(ca. 10 mM).

350
300

I /

A

250
200
150
100
50

0.6 mg cm
0.3 mg cm

0

0

5

10

15

20

25

-2

-2

GOx
GOx

30

cglucose / mM

Figure 5-10: Concentration dependencies of two enzymatic electrodes with different GOx loadings. Conditions: 0.1
M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400 rpm.

In a similar manner, the gelatin loading has been varied by keeping the other two structural
parameters constant. Doubling of the gelatin loading decreases the currents as can be seen in Fig.
5-11. The current decrease is more pronounced at higher glucose concentrations but the relative
current ratio is approximately 60 % in the whole concentration range. This effect has been
ascribed to limited mass transport of glucose through the gelatin layer. Similar change in the
concentration dependence was reported also in the case of polysiloxane membranes for
controlling the ratio between glucose and oxygen permeability in a glucose biosensor based on
hydrogen peroxide detection [126]. In the latter reference the increase of membrane thickness
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also decreased the currents, which was ascribed to limited supply of glucose. However, the
biosensors with thicker polysiloxane membranes exhibited greater linearity range at the expense
of the lower currents. This was ascribed to the decreased ratio between glucose and oxygen
permeability, which resulted in comparatively higher oxygen concentration (sufficiently high to
allow for a stoichiometric reaction with reduced enzyme in an extended glucose concentration
range) [126]. In the present case oxygen is not involved in the regeneration of reduced enzyme
and the increase of gelatin thickness causes a decrease of both currents and linear region.
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Figure 5-11: Concentration dependencies of two enzymatic electrodes with two different gelatin loadings.
Conditions: 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400 rpm.

Another aspect from the modification procedure, which has been investigated, is the influence
of gelatin cross-linking. Cross-linking is a common and simple technique, used for enzyme
immobilization but often with the expense of reduced enzyme activity due to alteration of the
natural protein conformation [127]. However, in the present case the cross-linking procedure is
beneficial for the quality of the gelatin film and thus for the whole electrode assembly. The
relative activity under constant polarization and rotation of the electrode assembly with and
without cross-linking treatment is shown in Fig. 5-12. As can be seen from the graph, the crosslinked electrode exhibits stable response during the course of the experiment, while the activity
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of the untreated electrode decreases more significantly. The reason for the decreasing activity is
assumed to be correlated with the solubility of gelatin. Gelatin films, which are not cross-linked,
are soluble in aqueous solvents [128] and it can be anticipated that the dissolution is enhanced by
the elevated temperature and the rotation during the experiment. In this way the structural
integrity of the enzymatic anode is deteriorated and CTC and enzyme can leach from the
electrode surface.
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Figure 5-12: Chronoamperometric response at 0.1 V vs. SCE of two enzymatic electrodes, showing the influence of
cross-linking. Conditions: 5 mM glucose in 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400 rpm

In addition to the solubility effect, cross-linking decreases the swelling of the film [128],
which is expected also to be beneficial for preserving the stability of the electrode assembly. In
control experiments, cross-linked and non-cross-linked thin layers of gelatin have been formed
on flat mica surfaces and the respective surfaces have been analyzed by atomic force microscopy
(AFM). The resulting images (50 µm × 50 µm) are shown in Fig. 5-13.
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Figure 5-13: AFM images (tapping mode) in 0.1 M phosphate buffer of two types of gelatin films, formed on flat
mica substrate.

Cross-linking results in rigid films with better mechanical properties. The apparently flat surface
of the cross-linked gelatin layer (note the z scale in Fig. 5-13) implies that its profile is
determined to a great extent by the underlying flat mica substrate. It should be noted that the
thickness of the gelatin film on mica corresponds approximately to the thickness in the case of
the enzymatic electrode since the same loading (40 µl cm-2 2.5 % gelatin) has been used. On the
other side, the AFM image of the gelatin, which has not been treated with glutaraldehyde, can be
considered as rough (deviations in surface profile up to 3 µm). This roughness can be attributed
to the higher degree of swelling, which is expected to take place, according to the results shown
in [128]. In addition, the AFM images in the case of the untreated gelatin film were not
completely reproducible. This can be tentatively ascribed to changes in the surface of the layer
due to dissolution during the experiment. AFM images have been recorded in tapping mode in
order to minimize the possibility of mechanical damage. The mild imaging mode should prevent
scratching of the gelatin layer by the cantilever but local dissolution may be also induced by
fluctuations in the liquid caused by the AFM tip. Although it can compromise the experiment to
some extent, the low reproducibility of the AFM images in the case of untreated gelatin can be
taken as an indication for instability of the layer due to dissolution of gelatin.

5.3.3 Interpretation of the influence of structural parameters

The influence of the investigated structural parameters on the bioelectrode response can be
interpreted in terms of the mechanism of enzymatic glucose oxidation. Previous studies
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regarding electrodes with similar architecture assumed direct regeneration of the reduced enzyme
at the CTC surface [79, 117, 129]. For instance, Khan discussed the influence of CTC loading
only from the point of view of surface area for adsorption and electrical contacting of GOx [79].
Contrary to previous reports, in the present study a MET mechanism has been assumed and CTC
has been considered as the mediator (M in Eq. 4 and 5). At the moment, for the analysis of the
respective effects there is no need of detailed clarification of the mechanism. This topic will be
discussed further in the text. The sensitivity of the electrode response in the limiting current
region on all three investigated parameters suggests a mixed reaction-mass transfer limitation.
The change of the gelatin loading effectively changes the thickness of the membrane layer,
which increases the mass transfer resistance for glucose transport and decreases the glucose
concentration at the electrode surface.
The increase of enzyme loading will increase the rate of the reaction between glucose and
enzyme. It can be easily anticipated, even in terms of simple Michelis-Menten kinetics that the
increase of the enzyme loading will increase the slope of the concentration dependence in the
linear region (KM >> [S]) and it will change the value of the current response in the limiting
region (KM << [S], which has been qualitatively observed (see Fig. 5-10). The increase of the
CTC loading and surface area will effectively increase the concentration of the mediator in the
catalyst layer, which will lead to increase in the electrode response. At lower substrate
concentrations the change of CTC loading has less influence, which means that under these
conditions the total reaction rate is not dominated by the enzyme-mediator reaction. At higher
substrate concentrations (e.g. 20 mM) the increase of the CTC loading produces the continuous
increase of the electrode response.

5.4

Electrode architecture involving a gelatin matrix

The results, shown in the previous chapter clearly demonstrate the importance of the structural
parameters on the performance of the enzymatic electrode. In addition to the loadings of the
different components (CTC, GOx, gelatin) and the procedures, used in the preparation of the
electrode (precipitation conditions, cross-linking), the overall anode architecture is also expected
to have a major impact on the activity for glucose oxidation. In this respect, the same
constituents of the enzymatic electrode (GOx, CTC and gelatin) have been tested in another
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architecture with the addition of high surface area carbon (carbon black). In this case all
components have been dispersed in a gelatin solution and applied as film on the stainless steel
surface. Conductive high-surface area carbon materials such as Vulcan are well established as
catalyst supports in fuel cell research and recently adopted in the preparation of enzymatic
electrodes for biofuel cell applications as a mean to facilitate electron transfer and to increase
current densities [57, 130]. Gelatin, on the other side, has a hydrophilic nature and swells in
presence of water, whereby the degree of swelling depends on the degree of cross-linking as
discussed in [128]. The biocompatible hydrogel polymer network provides a suitable
environment for the entrapped enzymes, in addition to good film-forming properties, nontoxicity and mechanical stability [131]. In the present case the utilization of carbon and gelatin
results in 3D stable electrode architecture. The main difference with the procedure described in
the previous chapter is that the gelatin does not form a protective membrane on top but
constitutes a network within the entire volume of the electrode and provides its structural
integrity. However, the difference of the electrode structure is expected to change the mass
transport properties of glucose within the layer.
The electrode architecture, which involves a gelatin matrix, has two major advantages,
regarding the practical preparation. First, it is much simpler and requires less time. The
components are mixed together and an aliquot of the resulting ink is cast on the stainless steel
surface and cross-linked after drying. Thus, the steps of electropolymerization and crystal
growth, as well as all associated drying steps in-between are omitted. The second advantage is
that commercial CTC or CTC, which has been precipitated previously, is used. As shown in
Section 5.3.1 the experimental conditions of CTC growth on the electrode surface influence to a
great extent its morphology and consequently the surface area. It was observed that small
experimental variations during the CTC precipitation cause differences in the activity and it is
difficult to obtain results with high reproducibility. Therefore, the use of CTC with defined and
more uniform crystal size distribution should result in more reproducible behavior.
In order to optimize the modification procedure, the influence of several structural parameters
has been tested. All electrodes have been characterized by steady-state measurements
(chronoamperometry at different potentials) at 0, 5 and 20 mM glucose. This helps to eliminate
the capacitive currents, which are present in the case of dynamic experiments such as cyclic
voltammetry and provides more realistic information about the performance of the electrode.
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Only curves at 20 mM of glucose (corrected for the background current) are presented since the
effects, which are observed by the systematic variation of the ink components are more
pronounced at higher concentrations. The presented curves are based on the mean values of three
measurements.

5.4.1 Influence of type of carbon black and loading

Different types of commercial carbon blacks have been used to facilitate electron transfer and to
increase surface area. For instance, Vulcan (Cabot) has been employed as a support matrix for
BOD by the preparation of oxygen-reducing biocathode [130]. Ketjen Black (Akzo Nobel) has
been used for immobilization of BOD, laccases and fructose dehydrogenase in a fructose-oxygen
biofuel cell [57]. It should be noted that the utilization of carbon black materials in the literature
has been usually associated with efforts to establish DET, as discussed in Section 2.1.2. In the
present case GOx is not expected to exhibit DET and the electron transfer pathway is already
defined through the CTC. Therefore the carbon particles should be regarded as a mean to
facilitate electrical communication between the mediator and the electrode.
Three different types of carbon blacks have been tested and the resulting polarization curves
are presented in Fig. 5-14. As can be seen Vulcan and Ketjen Black have similar performance,
which significantly outreaches the performance of Printex-based electrodes. For instance, the
current density, delivered by Vulcan and Ketjen Black at 0.2 V vs. SCE is around 1000 µA cm-2,
while the current density when Printex is used is only about 200 µA cm-2. Vulcan has been
identified as the most suitable material for electrode preparation since the Ketjen Black films had
poor quality, larger carbon particles agglomerates and the electrode film often detached from the
stainless steel surface. The higher structural stability of the films, based on Vulcan has been
assigned to better dispersion of the Vulcan particles in the gelatin-based ink.
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Figure 5-14: Steady-state polarization curves in presence of glucose of enzymatic electrodes employing different
types of carbon blacks. Conditions: 20 mM glucose in 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400
rpm. Catalyst ink composition: 20 mg carbon black, 10 mg GOx, 10 mg TTF-TCNQ in 1 ml 2 % gelatin.

In the next step the influence of the Vulcan content in the ink composition has been checked.
The performances of the enzymatic electrodes with different Vulcan loading are shown in Fig. 515. As can be seen in Fig. 5-15a, the increasing content of Vulcan in the catalyst ink improves
the electrode activity. The addition of 5 mg Vulcan does not influence the performance of the
electrode at potentials lower than –0.05 V vs. SCE. Further increase of the Vulcan content to 20
mg and 30 mg leads to a noticeable shift of the currents even more negative potentials. The
precise identification of the oxidation onset at higher Vulcan loadings is difficult due to the
limits of electrochemical stability of the CTC. At more negative potentials a process of TTFTCNQ decomposition takes place [111] and the measurement of the onset potential becomes
impossible without changing the surface properties.
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Figure 5-15: a) Steady-state polarization curves in presence of glucose for enzymatic electrodes with different
Vulcan loadings; b) Dependence of the current density at 0.2 V vs. SCE on the Vulcan loading. Conditions:
20 mM glucose in 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400 rpm. Catalyst ink composition: 10 mg
GOx, 10 mg TTF-TCNQ in 1 ml 2 % gelatin.

The catalytic effect of Vulcan can be tentatively ascribed to the increase of conductive surface
area, which improves the electrical communication between the mediator and the electrode. At
more positive potentials the increase in currents is more pronounced and the resulting current
densities at 0.2 V vs. SCE are presented in Fig. 5-15b. As can be seen the increase in activity is
almost linear in the investigated range and it can be expected that further increase of the Vulcan
content will improve additionally the electrode performance. However, films with Vulcan
content of 30 mg ml-1 ink and higher were extremely unstable and deformed. They detached
from the stainless steel surface due to film shrinking after drying.
It should be noted that the stainless steel electrodes in the present study have a geometrical
surface area of 0.28 cm-2. In control experiments disc-shaped films with surface area of
0.07 cm-2 with higher Vulcan loading were found to be stable. However, electrodes with smaller
surface area can result in a significant enhancement of the activity when translated into current
density, which can compromise the realistic characterization of the electrodes. In order to ensure
comparison for further fuel cell experiments and scaling-up of the electrode films, Vulcan
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content of 20 mg ml-1 in the catalyst ink has been chosen as an optimum loading, which gives
reproducible films with good quality and better adhesion to the stainless steel surface.

5.4.2 Influence of GOx and gelatin loading

The performances of enzymatic anodes with different GOx loadings are compared in
Fig. 5-16. Unlike the expectations, coming from the assumed reaction mechanism and the
results, presented in Section 5.3.2, the increase of GOx content causes a decrease of the electrode
performance in the case of enzymatic electrodes based on a gelatin matrix. The polarization
curves at GOx concentration up to 5 mg ml-1 show similar behavior with limiting current region
(Fig.

5-16a).
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Figure 5-16: a) Steady-state polarization curves in presence of glucose for enzymatic electrodes with different GOx
loadings; b) Dependence of the current density at 0.2 V vs. SCE on the GOx loading. Conditions:
20 mM glucose in 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400 rpm. Catalyst ink composition: 20 mg
Vulcan, 10 mg TTF-TCNQ in 1 ml 2 % gelatin.

58

The dependence of the current density at 0.2 V vs. SCE versus the GOx loading is shown in
Fig. 5-16b. As can be seen the currents increase with a decrease of enzyme content in the catalyst
ink. This contradicts the behavior of enzymatic electrodes, which is expected, according to the
Michaelis-Menten kinetics and has been shown in the case of polypyrrole-based electrodes in
Fig. 5-10. It should be noted that the loadings of CTC and GOx in both cases are in a similar
range.
The unusual dependence can be tentatively correlated with the distribution of enzyme within
the catalyst layer. It can be assumed that higher enzyme loading will lead to inefficient enzyme
distribution and formation of large enzyme agglomerates, which can impede the electrical
contacting of all enzymes and also hamper the electrical communication of the mediators with
the conductive Vulcan particles and the intact CTC crystals.
The addition of salts, organic solvents, polymers or protein solutions can lead to the
precipitation of enzymes as physical aggregates, while preserving their native conformation and
activity. Subsequent cross-linking of these physical aggregates by reaction of reactive groups on
the enzyme surface (e.g., free amino groups of lysine residues) with reagent such as
glutaraldehyde stabilizes the aggregates. The formed structures are known as cross-linked
enzyme aggregates (CLEAs) and represent a method for enzyme immobilization, which is
especially advantageous for industrial applications [132]. Common strategy in the preparation of
CLEAs is the addition of an inert protein (e.g. bovine serum albumin) called proteic feeder. This
additive serves to prevent the excessive cross-linking, which can produce too rigid conformation
of the enzyme and consequently lead to poor activity and triggers the CLEA formation in case of
lower enzyme concentrations.
It can be anticipated that the combination of enzyme (GOx), inert protein (gelatin) and
glutaraldehyde during the procedure for electrode preparation in the present case can result in
similar enzyme agglomerates. However, the precipitation of the enzymes is not induced by a
precipitation agent as in the case of classical CLEAs, but by the simultaneous effect of gelatin
and glutaraldehyde. Such agglomeration in presence of different proteic feeders and absence of
precipitant has been demonstrated in the case of GOx [133] and it was found that low
concentration of gelatin does not lead to formation of aggregates.
A promising tool for investigation of the distribution of enzymes within the 3D-structure of
the catalyst layer and their interactions with the gelatin matrix is fluorescence microscopy, as
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discussed in [134]. In order to prove the hypothesis of agglomeration, the influence of crosslinking and the distribution of the enzyme in the electrode architecture have been investigated by
this technique. The tests have been performed with fluorescent-labeled GOx since the intrinsic
fluorescence of GOx, measured by a fluorometer, has proved not to be sufficient for imaging.
First, in control experiments, films of GOx in gelatin have been prepared on a glass substrate. It
should be noted that the concentration, thickness and cross-linking conditions, correspond to the
experimental conditions in the case of enzymatic electrodes. Fluorescence micrographs of GOx
dispersed in gelatin before and after cross-linking are presented in Fig. 5-17.

Figure 5-17: Fluorescent micrographs of GOx dispersed in a gelatin matrix before (left) and after (right) crosslinking.

As can be seen from Fig. 5-17, when the enzyme is dispersed in a gelatin matrix, cross-linking
enhances the formation of enzyme agglomerates. Enzymes, which have not been subjected to
cross-linking also form agglomerates but have more uniform distribution within the gelatin layer.
In the case of polypyrrole-based electrodes, the adsorption of enzymes and the casting of
gelatin proceeds in different steps and the gelatin forms well-defined layer on top of the
electrode. In this way the enzyme is adsorbed directly on the CTC surface and is expected to
have little contact with the gelatin membrane and the cross-linking agent. Therefore less
aggregate formation after cross-linking is expected and the resulting better distribution of GOx
can be tentatively accounted for the increase in performance with increase of enzyme loading. In
the case of enzymatic electrodes based on GOx, dispersed throughout the gelatin film,
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glutaraldehyde is expected to cause more pronounced agglomeration and affect the distribution
within the layer to a higher extent.
Fig. 5-18 shows fluorescent images of two enzymatic electrodes with different enzyme
loadings. The dispersion of enzyme in the gelatin matrix and the subsequent cross-linking leads
to aggregate formation in both cases. As can be seen in the graph, the Vulcan and CTC particles
absorb the fluorescence of deeper buried enzyme structures unlike the images of GOx dispersed
only in a gelatin matrix, shown in Fig. 5-17. The surface with lower enzyme loading (2 mg ml-1
GOx concentration in the catalyst ink) is characterized by more scattered and diffuse fluorescent
signal, which indicates more uniform enzyme distribution within the catalyst layer. When the
GOx concentration is increased to 10 mg ml-1 GOx, the agglomerates are more pronounced.

Figure 5-18: Fluorescent micrographs of enzymatic electrodes with 10 mg ml-1 (left) and 2 mg ml-1 (right) GOx
concentration in the catalyst ink. Other concentrations are as follows: 20 mg ml-1 Vulcan, 10 mg ml-1 CTC in
1ml of 2 % gelatin solution.

The fluorescent images, shown above are in accordance with the hypothesis of not uniform
distribution, which causes the the unusual influence of the enzyme loading in the case of the
enzyme electrodes, based on a gelatin matrix. The existence of more enzyme agglomerates at
higher GOx loading leads to hampering of the electrical communication with the conductive
matrix as well as the substrate and mediator fluxes to enzymes within the aggregates.
Consequently, despite of the higher overall loading of enzyme, the electrode exhibits lower
performance as shown in Fig. 5-16.
The influence of gelatin concentration in the catalyst ink is shown in Fig. 5-19.
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Figure 5-19: Steady-state polarization curves of two enzymatic electrodes with different gelatin concentration in the
catalyst ink. Conditions: 20 mM glucose in 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400 rpm.
Catalyst ink composition: 20 mg Vulcan, 10 mg GOx and 10 mg TTF-TCNQ in 1 ml gelatin.

As can be seen from the graph decrease of gelatin content to 1 % leads to a substantial
increase in performance. This is in accordance to the effect observed in the case of polypyrrolebased enzymatic electrode and can be also explained by the limited diffusion of glucose through
the gelatin matrix as discussed in Section 5.3.2. In addition to the diffusion effect, the lower
gelatin concentration is expected to cause less enzyme agglomeration, as discussed in [133] and
therefore it will improve the distribution of enzyme within the catalyst layer. However, although
beneficial in terms of currents, the use of 1 % gelatin in the catalyst ink leads to unstable films,
which detach from the stainless steel surface by the drying process (more than 50 % failure rate).
This phenomenon demonstrates the trade-off between performance and ease of preparation,
which has been already discussed in Section 5.4.1 in the case of different Vulcan loadings.
Based on the experiments shown above, the following catalyst ink composition has been
identified as optimal: 20 mg Vulcan, 10 mg TTF-TCNQ and 2 mg GOx dissolved in 1 or 2 %
gelatin aqueous solution.
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5.4.3 Performance of the optimized electrode

The performance of the optimized enzymatic electrode has been tested in presence of different
glucose concentrations and in presence of oxygen. The polarization curves of the enzymatic
electrode in presence of different glucose concentrations are shown in Fig. 5-20. As can be seen
from the graph, the polarization curves at lower glucose concentrations are characterized by
limiting current regions, while at higher glucose concentrations the behavior is different (e.g. at
50 mM glucose the polarization curve is linear at potentials more positive than 0 V vs. SCE).
This change can be tentatively attributed to a change in the rate-determining step of the overall
reaction. At lower glucose concentrations, the substrate concentration limits the rate of the
enzymatic reaction according to Eq. 1 and 2. At higher glucose concentrations, rate-limiting
becomes either the enzyme-mediator reaction (Eq. 4) or the mediator reoxidation at the electrode
surface (Eq. 5). The pronounced dependence of the current on the electrode potential suggests
that rate-limiting is rather the electrochemical reaction. However, despite that the potential
controls directly only the rate of mediator reoxidation, the enhanced consumption of reduced
mediator can change the kinetics of the preceding chemical reaction as well.
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Figure 5-20: Steady-state polarization curves of the optimized enzymatic electrode in presence of different glucose
concentrations. Conditions: 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400 rpm. Catalyst ink
composition: 20 mg Vulcan, 2 mg GOx and 10 mg TTF-TCNQ in 1 ml 2 % gelatin.
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It should be noted that the concentration dependencies are based on the values taken from
individual polarization curves and the experiments have been performed with the same electrode
with increasing glucose concentrations. This approach allows for a complete characterization of
the electrode behavior in different potential ranges (opposed to e.g. flow-injection analysis at a
single potential) but involves continuous potential cycling and prolonged polarization at different
potentials. This kind of electrochemical treatment can be regarded as accelerated aging and could
potentially lead to change in the electrode properties as it will be discussed in below.
Important prerequisite for the implementation of enzymatic anodes in membraneless fuel cell
configurations is their oxygen tolerance. This issue is of special importance in the case of GOx
electrodes since oxygen is believed to be the natural electron acceptor for the enzyme [10]. The
activity of the optimized enzymatic electrode has been tested in absence and presence of oxygen
at different glucose concentrations (Fig. 5-21). As can be seen from the graph, the presence of
oxygen decreases the performance of the anode at both investigated concentrations. The currents
at 0.2 V vs. SCE decrease from about 150 µA and 530 µA in absence of oxygen, to about 80 µA
and 300 µA in presence of oxygen, at 5 mM and 20 mM of glucose, respectively. Both changes
correspond to nearly 2 times activity decrease.
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Figure 5-21: Steady-state polarization curves for an optimized enzymatic electrode in presence of different glucose
concentrations under nitrogen or oxygen atmosphere. Conditions: 0.1 M phosphate buffer, pH 7.2,
37 oC, 400 rpm. Catalyst ink composition: 20 mg Vulcan, 2 mg GOx and 10 mg TTF-TCNQ in 1 ml 1 % gelatin.
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5.5

Electron transfer mechanism and origin of activity

5.5.1 Mechanisms according to the literature and current approach

The electron transfer mechanism in enzymatic electrodes, employing TTF-TCNQ remains still
controversial in the literature. GOx in general is believed to lack DET due to the carbohydrate
shell that isolates its redox center (FAD), although there are some studies reporting DET in the
case of GOx as discussed recently [10]. Deglycosylation of the enzyme partially exposes FAD,
which facilitates DET, as demonstrated by Mano and co-workers [135]. TTF-TCNQ exhibits
high electrical conductivity and no visible redox processes (e.g. due to salt decomposition) in the
catalytically relevant potential region, so it can be regarded as an inert electrode material like
carbon. On the other side both TTF [136] and TCNQ [137] are known to act as mediators for
GOx.
Early studies on CTCs suggested mechanism based on homogeneous MET [112, 113].
Further works, specifically addressing TTF-TCNQ, claimed direct regeneration of the reduced
enzyme by means of a DET [114]. Later on, the same group assumed a heterogeneous redox
catalysis (opposed to the homogeneous case) with TCNQ as a mediator adsorbed on the CTC
surface [138]. This hypothesis was further supported by electrochemical and quartz crystal
microbalance (QCM) measurements and soluble TTF species were completely ruled out of the
possible ET pathway [139]. Additional experimental observations indicated that TTF should be
also involved in the mechanism and two independent modes of MET were suggested:
homogeneous with TTF+ and heterogeneous with TCNQ0 [140]. Another study excluded the
possibility of homogeneous MET or heterogeneous redox catalysis and propounded the
hypothesis of electroactive enzyme, modified by incorporation of a hydrophobic mediator (TTF
and possibly TCNQ), released from the CTC [141]. This suggestion was based on the successful
modification of GOx with TTF by hydrophobic interactions [142]. Later on, Albery and coworkers developed a theory for a homogeneous MET with mediators being supplied from the
bulk or generated in situ and considered the theoretical possibility to apply this mechanism in the
case of organic salts [143].
After all, despite of the long debate, more recent works, reported third generation
(mediatorless) glucose biosensors based on TTF-TCNQ, whereby the assumption of DET
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corresponded well to the obtained experimental data [79, 117]. Contrary to the latter
publications, a newer study exploited the concept of alternating MET mechanism with different
mediator species, depending on the applied potential [116].
In order to provide a further insight into the mechanism, enzymatic electrodes based on TTF,
TCNQ and TTF-TCNQ have been prepared in identical manner and tested towards their activity
for glucose oxidation. The identical preparation route of the different types of electrodes allows
for a direct comparison of their electrochemical behavior and performance. It should be noted
that all potential values in the text below are referred to the scale of SCE.

5.5.2 TCNQ as mediator

TCNQ is a strong electron acceptor molecule, which can undergo two redox transformations: to
the monovalent (TCNQ–) and subsequently to the divalent (TCNQ2–) radical anions and the
respective redox reactions can be clearly distinguished in a suitable solvent, e.g. acetonitrile
[144]. However, the low solubility of TCNQ in aqueous solutions obstructs the straightforward
analysis of its electrochemical behavior in phosphate buffer. Fig. 5-22 shows voltammograms of
the TCNQ-based enzymatic electrode in different potential windows with an increasing upper
potential limit.
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Figure 5-22: Cyclic voltammograms of the TCNQ electrode in different potential ranges. Conditions: 0.1 M
phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400 rpm, scan rate: 5 mV s-1. Catalyst ink composition: 20 mg
Vulcan, 10 mg GOx and 10 mg TCNQ in 1 ml 2 % gelatin.
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If the upper potential is kept negative enough (e.g. 0.2 V), two well-defined redox peaks, denoted
as C and D, are observed. These peaks can be assigned to the redox couple TCNQ2–/TCNQ–
[144]. Another redox process is observed at potentials higher than 0 V. This process can be
assigned to the TCNQ–/TCNQ0 redox couple. When the upper limit is further extended, two
well-defined peaks (A and B) appear. Qualitatively similar behavior, with better defined redox
processes and an “inert zone” between peaks A and B, has been shown in the case of TCNQ on
pyrolytic graphite [144].
The behavior of the TCNQ enzymatic electrode in the present case was also similar to the
behavior of a glucose biosensor based on carbon blacks [137]. In the latter case the two redox
processes can be more clearly distinguished, despite of the broader peaks and the larger peak
separation. In the present case the negative shifting of peak B (TCNQ0 → TCNQ1–) with an
increase of positive potential limit of the voltammogram impedes the differentiation between the
two reductive processes in the negative scan when the upper potential limit is set more positive.
In addition, a decrease in peak intensities is observed with cycling, which is regarded to be due
to dissolution of TCNQ as reported in [144].
Cyclic voltammograms of the TCNQ-based electrode in absence and presence of glucose are
presented in Fig. 5-23.
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Figure 5-23: a) Cyclic voltammograms showing the activity of the TCNQ electrode in an extended potential range;
b) Cyclic voltammograms and steady-state polarization curves of the TCNQ electrode showing the activity in a
limited potential range. Conditions: 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400 rpm, scan rate: 5
mV s-1. Catalyst ink composition: 20 mg Vulcan, 10 mg GOx and 10 mg TCNQ in 1 ml 2 % gelatin.
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In the extended potential range the enzymatic electrode exhibits oxidation activity with an
onset at about 0 V (Fig. 5-23a) and the ET process is assumed to be mediated by TCNQ0. The
activity for glucose oxidation has been further investigated in a limited potential range, where the
TCNQ2–/TCNQ– process can be clearly observed (Fig. 5-23b). As can be seen in the graph,
steady-state experiments (current values after 1 min) are in a good agreement with voltammetry.
According to the literature, TCNQ– species can theoretically act as potential mediators for GOxcatalyzed glucose oxidation, since its redox potential is more positive than the redox potential of
the enzyme [116]. However, this is assumed not to be the case since the difference between the
redox potential of the TCNQ2–/TCNQ– couple and the glucose oxidation onset is about 300 mV.

5.5.3 TTF as mediator
TTF, analogous to TCNQ, is known to undergo two redox transformations, to the TTF+ and the
TTF2+ radical cations, which can both act as redox mediators for the regeneration of reduced
GOx [136]. Fig. 5-24 shows voltammograms of the TTF-based enzymatic electrode in different
potential ranges in phosphate buffer. As can be seen from the graph if the potential window is
kept until 0 V, the enzymatic electrode exhibits only capacitive behavior. When the positive
potential limit is increased to 0.2 and 0.4 V, respectively, a redox process, assigned to the
TTF0/TTF+

couple,

occurs.

The

oxidation

of

TTF0

to

TTF+

starts

at

about

0.05 V and no current peak in the positive scan is observed, regardless of the upper potential
limit. However, a well-defined peak, corresponding to the reduction of TTF+ back to TTF0, is
present in the negative scan. Its position is dependent on the positive potential limit, i.e. on the
amount of TTF+ been generated during the oxidation.
It is assumed that due to the specific electrode architecture, the TTF+ cations, which are
formed during the TTF oxidation at higher potentials, escape from the electrode surface.
Therefore no mass transport limitation, evidenced by a peak in the positive scan, can be
observed. As can be seen, when the upper potential limit of the voltammogram is extended, the
positive currents clearly surpass the reductive currents, which can be attributed to TTF
dissolution. Such behavior is typical for some metal electrodes, e.g. copper, where dissolution
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(oxidation) in the positive scan and copper redeposition in the negative scan take place,
respectively [145].

700

70

600

60

TTF-based enzymatic electrode
500

50

400

40

TTF + Nafion on GC

30

200

20

100

10

I /

A

300

0

0

-100

-10

-200

-20

-300

-30

-400

-40
-0,3

-0,2

-0,1

0,0

0,1

0,2

0,3

0,4

E / V vs. SCE

Figure 5-24: Cyclic voltammograms of the TTF enzymatic electrode and a glassy carbon (GC) modified with TTF in
different potential ranges. Conditions: 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400 rpm, scan rate: 5
mV s-1. Catalyst ink composition: 20 mg Vulcan, 10 mg GOx and 10 mg TTF in 1 ml 2 % gelatin.

In order to have an experimental reference for the redox potential of the TTF0/ TTF+ couple
in the aqueous phosphate buffer employed in this study, in control experiments TTF has been
dispersed in a Nafion solution and applied as a thin layer on a glassy carbon (GC) surface. The
resulting voltammogram (see Fig. 5-24) shows the reversible oxidation of TTF and the peak
position corresponds to the behavior of the TTF-based enzymatic electrode. The presence of a
well-defined anodic peak can be tentatively attributed to the low amount of TTF in the Nafion
film and the negative charge of the polymer, which will prevent TTF+ cations to escape from the
surface. The reversible redox potential of TTF on GC is around 0.15 V, which is in accordance
with the values, reported in the literature [75].
The voltammograms of the TTF electrode in absence and presence of glucose are shown in
Fig. 5-25. The enzymatic electrode exhibits high activity towards glucose oxidation and the
oxidation onset is at about –0.25 V. This value is well more negative than the value of the
reversible potential, expected for the TTF0/ TTF+ couple.

69

500

0 mM glucose, CV
20 mM glucose, CV

400

0 mM glucose, SS
20 mM glucose, SS

200

I /

A

300

100

0

-100
-0,3

-0,2

-0,1

0,0

0,1

0,2

E / V vs. SCE

Figure 5-25: Cyclic voltammograms and steady-state polarization curves of the TTF enzymatic electrode showing
the activity for glucose oxidation. Conditions: 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400 rpm, scan
rate: 5 mV s-1. Catalyst ink composition: 20 mg Vulcan, 10 mg GOx and 10 mg TTF in 1 ml 2 % gelatin.

As can be seen, steady-state curves follow the behavior observed in voltammogram. Similar
oxidation onset and electrochemical behavior has been shown in the case of TTF-modified CNTs
[75]. It should be noted that according to the literature TTF2+ species also can act as mediators
but they are less stable and easily decomposed [136].

5.5.4 TTF-TCNQ as mediator

After the information about the electrochemistry and the glucose oxidation activity of the single
components TTF and TCNQ has been obtained, the electrochemical behavior the CTC has been
investigated and directly compared with the behavior of the TTF and TCNQ electrodes. Fig. 526a shows the voltammograms of the CTC electrode in buffer in different potential ranges,
which have been compared with the responses of TTF and TCNQ electrodes at the same
potential scale in Fig. 5-26b.
As can be seen, the shape of the voltammogram of CTC in the potential range between
–0.2 and 0.2 V indicates that some redox processes are occurring at potentials close to both limits
of the voltammetric experiment. It should be noted that this kind of response has been obtained
in a reproducible manner with fresh CTC electrodes, which have not been subjected to any
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pretreatment or conditioning. The respective voltammogram shows that a reduction process takes
place at potentials negative to –0.1 V, and a small oxidation peak can be observed immediately
upon scan reversal. According to the literature, the reduction currents can be assigned to cathodic
salt decomposition, according to Eq. 6 as proposed by Jaeger and Bard [111] and the subsequent
anodic peak has been previously ascribed to reversibility of the process at its initial stage [146].
TTF-TCNQ + 2e − → TTF + TCNQ 2-

(6)
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Figure 5-26: Cyclic voltammograms of TTF, TCNQ and TTF-TCNQ electrodes in different potential ranges.
Conditions: 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400 rpm, scan rate: 5 mV s-1. Catalyst ink
composition: 20 mg Vulcan, 10 mg GOx and 10 mg mediator in 1 ml 2 % gelatin.

The CTC decomposition is accelerated when the electrode is subjected to cycling at low sweep
rates in a more negative potential range. However, the associated cathodic currents decrease with
the number of cycles until a reproducible response is obtained, which indicates possibly
decomposition of all electrochemically susceptible TTF-TCNQ. The gradual cathodic
decomposition is demonstrated in Fig. 5-27.
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Figure 5-27: Consecutive linear sweep voltammograms of the TTF-TCNQ electrode, demonstrating gradual
cathodic decomposition. Conditions: 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere, 400 rpm, scan rate: 5
mV s-1. Catalyst ink composition: 20 mg Vulcan, 10 mg GOx and 10 mg TTF-TCNQ in 1 ml 2 % gelatin.

After sufficiently long cathodic treatment, the resulting voltammogram from –0.7 to –0.05 V is
characterized by a clearly developed redox peak (Fig. 5-26a). Based on its position and shape, it
can be assigned to the TCNQ2–/TCNQ– couple (see Fig. 5-26b) as discussed above. Therefore, it
can be assumed that it is more likely that the small anodic peak upon scan reversal in the
voltammogram between –0.2 and 0.2 V is rather due to TCNQ2– oxidation to TCNQ–, than to
reversible salt decomposition. This implies that the redox behavior observed at potentials more
positive

than

–

0

0

V

can

be

attributed

both

to

the

TTF0/TTF+

and

the

TCNQ /TCNQ couples. Unfortunately, it is difficult to discriminate between both processes
because of the similar onset potentials of TTF0 and TCNQ– oxidation, as can be seen in
Fig. 5-26b.
The presence of TTF0 and TCNQ– species in the electrode architecture could be also
explained by CTC dissolution. According to the literature, TTF-TCNQ has a stable potential
window in aqueous media and shows no current peaks that could be attributed to salt
decomposition [111]. The observation of redox processes in the potential region between
–0.2 and 0.2 V (see Fig. 5-26a) challenges the assumption of a completely inert potential range
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under the present experimental conditions. The release of electroactive species within the
“stable” potential window has been discussed in [147] and demonstrated also by scanning
tunneling microscopy experiments (STM) [148]. The authors in the latter study observed
dissolution at potentials within the stable potential region and even at equilibrium potential. They
assumed the presence of neutral TTF and TCNQ species dissolved in the aqueous solution, either
reversibly at equilibrium, or irreversibly at non-equilibrium potentials (Eq. 7-9) and
distinguished the nature of these species (TTF(aq), TCNQ(aq)) from the nature of the surfaceconfined species (TTF0, TCNQ0). This assumption corresponds to the observed behavior in the
present study and can explain the fact that the voltammetric features of the single components
TTF and TCNQ can be followed on the CTC electrodes without any special potential
pretreatment.

TTF-TCNQ ↔ TTFaq + TCNQ aq

(7)

TTF-TCNQ → TTFaq+ + TCNQ aq + e−

(8)

TTF-TCNQ + e− → TTFaq + TCNQ −aq

(9)

As already discussed above, not only TTF-TCNQ but also TTF and TCNQ can act as
mediators for GOx. The corresponding activities are compared in Fig. 5-28. For the sake of
clarity the respective polarization curves in absence and presence of 20 mM glucose have been
presented in the same potential scale and current range for all electrodes.
As can be seen the glucose oxidation activity of the CTC electrode in the range between
–0.2 and 0.2 V (Fig. 5-28b) significantly resembles the behavior of the TTF electrode
(Fig. 5-28a), in terms of oxidation onset and measured currents. The reduction currents at
potentials negative to –0.2 V can be explained by the crystal lattice reduction, which has been
discussed above, since the CTC electrode in Fig. 5-28b has not been subjected to any special
pretreatment and has been investigated only in the range between –0.25 and 0.2 V.
Fig. 5-28c shows the polarization curves of the CTC in absence and presence of glucose in the
potential range between –0.6 and 0.1 V after negative potential pretreatment. As can be seen,
after pretreatment no reduction currents are observed and the glucose oxidation onset potential is
at about –0.25 V, which corresponds to the behavior of CTC in Fig. 5-28b and the behavior of
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TTF in Fig. 5-28a. This implies that the electrode pretreatment induces CTC decomposition and
generates TTF species in the electrode architecture, which can act as mediators for the GOxcatalyzed glucose oxidation.
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Figure 5-28: Steady-state polarization curves of TTF-, TTF-TCNQ- and TCNQ-based enzymatic electrodes in
different potential ranges in absence and presence of glucose. Conditions: 0.1 M phosphate buffer, pH 7.2, 37 oC, N2
atmosphere, 400 rpm. Catalyst ink composition: 20 mg Vulcan, 10 mg GOx and 10 mg mediator in 1 ml
2 % gelatin. Dashed line is additionally drawn for guidance of the reader.

The glucose oxidation activity of the TCNQ electrode does not start earlier than 0 V (see Fig.
5-28d), which indicates that TCNQ cannot be accountable for mediation at the more negative
potentials observed in Fig. 5-28b and 5-28c. On the other side, it is likely that at potentials more
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positive than 0 V, both TTF and TCNQ act as mediators and the respective currents are
superimposed, which is evidenced by a kink in the respective polarization curve (Fig. 5-28b) but
the two processes cannot be distinguished. These findings correspond to the proposal of
alternating ET mechanism, involving different mediator species [116] but restricted to more
positive potentials.
In order to have additional experimental evidence that dissociated species are present on the
CTC surface, the electrodes have been analyzed by Fourier Transform Infrared Spectroscopy
(FTIR) after different treatments. The state of the TTF-TCNQ can be easily determined by the
shift in the nitrile stretching band of TCNQ according to the empirical dependence demonstrated
in [149, 150] due to the relation between the vibrational frequency and the degree of charge
transfer, manifested in compounds with π-delocalized systems. The shift in the initial nitrile
frequency of TCNQ in the case of TTF-TCNQ and KTCNQ corresponds to a degree of charge
transfer of 0.59 and 1.00, respectively. Thus, it makes possible to identify in a simple way the
nature of TCNQ species present at the electrode surface. Fig. 5-29a shows referent FTIR spectra
of TCNQ, TTF-TCNQ and KTCNQ recorded between 2500 cm-1 and 2000 cm-1.
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The values obtained for the charge transfer degree are 0.43 and 0.88 for the TTF-TCNQ and
KTCNQ, respectively. These values slightly deviate from the literature reported values but the
apparent shifts demonstrate that the respective peaks can be used for characterization of the
nature of TCNQ species at the electrode surface. Fig. 5-29b shows spectra of the freshly
prepared enzymatic electrode and after electrochemical characterization in presence of glucose.
The value of the frequency (2200 cm-1) of the fresh electrode indicates the presence of TTFTCNQ in its original state. The peaks in the FTIR spectrum of the electrode, which has been
subjected to electrochemical characterization in absence and in presence of glucose, indicate the
presence of intact TTF-TCNQ as well as TCNQ anions. The peak at 2177 cm-1 is characteristic
for TCNQ– species, while the peak at 2163 cm-1 can be attributed to both TCNQ– and TCNQ2–
species [151]. The presence of divalent anions can be also assumed due to the broad peak at
about 2110 cm-1 (characteristic for TCNQ2–) but this is rather speculative interpretation since the
peak is poorly defined. Despite of this ambiguity, the FTIR spectrum of the used electrode
confirms the presence of intact TTF-TCNQ crystals and TCNQ anions at the electrode surface.
This observation is in accordance to the voltammetric data and further assists the hypothesis of
TTF-TCNQ dissolution in the investigated potential range.

5.5.5 Conclusions about the electron transfer mechanism

The results shown above imply that in the present electrode configuration electroactive species
are generated in situ from the CTC surface even within the “stable” potential range. The
significant similarity in the glucose oxidation activity of CTC and TTF electrodes suggests MET
with TTF species as the main mediators. The possibility of simultaneous activity of TTF and
TCNQ at more positive potentials is also considered. It should be noted that the assumption of
MET does not contradict the hypothesis of enzyme modified through hydrophobic interactions
by TTF species and undergoing “direct” oxidation at electrode surfaces [141], whereby the
difference arises from the different terminology used by different groups.
The interpretation in the present study is in accordance with most of the previous findings in
the literature but extends the current understanding of the CTC electron transfer mechanism by
discussion of the oxidation onset potential, which is an important parameter for practical
applications of CTC-based anodes in biofuel cells. In this context, the results shown above
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indicate that both CTC and TTF can be used as mediators for glucose oxidation and they show
similar performance. However, the CTC electrodes overpower due to the smaller relative loading
of TTF. For instance, enzymatic electrodes based on 10 mg loading of TTF and TTF-TCNQ
show similar kinetics but in 10 mg of TTF-TCNQ only 5 mg of TTF are present, having in mind
the 1:1 stoichiometric ratio of the components. The better performance of TTF-TCNQ can be
tentatively ascribed to the higher conductivity of the enzymatic electrode (due to the intrinsic
conductivity of the CTC) and/or some effects in respect to the difference in the dissociation rate
of TTF+ from the TTF0 and TTFδ+TCNQδ–. Another advantage is the simultaneous action of
TCNQ as a mediator at more positive potentials.
To summarize, based on the experiments shown above it can be concluded that major part of
the activity of TTF-TCNQ based enzymatic electrodes for glucose oxidation is due to TTF
species, which are released from the CTC surface. TCNQ species can also act as mediators but
only in a more positive potential range. The TTF and TCNQ species can be generated in situ
either by simple dissolution or by potential induced crystal decomposition during the
electrochemical tests. It should be pointed out that these conclusions are limited to the particular
electrode architecture used in present study but they can be also extended for the theoretical
treatment of results shown in previous works.

5.6

Conclusions

CTCs such as TTF-TCNQ are well-established materials for the preparation of glucose
biosensors and enzymatic electrodes based on TTF-TCNQ exhibit high current densities,
relatively low overpotential and high stability. In addition, they can be prepared by unpretentious
procedures, which involve only commercially available materials. However, despite of these
promising features, CTC-based anodes have never found an application in biofuel cell devices,
which has motivated our studies with this kind of systems. Our results indicate that TTF-TCNQ
forms a highly irregular porous structure, which serves as a matrix for immobilization of the
enzyme, which underlines the importance of the optimization of the enzymatic electrode
architecture. In order to improve the electrode performance with respect to fuel cell applications,
the influence of various aspects of the preparation procedure has been studied in a systematic
way and the respective findings extend the existing interpretation present in the literature. It was
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found that the dispersion of the electrode components in a gelatin matrix together with a
conductive high surface area material such as Vulcan XC72R has the most beneficial influence
on the electrode performance. In addition, the results shown in the present study support the
hypothesis of mediated electron transfer by species, released in situ from the CTC surface. These
findings open and support further possibilities for optimization of the electrode performance such
as chemical tuning the potentials of the donor and acceptor compounds forming the CTC, as well
as more precise control of the CTC shape, size and distribution.

5.7

Experimental details

5.7.1 Chemicals and materials

All chemicals including glucose, TTF, TCNQ, TTF-TCNQ and polyvinyl sulfate potassium salt
(PVS) as well as tetrahydrofuran (THF) and acetonitrile (ACN) were of analytical reagent grade
and purchased from Sigma-Aldrich. Ultrapure water from Millipore was used in all experiments.
Stainless steel was used as a mechanical and electrical support for the preparation of
enzymatic electrodes. Discs with a diameter of 11 mm and 1 mm thickness were used in the case
of single electrode experiments (three-electrode set-up). The discs were mounted in a sample
holder for rotating disc electrode (RDE) with an opening of 8 mm (0.5 cm2 working area) for the
electropolymerization and an opening of 6 mm (0.28 cm2 working area) for the electrochemical
tests.

5.7.2 Modification procedure with polypyrrole layer

The enzymatic electrode preparation procedure was similar to the procedure reported by Khan
[79] and had several steps. The stainless steel discs were polished with emery paper and
degreased with acetone before further modification. In the first step, a polypyrrole film was
electrochemically deposited on the stainless steel surface. The electropolymerization was done
galvanostatically at a current density of 4 mA cm-2 until a charge of 1.2 C cm-2 passed. The
aqueous monomer solution contained 0.02 M (per monomer molecular weight) PVS and 0.15 M
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pyrrole. The solution was agitated by the RDE. No attempts to exclude oxygen from the system
during the electropolymerization were made.
In the next step, CTC crystals were grown directly on the polymer surface. First, TCNQ
dissolved in THF was cast several times on the electrode until the desired loading was achieved.
After that, TTF dissolved in ACN was applied in several successive steps over the TCNQ layer
until TTF loading of slight excess compared to the TCNQ loading was obtained. The electrode
was then gently washed with ACN in order to remove the unreacted TTF and dried under
ambient conditions. After that GOx was adsorbed on the CTC crystals by applying an aliquot of
20 mg ml-1 GOx solution in phosphate buffer (pH 7.2) and the electrode was left to dry.
Subsequently, the CTC/GOx assembly was covered by an aliquot of gelatin solution (2.5 % w/v
in water, incubated for 30 min at 30 oC before use) and dried again. Finally, the electrode
assembly was cross-linked by dipping into a glutaraldehyde solution (5 % in water) for 60 s,
washed with plenty of water and dried at room temperature. The enzymatic electrodes were kept
in plastic bags at –20 oC before use. Cross-sectional scanning electron microscopy (SEM)
analysis of the enzymatic electrode assembly was performed by AQura GmbH, Germany using
XL30 FEG (FEI Company).

5.7.3 Modification procedure with a gelatin matrix

Stainless steel discs were used as a support of the enzymatic electrodes. Vulcan XC72R (Cabot)
was supplied by QuinTech (Germany). Ketjen Black EC 300J was a kind gift by Akzo Nobel
Chemicals and Printex XE 2B was gift by Evonik Industries. The ink used for modification of
the enzymatic electrodes had typically the following composition: 20 mg Vulcan XC72R, 10 mg
of the respective mediator (TTF, TCNQ or TTF-TCNQ) and 10 mg GOx (1920 U) in 1 ml of 2
% w/v gelatin aqueous solution (heated to 35 oC before use). In the case of tests for optimization
of the modification procedure the type of carbon black material as well as the quantities of
Vulcan, TTF-TCNQ, GOx and gelatin were varied. The mediators were ground in an agate
mortar before use. Suspension of the ink components in the gelatin solution was assisted by
mechanical stirring and ultrasonication for about 5 min. For preparation of the enzymatic
electrodes 50 µl of the respective ink was applied on the stainless steel electrode (0.28 cm-2) and
left to dry under ambient conditions. After that the electrode assembly was cross-linked by
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dipping into a glutaraldehyde solution (5 % in water) for 60 s, washed carefully with water and
dried again. The enzymatic electrodes were kept in plastic bags at –20 oC before use.
In case of fluorescence experiments GOx was modified by fluorescent protein label (DyLight
350 NHS ester from Thermo Scientific) according to the supplier protocol.

5.7.4 Electrochemical experiments

Electrochemical experiments were carried out in a conventional double-jacketed Pyrex
electrochemical cell (Radiometer Analytical). The RDE was used as a working electrode,
platinum wire as a counter electrode, and saturated calomel electrode (SCE) as a reference
electrode. The experimental solutions were saturated with nitrogen or oxygen. Electrochemical
single electrode and fuel cell experiments were performed by a computer controlled potentiostat
PGSTAT302 (Eco Chemie/Autolab). Steady-state polarization curves were obtained by
extracting of the currents after 1 min at different potential values.
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6.

Hybrid enzymatic fuel cell

6.1

Concept of the hybrid fuel cell

Important aspect in the development of enzymatic biofuel cells, apart from the design and
optimization of the individual electrodes, is the design of the whole fuel cell system. Little
emphasis has been put on this issue in the past and most of the studies have been focused on
single electrodes studies. For this reason, after the successful development of the anode
modification procedure, the enzymatic anode has been combined with a Pt cathode in a hybrid
biofuel cell device. The structure of the cathode comprises the membrane electrode assembly
(MEA) design, which has been adopted from the conventional fuel cell technology. It should be
noted that the term “hybrid” when referred to a fuel cell, is mainly associated with the
combination of two power sources with different operational principles (e.g. fuel cell and
battery). However, this term can be also used to denote the different nature of catalysts (e.g.
biological catalyst at the anode and an inorganic catalyst at the cathode as in the present case) as
discussed in [10]. The combination with a noble metal catalyst electrode allows for testing of the
enzymatic electrode performance under fuel cell conditions. Similar strategy has been used both
for anodes [32, 37, 152] and for cathodes [30, 48, 60]. Such systems have been usually referred
to as biofuel cells, despite of the presence of a non-bio component. The hybrid fuel cell device in
this study can be used as a platform for investigation of different enzymatic anodes and give
additional information about their behavior in a whole fuel cell system when combined with a
cathode with “known” catalytic properties.
The enzymatic fuel cell device, presented in this study comprises a parallel plate design (see
the experimental details in Section 6.7.3 below). The bioanode operates in liquid phase and the
flow-through design of the anodic chamber allows for perfusion of the fuel solution. The
continuous flow diminishes substrate depletion and product accumulation and allows for mass
transport investigations of the bioanode under fuel cell conditions. In case of a batch operation or
when analysis of the oxidation products is required, the flow can be stopped and the anodic
chamber can be isolated by closing the inlet and outlet valves.
The cathode operates in gas phase, which allows overcoming the limitations associated with
the low oxygen solubility in aqueous solutions [52]. The use of pure oxygen instead of air and
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the high flow rate (500 ml min-1) should eliminate oxygen concentration effects along the flow
field channels. The oxygen gas was not humidified due to the fact that the one side of the
membrane is in contact with aqueous solution and should be sufficiently hydrated. The high
platinum loading (5 mg cm-2) should ensure high cathode performance as it was shown by
Reshetenko et al. [153], who studied the influence of cathode optimization on the performance of
a direct methanol fuel cell (DMFC).
In the following sections the influence of the fuel cell architecture and some operational
parameters on the hybrid fuel cell performance will be investigated.

6.2

Performance of the hybrid fuel cell

Polarization and power curves of the hybrid enzymatic fuel cell at two different glucose flow
rates are shown in Fig. 6-1. The polarization curve at 5 ml min-1 flow rate exhibits a small
activation region and an OCV of 0.94 V.
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Figure 6-1: Polarization (black squares) and power curves (red circles) of the hybrid fuel cell at glucose flow rates of
5 ml min-1 (full symbols) and 10 ml min-1 (empty symbols). Conditions: Anode: 5 mM glucose in 0.1 M phosphate
buffer, pH 7.2, 37 oC, N2 atmosphere; Cathode: 500 ml min-1 dry oxygen flow rate.

Different OCV values for glucose-oxygen biofuel cells have been presented in the literature. For
example, 0.55 V was reported for a similar flow-through hybrid fuel cell with enzymatic anode
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mediated by dissolved benzoquinone and a Pt cathode [46] or 0.8 V for a non-enzymatic direct
glucose fuel cell based on Pt catalysts, which employed also a MEA design [154]. High OCV
values (around 1 V) have been demonstrated in the case of glucose-oxygen enzymatic biofuel
cells based on Os redox hydrogels [21, 23].
The theoretical cell voltage for glucose oxidation to gluconolactone in presence of gas-phase
oxygen under standard conditions, calculated according to [71] and assuming ionic strength of
0.25 M is 1.18 V, which corresponds to the value calculated in [21]. If conditions deviate from
standard conditions as in the present case (5 mM glucose concentration and not defined
concentration of gluconolactone, which is consumed in a following hydrolysis reaction) even
higher theoretical cell voltage can be expected according to the Nernst equation. Although
reasonable from a thermodynamic point of view, the value of 0.94 V is unexpectedly high,
compared to the typical performance of similar biofuel cells.
The OCV in a fuel cell is influenced by the open circuit potentials of the anode and the
cathode. As it was already mentioned, the open circuit potential of the anode in the present case
is around –0.2 vs. SCE. On the other side, control experiments with Pt black-modified electrodes
revealed current onset of the oxygen reduction at about 0.3 V vs. SCE in phosphate buffer, which
was in accordance with the literature values for Pt nanoparticles on multi-walled carbon
nanotubes (MWCNTs) (ca. 0.26 V vs. SCE) [155]. According to these half-cell experiments one
can expect much lower OCV. The high values obtained in the present study can be possibly
explained by the specific architecture of the fuel cell, namely the enzymatic electrode is in
contact with buffer, while the Pt cathode is in contact with Nafion. This implies pH difference
between the electrodes. In control experiments the Pt black cathodes in 0.1 M sulfuric acid
revealed reduction onset at approximately 0.7 V vs. SCE, which was similar to the value for Pt
nanoparticles on MWCNTs in 0.1 M perchloric acid [156]. Furthermore, the oxygen reduction
kinetics is significantly enhanced at the Pt/Nafion interface since Nafion is a superacid (due to
the highly acidic protons attached to the sulfonate sites in the polymer structure) and exhibits
negligible anion adsorption effects, in addition to high oxygen solubility [157], which implies
even more positive onset potential for the Pt cathode than the one observed in the case of sulfuric
acid. In light of this discussion, the measured OCV values can be expected in the present setup.
Regarding the value of 0.55 V, reported for a similar hybrid setup [46], the difference can be
possibly attributed to the different fuel cell architecture, the higher glucose concentration and the
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different mediator. Higher glucose concentration is expected to increase the glucose crossover
and consequently to decrease OCV, which will be discussed below. The possibility of crossover
is taken into account since Pt has catalytic activity for glucose oxidation as demonstrated in
[158].
In addition to the activation region, observed in Fig. 6-1, the mass transport and resistance
limitation regions in the polarization curve can be also distinguished. The current values obtained
in the present setup suggest that the fuel cell is limited by the enzymatic anode since the Pt
cathode can easily reach the mA range under similar conditions, e.g. in a DMFC [159]. The fuel
cell exhibits maximum power density of about 45 µW cm-2 at 5 ml min-1 glucose flow rate.
Increasing the flow rate to 10 ml min-1 decreases the OCV to 0.82 V and changes the shape of
the polarization curve. The region of ohmic polarization is significantly extended and the mass
transport limitation can be clearly identified at current densities around 300 µA cm-2 (see Fig. 61). The decrease in OCV at higher flow rate can be attributed to crossover of glucose, which can
be oxidized at the cathode, creating a mixed potential. Increase in flow rate is expected to
enhance the mass transport of glucose at the anode but also to increase the rate of crossover.
Such phenomenon has been also demonstrated in a recent study, where the influence of
operational parameters such as fuel concentration and flow rate on the performance of a DMFC
has been investigated [159]. The higher flow rate in the present case resulted in an improved
overall performance of the fuel cell, raising the maximum power output to nearly 100 µW cm-2 at
0.4 V.
The performance of the fuel cell presented in this study is somewhat superior compared to
other hybrid biofuel cells employing Pt cathodes, although a straightforward comparison is
difficult due to the difference in experimental conditions as outlined in [10]. For instance, a
hybrid fuel cell with similar MEA architecture, which delivered around 45 µW cm-2 at 100 mM
glucose, was reported by Tamaki et al. [44]. The anode was based on GOx and a ferrocenemodified polymer, which redox potential resulted in lower OCV and moderate output despite the
high fuel concentration.
Another compartmentalized hybrid fuel cell, which utilized GOx and dissolved benzoquinone
as mediator generated similar output (42 µW cm-2) also at 100 mM glucose [17]. In another
study, highly efficient bioelectrodes based on Os redox hydrogels, single-walled carbon
nanotubes (SWCNTs) and CDH were tested in a model membraneless configuration together
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with a Pt black cathode and the resulting maximum power density was 157 µW cm-2 in presence
of 100 mM glucose.
The performance of the hybrid biofuel cell presented in this study is also comparable to the
performance of biofuel cells incorporating enzymatic cathodes. For instance, a very recent study
reported high current density glucose oxidation anodes based on GOx and a ferrocene-modified
polymer, which generated limiting current densities of about 2 mA cm-2 at 0.3 V vs. SCE and ca.
60 mM glucose [73]. The bioanodes were coupled with Os-mediated laccase cathodes and the
resulting biofuel cell generated 56 µW cm-2 with a stationary cathode and 146 µW cm-2 under
rotation. In respect to operation at low glucose concentrations (5 mM), a notable example is the
configuration based on Os redox hydrogels, which generated 280 µW cm-2 and was reported as
the highest power biofuel cell at the lowest concentration [160]. However, this high performance
in the latter case was achieved by the use of GOx from another source (Penicillium pinophilum)
and operation at pH 5. For comparison, when GOx from Aspergillus niger was used, the biofuel
cell generated only 90 µW cm-2 under the same conditions. In addition, it should be noted that
the respective electrodes were 2 cm long carbon fibers with a diameter of 7 µm, which size and
geometry significantly enhance mass transport conditions.

6.3

Influence of the fuel cell architecture

After continuous operation a liquid was detected at the oxygen gas outlet as well as in the
graphite flow-field after disassembly of the device. It was assumed that the transport of solution
through the membrane will influence the performance of the cathode and different strategies to
diminish this effect have been exploited.
The accumulation of liquid water, known as flooding is regarded to be the major cause of
oxygen mass transport limitations in PEM fuel cells [161]. Apart from the water generated by
oxygen reduction at the cathode, there is a given amount of water transported from the anode to
the cathode by an electroosmotic drag and both fluxes are proportional to the current density
[162]. If the generation rate exceeds the removal rate, water accumulates and causes blocking of
the oxygen transport within the catalyst layer and as a result reduces the cathode performance
[161]. The low currents in our system and more important, the aqueous media in the anodic
chamber suggest that dominant part of the aqueous solution is being transported through the
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membrane by simple diffusion. It is assumed that in the present case the performance of the fuel
cell will be influenced not only by the water transported through the membrane but also by the
cations from the buffering salts and the dissolved glucose, which are being transported together
with the aqueous solution. For instance, the decrease of OCV with an increase of anodic flow
rate, shown in Section 6.2 has been ascribed to enhanced crossover of glucose. Having in mind
the low current densities that have to be maintained by the cathode, it is unlikely that the
accumulation of liquid water and the consequent blocking of gas-phase oxygen transport will
influence the fuel cell performance to a great extent. The species dissolved in the anodic solution
are expected to have a greater impact on the cathode and fuel cell performance.

6.3.1 Influence of gas-diffusion layer

A common strategy to diminish the flooding rate is hydrophobization of the gas-diffusion layer
(GDL) by impregnation with hydrophobic agents such as polytetrafluoroethylene (PTFE) [161]
as demonstrated in a recent study by local current distribution and neutron radiography imaging
of the cathode in a DMFC [163]. Fig. 6-2 shows polarization curves of the hybrid enzymatic fuel
cell with untreated Toray paper, Toray paper impregnated with 50 % PTFE and without any
GDL.
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Figure 6-2: Polarization curves of the hybrid fuel cell with different types of GDL and without a GDL. Conditions:
Anode: 5 mM glucose in 0.1 M phosphate buffer, 10 ml min-1 flow rate, pH 7.2, 37 oC, N2 atmosphere; Cathode:
500 ml min-1 dry oxygen flow rate.
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Decreasing the wettability of the GDL improves significantly the cell performance. The
region of ohmic polarization is notably extended and a small region of mass transport limitation
can be observed at ca. 350 µA cm-2. The maximum power density increases about four times,
compared to the case with untreated GDL and reaches 100 µW cm-2 at 0.4 V. The influence of
different Toray paper wetproof levels (10-30 %) on the output of a PEM fuel cell has been
studied in [164]. It was observed that the best performance showed GDLs with a PTFE loading
of 20 %, suggesting that a careful balance between hydrophilic and hydrophobic properties of the
GDL is needed for the precise control of the flooding rate. Similar dependence with an optimum
PTFE loading below 50 % might be true in the present system but this was not investigated in
detail.
The performance of the fuel cell without any GDL is also improved compared to the case with
untreated Toray paper. The absence of a GDL and the hydrophobization of the GDL result in a
similar performance (see Fig. 6-2) and the respective polarization curves differ slightly only at
the mass transport limited region. In general, the absence of a GDL is expected to reduce the
performance in the case of conventional fuel cells due to inefficient gas distribution and bad
electrical contact. This would not be the case in the present system due to the high catalyst
loading and the low current densities, which are to be maintained by the cathode. In addition to
the simplified fuel cell architecture, it is assumed that the absence of GDL will lead to enhanced
water removal by the reactant flow as it was shown in [165] by pressure drop measurements.

6.3.2 Influence of separator and cathode hydrophobization

Another possible strategy to diminish the flooding rate is hydrophobization of the catalyst layer.
Improvement of the fuel cell performance can be achieved only after careful balance between the
hydrophobic properties and the electronic conductivity of the cathode as shown by Liu et al.
[166], who studied the effect of PTFE loading on the cathode performance in a DMFC. Another,
more straightforward, method is to introduce a physical barrier between the fuel solution and the
cathode in order to control the solution supply to the cathode as demonstrated by Sakai et al.
[52]. The influence of 10 wt. % PTFE in the catalyst layer and the presence of a cellophane
membrane as a separator on the performance of the hybrid fuel cell is shown in Fig. 6-3.
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Both, hydrophobization of the catalyst and the utilization of a separator result in an improved
performance of the hybrid enzymatic fuel cell, shifting the current densities at 0.2 V to ca. 200

µA cm-2 and ca. 240 µA cm-2, respectively. As can be seen in Fig. 6-3 the separator has more
favorable effect on the performance, in addition to a slight increase of the OCV to 0.99 V, which
can be assigned to lower crossover of glucose. The simultaneous utilization of separator and
hydrophobized cathode did not show any additive or synergic effect.
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Figure 6-3: Polarization curves of the hybrid fuel cell, showing the influence of a separator and hydrophobization of
the catalyst layer. Conditions: Anode: 5 mM glucose in 0.1 M phosphate buffer, 5 ml min-1 flow rate, pH 7.2, 37 oC,
N2 atmosphere; Cathode: 500 ml min-1 dry oxygen flow rate.

6.4

Influence of glucose concentration and oxygen

As shown in Section 6.2 the flow rate of the anodic solution has significant influence on the
performance of the hybrid fuel cell. This effect has been ascribed to improved mass transport
conditions at the anode. Another operational parameter, which directly influences the glucose
oxidation kinetics at the anode, is the concentration of glucose in the bulk. Power curves of the
hybrid enzymatic fuel cell with a separator and without a GDL in presence of different glucose
concentrations are shown in Fig. 6-4. The maximum power density is shifted from ca. 55 µW
cm-2 at 5 mM glucose to ca. 90 µW cm-2 at 40 mM glucose. The increase is not linear, which fits
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well to the observations in single electrode experiments. The OCV values decrease by increasing
the glucose concentration from ca. 0.99 V at 5 mM glucose to ca. 0.94 V at 40 mM glucose,
which can be ascribed to glucose crossover to the cathode. Similar decrease of OCV by
increasing fuel concentration was demonstrated by Chen et al. in the case of a DMFC [159].
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Figure 6-4: Power curves of the hybrid fuel cell with separator in presence of different glucose concentrations.
Conditions: Anode: 0.1 M phosphate buffer, 5 ml min-1 flow rate, pH 7.2, 37 oC, N2 atmosphere; Cathode:
500 ml min-1 dry oxygen flow rate.

As outlined in Section 5.4.3 the oxygen tolerance is a key issue in the case of enzymatic
electrodes based on GOx. In order to monitor the effect of oxygen on the anode in a fuel cell
configuration, the fuel cell has been fed with nitrogen- and oxygen-saturated glucose solutions.
The respective polarization and power curves are shown in Fig. 6-5.
As can be seen from the graph the presence of oxygen in the fuel solution decreases the
overall fuel cell performance in the whole investigated range so the shape of the polarization
curve remains qualitatively the same. The OCV drops by 120 mV and the maximum power
density decreases from ca. 120 µW cm-2 to ca. 65 µW cm-2 in presence of oxygen. This
observation is in accordance with single electrode experiments, in which a similar rate of
performance reduction has been observed.
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Figure 6-5: Polarization (black squares) and power curves (red circles) of the hybrid fuel cell in presence of
nitrogen- (empty symbols) and oxygen-saturated (full symbols) glucose solution. Conditions: Anode: 5 mM glucose
in 0.1 M phosphate buffer, 20 ml min-1 flow rate, pH 7.2, 37 oC; Cathode: 500 ml min-1 dry oxygen flow rate.

The decrease in current densities is associated with the reduced number of electrons, which
instead of being transported through the mediator to the electrode surface are consumed by
oxygen. The OCV drop on the other side could be the consequence of the generation of a mixed
potential at the anode in presence of oxygen since TTF is known to exhibit oxygen reduction
activity [167].

6.5

Stability of the hybrid fuel cell

The stability of the hybrid fuel cell has been investigated by constant polarization at 0.5 V at two
different glucose flow rates. For comparison, the chronoamperometric response of the enzymatic
anode, polarized at 0.05 V vs. SCE under forced convection conditions has been also shown. As
can be seen in Fig. 6-6, the anode and the fuel cell at lower flow rate exhibit similar, rather stable
behavior. Increase in flow rate results in higher currents due to enhanced glucose transport to the
enzymatic electrode but with the expense of reduced stability.
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Figure 6-6: Chronoamperometry of the hybrid fuel cell and the enzymatic electrode at different hydrodynamic
conditions for 30 min. Conditions: Anode: 5 mM glucose in 0.1 M phosphate buffer, pH 7.2, 37 oC, N2 atmosphere;
Cathode: 500 ml min-1 dry oxygen flow rate.

When the time scale at the higher flow rate was extended to 24 h, the current decayed to
1 µA cm-2 as shown in Fig. 6-7. Such a pronounced loss of activity during long-term operation
can be due to several reasons, including anode and cathode deactivation or a combination of
these as well as some problems with the design of the fuel cell. According to the literature, a
similar type of enzymatic anode shows very stable behavior during several days of operation
[79], which corresponds to the observations in the present work. This makes anode deactivation,
although possible, not likely. On the other hand, similar rate of fuel cell deactivation was
reported by Fischback et al. [46], who observed pronounced current decay under constant
operation. They were able to regain most of the initial performance by replacement of the MEA,
which lead them to the conclusion that the loss of performance was due to poisoning of the
membrane by cations from the anodic buffer solution [46]. Similar type of experiment with
replacement of MEA was performed in this study and the results were in accordance to the latter
work. As can be seen in Fig. 6-7, the fuel cell restores activity almost to the initial level after
exchange of the MEA, which is in accordance with the assumption that the enzymatic anode was
not deactivated.
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Figure 6-7: Chronoamperometry of the hybrid fuel cell for 24 h (exchange of the MEA denoted by a dashed line.
Conditions: Anode: 0.1 M phosphate buffer, 10 ml min-1 flow rate, pH 7.2, 37 oC, N2 atmosphere; Cathode:
500 ml min-1 dry oxygen flow rate.

As discussed above, Fischback et al. assigned the fuel cell deactivation to impeded proton
conductivity through the membrane caused by the competitive affinity of sodium or potassium
cations to the anionic sulfonic sites of Nafion [46]. This phenomenon is expected to occur in the
present case as well but according to our opinion it cannot explain such a high degree of
performance loss. Okada et al. have shown that the ionic conductivity of Nafion decreases from
ca. 0.2 to approximately 0.05 S cm-1, when all protons are exchanged with alkali metal cations
[168]. This change is not so dramatic and the membrane resistance itself (mΩ range) is expected
to increase only about four times, which will lead to a negligible voltage drop, having in mind
the low current densities (µA cm-2) maintained by the fuel cell.
On the other hand, the exchange of protons with metal cations in the Nafion membrane, in
addition to increase of the resistance, will lead to a significant change of pH at the cathode side,
which will slow down the cathode kinetics. As discussed in Section 6.2, the pH difference
between both electrodes is considered to be accountable for the demonstrated high OCV values.
It can be envisaged that during long-term operation the overpotential at the cathode side will
increase with pH increase. The stability test shown in Fig. 6-7 has been performed as a
chronoamperometric experiment at 0.5 V (voltage, which corresponds to nearly maximum power
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in the initial polarization curve). However, with the gradual neutralization of the cathode
interface, the OCV of the system decreases and the value of 0.5 V (maintained by the
potentiostat) does not correspond to the initial conditions anymore but is rather close to the
newly formed OCV and consequently generates very low current densities. In addition, the 24 h
test has been performed at higher glucose flow rate, which, as shown in Fig. 6-6, may correspond
to higher rate of Nafion neutralization and glucose crossover, respectively.

6.6

Conclusions

After the successful optimization of the electrode modification procedure for anode preparation,
the anode has been coupled with Pt based cathode in a hybrid enzymatic fuel cell. The fuel cell
device reaches high power density (up to 120 µW cm-2) at low glucose concentration (5 mM),
depending on the anodic flow rate. The dependence of the fuel cell performance on the glucose
flow rate and concentration indicates that the fuel cell is limited by the anode in the investigated
time scale. The high OCV values demonstrated by the hybrid fuel cell have been tentatively
assigned to the different pH at both electrodes. This phenomenon has been also accounted for the
lower long-term stability of the fuel cell. However, the stability of the fuel cell at lower flow
rates in the time scale, which corresponds to the typical duration of polarization curve recording,
is satisfactory, consequently the hybrid device can be used as a platform for testing of enzymatic
anodes under fuel cell conditions but at lower glucose flow rates and shorter time scales.
Additional studies with a reference electrode can be used to determine more precisely the
potentials of the anode and the cathode during fuel cell operation and to clarify the origin of the
high OCV value and the loss of activity during long-term polarization.

6.7

Experimental details

6.7.1 Chemicals and materials

The chemicals that have been used for the enzymatic electrodes preparation have been already
outlined in Section 5.7.1. Stainless steel discs with a diameter of 24 mm and 2 mm thickness
were used as a mechanical and electrical support for the preparation of enzymatic electrodes. The
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surface of the discs was masked by adhesive tape in such a way that a square opening with
dimensions of 10 × 10 mm (1 cm-2 working area) was left exposed.
Nafion 117 was used for the preparation of the MEA. The cathode catalyst ink was based on
Platinum Black (Alfa Aesar) and aqueous Nafion solution (Pt : Nafion = 9 : 1).

6.7.2 Preparation of the enzymatic anode

The procedure used for the preparation of the enzymatic electrode involves the utilization of an
underlying polypyrrole layer and direct growth of the TTF-TCNQ crystals on the electrode
surface. Detailed experimental description has been already provided in Section 5.7.2. All
electrodes have been prepared with the following loadings, which have been chosen based on the
tests for optimization shown in Sections 5.3.1 and 5.3.2: 2 mg cm-2 CTC, 0.6 mg cm-2 GOx and
40 µl cm-2 2.5 % gelatin solution.

6.7.3 Preparation of MEA and fuel cell construction

The MEAs were prepared in-house by spray-painting of the catalyst ink on one of the sides of a
Nafion membrane until a loading of approximately 5 mg cm-2 was achieved. The projected
catalyst area had a square shape with dimensions 10 × 10 mm (1 cm-2 working area,
corresponding to the anode working area). After that the MEAs were sintered at 135 oC for 30
min and left to cool down.
A three-dimensional drawing (exploded view) of the hybrid fuel cell device and its
components is shown in Fig. 6-8. The cell body was transparent and made out of Makrolon
(Bayer). The stainless steel disc covered with anodic catalyst was fixed to the cell body by the
anode current collector and sealed by an O-ring. The MEA was placed on the opposite side of the
cell body with the bare side of the membrane facing the anodic compartment. A graphite plate
with a flow-field was used for gas distribution and a gold-coated copper plate served as a cathode
current collector. The cathode components were clamped together and sealed by a PTFE gasket
and an end plate, which ensured leak tightness and good electrical contact in the whole assembly.
In some cases cellophane P00 (Innovia Films) has been used as a separator between the MEA
and the anodic compartment (not shown in Fig. 6-8).
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Figure 6-8: An exploded drawing of the fuel cell device with components denoted as follows: 1 - anode current
collector, 2 - stainless steel disc with enzymatic catalyst (enzymatic electrode), 3 - O-ring, 4 - cell body, 5 - MEA, 6
- graphite flow-field, 7 - cathode current collector, 8 - PTFE gasket, 9 - end plate.

The fuel cell was mounted vertically in a holder in such a way that the fuel solution was flowing
upwards through the cell (see arrows indicating flow direction), whereby the perfusion flow was
sustained by a peristaltic pump. The cell was connected to a fuel reservoir, equipped with a
temperature control and gas supplies to allow for operation with nitrogen- or oxygen-saturated
media. The fuel solution was 0.1 M phosphate buffer with different glucose concentrations. The
cathode was fed with dry oxygen at a flow rate of ca. 500 ml min-1.

6.7.4 Electrochemical experiments

Fuel cell experiments were performed by a computer controlled potentiostat PGSTAT302 (Eco
Chemie/Autolab). The two-electrode set up has been achieved by connecting the reference and
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counter electrodes together. After mounting of the fuel cell in the testing facility the cell was left
to equilibrate with constant flow of reactants until a stable OCV value was obtained. This usually
took 30 min. Data for polarization curves have been extracted from transient measurements after
2 min at constant voltage. This time was sufficient to obtain a sufficiently stable current signal.
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7.

Initial studies with an enzymatic cathode

7.1

Concept of the cathode modification procedure

The successful elaboration of the anode modification procedure, involving dispersion of enzyme,
mediator and Vulcan nanoparticles in a gelatin matrix has motivated our efforts to adopt such an
approach for the development of an enzymatic cathode. As already outlined in Section 2.2.3
laccase and BOD are the typical biocatalysts used for design of oxygen-reducing biocathodes but
BOD has an optimum pH at more positive values and is therefore more appropriate for a
membraneless configuration, operating around pH 7. BOD is known to exhibit DET in the
presence of high surface area carbon nanomaterials such as CNTs [15, 54], Ketjen Black [169] or
Vulcan [130]. In addition to DET electrodes, BOD electrodes with a mediator have been also
demonstrated in the literature [25, 32, 170] and the utilization of MET approach resulted in
higher currents. Our initial studies on the preparation of an enzymatic cathode based on BOD
and its combination with a bioanode in an enzymatic fuel cell, which will be shown in the
following sections.

7.2

DET and MET performance of the biocathode

The cathode modification procedure that has been employed is identical to the procedure used
for preparation of glucose-oxidizing anode. Enzyme and Vulcan particles have been dispersed in
gelatin solution and an aliquot of the resulting catalyst ink has been applied on the electrode
surface, left to dry and cross-linked with glutaraldehyde. In these first tests the starting values of
the ink components have been directly adopted from the optimum anode results, namely 20 mg
of Vulcan XC 72R and 2 mg of BOD in 1 ml of 2 % gelatin solution. However, instead of
stainless steel electrodes, carbon Toray paper has been used as a mechanical and electricallyconducting support. The use of Toray paper has been motivated by the desire to the employ the
biocathode directly in the existing fuel cell test set up, which will allow operation with gas-phase
oxygen in a three-phase interface.
The voltammograms of the enzymatic cathode in absence and presence of oxygen are shown
in Fig. 7-1. As can be seen from that graph the voltammogram in presence of the substrate is
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negatively shifted, which indicates activity for oxygen reduction but the associated currents are
comparatively low. For comparison, Habrioux et al. have demonstrated around 250
µA cm-2 at 0.2 V vs. SCE under similar experimental (including hydrodynamic) conditions,
using BOD and Vulcan dispersed in a Nafion matrix [130]. The activity in the present case,
which has been evaluated after subtraction of the base voltammogram, corresponds to about 80
µA cm-2. The relatively low performance can be attributed to several reasons, including
distribution of oxygen within the electrode architecture, inefficient electrical communication
between BOD and Vulcan or inactivation of the enzyme during the electrode modification
procedure (e.g. during the drying or cross-linking steps). The possibility of BOD agglomeration
as in the case of GOx should be also taken into account.
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Figure 7-1: Cyclic voltammograms of the enzymatic cathode based on DET, showing oxygen reduction activity.
Conditions: 0.1 M phosphate buffer, pH 7.2, 37 oC, 400 rpm, scan rate 5 mV s-1.

In order to determine whether the enzyme is present at the electrode surface in its active form,
ABTS has been added as a diffusional mediator in the experimental solution. The respective
voltammograms in absence and presence of oxygen are shown in Fig. 7-2. The voltammetric
features of ABTS can be observed at more positive potentials in absence of substrate but the
exact position of the redox peak cannot be determined. As can be seen from the graph the
biocathode exhibits high activity for oxygen reduction and clearly defined limiting currents. The
current density at 0.2 V vs. SCE after correction of the capacitive currents is about 950 µA cm-2
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at 400 rpm. These results indicate that the enzyme activity is preserved during the modification
procedure and the reason of the reduced activity in the DET configuration is the inefficient
electron transport between the enzyme and the conductive carbon nanoparticles. This implies
that the electrode architecture can be optimized by variation of structural parameters in a similar
manner as in the case of the bioanode in order to achieve better performance in the DET and
MET configurations.
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Figure 7-2: Cyclic voltammograms of the enzymatic cathode based on DET, showing oxygen reduction activity in
the presence of dissolved ABTS. Conditions: 0.1 M phosphate buffer, pH 7.2, 37 oC, 400 rpm, scan rate
5 mV s-1.

7.3

Enzymatic fuel cell

In the next step the enzymatic cathode has been combined with the enzymatic anode described in
Section 5.4 in an enzymatic fuel cell, entirely based on biological catalysts. As already outlined,
the existing hybrid fuel cell set up has been used as a technical platform for the fuel cell
measurements but in the present case no membrane has been employed. Both DET and MET
cathode configurations have been investigated. In the case of MET fuel cell cathodes, ABTS has
been co-immobilized with BOD and Vulcan in the gelatin matrix. It should be noted that during
the fuel cell operation change of color of the anodic solution due to leaching of ABTS was not
observed but it cannot be completely excluded without additional detailed investigations.
99

Despite of the absence of a membrane, the current design does not represent the classical
membraneless configuration, which is expected to find application as an implantable power
source. In the case of subcutaneous implantation glucose and oxygen will be dissolved in the
interstitial fluid and in this way both fuel and oxidant will be delivered simultaneously to the
electrodes in a single feed. However, oxygen has a low solubility and low diffusion coefficient in
aqueous solutions, which can limit the performance of the cathode [52]. In addition, the presence
of oxygen will deteriorate the performance of the anode as shown in Section 5.4.3. The
utilization of the fuel cell set up, which has been used in the case of a hybrid fuel cell
configuration allows for a membraneless operation by simultaneous separation of the anodic and
cathodic feeds. Such strategy, involving separated feeds of reactants, has been successfully
demonstrated in the case of a concentric biofuel cell [171] and an open-air type biofuel cell [52].
In the context of this discussion, it should be mentioned that the concept of semi-implantable
applications has been also proposed in the literature [172].
The enzymatic cathode operates in a complex three-phase interface, formed by the current
collecting solid phase, a liquid phase for proton transport and proper enzyme hydration and a gas
phase for efficient oxygen transport. Common approach in the development of gas-diffusion
enzymatic cathodes is the stacking of two layers with different properties [172, 173]. One of the
layers has hydrophilic properties and contains the enzyme and the other layer is hydrophobic and
ensures effective oxygen diffusion. A similar strategy, involving the combination of untreated
Toray paper modified with catalyst ink and Toray paper treated with PTFE, has been used in the
present case. A schematic presentation of the respective fuel cell configuration can be found in
the experimental section.
The use of a second, hydrophobized GDL has been additionally motivated by the absence of a
membrane to limit the flux of liquid to the cathode in the present configuration. In case when no
hydrophobic layer was used, water penetrated freely through the Toray support and flooded
completely the flow-field channels, which caused blocking of the oxygen supply. On the other
side, the positive results in the case of the hybrid fuel cell shown in section 6.3.2 motivated the
investigation of architecture with a cellophane separator between the anodic solution and the
cathode. However, this approach resulted in negligible performance of the enzymatic fuel cell,
which was ascribed to insufficient hydration of the catalyst layer and the enzyme, respectively.
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Polarization and power curves of the enzymatic fuel cell employing DET and MET-based
cathode in presence of 5 mM glucose are shown in Fig. 7-3. The utilization of MET-based
cathode results in an improved fuel cell performance. The addition of ABTS in the cathodic
catalyst ink increases the OCV from 0.54 V to 0.64 V and the current density at 0.15 V from
nearly 40 µA cm-2 to more than 120 µA cm-2. The maximum power density increases from
6 µW cm-2 to 24 µW cm-2, respectively. These results are in good agreement with the behavior of
the biocathodes in single electrode experiments. Regarding the different OCV values in both
cases, in general it can be anticipated that the introduction of mediator will introduce additional
thermodynamic overpotential and will reduce the OCV of the fuel cell. However, the cathode
behavior is influenced to a great extent by the respective kinetics, which can explain the better
performance of MET-based cathode in terms of potential and voltage. This phenomenon has
been demonstrated also in the case of BOD and Vulcan dispersed in a Nafion matrix, where the
addition of ABTS resulted in improved kinetics and more positive onset potential for the oxygen
reduction [130].
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Figure 7-3: Polarization (black squares) and power curves (red circles) of the enzymatic fuel cell with cathode based
on MET (empty symbols) and DET (full symbols). Conditions: Anode: 5 mM glucose in 0.1 M phosphate buffer, 5
ml min-1 flow rate, pH 7.2, 37 oC, N2 atmosphere; Cathode: 500 ml min-1 dry oxygen flow rate.

The overall performance of the enzymatic fuel cell is significantly lower than the performance of
the hybrid fuel cell. At identical glucose concentration and flow rate the hybrid fuel cell
generates nearly 200 mV higher OCV and four times higher maximum power density, compared
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to the enzymatic fuel cell employing MET-based cathode. Unlike the hybrid fuel cell, in which
the hydrodynamic conditions at the anode have pronounced influence on the fuel cell
performance, variation of the glucose concentration and flow rate in the case of the enzymatic
fuel cell has little influence on the overall output. This indicates that the enzymatic fuel cell is
limited by the cathode despite of the efforts to enhance the supply of oxygen through gas-phase
operation. Consequently, the lower output of the entirely enzymatic fuel cell can be attributed to
the lower cathode performance. However, this is not an intrinsic feature of the catalyst but rather
an effect due to the different operating conditions caused by the specific fuel cell design in both
cases. The improved behavior of the Pt cathode can be observed only in the present hybrid fuel
cell architecture since the cathode is directly adopted from conventional fuel cells and allows for
operation at highly acidic conditions at the Nafion interface. As already discussed in Section 6.2,
if the Pt catalyst operates under similar (neutral) conditions as the biocathode it exhibits lower
activity in terms of overpotential. This observation is also in accordance with the performance of
Os-mediated BOD [25].
The initial tests with the enzymatic cathode, which employs BOD as an oxygen-reducing
catalyst, indicate that the cathode can be successfully combined with an anode based on GOx and
TTF-TCNQ in a fuel cell device. However, the lower output demonstrated by the cell implies
that further optimization of the cathode modification procedure, as well as on the overall fuel cell
architecture, is needed. The cathode design has to be optimized in respect to implantable and
semi-implantable applications and employed in the respective fuel cell configurations.

7.4

Experimental details

7.4.1 Preparation of the enzymatic anodes

The chemicals that have been used for the enzymatic electrodes preparation have been already
outlined in Section 5.7.1. Stainless steel discs with a diameter of 24 mm and 2 mm thickness
were used as a mechanical and electrical support for the preparation of enzymatic anodes. A
square profile with dimensions of 10 × 10 mm (1 cm-2 working area) was cut on the surface of
the discs. The procedure used for the preparation of the enzymatic electrode involves the
dispersion of GOx, TTF-TCNQ and Vulcan XC 72R in a gelatin matrix. Detailed experimental
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description has been already provided in Section 5.7.3. 150 µl of the anodic catalyst ink was
applied on the stainless steel electrode. All electrodes have been prepared with a catalyst ink with
the following composition, which has been chosen based on the tests for optimization shown in
Sections 5.4.1 and 5.4.2: 10 mg ml-1 CTC, 2 mg ml-1 GOx and 20 mg ml-1 Vulcan in 2 % gelatin
solution.

7.4.2 Preparation of the enzymatic cathodes

The procedure used in the case of the enzymatic anodes was adopted for the preparation of
enzymatic cathodes. Toray paper was used as a mechanical and electrical support. The surface of
the Toray paper was masked in such a way that a square opening with dimensions of 10 × 10 mm
(1 cm-2 working area, corresponding to the anode surface area) was left exposed. The catalyst ink
had the following composition: 20 mg ml-1 Vulcan and 2 mg ml-1 BOD dispersed in 2 % gelatin
solution. In case of MET fuel cell tests the catalyst ink contained additionally 10 mg ml-1 ABTS.
The Toray paper was polished shortly with emery paper and 150 µl of the anodic catalyst ink
was applied on the exposed surface and left to dry. After that the electrode was cross-linked by
dipping for 60 s in 5 % glutaraldehyde solution, washed and left to dry again. In case of single
electrode measurements, discs with a diameter of 6 mm were cut from the 10 × 10 mm square
profiles and mounted in the sample holder.

7.4.3 Enzymatic fuel cell construction

The experimental set-up for the hybrid fuel cell, described in Section 6.7.3 (Fig. 6-8) was used
for testing of the enzymatic fuel cell. However, in the present case no membrane was employed.
The anode was mounted in a similar way as in the hybrid fuel cell. The Toray paper, modified
with cathodic catalyst was placed on the opposite side of the cell body with the covered side
facing the anodic compartment. Another piece of Toray paper, hydrophobized with 50 % PTFE
was placed over the supporting Toray paper. Schematic presentation of the enzymatic fuel cell
set-up is shown in Fig. 7-4.
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Figure 7-4: Schematic presentation of the enzymatic fuel cell set-up.

Finally, the cathode compartment was sealed by the graphite flow-field, the cathode current
collector and the PTFE gasket as in the case of the hybrid fuel cell. The enzymatic fuel cell was
mounted vertically in the existing testing set-up and was fed with deoxygenated 0.1 M phosphate
buffer containing 5 mM glucose at the anode and dry oxygen at the cathode. The anodic flow
rate was 5 ml min-1 and the cathodic flow rate was ca. 500 ml min-1.

7.4.4 Electrochemical experiments

Electrochemical experiments have been performed by a computer controlled potentiostat
PGSTAT302 (Eco Chemie/Autolab). In case of MET single electrode measurements the
electrolyte contained 1 mg ml-1 ABTS. After mounting of the enzymatic fuel cell in the testing
facility the cell was left to equilibrate with constant flow of reactants until a stable OCV value
was obtained, which usually took about 30 min. Data for polarization curves have been extracted
from transient measurements after 2 min at constant voltage.
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8.

Concluding remarks

The development of enzymatic fuel cells is associated with various problems such as enzyme
immobilization, communication between the enzyme and the electrode surface, design of optimal
enzymatic electrode architecture, coupling of the electrodes in a fuel cell and design of the
overall system. The first two points have been extensively studied in the past, mainly regarding
the application in amperometric biosensors, which resulted in numerous preparation methods for
enzymatic electrodes. However, little emphasis has been put on the optimization of electrode
modification procedures with respect to energy production and the construction of the respective
fuel cell devices. More attention has been focused on the bioelectrochemistry of the electrodes
and often the studies have been performed in an inappropriate manner, in respect to the fuel cell
investigation.
In this work the development of a glucose-oxygen enzymatic biofuel cell has been presented
from the point of view of chemical engineering and practical applications with focus on the
anode process. The main attention has been put on the performance of the respective electrodes
and the resulting fuel cell output. From the numerous approaches for construction of enzymatic
anodes for glucose oxidation, two procedures have been identified as potential candidates for
fuel cell studies. The first procedure employs the chemical modification of gold electrode with
mediator and a modified co-factor and the subsequent reconstitution of the apo-enzyme over the
resulting assembly. The procedure has been successfully reproduced and the respective
electrodes exhibited reasonable activity. However, the present results indicated that major part of
the activity does not have biological but inorganic origin due to the pronounced electrocatalytic
activity of gold. This compromises to some extent the results published in the literature and
emphasizes the importance of the underlying substrate used in the preparation of enzymatic
electrodes.
The second procedure employs the electrical contacting of glucose oxidase to electrodes
through a charge-transfer complex based on TTF-TCNQ. In this case the enzyme has been
simply adsorbed on the surface of the TTF-TCNQ crystals and the whole electrode assembly has
been protected by a gelatin layer. In the first steps of the study the modification procedure has
been adopted from the literature and reproduced successfully. However, some new insights on
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the structure of the electrode and the influence of the structural parameters have been brought
and the importance of the optimization of the electrode architecture has been identified. Another
important aspect that has been studied is the electron transfer mechanism in the
bioelectrochemical system, which has been a subject of controversy for long time. The results in
the present study indicate that the electron transfer pathway involves a mediator, which is
generated in situ from the surface of the charge-transfer complex and that several mediators can
be involved. This mechanism summarizes several hypothesizes, which have been proposed so far
and is supported by further experimental evidences.
In addition to these findings, a new immobilization procedure based on different architecture
and high surface area carbon materials with enhanced performance has been elaborated. The
influence of structural parameters has been also investigated and the procedure has been
optimized.
The high performance of the enzymatic anodes employing glucose oxidase and chargetransfer complex has motivated the construction of a fuel cell device with a Pt cathode. The
architecture of the resulting hybrid fuel cell has been adopted from the conventional fuel cell
design. The device exhibits high OCV and high current densities at low glucose concentrations
but insufficient long-term stability. The high OCV and the limited stability have been ascribed to
effects associated with the pH difference at the electrodes. The hybrid fuel cell device can be
used as a platform for the investigation of enzymatic anodes but only under certain conditions,
namely low anodic flow rates and polarization experiments at a shorter time scale.
The successful elaboration of the anode modification procedure and the hybrid fuel cell test
set-up have motivated the adoption of the immobilization approach for the cathode and the
construction of a biofuel cell entirely based on enzymatic catalysts. The initial tests indicated that
both DET and MET pathways are possible but higher performance can be achieved with the help
of a mediator. The first results imply that the architecture of the cathode and the fuel cell have to
be optimized in a similar way to the anode and the hybrid fuel cell. Also, the architecture of the
existing fuel cell test set-up may be improved and additional components such as a reference
electrode can be introduced.
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