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ABSTRACT
ENZYMATIC BIOFUEL CELLS IN A SANDWICH GEOMETRY WITH

COMPRESSED CARBON NANOTUBES/ENZYME ELECTRODES & HYBRID
PATCH APPLICATIONS

by
Biao Leng

Enzymatic biofuel cells (EBFCs) convert the chemical energy of biofuels, such as glucose
and methanol, into electrical energy by employing enzymes as catalysts. In contrast to
conventional fuel cells, EBFCs have a simple membrane-free fuel cell design due to the high
catalytic specificity of the enzymes, but the power densities obtained are lower. Although
the primary goal of research on EBFCs has been to develop a sustainable power source that
can be directly implanted in the human body to power bio-devices, other applications such
as the use of a flexible film or fuel cell patch as a wearable power source and sensor, are
emerging. The power density and lifetimes of early EBFCs were not promising due to the
difficulty of transporting electrons from reactive sites to the electrodes and the tendency of
enzymes to migrate away from the electrodes. In recent years, direct electron transport via
highly conducting functionalized multiwall carbon nanotubes has been demonstrated to be
an effective solution. Further improvements can be made with enzyme immobilization
during the procedure of bio-electrode fabrication.

This doctoral dissertation focuses on current problems of EBFCs involving
immobilization of enzymes, and optimization of the performance of the cells. The technique
of immobilization of enzymes, used in this dissertation, is hydraulic pressure to stabilize the
enzymes on the electrodes. A novel design of EBFC in sandwich geometry with multiple

configuration has been proposed, fabricated and tested. The performance tests of the samples



have been conducted and presented by analyzing the polarization curves and power density
versus time. Comparisons have been made to find the integrity/best performance of different
configurations. The utility of the hybrid patch configuration and multiple units in series as a
stack have been examined in accord with the protocol. A significant increase in power
density has been observed for the hybrid EBFC patch units in series. The potential for
commercialization and mass production of EBFC applications has been discussed. The
preliminary results of the investigation of biofuel cell mechanisms by Surface-Enhancement
Raman Spectroscopy (SERS) measurements is presented in the Appendix. With the
combination of the usage of both Field Emission SEM and SERS, evidence of the existence
of hydrogen peroxide can be verified. H2O, plays an important role in the loss of power in
EBFC samples.

The research in this dissertation will shed important light on the development of

EBFC research and pave the way for viable commercialization applications.
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CHAPTER 1

INTRODUCTION

1.1 General Background
In recent decades, the world energy consumption continues to be on the rise. According
to BP Statistical Review of World Energy 2018, the world primary energy consumption
grew by 2.2% in 2017 compared to 1.2% in 2016, and it is the highest since 2013 (Figure
1.1). The renewable energy consumption in 2017 was 486.8/13511.2 Million tons oil
equivalent, which is 3.6% of the total energy consumption for the year[1]. The major
sources of energy are coal, oil and natural gas, which are fossil fuels. Ever since the
discovery of fossil fuels in the 18" century, it remains the primary energy source. After
centuries of usage of fossil fuels, its aftermath, global warming, has become much more
severe; this includes, for example, the increasingly destructive power and numbers per
year of hurricanes. In order to slow down global warming, increasing the proportional
use of alternative energy sources in the world energy consumption has become an urgent

issue.
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Figure 1.1 World energy consumption from 1992 to 2017 [1].

In order to mitigate this issue, numerous scientists and engineers have been
working on developing many different alternative energy sources. Fuel cells, a promised
concept, is among them. A fuel cell is a device that generates electrical power from a
chemical source, such as hydrogen in a hydrogen fuel cell that converts chemical energy
via the electrochemical reaction of the hydrogen fuel with oxygen from an oxidizing

agent. Typically, the chemical reaction is as follows:

2H; — 4H" +4e” (1.1)
O2 + 4H" +4e” — 2H,0 (1.2)
2H> + O2 — 2H20 (1.3)

Equation 1.1 is for the anode, Equation 1.2 is for the cathode and Equation 1.3 is
the overall equation. Compared to a fossil energy source such as petroleum, fuel cells

are a clean power source for automobiles. There are no emissions of polluting gases,



such as NOy, SOx and CO — the only emission is that of water vapor produced by the
reaction (1.3) above. The first fuel cell was invented by William Grove in 1838 [2]. The
first commercialized fuel cell was developed by the General Electric Company in
the1950s. More and more attention has been given to this technology and today, for
example, there are three brands of all hydrogen fuel cell electric cars — Hyundai’s Nexo,
Toyota’s Mirai and Honda’s Clarity. The advantage of fuel cell cars compared with all-
electric battery cars like the Tesla, is that filling up with hydrogen is comparable to that
of gasoline powered cars and can be completed in a few minutes, whereas the typical
charging time for Tesla is of the order of 30 minutes or more. On the other hand,
hydrogen fueling stations are scarce and at this time, they are to be found only in the
state of California in the United States. Also, as pointed out by Elon Musk, Tesla’s
founder among others, producing hydrogen currently involves the breaking down of
natural gas using a process with carbon emission that is not green. Before a hydrogen
economy becomes a reality, infrastructure and hydrogen production/storage issues have
to be resolved and are being currently addressed by the US Department of Energy.
Typical Fuel Cell (FC) designs include (Figure 1.2):

® Anode, where typically platinum is used as the catalyst to oxidize hydrogen into
protons and electrons according to reaction (1.1).

@ Cathode, where the oxygen reduction [reaction (1.2)], also typically catalyzed by
platinum, occurs to convert protons and oxygen into water [reaction (1.3)].

® Electrolyte, which is the medium where protons and oxygen react to form water.
Different types of FCs have different electrolyte substances; for example, potassium
hydroxide, phosphoric acid and yttria-stabilized zirconia[3].



Individual Fuel Cell
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Figure 1.2 Schematic diagram showing the operation of a hydrogen fuel cell [4].

Fuel cells can be classified into different types (see Table 1.1) according to the
electrolyte used. For example, potassium hydroxide solution infiltrated into a porous
membrane is used in an alkaline fuel cell (AFC); polymer membranes, such as Nafion®,
are used in proton exchange membrane fuel cells (PEMFC); phosphoric acid aqueous
electrolyte is used in phosphoric acid fuel cell (PAFC); molten lithium carbonate and
potassium carbonate are used in molten carbonate fuel cell (MCFC), and zirconium

oxide with yittrium oxide is used in solid oxide fuel cell (SOFC).



Table 1.1 Examples of Different Types of Fuel Cells [5]

AFC PEMFC PAFC MCFC SOFC
}g“pere‘“re 60-90 80-110 160 - 200 600 - 800 800 - 1000
EIectrgde Metal or Pt-on carbon | Pt-on carbon Ni + Cr Ni / Y203-ZrO;
material carbon

Polymer - ]
Electrolyte NaOH/KOH mem%rance H3PO4 LiCO3-K2 CO3 | ZrOjwith Y20,
Primary fuel H, H, reformate | Ha reformate k2t o Hed GO Gky
reformate reformate
Oxidant 0,/ air 0,/ air 0,/ air CO,/ O,/ air 0O,/ air
Issues CO; troubles lefstueernf CQ z €% recycing Ceramic cells
fuel sensitivity necessary

Practical a a
efficiency (%) 60 60 55 55-65 60-65

Another type of fuel cell, different from those described above, is the biofuel fuel
cell (BFC). BFCs use biocatalysts, such as enzymes, and organics, typically glucose and
methanol as the electrolyte and fuel. For this reason, BFCs can operate at room

temperature.

1.2 Biofuel Cells
Biofuel cells or biological fuel cells are a special type of fuel cells. In principle, they
work in the same way as a conventional hydrogen fuel cell. The fuel and oxidant react
at the electrodes to generate electrical power via electrons formed at the anode. In
biofuel cells, the fuel is a hydrocarbon, such as glucose or an alcohol instead of
hydrogen. For example, the anodic reaction for a biofuel cell using glucose as the fuel

is given by:



CsH1206+6H.0—6CO2+24H*+24e" (1.4)

and the cathode reaction, where oxygen is reduced by the electrons produced at the

anode, is given by:

602+24H"+24e"—12H,0 (1.5)

The electrons formed at the anode pass through an external circuit to produce an electric

current and generate power.

Biofuel cells use living bacteria or enzymes to catalyze the redox reactions as in
reactions 1.4 and 1.5 and organic matter as fuel. There are thus two categories of biofuel
cells, Microbial Fuel Cells (MFC) which are catalyzed by living bacteria and Enzymatic

Biofuel Cells (EBFC) where enzymes function as the catalyst.

1.2.1 Microbial Fuel Cells
An MFC is a device that generates electrical energy by the action of active

microorganisms[6]. Most MFCs have the same configuration of anode and cathode

chamber which are separated by a Proton Exchange Membrane (PEM). The oxidation
of organic carbon sources or substrates takes place on the anode by the active biocatalyst
and reduction process takes place on the cathode. During the oxidation process,
electrons and protons are produced. The electrons are transferred to an electrode while
the protons are transferred through the PEM to the cathode chamber. Then the protons
react with electrons and oxygen at the cathode to produce water[7]. For example, the
reaction of acetic acid on the anode and oxygen on the cathode, are given in Equations

1.6 and 1.7, respectively.



C2H402+2H2,0—2CO2+8e+8H* (1.6)
20,+8H"+8e—4H>0 1.7
Although the first observation of bacteria producing electrical current was made

by Potter in 1911 [8], very limited improvements were made only in the early 1990s [6].

Glucose

e
-

/
Anode  Bacterium Membrane Cathode

Figure 1.3 Schematic diagram showing the operation of a microbial fuel cell [9]

Typically, the design of an MFC consists of anode and cathode chambers which
are separated by a proton exchange membrane (Figure 1.3). Bacteria at the anode
chamber functions as the catalyst to produce protons and electrons. Then the electrons

are transferred to the anode via a mediator. The cathode chamber is where the protons



react with oxygen to form water. The cathode materials are mostly carbon based
materials, such as carbon fiber felt, graphite felt and platinum coated carbon paper.

There are various factors affecting the performance of MFCs such as electrode
materials, permeability of proton exchange membrane, the transfer rate of electrons to
anode via mediator and so forth[9].

Table 1.2 Some Examples of MFCs and their Performance

Maximum
Bacteria Anode Substrat power Refs.
e density
(mW/m?)
Marine
Deltaproteo . sediment
bacterium Graphite reached 14 [10]
in acetate
Sacchargmyces Graphite Glucose 16 [11]
cerevisiae
Gammaproteo
and .
shewanellaaffinis Carbon paper Cyctenin 36 [12]
(KMM3586)
Escherichia coli Graphite with Mn** Sewage 91 [13]
sludge
Composite
Escherichia coli electrode Glucose 760 [7]
(graphite/PTFE)
Carbon paper with
Escherichia coli PPY-CNTs Glucose 228 [14]

modified

For different bacteria, they require different substrates as the fuel. Table 1.2 shows
some example of the types of bacteria, anode materials, and substrates that are used for
the MFCs and the power density obtained from them.

The advantage of using bacteria as the catalyst is that it does not require expensive
metal as catalyst, and the operating temperature normally is room temperature. MFCs
also have great potential for waste water treatment.

However, the power output is very limited for MFCs. The proton exchange



membrane is the main source of internal resistance restricting the power output of
MFCs[15].

1.2.2 Enzymatic Biofuel Cells

The general idea of enzymatic biofuel cells (EBFCSs) is that they converts the chemical
energy of some specific biofuels such as glucose and alcohol into electrical energy by
employing the enzymes as catalysts on the electrodes. The biofuels used in the process
need to be specific; this is because of the specificity of enzymes; they are specific for a
particular type of chemical bond or functional group. Different from the MFCs, EBFCs
use enzyme proteins instead of bacteria as catalysts. Some examples of the these
enzymes are Glucose Oxidase (GOXx), Bilirubin Oxidase and Laccase (Lac). The enzyme
catalysts cause the biofuel to undergo redox reactions while the electrons are transferred

from the anode to the cathode via an external circuit to generate power (Figure 1.4).

Potential (V) A
Bioanode (-) Menibrane Biocathode (+)
(Optional)
Fubstratej ; ;
o Biocathode (+)
I (I Substratel
o T Substrate  / Substrate_
I |
o e + Enzyme, / Enzyme,
e l o |
R
'\.f Electrolyte Voltage

S

+ Mediator, / Mediator,
’ l e 1 Cofactor, / Cofactor, ,
&X T Substrate, / Substrate, ,
7 — 7 Bioanode (-)

Electrical current

Figure 1.4 Schematic representation for an EBFC [16]

Compared to conventional fuel cells, EBFC has some advantages, such as a simple



fuel cell design and lower cost of the main fuel cell components; for instance, it does
not require expensive metal platinum to construct electrodes. The first working
enzymatic biofuel cell was produced in 1964, it used GOx bioanode and a Pt cathode
[17]. The open circuit potentials of this EBFC was very low (175-350mV), but it
established a proof of concept of a working EBFC device. Similar to MFCs, this design
also reqgiured a mediator for the transfer of electrons from the active site/cofactor to the
electrode surface. This electron transfer system is referred to as mediated electron
transfer (MET). Mediators can shorten the distance between the redox center of certain
enzyme and electrode surface for the electron transfer based on a diffusional mechanism
[18].

To ensure an efficient electrical communication between the active site and
electrodes, a small redox active molecule which has similar redox potential as the active
center of the enzyme is required. In 1978, Berezin et al. discovered a new electron
transfer method involving direct electron transfer (DET) [19]. Different from MET,
DET does not use an external redox mediator; it can transfer electrons directly from the
active site/cofactor in the enzyme protein to the electrode. Without the usage of a
mediator, the electric potential in EBFCs is higher than those with MET system and
there is no more stability issue of the mediator. Even though, theoretically, MET systems
can cause potential loss and lack of stability, they were used by most of the reaserchers
in the early days because they usually have higher current densities [20, 21]. Figure 1.5

shows schematics of MET and DET.
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Figure 1.5 Electrons can be transferred via MET (left) and DET(right) [22]

The redox enzymes are essential to the electrochemical reactions. Even though all
these enzymes serve as the catalyst for the reactions, they are not all the same. The active
centers and locations can be different regarding the types of enzyme, which lead to the
reason of different electron transfer mechanism.

Some enzymes have nicotinamide adenine dinucleotide (NADH/NAD+) or
nicotinamide adenine dinucleotide phosphate (NADPH/NADP+) as their redox centers.
The redox centers of these type of enzymes are often weakly bound to the main body of
the enzyme protein. Examples are Glucose dehydrogenase (GDH) and alcohol
dehydrogenase. Some enzymes have a redox center that is located near the edge of the
protein shell such as laccase and peroxidases. Due to the conveniently located redox
center, it allows electrons to transfer directly between the active redox center and the

electrode surface.
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" FADno direct election -/

Figure 1.6 The location of enzyme active center. (a) Diffusive active center, (b) active
center on or near the edge of the enzyme protein shell, and (c) strongly bound and deep-
buried redox centers [23]

There are some other enzymes which have a relatively deep and strongly bonded
redox center in the protein shell, for exmaple GOx[24]. It is difficult for such kind of an

enzyme to have DET between the active site and electrodes due to the large distance,

normally over 21A[25]. In this case, MET is mostly used.

—
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Figure 1.7 Schematic diagram of MET in a GOx-based EBFC [23].
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Mediators such as ferrocene derivatives [26], hydroquinone [27], benzoquinone
[28], and pyrroloquinoline quinone (PQQ) [29] have been reported to be appropriate for
GOx. Equations 1.8—1.10 show the anodic reactions of an EBFC developed by Katz and
Willner using PQQ as mediator[30]. Flavin adenine dinucleotide (FAD) is the cofactor
that is in the GOx redox center[24, 30-32]. Two electrons were generated while the
glucose was oxidized by GOx producing gluconic acid. The FAD was reduced into
FADH; after it accepts the 2e (Reaction 1.8). Then the FADH, was oxidized and
recovered into FAD by PQQ releasing 2e”and hydrogen, while the PQQ became PQQH:
(Reaction 1.9). Later, the PQQH2 was futher oxidized back to PQQ around the electrode,

releasing 2e”and 2H" (Reaction 1.10).

Electrode—PQQ-FAD-Gox + Glucose — Electrode—PQQ-FADH>—GOx +Gluconic
acid (1.8)

Electrode-PQQ—-FADH>;—GOx — Electrode—PQQH>—FAD—-GOx (1.9

Electrode-PQQH2—FAD-GOx — Electrode-PQQ—-FAD—-GOx + 2H" + 2¢ (1.10)

In recent years, carbon nanotubes (CNTs) have become a topic of significant
interest in fabricating electrodes for EBFCs due to their excellent stability,
biocompatibility and high electrical conductivity. The CNTs, with diameters ranging
from 1 nm (SWCNTs) to 10 nm (MWCNTSs), were widely used for applications in
EBFCs. This is because CNT allows EBFCs to be in close proximity to the active sites
of enzymes for more efficient electron transfer rate. Additional details of this
methodology will be discussed in the section on carbon nanotubes. With the introduction
of CNTs in fabricating bioelectrode, it allows EBFCs that use DET to exhibit better

performance than those with MET. For example, glucose enzymatic biofuel cell is one
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kind of EBFC which uses glucose as fuel, generally glucose oxidase (GOx) and laccase

as anode and cathode catalyst, respectively. The reaction is as follows:

Glucose + FAD-GOx —gluconolactone + FADH>-GOx (1.11)
FADH,-GOx +0O; — FAD-GOx + H,0; (1.12)
OH
HO ™ H
H:03 F:\D >
HO OH
GOX
OH
0, FADH,
HO n
HO OH

Figure 1.8 Mechanism of oxidation process of cofactor FAD in GOx[33].

Biocatalysts provide a variety of advantages over the regular metal catalysts since
they are highly selective, active under mild conditions, (neutral pH, and body
temperature) and are highly efficient [34]. GOXx is highly specific to glucose. Glucose
fits into GOx by a lock and fit mechanism by which the chemical reaction in the cell
takes place. Since the enzymes host the redox reaction in EBFCs, different from metal
catalysts in normal fuel cells, it is required for them to be immobilized on electrodes for
the transfer of electrons.

The challenge of EBFCs is the immobilization of the enzyme. In the early stage of
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employing CNTSs for the fabrication of electrodes, basically the CNTs, as electrodes,
were put in the enzyme solution and this allows the electrodes to absorb the enzymes.
The power output and lifetime are not ideal for this approach. But more and more
improvements have been made in recent years.

Wang et al. [35] obtained a power output of 1.38uW/cm? at an external load of 99
mV with porous silicon-carbon nanotube electrodes, whereas Katz et al. obtained a
power output of 4uW/cm? at 600mV with gold electrodes [36]. Both studies involved
membrane-less operation but the study by Wang et al. involved DET by carbon
nanotubes without the use of a mediator. Immobilization of the enzyme on the electrodes
was performed using cyclic voltammetry by Wang et al., while Katz et al. reconstituted
the enzymes chemically with the mediator molecules in order to achieve
immobilization.The main problem with the above experiments was the immobilization
of enzymes used which has been overcome in the present work by compression of the
enzymes on the nanotube paper electrodes. Minteer et al. obtained a power output of
0.83mW/cm? using ethanol and oxygen as fuels in their biofuel cell [37]. More recently,
Kwon et al. developed a biscrolled yarn BFC which attained a power density of
2.18mW/cm? using GOx and Bilirubin Oxidase and redox mediator [38]. Abreu et al.
presented a flow through EBFC design with power output of 0.7 + 0.035mW at 0.41 V
using GOx and horseradish peroxidase [39]. Another notable development was
presented by Shitanda et al. using screen-printing technology to fabricate EBFC and
combining five individual cells into a unit which exhibited a maximum power of
350mW at 1.55V and OCP of 2.65V [40]. These experiments showed that higher power

output from EBFCs can be reached. Yet their design is quite complicated which can
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bring difficulties for mass production for applications. In this dissertation, a new simple
design of EBFC fabrication with techniques of mechanical compression for enzyme
immobilization on CNT nanopaper electrodes was employed to prepare EBFCs in a
novel sandwich patch design. The performance of this design, in comparison with
conventional EBFCs, will be discussed together with preliminary experiments to

understand the chemistry of EBFCs using Raman spectroscopy.

1.3 Biofuel Cell Applications

1.3.1 Implantable Biofuel Cells
Some implantable medical devices can only function with a power source such as
implantable cardioverter defibrillators and cardiac pacemakers. Currently, these devices
use lithium-ion batteries as their power source. However, the concern of battery leakage
and poisoning of biological tissues with lithium batteries, which have insufficient
biocompatibility, has never been resolved.

Since biofuel cells can generate electrical power by harvesting the chemical
energies from biological matter, and with natural biocompatibility, biofuel cells,
especially EBFCs, possess significant potential as a substitute for lithium batteries for

power generation for implantable medical devices[41].
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Figure 1.9 Schematic diagram of an EBFC working in blood [23]

There are many recent advancements regarding implantable EBFCs in animals.
This includes an EBFC operating in vivo in a mouse [42]. In this research, a biofuel cell
utilizing glucose dehydrogenase and laccase on the anode and cathode respectively, and
PQQ mediator was used. The open-circuit voltage is140+30mV and short-circuit current
is 10+3pA with the current density of 5uA cm 2. Some research has also been done on

implanted biofuel cells operating in a living snail[43], cockroaches[44] and lobsters[45].
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Figure 1.10 Schematic diagram and the electrical connection of a snail with implanted
EBFC [43].

Figure 1.11 Two lobsters with implanted EBFCs wired in series to power a watch (A)
The wiring scheme. (B) The photograph of the setup. (C) Close view of the operating
watch [45].

1.3.1 Wearable Biofuel Cells

One application of biofuel cells that has drawn more attention than the others is the
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wearable biofuel cell. Such wearable biofuel cells can be attached to human skin without
the need for microneedles and can cause much less skin irritation. However, without
piercing the skin, the choice of the fuel can no longer be glucose, since there is no
glucose at the surface of a healthy human being. A strong candidate for this application
is human sweat due to the combination of a rich variety of chemicals, sufficient source
and easy to reach at the surface of human skin. As for the choice of the enzyme, lactate
oxidase and lactate dehydrogenase are the perfect candidates because of the high
concentration of lactate in human sweat. Wang’s group has demonstrated a successful
example for such an application. They developed a tattoo-based wearable biofuel cell

system with the use of CNT-lactate oxidase anode and Pt cathode [46].
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Figure 1.12 (A) Photograph of the tatto-based wearable biofuel cell (B) and the real-
time power density of such an application [46].
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The power generation is dependent on the fitness level of the human subjects
because the lactate concentration in their sweat is different and the power density is up
to 70puW/cm?. Wang’s group then further improved their design and with the integration
of a DC/AC converter, they were able to boost the voltage to power low-energy
consuming electrical devices, for example LEDs and wrist-watches [47].

Other researchers have adapted routes different from that of Wang’s group. For
example, high concentrations of different types of biofuel in a sealed EBFC unit has also
been developed [48, 49]. A new EBFC design based on such a concept has been

developed in this dissertation and will be discussed in Chapter 4.

1.4 Materials Characterization Techniques Used
1.4.1 Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM) uses a type of electron microscope that produces
images of samples by scanning the surface with a focused beam of electrons. The
electrons interact with atoms in the sample to produce various signals containing
information about the surface topography to produce the image. The SEM has been
widely used in obtaining morphological and surface structure of samples with nanoscale

resolution.
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Figure 1.13 Schematic representation of a scanning electron microscope.

In this dissertation, the SEM has been used to investigate the surface morphology
of CNT nanopaper sheet samples and the enzymatic electrodes before and after
compression. The SEM used in this study is a field emission scanning electron
microscope, VP-1530 Carl Zeiss LEO (Carl Zeiss, Peabody, MA, USA) with an Oxford
EDS Detector (FESEM-EDS) located at the York Centre at the New Jersey Institute of

Technology (NJIT).

Figure 1.14 FESEM-EDS in NJIT [50].
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Figure 1.15 SEM iage of CNTs epositd on caalyst-infiltrate aluminum powder
taken by the FESEM-EDS instrument at NJIT (B. Leng and Ron Poveda — unpublished)

1.4.2 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique that utilizes inelastic scattering from
a laser light source (wavelength ranging from ultra-violet to near infra-red) illuminating
a sample to generate a vibrational Raman spectrum using a sensitive photon detector.
Some commonly used excitation laser wavelengths are 325nm, 532nm, 633nm, and
785nm.

Compared with conventional Raman spectroscopy, Surface Enhanced Raman
Spectroscopy (SERS) is much more sensitive while remaining highly specific [51, 52].
It utilizes metal nanoparticles, such as gold or silver that is deposited on the surface of
a nanostructured substrate on which the sample is deposited, to provide plasmon-
enhanced scattering for detection at extreme low concentrations. The detection
enhancement can be as high as 10 to 10 allowing the detection of a single molecule

[53, 54].
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Figure 1.16 Thermo Fisher DXR Raman Microscope used for Raman scattering studies
in this dissertation. [55]

A general electrochemical redox reaction of the glucose based EBFC has been
described in Section 1.2. The Flavin Adenine Dinucleotide (FAD) cofactor, a very
common enzyme in proteins, plays an important role in such reactions [24, 30-32].
Therefore, it is worth taking a closer look into the mechanism of the redox reaction by
SERS. The SERS signal of GOx is mainly due to the FAD in the redox center of the
enzyme protein[56]. Further details are given in the figure caption of Figure 1.17 and

the assignments of Raman vibration modes of GOx are provided in Table 1.3.
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Figure 1.17 SERS for GOx detection [53].

In Figure 1.17 the different line indicating as follows SERS of silver nanoparticle
assembled film (a); SERS of PDDA-Ag film assembled film (b); the GOx-
functionalized SERS chips (c); and the GOx-functionalized SERS chip dipped in
glucose in the blood serum (d). PDDA- poly(dimethyl diallyl) ammonium chloride is a
linker molecule used to stabilize the silver nanoparticles on the glass substrate.

Table 1.3 Assignments of Raman Vibrations Modes of GOx [57]

Wave number (Cnf') Vibrational assignments
1628 v C-C--C

1572 v C=N

1520 v C=N

1460 v C=C + 0 CH;

1400 v N-C=0+v C=C+v C-C
1342 v C-C=N+vC=C+6CHs
1265 5 CH3z+ 0 N-H

1154 v C-C+v C-CH; +v C-N+ dCH;
1089 BC-H+vCN

832 v C-H

793 B C-C-C

740 w NH, +vy C-C-C

620 p C-C-C

535 v C-C-C
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Table 1.3 lists all the assignments of SERS signal for GOx. It can be utilized as a

guide to recognize the presence of GOx in the samples.

1.5 Organization of this Dissertation
In the first chapter of this dissertation, an introduction to the concepts and mechanism
of different types of biofuel cells is addressed. Developing a new EBFC with better
performance and improved design is needed. Characterization techniques such as field-
emission scanning electron microscopy to investigate the surface morphology and
Surface Enhanced Raman Spectroscopy to monitor the electrochemical reaction
mechanism is introduced.

Chapter 2 presents an overview of the types of CNTs including single wall carbon
nanotubes (SWCNTs) and multiwall carbon nanotubes (MWCNTSs) and the
corresponding synthesis methods.

Chapter 3 details the proposed bio-electrode research involved in this study,
including how CNT nanopapers, which serve as the base material for the electrodes, are
prepared for the fabrication of EBFCs and the design and test of different types of bio-
electrodes used in this dissertation.

Chapter 4 details the newly proposed concept of sandwich form EBFC patch
research of this study. The proposed EBFC patch design is based on the bio-electrode
developed in Chapter 3. The performance of power output and lifetime of such EBFC
patches is addressed in this Chapter and compared with the results from conventional
BFCs using similar electrodes. Results of the study on BFCs with laccase at the cathode

replaced by Pt will be discussed.
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Chapter 5 presents a conlusion of the research study conducted in this dissertation
by summarizing the results and providing recommendations of directions to further
improve the performance of the patch EBFC design.

Appendices A and B present preliminary research involving in-situ Raman
spectroscopy of GOx in the EBFC patch anode under electrochemical load to investigate
the electrochemical reactions that are taking place with the goal of eventually optimizing
the electrode design. Appendix C discusses a 24-hr monitoring system that has been
developed to monitor EBFC performance and Appendix D presents preliminary results
on the use of a metal free polymeric nitrogen oxidation reduction reaction catalyst that

can potentially replace laccase.
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CHAPTER 2

CARBON NANOTUBES

2.1 Fundamentals of Carbon Nanotubes

Carbon is a material that has been extensively studied for a very long time. There are a
number of allotropes of carbon that have been discovered years ago, such as graphite,
diamond, and the fullerenes, and more recently, carbon nanotubes and graphene. Carbon
nanotube (CNT) is one type of allotrope of carbon that has a cylindrical nanostructure.
CNTs can be categorized into two classes, multi-walled carbon nanotubes (MWCNTS)
and single-walled carbon nanotubes (SWCNTS). The first observation of MWCNTSs was
made by lijima in 1991 while applying direct current arc at graphite electrodes [58].
Two years later, SWCNTSs were discovered by lijima and Ichihashi in 1993 [59].

The SWCNTSs can be thought of as a layer of graphene nanoribbon that is bent and

then rolled up into a hollow cylindrical form.
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Figure 2.1 Wrapping of graphene nanoribbon into SWCNT [60].

Depending on how the graphene nanoribbon is wrapped, the properties such as

mechanical, electrical, optical etc. will change[61]. A chiral vector C , as a result of a

pair of integers (n, m) of the graphene honeycomb vectors El anda, , can show how

27



the graphene is wrapped. Generally, there are three types of constructions of SWCNTs
according to the integers (n, m). When m=0, which is (n, 0), this kind of structure is
called “zigzag”. When n=m, which is (n, n), this kind of structure is called “armchair”.
The third type of structure is when n>m>0, and it is called as “chiral” (Figure 2.2). The

diameter of SWCNTSs is around a few nanometers.

“<._connection points

of graphene sheet
after wrapping
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e Wi
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Figure 2.2 Schematic of the construction of SWCNT structures [60].

The structure of MWCNTSs consists of multiple concentric tubes of rolled up
graphene which has a diameter ranging from several nanometers to tens of nanometers.
Depending on the construction of MWCNTS, there are two models that can describe

their structures, the Russian doll model and Parchment model. The structure of Russian
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Doll model consists of multiple sheets of graphite that are arranged very similar to the
Russian dolls which have multiple cylindrical graphite sheets wrapped one on top of the
other from inside out. The Russian Doll structure is observed more commonly. Each
individual shell of rolled graphite sheet can be described as a SWCNT, which can be
metallic or semiconducting. Because of statistical probability and restrictions on the
relative diameters of the individual tubes, one of the shells, and thus the whole MWCNT,
is usually a zero-gap metal [62].

As for the Parchment model, the structure is one single sheet of graphite being
rolled around itself, like a scroll of parchment or a toilet roll. The distance between
layers of graphite sheets in MWCNTS is close to the distance between graphene layers

in graphite, approximately 3.4 A.

0.5to 1.5nm >100nm

Figure 2.3 Schematic representation of single walled carbon nanotube (SWCNT) and
multi walled carbon nanotube (MWCNT) [63].

29



2.2 Synthesis of Carbon Nanotubes

2.2.1 Arc Discharge

The first synthesis method of CNTs was Arc discharge. Originally, it was introduced to
produce Ceo by Krétschmer et al. in 1990 [64]. It was then used by lijima et al. [58] to
discover MWCNTSs. The arc discharge synthesis of MWNTSs usually utilizes a hot
plasma between two graphite electrodes in a helium filled chamber. The chamber is
maintained at sub-atmospheric pressure and at high temperatures (over 1700C), as the
carbon atoms are evaporated while a high DC current passes through the electrodes. The

CNTs are then deposited on the cathode.
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Figure 2.4 Schematic diagram of the arc discharge setup [65].

It has been reported that, with different gases filled in the chamber, the quantity
and purity of MWCNTSs are different [66-68]. The yields of MWCNTS can be increased
with increase in pressure [69].

Using arc discharge method, without any catalyst, results in the deposition of

MWCNTSs. But with the use of catalyst or catalyst precursors, such as Ni, Co or Pt,
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SWCNTSs can be formed after the process. It was first demonstrated by Bethune et al. in
1993 [70].

2.2.2 Laser Ablation

The principle of laser ablation is similar to arc discharge method; the difference is that
instead of a hot plasma, a YAG or CO: laser provides the energy for the process. Usually,
a graphite pellet containing Ni or Co as the catalyst is used during the process. This
method can yield SWCNTs with higher quality and purity compared to arc discharge
method. It was first demonstrated by Guo et al. in 1995 [71].

Furnace

Inert Gas \

\
/ Copper Collector
/
Laser ?raphlte Nanotubes
REgat deposited at
collector

Figure 2.5 Schematic diagram of laser ablation setup [72].

2.2.3 Chemical VVapor Deposition (CVD)

Currently, the standard method for the production of CNTs is Chemical Vapor
Deposition. There are numerous subclasses of CVD, such as Plasma Enhanced Chemical
Vapor Deposition (PECVD), Microwave plasma (MPECVD), radiofrequency CVD

(RF-CVD), etc. The CVD method is considered as the most economical and successful
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method for the production of CNTs because it can not only produce considerably good
quality of CNTSs but it can also produce good quantities at the same time. It does not
need high temperature like the other two methods to evaporate solid carbon source. The
first report of production of CNTs by CVD method was made by Endo et al. in 1993
[73]. A carbon gas source and precursor with carrier inert gas are passed through a quartz
tube which is heated by a furnace. A catalyst (such as cobalt, nickel, iron etc.) covered
substrate is placed within the active area of the quartz tube and heated at temperatures
ranging from 600°C to 1200°C during the CVD process. The carbon source for CNT
growth is typically hydrocarbons such as methane, ethane, acetylene, xylene, etc. [74-

77].
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1
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Figure 2.6 Schematic diagram of Chemical Vapor Deposition setup [78].

In CVD process, different catalysts can affect the growth of CNTSs significantly.
Feng et al. used acetone as a carbon source, Ferrocene(CioH1oFe) as a source of Fe

catalyst and thiophene as promoter to synthesize high quality DWNT (Double Wall

32



carbon nanotube) thin-films in a one-step CCVD (Catalytic CVD) reaction process in
an argon flow[79]. Li studied the synthesis of well aligned MWNTSs on a large area of
Ni deposited SiO2/Si substrates via the pyrolysis of CoH» using the thermal CVD
technique at 900°C. Li found that NHz pretreatment was very crucial to control the
surface morphology of catalytic metals and thus to achieve the vertical alignment of
CNTs. With a higher density of Ni particles, better alignment of the CNTs can be
obtained due to a steric hindrance effect between neighboring CNTs. The degree of
crystallization of the CNTSs increased with increasing NHs pretreatment time. Energy
dispersive X-ray analysis revealed that CNTs grew by a tip growth mechanism [80]. Liu
and colleagues recently published a comprehensive review on direct CVD growth of
aligned, ultralong SWNTs on substrate surfaces, which are attractive building blocks for
nano-electronics. They discussed the key technical points, mechanisms, advantages, and
limitations of this method [81]. Flahaut et al. reported the influence of catalyst
preparation conditions for the synthesis of CNTs by CCVD. In their work, the catalysts
were prepared by the combustion route using either urea or citric acid as the fuel. They
found that the milder combustion conditions obtained in the case of citric acid can either
limit the formation of carbon nanofibers or increase the selectivity of the CCVD
synthesis towards CNTs with fewer walls, depending on the catalyst composition [82].
Xiang et al. prepared CNTs via CCVD of acetylene on a series of catalysts derived from
Col/Fe/Al layered double hydroxides (LDHSs). They observed that the content of Co in
the precursors had a distinct effect on the growth of CNTs. Increasing Co content
enhanced the carbon yield due to good dispersion of a large number of active Co species.

Higher Co content led to the formation of CNTs with smaller diameters and less

33



structural disorder [83]. Lyu et al. produced high-quality and high-purity DWNTSs by
catalytic decomposition of benzene as an ideal carbon source and Fe—Mo/Al>O3 as a
catalyst at 900°C. They obtained DWNT bundles, free of amorphous carbon covering
on the surface, and of a low defect level in the atomic carbon structure [84]. Zhang et al.
prepared MWNTs with diameters of 40-60 nm by the catalytic decomposition of
methane at 680°C for 120 minutes, using nickel oxide-silica binary aerogels as the

catalyst [85].

2.3 Use of Carbon Nanotubes in EBFCs
Shortly after the discovery of CNTSs, it did not take long time before researchers started
to investigate the possibility of combining the CNTs with EBFCs. This topic has been
studied intensively in the recent decade. The research on the use of CNTs in EBFCs is
mostly concentrated on the immobilization of the enzymes on CNTs for better electron
transfer rate to achieve higher power output and longer lifetime.

Some techniques that are commonly used in combining the CNTs with EBFCs are
drop casting [86], covalent binding of CNTs [87], direct growth of CNT forests on the
electrode [86], deposition of MWCNT film by microcontact printing technique [88], and
co-deposition of CNT-doped polymers etc. [89].

The technique for the immobilization of enzyme on CNTSs, used in this dissertation,
will be discussed in detail in the next Chapter.

Figure 2.7 shows the SEM images of CNTs prepared by different techniques.
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Figure 2.7 Representative SEM micrographs of (A) MWCNT and (B) SWCNT deposits,
(C) aligned CNT forests, and (D) CNT doped polymers [90].

The CNTSs used for the fabrication of bio-electrodes, in this dissertation, was
purchased from nano-lab.com. These CNTs are multiwall carbon nanotubes that were
produced by Chemical Vapor Deposition (CVD) to strict length and diameter
specifications, and are purified to >95% as measured by TGA.

Figures 2.8 and 2.9 show the characterization results from Nano-lab Inc. for CNTs

(Catalog No.PD15L520) that is used in this dissertation.
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Figure 2.8 (A) Multi wall Carbon nanotube TEM image, PD15L520 10- walls, diameter
12nm [91], (B) Multiwall Carbon nanotube SEM image, PD15L520 [92].
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Figure 2.9 Multi wall Carbon nanotube Raman data PD15L520 D:G ratio 1.33:1 [93].
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CHAPTER 3

DESIGN AND TEST OF ENZYMATIC BIOFUEL CELL ELECTRODES

3.1 Challenges
Currently, enzymatic biofuel cells are facing the challenges of lower than desirable
performance, such as short life time, low power density and complex fabrication and
assembly process etc. In order to improve the electrochemical performance of the
EBFCs, strategies can be taken regarding the open circuit potentials, current density and
power densities because these factors are essential in the evaluation of EBFCs
performance. For the improvement of open circuit potential, with MET based system,
one needs to find a mediator with potentials closer to the potentials of redox enzyme.

Some mediators, for example osmium complexes [94, 95] and 2,2 -azinobis (3-

ethylbenzthiazoline)-6-sulfonic acid [96], have been reported as feasible choice to be
incorporated with glucose biofuel cell fabrication. However, with the introduction of
mediator, it can bring more issues. Not only the mediator lowers the open-circuit
potential of the EBFC, but also the procedure of the immobilization of a mediator on the
electrode is often complicated. The stability of the mediator also affects the performance
of EBFC over time [34]. Therefore, a DET based system, if possible, would be a better
solution to improve the open circuit potentials of EBFCs.

As for the improvement of current density and power density, methods can be
adapted for high rate of catalytic activity of the enzymes and faster electron transfer rate
between enzymes and electrodes. Enzyme engineering can be a good strategy.

Technologies based on synthetic biology can be utilized to obtain smaller enzymes in
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volume, but with higher catalytic activity or construct more efficient pathways within
the enzyme molecule for direct electron transfer [97-99]. Another strategy is to utilize
high surface area electrode materials such as MWCNTS. As discussed in Chapter 2,
MWCNTSs are excellent materials for the fabrication of EBFC electrodes.

To improve the life time of EBFCs, immobilization and stabilization of enzymes
at electrodes is crucial. In the early studies, electrode was simply incubated in an enzyme
solution [100]. This method is not an optimal immobilization technique due to the fact
that it promptly dissolves the enzyme into the electrolyte. Some improvements have
been made with covalent bonding and crosslinking of enzyme with polymer hydrogel
[101] and gold electrode surfaces [102]. These methods have indeed improved the
stability of enzyme at electrodes, but they have also decreased the activity of enzymes
[16]. Sandwich and encapsulation techniques were designed by Akers et al. [103],
Koltzbach et al. [104], and Moore et al. [105], to immobilize an enzyme at the surface
of an electrode. In 2011, Zebda et al. proposed an interesting and efficient method by
mechanically compressing the MWCNTSs with enzyme directly as an electrode which
delivered not only high power density and high open circuit voltage but also maintained
its stability for 1 month [106]. All these approaches have paved the way for further
improvements in the performance of EBFCs.

With the scientific challenges addressed, this dissertation first presents a new
principle of bio-electrode design with several different configurations in this chapter.
Then a detailed discussion regarding the EBFC unit design is presented in the next

chapter.
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3.2 Design and Fabrication of Electrodes
In order to address both power density and lifetime related issues, this dissertation
presents a new principle of bio-electrode design combining the use of functionalized
MWCNTs and mechanical compression. Functionalized MWCNT is ideal for bio-
electrode fabrication because it has high surface area to entrap the enzyme and allow
DET between active redox site and electrode surface. Mechanical compression acting
as the immobilization technique of enzyme can not only improve the DET mechanism
but also the entrapment of enzyme, which leads to a better stability of the bio-electrode.

The materials used for the fabrication of the electrodes are as follows. Carbon
paper (E-TEK,Inc) was used as received. The wetness was 60%. Carbon nanotubes
(MWNTSs) (Carbon Solutions, Inc.) were used as received. Ethanol was purchased from
Fisher Scientific Inc. Glucose-oxidase (GOx, 200U/mg, Aspergillus niger, Sigma),
Laccase (Lac, 7.59 U/mg, Agaricus Bisporous, Fulka), Sodium Dodecyl sulfate (SDS,
Sigma), and d-glucose (Sigma) were used as received. Nafion® (Aldrich) was used as
received.

The CNT papers were prepared by vacuum filtration of aqueous suspensions of
carbon nanotubes. MWCNTSs were mixed with sodium dodecyl sulfate and phosphate
buffer of pH 7.4. The mixture is sonicated to obtain a homogenous mixture formation at
conditions of 75% amplitude, for 30 minutes at a pulse of 30 seconds with 10 seconds
in interval. The CNT suspension is then filtered by vacuum filtration process for the

nanopaper formation.
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Figure 3.1 The vacuum filtration system used to produce CNTs nanopaper.

The filter papers used are of 10um pore size. Filter papers are dipped in 10ml
ethanol for 10 min before the vacuum filtration. The nanopapers were washed with 100

ml DI water for couple of hours to remove the particles.
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Figure 3.2 Carbon nanotube paper made with MWCNTSs (left) and Ramen spectrum of
the CNT paper.

After the CNT paper has been prepared, few drops of Nafion® solution (Sigma
Aldrich) were dropped on the CNT paper and then dried in a vacuum oven at 90°C for

10 minutes. Thus, a layer of Nafion is formed on the nanopaper.

Pressure

Figure 3.3 Enzyme immobilization by compression in a Carver press [107].

The CNT paper, modified with Nafion, was taken and fabricated with mechanical
compression of glucose oxidase (GOx) using mechanical compression at a load of 10
metric tons. Carbon papers were used to protect the nanopapers from the pressure. Thus,

a sandwich of carbon nanotubes, Nafion® and GOx were formed which is used as the
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anode.

Figure 3.4 The Carver press used for the mechanical compression process.

Cathode was fabricated by the same method and laccase was used as the cathode

catalyst.

3.3 Performance of Electrodes
To test the performance of the electrodes, a working EBFC setup is needed. Figure 3.3
shows a schematic of the EBFC setup. The prepared anode and cathode were assembled
in a beaker with d-glucose (Sigma Aldrich) including phosphate buffer solution (PBS,
pH 7.4, Fisher Scientific Inc.) as electrolyte at room temperature (20-23°C). The

distance between cathode and anode was set as 5mm. The electronic circuitry is
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assembled with variable resistor (RS-201 Resistance Substituter, IET Labs, Inc.),

voltmeter and multimeter to measure voltage and current of EBFC.
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Figure 3.5 Schematic for Conventional Biofuel Cells [107].

According to the previous study reported by Qin Zhong in our laboratory[107], the
optimum enzyme amount for this approach is around 40mg for both GOx and laccase of
area of ~ 1cm? used to fabricate the bio-electrodes.

Tests of several samples fabricated according to the protocol shows similar results
for the range of 30-50mg of GOx and Laccase.

The lifetime of such electrodes was tested (Figure 3.6). It can be observed that the
peak performance was reached after few days. Different from the EBFC patch design,
which will be discussed in the next chapter, there is a delay in peak performance due to
the use of carbon paper protection on the electrode surface. This is to prevent the enzyme

from dissolving into PBS, but consequently delays the maximum power output.
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Figure 3.6 Lifetime performance of conventional EBFC test setup (average of 3 runs).

The lifetime test result in Figure 3.6 was chosen from three independent
experiments but followed the same protocol. An average of over-three-weeks of data
was chosen in the plot; the actual running time can be longer but is not considered for
power density lower than 2 pW/cm?. Tests of the samples after one month still show
some current generation indicating that power can still be generated, even though it is
limited.

These preliminary results show that the immobilization technique with mechanical

compression is feasible and a detailed investigation is required.
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CHAPTER 4

SANDWICH ENZYMATIC BIOFUEL CELL: DESIGN AND TEST

4.1 Cell design and Fabrication
With the feasibility of electrode design having been examined, a more realistic question
is how to put it into use in real life applications. Conventional EBFC setup is by no
means a sound solution to this question; all current design only exists in research labs.
In this chapter, a novel simple design of EBFC patch unit with the potential for mass

production and commercialization is presented.

CNT paper with laccase
and Si0; coated Au
nanoparticles e P 0y MET COVET

et c| £lectrolyte with glucose

CNT paper with Gox e Py MET COVET
and Si0; coated Au
nanoparticles

Figure 4.1 Schematic of Enzymatic Biofuel Cell Patch design.

As shown in Figure 4.1, the principal idea of this EBFC patch is that one layer of
gel electrolyte containing gulcose be placed in between bio-anode and bio-cathode, then
wrapped around with polymer cover with conductive wires for external circuit
connection.

To fabricate such an EBFC patch, the bio-anode and bio-cathode as well as the gel
electrolyte needs to be prepared before the final assmbly. The preparation protcol is as

follows.
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The materials used for the fabrication of the EBFC patch: Carbon paper (E-TEK,

Inc) was used as received. The wetness was 60%. Carbon nanotubes (MWCNTS)

(NanoLab, Inc.) were used as received. Ethanol and 0.1M phosphate buffer saline (pH

7) and phosphate buffer solution (PBS, pH 7.4) were purchased from Fisher Scientific

Inc. Glucose-oxidase (GOx, 200U/mg, Aspergillus niger, Sigma), Laccase (Lac, 7.59

U/mg, Agaricus Bisporous, Fulka), Sodium Dodecyl sulfate (SDS, Sigma), and d-

glucose (Sigma) were used as received. Agar (Gracilaria, TIC Gums) was used as

received. Nafion® (Aldrich) was used as received. Platinum on graphitized carbon (10

wt. % loading) was purchased from Sigma Aldrich and used as received.

MWCNTSs are mixed with sodium dodecyl sulfate (SDS) and phosphate
buffer of pH 7.4.

The mixture is sonicated at conditions of 75% amplitude, for 30 minutes at
a pulse of 30 seconds with 10 seconds of interval to form aqueous
suspensions of CNTs.

The aqueous suspensions of CNTs are filtered by vacuum filtration process.
The filter papers used are of 10um pore size. Filter papers are dipped in
10ml ethanol for 10 min before the vacuum filtration process. The
nanopapers were washed with 100 ml DI water for couple of days to
remove the residue particles.

A free standing CNT nanopaper is peeled off from the membrane filter.

Several drops of Nafion® were dropped on the prepared CNT nanopaper
and then dried in vacuum oven at 90°C for 10 minutes. Thus, a layer of
Nafion® is formed on the nanopaper.

Designated amount of GOx powder are evenly dropped onto Nafion®
modified CNT nanopaper, followed by subjecting to a hydraulic press at a
load of 10 metric tons. Carbon papers are placed over the CNT nanopaper
for protection purposes.

Cathode has two designs. Type 1 cathode is still a bio-electrode which was

fabricated following the method as described above and instead of GOx, Laccase was
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used as the enzyme for the cathode catalyst. The fabrication protocol of Type 2 cathode
is as follows.

e MWCNTs are mixed with sodium dodecyl sulfate (SDS), platinum on
graphitized carbon (10 wt. % loading) and phosphate buffer of pH 7.4.

e The mixture is sonicated at conditions of 85% amplitude, for 45 minutes at a
pulse of 30 seconds with 10 seconds of interval to form aqueous suspensions of
CNTs and Pt.

e The suspension is then filtered by vacuum filtration process. The membrane filter
used are of 10um pore size. Filter papers are dipped in 10ml ethanol for 10 min
before the vacuum filtration process. The nanopapers were washed with100 ml
DI water for couple of days to remove the residue particles.

e Finally, a free standing CNT-Pt nanopaper is peeled off from the membrane filter
and used as a cathode.

For the preparation of agar gel electrolyte, PBS with glucose was heated to a
temperature of 90°C and kept for 20 minutes. The mixture was mixed thoroughly and

then cooled in a container where a homogenous gel was formed.
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Figure 4.2 Agar gel electrolyte containing 10mM of glucose.

For the assembly of EBFC Patch unit, the agar gel electrolyte is placed in between
the GOx anode and Type 1/2 cathode with wires connected for measurement, forming a

sandwich geometry.
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Figure 4.3 Photograph of a fully operational EBFC patch unit.

As shown in Figure 4.3, the fully operational EBFC patch unit consists of GOx
anode, Lac cathode and agar gel electrolyte in a sandwiched geometry with polymer

packaging and wiring for external circuit connection.

4.2 Test Results and Discussion
To examine the performance of EBFC patch, several units were fabricated and
assembled as shown in Figure 4.4. The electrochemical performance of these units were
evaluated by calculating the power output, power densities and analyzing the

polarization curves.

49



- " &k
1 B
\ b o

Figure 4.4 The EBFC patch unit test apparatus.

Power is calculated by using Equation 4.1, and power density (POD) is determined

by using Equation 4.2 where A is the effective area of EBFC electrode. J is the current

density.
P=VI (4.1)
POD = P/A (4.2)
J=1/A (4.3)

Several types of EBFC units have been prepared to find the optimal configuration.
Three of them were chosen to be discussed due to their good performance. The first

biofuel cell labeled BFC 2 was set up in accordance with the design in Figure 4.5(A),
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with a glucose concentration of 5 mM in PBS. Enzyme immobilization on the nanopaper
electrodes was carried out by manual compression of the enzymes on the nanopaper.
The maximum power density obtained is 39.44uW/cm?. The preparation of BFC 3 was
similar to BFC 2, the only difference is that instead of using hand compression, a
hydraulic compressor with 10 metric ton load was employed. BFC 3 showed a maximum
power density of 73.22 pW/cm?, which was almost twice that of BFC 2. The highest
power output was observed at 1000Q2 load. Hence, an increased pressure, during the

immobilization process of the EBFCs, plays a positive role in the above experiments.

(b) —)—

= Aluminum foil
== Nanopaper with GOx
Electrolyte “= Agar with Glucose

Nanopaper with Lac

Anode Cathode _ == Aluminum foil

Figure 4.5 Biofuel cell setup and architectures: (A) Set-up 1 showing a conventional
biofuel cell, and (B) Set-up 2 showing the sandwich architecture investigated in this
study.

BFC 5 was prepared as a sandwich structure (EBFC) as shown in Figure 4.5 (B)
to compare the performance of this EBFC patch form with conventional devices. The
amount of enzyme and glucose concentration is the same. The hydraulic pressure is 10
metric tons which is the same as BFC 3. The highest power output obtained for this

design was 111.90uW/cm?, at a current density of 334.5 pA/cm?, and a voltage of

0.335V. Open circuit potential was observed at 0.869V. BFC 5 exhibited the highest
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power output.
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Figure 4.6 Comparison of the polarization (voltage vs current density) curves for BFC
2,3and>5.
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Figure 4.7 Comparison of the power density versus current density curves for BFC 2, 3
and 5.
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Figures 4.6 and 4.7 show the differences in polarization curves and power density
versus current density curves between these three configurations. The error bars show
the standard deviation from the mean value of current densities for 3-5 independent
experiments. The maximum error is below 10%; these EBFC configurations maintain
consistent performance among different test runs. From the above result, it can be

concluded that BFC5 shows the best performance among these configurations.
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Figure 4.8 Plot of power density versus time in days under load for BFC 5.

The life time of BFC 5 output power versus time measurements (Figure 4.8) shows
a significant drop after the first 24 hours probably due to loss of glucose and moisture
in the gel electrolyte. Extra water and glucose were added after 3 days, which resulted

in an increase in power for about half of a day before BFC 5 eventually lost all power
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after 8 days of operation. The error bars show the standard deviation from the mean
value of current densities for three independent experiments. Even though a life time of
over a week can be expected from BFC 5, the life expectancy of conventional EBFC
made in accordance with Figure 4.5(A), can reach about a month of operation time. The
main reason for such difference is due to the gel electrolyte. The gel electrolyte, in this
case, agar gel tends to loose water in just a few days of operation whereas in
conventional design, the aqueous electrolyte has no such issue. Also, the body of agar
gel contains much less glucose than aqueous electrolyte because of the big difference in
volume. Thus, the dried up agar gel needs to be replaced with fresh moisture-rich new
agar gel. The process of such replacement can harm the performance of EBFC which
can be identified from the difference in power density of initial and right after
replacement of the gel. During the replacement procedure, certain amount of enzyme
can be observed in the dried up agar gel which implies some loss of catalyst on the

electrodes.

2000 EHT = 3.00kV Signal A= InLens  Date :27 .Id2019

oy .'
1prn
Mag= 3000KX |—n]

i, .

Signal A= InLens  Date 27 Jul 2018
Photo No. = 255 Time :13:29:53

Mgg:{ﬂﬁ_onu'_i WO= 3mm PhotoNo. =251 Time 113:18:12

Figure 4.9 SEM images of GOx anode before the EBFC assembly for performance test.
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Figure 4.10 SEM image of the GOx anode after EBFC lifetime performance test.

SEM is a good tehcinigue to examine the mophorlogy of the surface of a sample.
To help better understand the reason for the decrease in power density, Field emission
SEM images have been taken. Figure 4.9 shows the Field emission SEM images of the
surface of nanopaper GOx anode after compression before EBFC performance test at
high magnification (left) and lower magnification (right). These field emission SEM
images of the GOx anode showing a relatively uniform distribution of GOx on the CNT
nanopaper. These results are similar to those observed by Zebda et al. [106] who also
utilized mechanical compression as the immobilization technique.

Figure 4.10 shows the field emission SEM image of another GOx anode which
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was fabricated under similar protocol but was assembled into a full EBFC apparatus and
the image was extracted after performing lifetime test for more than a week. From this
SEM image, it can be observed that the surface of GOx anode has been significatly
damaged after the test. There is no sign of wire-like CNT; also, the visibility GOXx is
poor. Moreover, the SEM run itself was a very difficult one to do, due to the poor
conductivity of the electrode. From Equations 1.11 and 1.12, during the oxidation
reaction on GOx active site, hydrogen peroxide is produced, which can damage both
GOx enzyme and the -COOH function group on the MWCNTSs. It is also believed that
the presence of hydrogen peroxide has negative effect on laccase performance[108]
which was on the cathode. Figure 4.10 can be regarded as a proof of such redox reaction
mechanism. More evidence of the presence of hydrogen peroxide is presented in

Appendix B using a SERS measurement.

4.3 Hybrid EBFC Patch
By combining GOx anode with non-biological cathode to fabricate a hybrid EBFC has
led to good results in as early as 1998 by Palmore et al. They utilized methanol MET
anode with Pt cathode and produced a BFC with highest current density of 2600 pA/cm?
and power density of 680 pW/cm?[109]. Later, more research has been perfomed
regarding this concept of utilizing a bioanode with a non-biological cathode to fabricate
a hybrid EBFC. Akers et al. used ethanol MET anode and Pt cathode; they obtained a
BFC with much lower current density of 3 to 5.4 pA/cm? but maximum power density
ranging from 1160 to 2040 ©W/cm? [103]. Arechederra et al. used glycerol DET anode

and Pt cathode to develop a BFC with current density of 4200 pA/cm?and power density
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of 1210 pW/cm? [110]. Zhu et al. used Maltodextrin MET anode and Pt cathode to
develop a BFC which yielded a maximum current density of 6000 pA/cm? and power
density of 800 uW/cm?[111]. The open circuit voltage of these BFCs range from 0.65V
to 0.8V. From these examples, Pt has been considered to be a good choice for non-
biological cathode because of the good stability and the higher potential difference from
the anode than other bio-cathodes. Also, Pt can serve as a catalyst in the decomposition
of hydrogen peroxide [112] which is produced in the oxidation reaction of glucose by
GOx; it is an excellent choice for cathode material.

In light of the previous progress, novel hybrid EBFC patches have been designed
and fabricated for research purposes. Two types of hybrid EBFC patches have been
fabricated.

The first type of hybrid EBFC patch consists of GOx anode that is constructed the
same way as it was previously. The non-biological cathode is fabricated with two
methods. Method 1 is as follows: platinum on graphitized carbon (10wt% loading, from
Sigma-Aldrich) is mixed with Nafion® solution and dropped on premade CNT
nanopaper followed by annealing in an oven at 90°C for 1 hour.

Instead of drop casting the mixture of Pt carbon Nafion solution, method 2 utilizes
a mixture of Pt carbon powder with carbon nanotubes (MWCNTS) (Carbon Solutions
Inc.), sodium dodecyl sulfate (SDS) and phosphate buffer of pH 7.4. The mixture is
sonicated at conditions of 75% amplitude, for 30 minutes at a pulse of 30 seconds with
10 seconds interval and filtered by vacuum filtration for the formation of nanopaper.
The filter papers used are of 10pum pore size. Filter papers are dipped in 10ml ethanol

for 10 min before the vacuum filtration. The nanopapers are washed with 100 ml DI
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water at 95°C for couple of hours to remove the residue particles.

The hybrid EBFC patch was prepared by using the same EBFC patch sandwich
model with agar placed in between the two CNT nanopapers with electrodes which were
connected to wires for power output measurements. The patch unit was placed in a
plastic box.

Then the EBFC patch was taken and heated at a temperature of 25 to 27°C on a
hot plate. Agar and glucose act as power sources of the cell. Current density and voltage
were calculated using the measured current and voltage, from ammeter and voltmeter,
respectively, at regular intervals by changing the load resistance.

The GOx-Pt patch unit#1 was prepared using method 1. The open circuit voltage
of this unit reached 0.8V. The power density is 112.2pW/cm? at maximum in the
beginning, but then it drops significantly in a few hours. 60 hours later, some post
buffered solution (PBS) with glucose was dropped in the unit in order to increase the

power. However, unit#1 stopped working after around 80 hours of lifetime.
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Figure 4.11 Power density vs time of GOx-Pt EBFC unit#1.
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The GOx-Pt patch unit#2 was prepared with method 2. The open circuit voltage
of this unit reached 0.9V. The power density was 146.01pW/cm? at maximum in the
beginning, but it decreased significantly in a few hours. 45 hours later, some PBS with
glucose was dropped in the unit to increase the power. The power density decreased

after an initial increase. Eventually, unit#2 stopped working after ~150 hours.
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Figure 4.12 Power density vs time of GOx-Pt EBFC unit#2.

By comparing the two units, the GOx-Pt EBFC patch unit#2, which was fabricated
with method 2, shows not only a higher open circuit voltage and maximum power
density, but also a better lifetime performance.

Comparing the maximum power density of hybrid EBFC patch with EBFC patch,
the hybrid EBFC exhibits better performance; however, the life time performance is not

as good as the EBFC patch which uses Lac as the cathode catalyst.
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Figure 4.13 SEM image of a fresh Pt-CNT cathode made with method 2.

Figure 4.13 shows the SEM results of Pt-CNT cathode. From this figure, the
morphology of the surface of such sample is completely different from the surface of a
simple CNT nanopaper. The uniform distribution of Pt on CNT nanopaper can be
observed. Figure 4.14 shows the SEM image of a used Pt-CNT cathode made with
method 2. The differences between a fresh and Pt-CNT cathode can be easily observed.
Big clusters of hydrocarbon produced after the redox reactions can be seen on the surface
blocking Pt causing a significant decrease in power density in the hybrid EBFC patch.
Similar phenomenon has been observed and reported previously [113]. Another possible

source of such contaminants is due to Nafion® membrane [114].
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Figure 4.14 SEM image of a used Pt-CNT cathode made with method 2.
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Figure 4.15 EDS measurement of Pt-CNT cathode sample made with method 2.
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Table 4.1 Weight% of Pt-CNT Cathode Sample Made with Method 2

Element Weight% Atomic%
Carbon 89.70 97.34
Oxygen 2.63 2.14
Platinum 7.67 0.51
Totals 100.00

Figure 4.15 and Table 4.1 show the EDS results of the same Pt-CNT cathode
sample. From these results, the weight% of Pt of the surface of the cathode is over 7
weight% which agrees with the SEM results showing a thorough coverage of Pt on the

nanopaper.

4.4 Hybrid EBFC Patch in Series
With the feasibility of the concept of hybrid EBFC patch having been examined
successfully, a question of ‘can it be arranged in series to increase the power’ arises
naturally. In order to answer the question, this section presents the results of two hybrid
EBFC patch units made from method 2 that were assembled in series. These two hybrid
EBFC patch units were assembled at the same time and in the same manner to form
identical units. The agar gel preparation is in accordance with the same protocol. The
ambient temperature of the experiment is around 22-23°C. This experiment mainly
focused on the power generation performance; thus the running time is about 3 hours
considering the previously observed sharp drop in power density within the first few

hours of operation of hybrid EBFC patch units.
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Figure 4.16 Two identical hybrid EBFC patch units in series.

As Figure 4.16 shows, the unit#1 (left) and unit#2(right) were assembled in series.
The active area (0.6cm?) was controlled in a 5mm by 12mm rectangle on both GOx
anode and Pt-CNT cathode. The resistor was set at 1000ohm (Figure 4.17 left) to achieve
maximum power output. At peak performance, the maximum power density calculated
is 0.574mW/cm? at 0.83V and 0.83mA (Figure 4.17) for this apparatus. This is by far
the highest power density that has been achieved in this configuration of hybrid EBFC
patch design. It increased the maximum power density of a single hybrid EBFC patch

by four times.
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Figure 4.17 Voltage (left) and current (right) measurement of two identical hybrid
EBFC patch units in series under 1k ohm load.

This experiment shows the improved performance of hybrid EBFC patch
compared to EBFC patch unit using Laccase as the cathode catalyst. It also demonstrates
the feasibility of one common approach of utilizing multiple low power battery units in
series as a whole module to increase the power. More importantly, this concept can be
utilized in the design of EBFC patch, which is very difficult to do with the conventional

EBFC [115, 116].
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CHAPTER 5

SUMMARY AND FUTURE DIRECTIONS

5.1 Summary
Enzyme compression on CNT nanopaper electrodes is a new and promising technique
used for biofuel cell fabrication. This has various advantages over other immobilization
techniques. In this dissertation, commercially available MWCNTSs were purchased for
the fabrication of electrode base material. GOx and Laccase were used as biocatalysts
for the fabrication of EBFCs and Pt was used as the cathode catalyst for the hybrid EBFC
patch design. Mechanical compression was utilized in the fabrication process of bio-
electrodes and Pt cathode. The bio-electrodes prepared with compression technique was
set up in a conventional EBFC apparatus for the performance tests. The test results show
good power density and current density along with over-one-month stability. The patch
form EBFC, with the same bio-electrodes, was developed and tested with the use of agar
gel electrolyte. This patch form design shows good power density and current density
along with over-one-week lifetime performance. Agar plays a major role in determining
the life expectancy of the biofuel cell when a sandwich geometry is used. However,
methods need to be developed to prevent Agar from forming a hard gel which interrupts
the electric conductivity in the sandwich as well as for better power output. Hybrid
EBFC such as GOx-Pt EBFC patch unit has been developed for the first time. Two
different preparation methods of Pt-CNTs cathode has been tested. The second method
with the use of vacuum filtration system shows not only a higher open circuit voltage

and maximum power density, but also a better lifetime performance. Compared to
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normal EBFC patch, the test results show a higher maximum power density and open
circuit voltage, but the life time performance is considerably lower. Factors including
hydrogen peroxide build up causing the poisoning of GOx anode and a faster rate of
hard gel formation could be the reasons for this decreased performance. A hybrid EBFC
patch, in series, demonstrates the feasibility to stack up multiple units in order to achieve
higher power output. The initial results are impressive with an increase in the maximum
power density by four times.

It can be concluded that the mechanical compression technique for enzyme
immobilization is a feasible solution but requires further fine tuning. The EBFC patch
design demonstrates a path with good potential for commercially viable products that
can be cost-effectively fabricated in a facile manner to produce wearable and potentially
disposable power devices. These devices can provide performance levels that are

comparable to that of most conventional biofuel cells.

5.2 Future Directions

The following factors need to be addressed to improve the performance of the proposed
approach. The average life time of EBFC patch form is significantly shorter than that of
conventional EBFC. Even though the maximum power density of EBFC patch units is
higher than that of conventional EBFC, the decrease in power density in patch unit is
much faster, especially with the hybrid EBFC patch using Pt-CNT as cathode.

A preliminary result of SERS measurement is presented in Appendix B indicating
the formation of hydrogen peroxide on GOx anode. Real-time in-situ monitoring of

EBFC via fiber optic probe Raman spectroscopy can help to further study the
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mechanisms of overall redox reactions in EBFC and help to discover the reason for rapid
decease in power density. In Appendix D, some different materials has been tested for
the fabrication of CNT nanopaper, strategies can be implemented for further
improvements such as to identify different functional group with CNT or metallic
compound to help establish better DET pathways and higher rates. Also, one can test
SWCNTs with different lengths to help the immobilization procedure which may
increase the lifetime performance of EBFCs. Simulation and modeling via COMSOL
MULTIPHYSICS can help to improve the bio-electrode design.

Some other strategies can be implemented in the preparation of a cell which can
be implanted into the human body with agar and glucose acting as the power sources.
Also, a commercial viable wearable form of the EBFC patch module consisting of
multiple units can be developed with flexible electrode base material and polymer film

for packaging.
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APPENDIX A
PREPARATION OF GLUCOSE OXIDASE ANODE FOR SURFACE-
ENHANCEMENT RAMAN SPECTROSCOPY
The following appendix discusses the preparation of GOx anode for Surface-
Enhancement Raman Spectroscopy (SERS).

Chemicals and reagents that were used for the preparation of SERS samples are
listed below (All chemicals and reagents were analytical grade or higher and used as
received without further purification). Gold (Ill) chloride trihydrate (99.9%),
dehydrated sodium citrate (99%), and anhydrous 96% alpha D-glucose 96% were
purchased from Sigma-Aldrich. Graphene-like sheets were obtained from Graphene
Laboratories Inc. Tri(ethylene glycol)mono tri(ethylene glycol)-11-mercaptoundecul
ether, 95% was purchased from Sigma-Aldrich.

The preparation of gold nanoparticles: Gold nanoparticles were prepared by
reduction of gold (111) chloride trinydrate with sodium citrate as described by Turkevish
[117] and Ferns [118]. Briefly, an aqueous solution of gold (111) chloride trihydrate
(0.5M, 25 ml) was heated to 98°C. It was then stirred and 1 ml of 1% aqueous sodium
citrate solution was added to it. The mixture obtained was kept at 95°C and then
continuously stirred for 30 minutes to give a dark red solution. Then, gold nanoparticles
with concentration (0.04 M) were deposited on the previously prepared CNT nanopapers.

Preparation of glucose solutions: Glucose was added into PBS to form a glucose

solution with concentrations of 0.1M for the use of SERS measurements.
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APPENDIX B
SURFACE-ENHANCEMENT RAMAN SPECTROSCOPY MEASUREMENT
OF GLUCOSE OXIDASE ANODE

Hence are the preliminary results and discussion of the measurement of SERS of GOx

anode.
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905 1373
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Figure B.1 Comparison of SERS of the same GOx anode under different conditions.

The blue line shows the SERS of the free standing GOx anode. The orange line
shows the SERS of the same GOx anode after adding few drops of PBS (pH 7.4,
containing 0.1M glucose) allowing the presence of glucose on the GOx anode surface

while not too wet preventing a readable data for the Raman instrument. The gray line
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represents the same GOx anode sample, but an external circuit was established using a
1.3V AAA batteries after the previous introduction of glucose containing PBS. Its
function is to simulate the vivo operation electrochemical environment of a running
EBFC. With the potential of 1.3 volts added, the line at 884 cm™ and a companion line
at 920 cm™* associated with hydrogen peroxide grew in intensity [119]. Changes in the
conformation of GOx around the CH bonds also occur because of the increase in
intensity of the lines at 820 and 1456 cm™ which can be assigned to CH deformation

modes in GOx [120].
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APPENDIX C

24 HOUR MONITORING SYSTEM FOR THE EBFC PERFORMANCE

In order to measure the performance of EBFC power over time (lifetime), constant
monitoring is required. In order to automate the measurements over long durations, a
24-hour monitoring system was established. The system consists of hardware and
software setup. A PC with a dedicated camera is needed for the hardware setup (Figure

c.1).

Figure C.1 24-hour monitoring system setup.
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A program coded with Python 3.0 was used for the software setup. The principle
idea of this program is to construct a video monitoring of EBFC setup while capturing
the snapshot of the video at a certain frequency allowing consistent monitoring of the
EBFC performance while not exceeding the limitation of hard drive storage. The

following is the Python code of such program.

#!/usr/bin/env python

# -*- coding: utf-8 -*-

from VideoCapture import Device

import time

#Maximum number of picture can be captured.

MAX_PIC_NUM = 2016

#Frequency of picture capture. One picture every 300 seconds in following case.

SLEEP_TIME_LONG = 300

cam = Device(devnum=0, showVideoWindow=0)

iNum=0

while True:

#Snapshot of video stream.
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cam.saveSnapshot(str(iNum)+ '.jpg', timestamp=3, boldfont=1, quality=75)

time.sleep(SLEEP_TIME_LONG)

#Overwrite if the maximum number reached
if iNum == MAX_PIC_NUM:
iNum =0
else:

iNum +=1
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APPENDIX D

OTHER EXPERIMENTS CONDUCTED IN THE DISSERTATION

In addition to the project of this dissertation, other projects have been undertaken to
examine the possibility of replacing certain materials for improved performance.

One of the projects is to design a configuration of hybrid EBFC by using
Polynitrogen (PN) as cathode for the oxidation reduction reaction replacing Pt and
Laccase.

To synthesize the PN oligomer Ng~ on positively charged MWCNTS, cyclic
voltammetry (CV) was carried out under 245 nm UV irradiation using a computer-
controlled CH Instruments 832C potentiostatgalvanostat on -COOH functionalized
multi-walled carbon nanotubes (MWCNTSs, purchased from Nanolab, Inc). CV was
performed with a three-electrode setup. The working electrode was dipped in 40 mL
0.5-4m NaN3s (Aldrich) and dissolved in a buffer solution (pH 4.0). This was used as
the electrolyte. Pt and Ag/AgCl were used as the counter electrode and standard
reference electrode, respectively. CV was also carried out on MWCNT-glassy carbon
electrode (GCE) without NaNs in the solution to clarify the oxidation peak from Nz
[121].

A PN hybrid EBFC apparatus was prepared in accordance with the conventional
EBFC setup except replacing the laccase cathode with a PN cathode. The power density
versus time plot is presented in Figure D.1. The power output, although much lower than
the both conventional EBFCs and the Pt hybrid EBFC, had a respectable half-life of

over 40 hrs. Power output measurements were repeated several times but the outputs did
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not exceed 4.5 micro-Watts/cm?. Therefore, the approach of utilizing a PN cathode to
fabricate hybrid EBFC was not pursued further and will have to await for the

optimization of this novel catalyst.
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Figure D.1 Power density versus time of GOx-PN hybrid EBFC.
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