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ABSTRACT

A reliable, flexible, and biocompatible power source for implantable and wearable devices has
always been one of the biggest challenges for medical device design engineers. Microfluidic fuel
cells (MFCs) are one of the candidates to generate a constant and reliable energy. However, the
aspects of this approach, such as use of expensive materials, limitation of achievable power density
and biocompatibility, have not yet been fully addressed. These challenges have restricted the
application of MFCs to lab-on-chip systems that are deemed to be promising for implantable

medical devices.

Recently, porous materials such as natural papers and synthetic polymers (in the form of either
nanofibers or porous membranes), when used as the MFC substrate, have shown that they can
address the above-mentioned challenges. More importantly, these porous materials induce an
inherent capillary flow in the fuel, eliminating the need of a pump. This may lead to an increased
fuel efficiency and miniaturization of MFCs. However, the search for a porous biomaterial that
displays high mechanical strength but remains flexible without degrading in a biological

environment is not straightforward.

In this research, Polyvinylidene Fluoride (PVDF), a non-biodegradable, biocompatible,
flexible, and inexpensive material, was investigated for the first time as a channel substrate in a
dynamic state MFC. To achieve the desired porosity, flexibility, and material strength of the
substrate, PVDF nanofibers were fabricated using the electrospinning technique. Furthermore,

hydrophilic PVDF nanofibers were successfully achieved by oxygen plasma surface treatment.

The desired PVDF-based MFC was conceptualized using Axiomatic Design Theory (ADT) and
FCBPSS (F: function, C: context, B: behavior, P: principle, SS: structure-state) methods. To
investigate the electrochemical output of the designed PVDF-based MFC, a hydrophilic porous
PVDF membrane was used as the substrate to induce a capillary action in the fuel (hydrogen
peroxide). The PVDF-based MFC studied here successfully produced a power density of 0.158
mW/cm?2at 0.08 V that is ~60% higher compared to the previous dynamic state paper-based biofuel
cell reported in the literature. Moreover, the power density of MFC studied here is comparable to

previous studies of static state single compartment MFCs using the same fuel type and



concentration. Therefore, the results from this work demonstrate, for the first time, that the porous

PVDF is a suitable material for the channel substrate in a dynamic state MFC.

The potential application of this cell, in medicine, is utilizing the hydrophilic porous PVDF in
electrochemical, implantable, and wearable medical devices. This approach can also be applied to

any self-powered point-of-care diagnostic system.
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1 INTRODUCTION

1.1 Background and Motivation

During the past 1-2 decades, energy harvester systems for wearable and implantable devices
have been intensively studied. Despite the fascinating advancements in this area, the challenge of
providing an inexpensive, flexible, and biocompatible power source has not yet been fully

addressed.

Batteries, as a conventional power source, are generally considered impractical and unreliable
candidates for wearable and implantable devices because of being bulky, containing hazardous
materials [1]. More importantly, the requirement to be replaced periodically adds additional

medical expenses and discomfort to patients.

Along with the conventional batteries, researchers have broadly explored wireless power
transmission to the implantable device placed inside the patient’s body. Transmission of power by
resonant frequency electromagnetic fields [2][3] and ultrasonic transcutaneous energy transfer
(UTET) systems [4] are a few examples of wireless power transmission techniques. However,
wireless power sources bring new challenges, such as higher design complexity and manufacturing

cost.

Besides the approaches mentioned above, harvesting energy from the human body has always
been attractive for the research studies [5] leading them to introduce a variety of methods such as
airflow energy harvesters from the respiratory system [6], thermal energy harvesters [7], kinetic
energy harvesters based on the conversion of electromagnetic [8], electrostatic [9], and
piezoelectric energy [10]. However, human body energy harvesters have drawbacks such as

unreliability, cost, and complexity, that make them unsuitable for commercial use.

Similarly, many studies have focused on fuel cells [11], specifically a miniaturized fuel cell
system known as Microfluidic Fuel Cell (MFC) [12]. In MFCs, the fuel delivery and
electrochemical reactions are conducted in a microchannel. The microchannel minimizes the

quantity of the unreacted fuel by reducing the size of the boundary layer. Simultaneously, the



microchannel characteristic brings a laminar flow feature to the MFC system that avoids a mixture
of the fuel and the oxidant. This phenomenon eliminates the requirement of a physical membrane.
Therefore, MFCs, compared to conventional fuel cells, may be a highly efficient technology to
generate electricity [13]. However, the requirement of an external pump to manipulate the fuel in
the microchannel has limited MFCs’ efficiency. Furthermore, finding an inexpensive and
biocompatible material that can also provide sufficient power for wearable and implantable

devices is still under investigation.

In recent years, paper-based MFCs have been introduced as a successful effort to eliminate the
external pump in MFCs [14]. Paper materials are flexible, biocompatible, and inexpensive that
their porous structure provides a capillary action that eliminates the requirement of an external
pump to manipulate the fuel. However, the high biodegradability of paper materials has limited
the paper-based MFCs to the lateral flow devices applications [15].

Recently, Polyvinylidene fluoride (PVDF) nanofibers were utilized in a static state single
compartment fuel cell. The fuel cell consisted of a cell with dimensions of about 2 mm by 10 mm
(M. Jahromi, Private Communication, March 12, 2019) that was covered with the hydrogen
peroxide solution as the fuel. PVDF, as the fuel cell substrate, demonstrated a power density of ~1
mW/cm?at 0.32 V and a current density of ~3.2 mA/cm?at 0.7 V, which is favorably higher than
other biopower generators reported in the literature [16]. However, the study mentioned above has
not investigated PVDF in a dynamic state MFC system, where rather than covering electrodes with
a fuel solution, the fuel is manipulated in a microchannel by an external pump or capillary action

of the channel substrate.

In a nutshell, PVDF is a synthetic, none-degradable, biocompatible, flexible, and inexpensive
material that has a promising feature to be used in energy harvester systems for
wearable/implantable devices. However, the potential of PVDF in a dynamic state to induce a high
capillary action of fuel to eliminate the requirement of an external pump in MFCs has not been

investigated yet.

1.2 Research Question
Similar to how the paper-based MFCs successfully eliminates the requirement of a pump, can
we develop an MFC using PVDF as its channel substrate to induce capillary flow of fuel so that



an external pump may not be needed? Moreover, if yes, what will be the fuel efficiency of the

system to be developed in comparison with the paper-based MFCs?

1.3 Research Objectives and Scope

The overall objective of this research was to develop an MFC system using PVDF as its channel
substrate. The following objectives were defined to achieve this overall objective:

Objective 1: qualitatively analyzing the PVDF channel system as an MFC sub-system, to find

a suitable channel structure that performs the overall system function.
Objective 2: developing a suitable technique to fabricate a porous PVDF substrate.

Objective 3: analyzing the porous structure and capillary action of the fabricated PVDF

substrate out of the research for Objective 2.

Objective 4: testing and characterizing the electrochemical efficiency of a porous PVDF

substrate out of the research for Objective 2 in an MFC system.

1.4 Organization of Thesis

In Chapter 2 (Literature Review), a brief introduction of Microelectromechanical Systems
(MEMS) and BioMEMS is outlined in Section 2.1. Then, by using the explanation of Microfluidics
systems (Section 2.3) and fuel cell systems (Section 2.4), the state of the art of Microfluidic Fuel
Cells (MFCs) and their features have been outlined in Section2.5. A review of the recent
approaches on fiber-based MFCs is presented in Section 2.6 to illustrate the research gap in PVDF-
based MFC. A critical review of PVDF and PVDF nanofibers’ features, applications and methods
of fabrications are explained in Section 2.7 and Section 2.8. Electrospinning, as a powerful method
of fabrication for nanofibers along with PVDF surface hydrophilic modification methods are
reviewed in Section 2.9 and Section 2.10, respectively. Finally, FCBPSS framework, Systematic
Design Theory (SD), and Axiomatic Design Theory (ADT), which are three powerful tools in
advanced conceptual design, are described in Section 2.11, Section 2.12, and Section 2.12.

In Chapter 3 (Design), the following contents are presented. FCBPSS framework was used to
find the most suitable channel structure for PVDF-based MFC system, and ADT was utilized to
verify the selected structure. Also detailed design of PVVDF-based MFC was illustrated.



In Chapter 4 (Fabrication), the steps to design and fabricate an electrospinning machine from
scratch are explained in Section 4.1. Also, the fabrication steps for the PVDF-based MFC system
are described in Section 4.3.

Chapter 5 (Experiment) will discuss the experimental parameters used to fabricate PVDF
nanofibers (Section 4.2) along with the fibers inspection method (Section 5.1). The PVDF
nanofibers surface treatment method and parameters are explained in Section 5.2. Finally, the

experimental steps taken to test the PVDF-based MFC are described in Section 5.3.

Chapter 6 (Results and Discussion) presents the research results. Specifically, Section 6.1
presents the SEM images and fibers characterization for different electrospinning parameters.
Section 6.2 presents hydrophilicity and hydrophobicity characterization of PVDF nanofibers
before and after surface plasma treatment. Finally, Section 6.3 reports the power and current
outputs of the PVDF-based MFC.

This thesis concludes with Chapter 7 and discusses the future works.



2 LITERATURE REVIEW

2.1 Microelectromechanical Systems (MEMS)

Since 1960s, the advent of the Integrated Circuit (IC) has provided a growing and rapid interest
in the miniaturization of electronic devices [17]. The achievement in miniaturization of ICs has
encouraged the Microelectromechanical Systems (MEMS) technology to make use of the same
microfabrication methods to reduce the power, cost, and size (from millimeter to below 100
nanometer) of these complex systems along with improving their functional performance [18].

MEMS components include, but not limited to, cantilevers, sensors, channels, micropumps,
rotors, and valves. MEMS technology has been of significant interest, among researchers, owing
to features such as quick response time, small size scale, and high volume per area ratio. Despite
the vast MEMS employment in in-vitro diagnostic systems, the biocompatibility issues of
materials in MEMS technology have limited their scope for in-vivo applications in commercial

biomedical devices [18].

2.2 BioMEMS

Biomicroelectromechanical systems (BioMEMS) are a class of MEMS focusing on biomedical
applications such as drug delivery, in-vivo sensing, tissue scaffolding, minimally invasive medical
procedures, implantable devices, Lab-On-Chip (LOC) devices, etc. [19]. Despite progress in the
biocompatibility of BioMEMS, there are many technical challenges yet to be addressed.
Microchannel clogging, contamination, fluids mixing, and degradation of implanted micro-devices
are some examples of these challenges. Along with biocompatibility and biofouling aspects, in
order to practically use BIoOMEMS in implantable devices, other factors such as the range of
communication, environment, size, cost, and required power source need to be addressed [20].
One of the new power sources with the potential to be used in BioMEMS implantable devices is
Microfluidic Fuel Cell (MFC). In the following sections (Section 2.3 and Section 2.4), before
discussing the state-of-art of MFCs, microfluidics, and fuel cell systems are separately discussed.



23 Microfluidics

Microfluidic systems utilize microliters of fluid which flow in one or more micro-sized (at least
one dimension is less than 100um) channels. This micro-level dimension in microfluidics provides
the capability to analyze a minimal amount of a sample with high resolution and high sensitivity
in a short span of time at a low cost. In addition to microfluidics’ micro-size characterization, the
laminar flow feature in a microchannel provides the ability to control the flow in space and time
[21]. Laminar flow is characterized by the widely used dimensionless Reynolds Number (Re)

equation:
Re = —— (2-1)

In Equation 2-1, & is fluid velocity, | is channel diameter, p is fluid density, and p is fluid
viscosity. In fluid mechanics, conventionally, Re < 2320 is considered as laminar flow and Re >
2320 is considered as transition state between laminar flow and turbulent flow [22]. In a
microfluidic system, due to the micro-sized channel diameter (I in Equation 2-1), the Re number
is much less than 2000. Hence, all fluids, irrespective of their fluid-flow parameters, experience

laminar flow in a microfluidic system [23].

2.4 Fuel Cell Systems

Fuel cells generate electricity by a reduction-oxidation (redox) reaction that directly converts
chemical energy to electrical energy. This one-step process is more efficient than what multi-step
combustion engines do [24]. In addition to high efficiency, fuel cells have unique features such as
absence of harmful emissions, high power density, environmental friendliness, fuel flexibility and
reduced noise and vibration [25]. A simple fuel cell consists of four main parts: anode electrode
(where the fuel is oxidized and emits electrons), cathode electrode (where the oxidant is reduced
and receives electrons), electrolyte (where ions transfer from anode to cathode), and the fuel cross
over avoidance or membrane. Additionally, catalyst materials on anode and cathode electrodes are
necessary to facilitate the redox reactions.

Fuel cells are categorized into five different types based on their operating temperature and
electrolyte type: 1. Alkali Fuel Cell (AFC), 2. Phosphoric Acid Fuel Cell (PAFC), 3. Molten
Carbonate Fuel Cell (MCFC), 4. Solid Oxide Fuel Cell (SOFC), and 5. Proton Exchange
Membrane Fuel Cell (PEMFC)[26]. Among these five types of fuel cells, PEMFC (also known as



Polymer Electrolyte Membrane Fuel Cell) has the lowest operating temperature range that is

suitable for portable devices.
2.4.1 Proton Exchange Membrane Fuel Cell (PEMFC)

PEMFC is a type of low operating temperature fuel cell utilizing a polymeric barrier (known as
membrane) to separate the anode and cathode sections. Figure 2-1 illustrates a schematic of a

PEMFC operating with hydrogen gas as fuel and oxygen gas as oxidant.
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Figure 2-1: Schematic of a PEMFC.

The membrane performs three main roles in PEMFCs; the porous structure of the polymer
avoids crossover of electrolyte, provides an electronic insulation to stop electrons from passing

through the membrane and finally facilitate the transportation of protons (H* ions) [27].

Despite the recent advances in membrane technology [28], there are still technical and
economic challenges regarding PEMFCs; e.g. to keep proton exchange efficiency, humidification
is required to avoid membrane dry out. In addition to humidification challenge, membrane
degradation, maintaining the operating temperature, high fabrication cost and crossover of fuel
through membrane are other major problems associated with this type of fuel cell [27]. The
challenges hold back PEMFC to be used commercially as a power source for wearable and

implantable devices.



2.5 Microfluidic Fuel Cell (MFC)

An MFC (also known as membraneless fuel cell or laminar flow-based fuel cell) is a
miniaturized fuel cell in which the redox reaction is confined within a microchannel where the fuel
and the oxidant flow side-by-side and the electrodes are positioned on opposite sides of the
channel. Since the introduction of MFCs in 2002 [29], MFCs have been investigated with different
types of fuels such as: hydrogen gas, methanol, formic acid, hydrogen peroxide, vanadium redox
species and glucose. MFCs can be categorized based on their channel shapes. Majority of the
MFCs have employed a T-shaped or a Y-shaped channel, however, other shapes such as F, O, H
and | have also been employed [30]. Figure 2-2 demonstrates the schematics of a Y-shaped MFC.
The laminar flow feature of microfluidic systems facilitates the flow of both the fuel and the
oxidant through the channel with an inter facial mixing area at the center. This configuration is
known as the co-laminar feature of MFCs [30]. Since mixing of the streams is limited to transverse
diffusion in the inter facial width and laminar flow feature does not allow crossover of fuel, no
physical membrane is required to separate the two solutions leading to elimination of the problems

generally associated with PEMFCs mentioned in Section 2.4.1.
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Figure 2-2: Schematic of a Y-shaped MFC and demonstration of co-laminar flow.



The co-laminar flow feature provides a great opportunity to select the fuel and the oxidant,
independently, regardless of their electrolyte type. In addition to elimination of membrane, the

high surface per volume ratio (due to miniaturization) improves power generation [31].

Despite the advantages, one issue with MFCs is the requirement of a pump to control and
maintain the co-laminar flow of the oxidant and the fuel. During operation, the pump is powered
by the MFC leading to a great efficiency decrement [32]. Additionally, design and fabrication of
pumps increase the cost and size of the MFC.

Since the invention of MFC in 2002, for a period of twelve years, many studies had been
conducted on MFCs, however; the requirement of an external pump had been a drawback for this
novel system. Finally, in 2014, J.P. Esquivel et al. demonstrated the first paper-based MFC using
capillary flow feature in an attempt to eliminate external pump from MFCs [14].

2.6 Fiber-based MFC
Fiber-based materials for wearable or implantable purposes are categorized into two groups:
semi natural/synthetic materials (e.g. papers), and biocompatible synthetic materials (e.g. synthetic

polymers) [33].
2.6.1 Paper-based MFC

In the recent years, several MFC-based studies have demonstrated more interest in fiber-based
materials than conventional ones such as glass or silicon because of their unique features like: high
porosity, flexible structure, material strength, low price, biodegradability, biocompatibility and

elimination of external pump by inducing a capillary flow.

In 2013, J.P. Esquivel and his co-workers demonstrated the first paper-based MFC with
Whatman filter paper as channel, methanol (CH3OH) as fuel in anolyte and potassium hydroxide
(KOH) as oxidant in catholyte (see Figure 2-3) [34][14]. The highly porous structure of paper
induces a capillary flow. The combination of this capillary flow and the microfluidics features of
the device guarantee a co-laminar flow eliminating the need of external pumps. The highest power
density achieved by Esquivel’s MFC was 3.2 mW/cm? at a current density of 15.5 mA/cm? with

methanol concentration of 4.0 M [14].
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Figure 2-3: The first paper-based MFC (Reproduced from Ref. [14] with permission from the
Royal Society of Chemistry).

Similar studies have also been conducted: in 2017, Maria Jos e Gonza’lez-Guerrero et al. used
Whatman paper as channel in an I-shaped enzymatic biofuel cell with an induced capillary flow
of glucose solution (as fuel) to achieve the power density range of 20 to 90 uW/cm?with a glucose
concentration of 2.5 to 30 mM [35]. Other similar approaches with a paper-based channel have
been conducted by R. K. Arun et al. [36] and X. Yan et al. [37]. However, since the presented
MFCs were designed for lab-on-chip purposes, they did not consider the biocompatibility of the
channel. Additionally, paper-based materials are highly biodegradable materials decomposing in
patients’ bodies. This makes the paper-based materials an unsuitable channel candidate for
generating power for implantable/wearable devices.

2.6.2 Synthetic Polymer-Based MFC

In 2017, M. Asadnia, et al. introduced an MFC using PVDF as channel substrate for the first
time [16]. They evaluated the system with different combinations and concentrations of: hydrogen
peroxide as fuel, aluminum or nickel as anode catalyst and Prussian Blue (PB) as cathode catalyst.
For the cell operating on 1 M hydrogen peroxide, the highest power densities achieved by Al and
Ni were 1 mW/cm?and 0.33 mW/cm? at the cell potentials of 0.32 V and 0.2 V, respectively. The

schematic of the aforementioned MFC is demonstrated in Figure 2-4.
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Figure 2-4: Schematic of a PVDF-based MFC. (a) PVDF nanofibers. (b) Patterning of the cell
by surface treatment. (c) Installing the carbon electrodes and catalyst layers (Al/Ni and Prussian
Blue). (d) Test the cell with hydrogen peroxide solution (Reproduced from Ref. [16] with
permission from the Royal Society of Chemistry).

The power density achieved by this single compartment MFC is favorable over other bio
purpose MFCs reported in literature [16]; however, since this PVDF-based MFC was designed
and investigated in a static state, the unique features of the fiber-based MFC, that is co-laminar

flow induced by capillary forces, were not investigated.

2.7 PVDF

Polyvinylidene Fluoride or Polyvinylidene difluoride (PVDF) is a synthetic semi-crystalline
polymer made by polymerization of -(CH2CF2)n—. The monomer of PVVDF (vinylidene fluoride)
is obtained by dehydrochlorination of chlorodifluoromethane (i.e. removing the hydrogen chloride
[H-CI] from CH3—CCIF2 [known in industry as refrigerant gas Freon 142b])[38] [39].

2.7.1 Crystal Structure and Methods of Processing

PVDF has the ability to take on many forms that can be characterized by the arrangement of
—CHz— and —CF»>— in the carbon backbone of PVDF chain [40]. So far, five different forms or
phases of PVDF have been obtained and investigated experimentally:

1. « phase (form I1) [41],

2. f phase (form 1) [42],
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3. y phase (form IlI) [43],
4. o phase [44],
5. e phase [45].

Among the five crystal forms of PVDF, «, 5, and y-PVDF phases are intensively investigated
in the literature while a-PVDF phase is the most used polymorph of PVDF. A detailed atomic
configurations of a-PVDF phase, -PVDF phase and y-PVDF phase (i.e. TGTG, TTTT and
TsGTsG respectively) are illustrated in Figure 2-5.

a) PVDF monomer b) a-PVDF phase
(Vinylidene fluoride) (TGTG' Configuration)

c) B-PVDF phase d) y-PVDF phase
(TTTT Configuration) (TTTGTTTG' Configuration)

Figure 2-5: PVDF crystal phases. a) PVDF monomer (Vinylidene fluoride). b) a-PVDF phase
(TGTG’ configuration). ¢) f-PVDF phase (TTTT configuration). d) y-PVDF phase (TTTGTTTG’
configuration) (adapted from [46]).

The chain configurations, polarity and processing methods of these five phases are summarized

in Table 2-1.

Regarding manufacturing feasibility, the exceptional chemical and physical properties of PVDF
and the availability of various manufacturing procedures for thermoplastic polymers, have made

the PVDF to have the lowest cost among the melt-processable fluoropolymers [38].
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Table 2-1: PVDF phases and processing methods [47-52].

Phase Configuration* Polarity Methods of Processing
TGTG’ crystallized readily from the melt in
a o non-polar o
Monoclinic temperatures below 160°C
From the a phase:
- mechanical drawing at temperatures
between 70°C and 100°C
- crystallization from dimethylformamide
TTTT (DMF) or dimethylacetamide (DMA)
B : polar solutions at temperatures below 70°C.
Orthorhombic

- annealing treatment at high pressure
- electrical poling
- copolymerization with TrFE i.e. CHF-
CF2 from the ¢ phase:
- applying an electric field of 500 MV/m

TTTGTTTG’ - high-temperature drawing of ultrahigh
i lar molecular weight PVDF
Y (T3GT3_(3_) po - annealing a phase samples between
monoclinic 175°Cand 185°C

applying an electric field of 100-150 MV/m
, at o phase leading to flipping the hydrogen
0 TGTG polar and fluorine atoms with respect to the
carbon backbone
€ TTTGTTTG’ non-polar high temperature annealing of ¢ phase

*T: trans, G: gauche®, G’: gauche™

2.7.2 Chemical and Physical Properties

PVDF is well-known for its high purity as well as high chemical resistance to chlorine, oxidants,

organic compounds, solvents, corrosive materials (acids and bases), and heat [53].

Due to its crystalline feature, PVDF exhibits excellent physical properties such as high mechanical
strength (tensile strength of about 50 MPa), high toughness and stiffness, high stretch ratio
(elongation of 250%) while the amorphous phase of PVVDF provides flexibility feature [54][55].

In addition to the aforementioned physical and chemical properties, PVDF has a low water

absorption (0.02%), low-flammability, low thermal conductivity (about 0.19 W/m-K), high
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hydrophobicity, and low melting point of about 150°C which is the lowest melting point among
the other commercial fluoropolymers such as Fluorinated ethylene propylene (FEP) and
Polytetrafluoroethylene (PTFE or Teflon)[55][38]. In spite of its low melting point, PVDF
maintains its high stiffness in temperatures below 150°C while it still offers excellent chemical

resistance in harsh environments [38].

In terms of compactness, PVDF has density of 1.78 g/cm?® that is about 20% less dense than PTFE
(Teflon). PVDF is also soluble in common organic solvents such as Dimethylacetamide (DMA),
Dimethylformamide (DMF) and N-Methyl-2-pyrrolidone (NMP) [54].

2.7.3 Electrical Properties

As shown in Figure 2-5, in a-PVDF configuration, the fluorine and hydrogen dipoles are
parallel but oriented in opposite directions (anti-parallel orientation). This anti-parallel orientation
of dipoles in the unit cell of a-PVDF provides a neutral electroactivity for this phase. On the other
hand, in the f-PVDF and y-PVDF phases, the dipoles orientation has a non-zero dipole moment
providing a polar nature to these two phases. p-PVDF, because of the highest dipole moment in
comparison with other PVDF phases has the highest electroactivity [46]. Therefore p-PVDF is

mostly well known for its high piezo-electric, ferro-electric and pyro-electric properties [47].
2.7.4 Applications

Thanks to its chemical resistance and anti-corrosive properties, PVDF is widely used in a
variety of industries. Military aircraft, automotive, and petrochemical industries are some
examples where PVDF is utilized specifically for seals, gaskets, and lining purposes. Moreover,
due to its low thermal conductivity, PVDF is extensively used in electrical and electronic devices
for the purpose of insulation/jacketing of wires and cables, high temperature wiring and industrial
power control systems. In a larger scale, because of low cost, flexibility and high purity, PVDF is
a popular polymer in chemical processing equipment industries such as chemical pipes, automotive

fuel lines and high purity water systems [56].

Due to its high purity, super hydrophobicity, thermal stability, and chemical resistivity, PVDF
is also used in membrane and filtration technology in areas such as: water treatment, micro
filtration (MF), ultra-filtration (UF), membrane bioreactor (MBR), distillation, gas separation,

recovery of biofuels, support for preparing composite membranes, separator for lithium ion
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battery, etc. [57].In addition to offering the highest piezoelectric coefficient among the commercial
polymers, as it is described in Subsection 2.7.3, low density, workability and mechanical flexibility
have made PVDF the principal polymers of interest in sonar hydrophones, ultrasonic transducers,
audio-frequency transducers, pyroelectric sensors, and electromechanical devices. Furthermore,
because of having an acoustic impedance close to water, PVDF is a favorable material to be used
in underwater pressure sensors [38]. MEMS industry also utilizes PVDF piezoelectric properties
for energy harvesting purposes [58][59].Finally, because of its high biocompatibility,
bioneutrality, non-degradability, odorless, and non-toxic properties, PVDF has found its place in
biomedical and pharmaceutical industries and is being used in areas such as: medical textiles and
tissue engineering (in form of mono-filaments, hollow fibers, melt-blown non-woven and
nanofibers scaffolds) [40][60][61], surgical sutures, surgical meshes [62], drug delivery [63],
implantable devices [64] and BioMEMS [65]. PVDF can be produced as a flat sheet, tubular,

hollow fiber, and nanofibers [66].

2.8  PVDF Nanofibers
2.8.1 Properties and Applications

Polymer materials synthesized in the form of fibers are characterized by their fiber diameters.
By shrinking the polymer fiber diameter below micro-scale or in the range of nanometers, several
notable characteristics appear; for instance, extremely large surface area to volume ratio, better
surface flexibility, higher mechanical performance (stiffness and tensile strength), and high

porosity [67].

The combination of significant mechanical, thermal, chemical, and electrical properties of
PVDF described in Section 2.7 with nanofibers characteristics, has made PVDF nanofibers a
promising material for both micro and macro scale applications such as tissue engineering [61],
protective clothing [68], nanocatalysts [69], membrane technology [70], filtration [71], and
composite materials [72].

2.8.2 Nanofibers Fabrication Techniques

Recently, Almetwally, Alsaid Ahmed, et al. [73] has critically reviewed the recent production

techniques for nanofibers that are summarized as follows:
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Bicomponent extrusion (Island-in-the-sea): spinning nanofibers using two polymers
together while one polymer extrudes into another polymer. This method is also known as
matrix-filament because the cross-section of fibers looks as if one of the polymers is inserted
into matrix of the other polymer. In this approach, after spinning the nanofibers, one of the
polymers can be removed by using heat, solvent, chemical or mechanical devices.

Phase separation: this method consists of five main steps: dissolving polymer into a solvent,
gelation of the obtained solution, extraction of solvent, freezing, and finally freeze-drying.
The phase separation occurs due to physical inconsistency between the polymer and the
solvent that forms porous nanofibrous structure after extraction of the solvent.

Template synthesis: this is a common approach used to fabricate inorganic nanofibers such
as carbon nanotubes. In this method, a template or mold with a nanoscale porous membrane
is used to generate nanofibers with the diameters determined by the mold pores.

Drawing: viscoelastic polymers are the only polymers that can be fabricated by drawing or
dry spinning. In this approach, a micropipette that is controlled by a micromanipulator dips
into the contact surface of a polymer droplet. By pulling back the pipette tip, a nanofiber is
formed, dried, and dumped. This procedure repeats frequently on the polymer droplet to form
nanofibers. The disadvantage of this method is that one nanofiber is produced in every back
and forth action hindering the scaling up from laboratory-scale to industrial level.
Melt-blowing: In this technology, a melt-blown die is used to convert the molten polymer to
nanofibers; the molten polymer is extruded into the die while hot air (at the polymer melting
point) applies a drag force to shrink the fiber thickness into nanoscale. The nanofibers coming
out of the die tip are ultimately collected in a form of a non-woven mat. This technique is
known as an economic spinning process of thermoplastic polymers.

Electrospinning: fabrication of nanofibers using electrostatic method. This approach is the
most famous, preferred, and feasible procedure to fabricate nanofibers. Therefore, this
technology is explained in details in Section 2.9.

Centrifugal Spinning: the most recent technology to fabricate nanofibers (although it was
initially used in 1924). The advantage of this method is mass producing of nanofibers 500
times faster than traditional electrospinning. Briefly, this method utilizes electrostatic force
to form nanofibers as well as centrifugal force to provide the high production rate. This

approach consists of three main steps: streaming out the polymer solution by using a spinning
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head, jet extension of the polymer stream to enhance the polymer surface area, and finally

evaporation of solvent leading to fabrication of nanofibers.

2.9  Electrospinning

The term “electrospinning”, i.e. the combination of “electrostatic” and “spinning” terms, was
used for the first time in 1994 [67]; while the history of electrospinning goes back as early as 1934,
when Formhals patented his invention that used electric charges to produce artificial threads [74].
Thandavamoorthy Subbiah and his co-workers did a comprehensive systematic review on the
history of electrospinning from 1930s until early 2000s [75]. Recently, interest in electrospinning
method has increased because of its feasibility to mass produce continuous nanofibers of various
synthetic or natural polymers while the fiber dimensions can be controlled as required (from 2 nm

to several um) [76].

Electrospinning machine consists of three main components: a high voltage source, a capillary
tube (pipette or needle) and a conductive (electrical) collecting surface. An illustration of

electrospinning apparatus is shown in Figure 2-6.
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Figure 2-6: Electrospinning apparatus.
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As shown in Figure 2-6, one of the high voltage source electrodes is attached to the collector
surface while the other electrode is connected to polymer solution/melt (generally by attaching to
the tube needle). This high voltage source generates a strong electric field that charges the polymer
solution coming out of the needle [67]. Simultaneously, the corresponding repulsion of charges in
polymer solution provides a force opposing its surface tension. This repulsive force, ultimately,
overcomes the surface tension of the polymer droplet at the tip of the needle. Therefore, the
solution flows along the direction of the electric field (i.e. from needle to collector surface). The
high voltage electric field deforms the droplet into a conical shape leading to stretching of the
polymer droplet and thus form an extremely fine fibers [77]. This phenomenon is known as Taylor

cone after Geoffrey Taylor who formulated and described this conical shape in 1962 [78].
2.9.1 Parameters Affecting Electrospun Nanofibers

Finding the setup that leads to fabrication of smooth and bead-free electrospun nanofibers is
the most challenging part of electrospinning technique. There are three types of parameters that
affect the quality of the nanofibers: ambient, solution and electrospinning parameters. Haider,
Adnan, Sajjad Haider, and Inn-Kyu Kang [77] and Islam, Md Shariful, et al. [76] critically
reviewed the parameters and their corresponding effects on electrospun nanofibers that are

summarized as follows:

Effects of Ambient Parameters

e Temperature: high temperature leads to a higher evaporation rate of the solvent and lower
solution viscosity. Although both effects seem to follow opposite mechanisms, studies show
that the effects together lead to decrease in fiber diameter.

e Humidity: high humidity decreases the evaporation rate that leads to formation of the non-
uniform structure of fibers. This is because fibers are not solidified before reaching the
collector. On the other hand, low humidity makes the solvent evaporation rate to be higher than
the solution flow rate from the needle causing needle clogging.

e Gravitational Force: gravitational force affects the shape of the Taylor cone as well as the
polymer droplet. Studies have shown that a horizontal electrospinning arrangement will require

a higher flow rate (in comparison to that of a vertical arrangement) to achieve beadless fibers.

Effects of Solution Parameters
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Dielectric: higher dielectric co-efficient of the solution leads to a higher net charge density
that decreases the formation of beads and fiber diameters.

Surface Charge Density: higher surface charge density leads to increase in the mobility of
the solution under the applied voltage. This leads to reduced fiber diameter. Low surface charge
density leads to formation of beads. Fibers cannot be produced by the solutions with zero
charge density due to lack of dipole moment.

Surface Tension: decrease in surface tension leads to reduced fiber diameter as well as beads
formation. On the other hand, an increase in surface tension causes the solution to assume a
spherical shape that forms beads.

Molecular Weight: sufficient molecular weight is a key parameter. Decreasing molecular
weight (while solution concentration is constant) leads to formation of beads while increasing
molecular weight leads to formation of smooth fibers. Excessive increase of molecular weight
forms micro-ribbon fibers.

Polymer Concentration: low polymer concentration leads to reduced viscosity and increased
surface tension of the solution. Therefore, a discrete stream of solution forms the Taylor cone.
High concentration, on the other hand, forms a mixture of beads and fibers.

Viscosity: high viscose solutions form spindle like beads and cause needle tip clogging. On
the other hand, low viscous solutions form a discrete Taylor cone. Thus, a threshold value of
solution viscosity is required to achieve continuous and bead free fibers.

Solution Conductivity: Solution conductivity plays a crucial role in electrospinning. High
conductivity of solution increases the charge on the surface that leads to reduced fiber
diameters. However, increasing conductivity beyond a threshold value stops the formation of
Taylor cone and hinders electrospinning process.

Solvent Boiling Point: solvents should have a moderate boiling point. Highly volatile solvents
dry out the solution at the tip of needle that clogs the needle tip. On the other hand, a less
volatile solvent leads to formation of beads since the solution reaches the collector before it

gets solidified.
Effects of Electrospinning Parameters

Applied Voltage: higher voltage leads to increase in the electrostatic force that reduces fibers
diameters. Also, a higher voltage improves degree of crystallinity that increases density and
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hardness of the collected fibers. However, by increasing voltage more than a threshold value,
crystallinity of jet gets decreased due to a shorter flying time.

e Needle Diameter: increasing the needle diameter leads to larger fibers size.

e Needle to Collector Distance: this parameter affects the morphology and diameter of fibers;
however, the distance between the needle and collector is one of the least effective parameters.
Short distance leads to formation of beads because the solution may not be solidified before
reaching the collector (the solvent has a shorter time to evaporate). On the other hand,
increasing distance leads to a reduction in average fibers size.

e Collector Type: Based on the application, there are variety of collectors to be used: pin type,
wire mesh, plate, parallel ridges series, grids, parallel bars, rotating wheel, liquid non solvent,
etc. Rotating collector helps achieve aligned fibers. The rotating motion of the collector also
favors the drying-up of fibers. Collector speed is a critical parameter in rotating collector. The
collecting speed that leads to obtaining aligned fibers is known as alignment speed. If the
collector rotates lower than its alignment speed, less-oriented fibers may be achieved.

e Flow Rate: flow rate is one the key parameters to determine the diameter, porosity, and
geometry of fibers. Increasing the flow rate leads to an increase in the diameter, pore size as

well as formation of beads.

2,10 Surface Hydrophilic Modification of PVDF

Hydrophilicity and hydrophobicity are two of the most noticeable surface characteristics in
material science that are defined by contact angle 6, i.e. the angle between the liquid surface and
the outline of the solid material that is in contact with it. Conventionally, a material in solid phase
is considered hydrophilic if a static water droplet exhibits a contact angle 8 < 90° and it is
considered hydrophobic if contact angle 8 > 90°. In a similar way, super hydrophilicity and super

hydrophobicity are also defined by contact angle of # = 0° and 6 > 145° respectively [79].

The hydrophobic nature of PVDF surface is one of the issues that hinders PVVDF from being used
in biotechnology, pharmacy and biomedical related applications where hydrophilic materials are
required [80]. To enhance the hydrophilicity of PVDF, variety of modifications have been
investigated: mixing with polyethylene glycol (PEG), casting a chitosan thin layer on the PVDF

surface, introducing polyaniline nanofibers, cross-linking with polyethylenimine, plasma
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treatment and polymerization with hydroxyethylmethacrylate are some the approaches that have
been used [81].

PVDF surface modification approaches are classified into two main categories:

e Physical modification: introducing a hydrophilic modifier that has a physical interaction with
PVDF surface. This approach is achieved either by coating/depositing a hydrophilic polymer
on the PVDF surface, or immobilizing/cross-linking of a hydrophilic modifier after immersing

PVDF into a solution that contains the active monomers.

e Chemical modification: modification of PVDF surface by using covalent bonding interaction.
In this approach, a chemical reaction or a high-energy radiation is used to excite PVDF chains
to graft with a hydrophilic modifier. Defluorination-sulfonation, Os/O> preactivation, electron
beam radiation, and plasma treatment are some examples of chemical surface modification of
PVDF to enhance hydrophilicity [57].

2.11  FCBPSS Framework

In advanced design methodology, to design, develop or optimize any system (whether it is a
mechanical, electrical or a biological system), the full understanding of the system concepts is the
first step which any designer is recommended to take. FCBPSS (Function-Context-Behavior-
Principle-State-Structure) architecture is one of the complete approaches for identification of the

system concepts and its details.
2.11.1 Definition

Since 1960s and 1970s, many researchers have proposed a variety of terminologies that
describes a comprehensive system architecture in order to assist designers in conceptual design
[82]. A number of proposed approaches had a solidarity to divide the design into the terms:
Function (F), Behavior (B) and Structure (S); however, they failed to map the terms successfully
[82]. From mid 1980s to the mid-1990s, FBS (Function-Behavior-Structure) ontology was first
developed in the area of Artificial Intelligence and then became dramatically popular in

constructing conceptual models [82][83].

In 2000, the FBS framework was extended by introducing sFBS (Situated Function-Behaviour-
Structure). sFBS architecture makes use of three terms to map Function, Behavior and Structure:
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the external world, the interpreted world, and the expected world and interactions between them
[84].

In 2004, the concepts of Effect (E) was introduced for the first time into the FBS framework to
map between the Behavior (B) and the Function (F) of the system [85].

Finally, in 2005, further elaboration led to introduction of an applicable framework known as
FEBPSS (Function-Effect-Behavior-Principle-State-Structure) [86]. The concept of Effect (E) can
be substituted with the term Context, Constraint or Condition (C) leading to a general conceptual
design architecture known as FCBPSS (Function-Context-Behavior-Principle-State-Structure).

Figure 2-7 illustrates the FCBPSS framework and the relations between each concept.
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Figure 2-7: FCBPSS framework (Reproduced from [87]).

The terms of this approach are explained as follows [88];

F: Function (the task which the system is supposed to do)

C: Context (the condition and environment in which system is located)

B: Behavior (the relationship between system variables such as input and output)
P: Principle (the rule or fundamental that the system obeys)

S: State (the characteristics of each subsystems)

S: Structure (the connections between sub-systems)
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2.11.2 FCBPSS-based Design Process

FCBPSS-based design is an application of FCBPSS architecture in a process (e.g. engine
process) which requires four steps to be taken: first, developing the context and function of the
desired system (e.g. compress the gas); second, finding the states (e.g. displacement and rotation)
and behavior of the system (e.g. change the volume of the chamber); third, finding the related
principle to produce system behavior (e.g. relation between rotation and displacement); and fourth,
proposing the structure of desired system (e.g. crank-slider mechanism) [88]. Figure 2-8 illustrates
the concepts of FCBPSS-based design process.

FCBPSS-based design process

Required Required
function & state &
context behavior

Compress Volume change —> Slider-
the gas displacement, rotation crank
to translation linkage

Proposed
structure

Analysis sl

Figure 2-8: FCBPSS-based design process (Reproduced from [88] by permission from Taylor &
Francis)

2,12 Systematic Design Theory

Systematic Design (SD) theory (also known as German approach) is explained in details in the
book titled, “Engineering Design - A systematic Approach” [89]. Briefly, to solve technical
problems, the SD theory introduces function of a system as the relation between input and output
of the system. Each system function can be divided into sub-functions. By determining the
relationships between the system sub-functions, a function structure can be represented. It is worth
noting that Function structure of a system is not a unique structure so that different function
structures can represent the functional interrelationships of a system; however, the overall function
is required to be satisfied by each function structure [89]. A general function structure and

interrelationships between the sub-functions are shown in Figure 2-9.
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Figure 2-9: A general function structure made by breaking down an overall function to sub-
functions (Reprinted by permission from Springer Nature: Springer eBook Engineering Design
by Gerhard Pahl and Wolfgang Beitz ©Springer-Verlag London 1996 [89]).

In general function structure, the main function is defined as the functions which directly
contribute to satisfaction of overall function, and auxiliary function is defined as the functions

which indirectly contribute for overall function satisfaction.

Theoretically, to represent function structure in a generally valid description, functions can be
subdivided and classified so that the lowest level of the function structure consists of simplified
sub-functions that cannot be subdivided further [89]. Figure 2-10 indicates the generally valid
functions introduced by Krumhauer that can be used to represent function structure of a system

with a higher level of abstraction.

2.13  Axiomatic Design Theory

The main challenge of any designer is to choose a design approach that ensures the design
performs the required tasks with the highest probability of success. This can be even more
challenging when the system has many Function Requirements (FRs) and Design Parameters
(DPs). Conceptual design is one of the early stages of a design process. A general conceptual
design theory to reduce the complexity of system is presented by Nam. P. Suh and known as
Axiomatic Design Theory (ADT) [90]. Briefly, ADT consists of two axioms: Axiom 1 and Axiom
2. The first axiom known as independence axiom states that FRs are always supposed to maintain
their independence. The second axiom known as information axiom states that the best design is

the one which has the highest probability of functional success while also satisfying Axiom 1 [90].
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Figure 2-10: Generally valid functions derived from the characteristics type, magnitude,
number, place and time for the conversion of energy, materials and signals (Reprinted by
permission from Springer Nature: Springer eBook Engineering Design by Gerhard Pahl and
Wolfgang Beitz ©Springer-Verlag London 1996 [89]).

For fixed systems whose system components do not change as a function of time, 3 steps are

required to maintain Axiom 1 [91]:
2.13.1 Stepl: Determination of FRs and Constraints (CRs)

FRs are a set of minimum independent requirements that satisfy the design goal. It is noted that
to increase the creativity, the FRs are supposed to be defined without considering the solution. CRs

are the constraints of the system that are supposed stay unaltered.
2.13.2 Step2: Mapping FRs to DPs

Design parameters (DPs) are set of parameters that are “hows” for the FRs. DPs are defined in
a way that there is no conflict between DPs and CRs. This step consists of mapping the functional
domain to the physical domain (i.e. mapping FRs to DPs). The mapping process can be

mathematically expressed by:
[FR] = [A][DP] (2-2)

where [FR] is the functional domain vector, [DP] is the physical domain vector and [A] is the
design matrix [91].
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2.13.3 Step3: The Independence of System Functions

In order to maintain the Axiom 1, the designer is supposed to keep the FRs independent during
the mapping process that is when one of the DPs is changed, it changes only one FR.
Mathematically, the design matrix [A] can be either diagonal, triangular or none.

If the design matrix is diagonal that means each of the FRs is satisfied only by one of the

DPs. This design is called uncoupled design and can be mathematically expressed by:

FRy1 T[4, O 0 1[DP
[FRZ = [ 0 AZZ 0 DPZ (2'3)
FR, 0 0 AsllDp

If the design matrix is triangular, that means the independence of FRs can be guaranteed if the
change of DPs happens in a specific sequence. This design is called decoupled design and can be
mathematically expressed by:

FR,1 T[4 O 0 7[DP
|:FR2 = A21 Azz O DP2 (2-4)
FR3 A31 A32 A33 DP3

Finally, any other forms of design matrix are called coupled and violates Axiom 1. Therefore,
any designer must determine FRs and DPs such that the resulting design matrix is either diagonal

or triangular [91].
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3 DESIGN

In this chapter, the design process of PVDF as a porous channel substrate in an MFC system is
described. First, the FCBPSS framework theory introduced in Section 2.11 is used to describe the
PVDF-based channel system. After finding the most suitable channel structure, Axiomatic Design
Theory (ADT) introduced in Section 2.13 is used to verify if the DPs of PVDF channel satisfy the
FRs independently. Finally, a detailed design of the MFC system is described at the end of this

chapter.

3.1 Conceptual Design: FCBPSS Framework

Before explaining the PVDF channel system in the concept of FCBPSS framework, the exact
location of the channel system and its relations with its surrounding systems such as other MFC
sub-systems, implantable/wearable device and patient’s biological organs are clarified. A
schematic example of the patient’s body system and its sub-systems are illustrated in Figure 3-1.
As shown in Figure 3-1, the channel system, as a sub-system of the MFC, is only in relation with
the MFC sub-systems: the electrodes system, the absorbent pad system, the fuel system, and the
fuel reservoir system. Simultaneously, the MFC system, as a sub-system of an
implantable/wearable devices, has in relation with the device’s sub-systems. Also, the
implantable/wearable device, in respect with its function and its location in a patient’s body and,

has relation with the respective biological organs.

It is worth mentioning that the illustration in Figure 3-1 is only one example of the relations
among many possible biological systems dealing with an implantable/wearable device, and based
on the location and the function of an implantable/wearable device, the relations can be changed.
However, regardless of the function of the implantable/wearable device and its location in the
patient’s body, the MFC channel system relations remain unchanged (i.e. the channel system is
only in relation with the electrodes system, the fuel system, the absorbent pad system, and the fuel

reservoir system).

In order to identify and introduce the PVDF channel system in the concept of FCBPSS

architecture, the steps explained in Subsection 2.11.2 are as follows.
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3.1.1 Function

Function is defined based on our expectation from the system. PVDF channel system for MFC
application is expected to deliver fuel from fuel reservoir to the absorbent pad by providing a
constant capillary flow of fuel. Also, the system is expected to facilitate moving of hydrogen ions
(protons) from anode to cathode by providing laminar flow of fuel. As a summary, function of the
channel system is categorized into two parts: 1. Providing a constant capillary flow of fuel, and 2.
Facilitating hydrogen ions flow.

Patient’s body biological systems implantable/wearable device  implantable/wearable device sub-systems MFC system MFC sub-systems
Figure 3-1: A schematic example of the patient’s body system and the relations of its subsystems

3.1.2 Context
System context is defined by three parameters:

e Pre-condition: pre-condition is supposed to be always true before any other conditions and
parameters act. In the concept of PVDF channel system for MFC application, fuel is the pre-

condition; without presence of fuel, other conditions cannot be fulfilled.
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e Post-conditions: to facilitate capillary action of fuel into the PVDF channel, after fulfilling
the pre-condition, which is the presence of fuel, two post-conditions are required to be fulfilled;
porosity and hydrophilicity. It is noted that low-viscosity of fuel plays a key role for capillary
flow of fuel into the channel; however, low-viscosity of fuel cannot be considered as a post-

condition for PVDF channel system. It can be considered as post-condition for fuel system.

e Environment: recognizing the channel system environment can be confusing. It is known that
the goal of PVDF channel for MFC application is to be used as a biocompatible and flexible
substrate. Therefore, one may recognize the environment of channel system as the patient’s

body; however, based on Figure 3-1, the environment of the channel system is MFC system.

It must be noted that the patient’s body cannot be considered as the environment of MFC
system. The human body is a complex system containing vessels, muscles, and variety of organs
with different characteristics and based on location of implantable device inside the patient’s body,
the environment changes dynamically. For an example of a device implanted in a blood vessel;
blood pressure, blood components such as RBC (red blood cells), white blood cells etc. present in
blood and their interactions such as chemical reactions, mechanical reactions (pressure, velocity,
collisions, etc.) are required to be considered as environment features of the implantable device

system.
3.1.3 State

State is related to the characteristics and variables of subsystems and depends on the purpose
of the system. The state variables of PVDF channel system for MFC application based on the

system function described in Subsection 3.1.1 are listed as follows:
o fuel flow

o diffusion flux

3.1.4 Behavior

PVDF channel system deals with fuel flow entering the channel inlet and mixture of excessive
fuel and redox by products coming out of the channel outlet. Therefore, behavior of the channel

system which is the relation between the input and output is simplified in Figure 3-2.
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Figure 3-2: Simplified behavior of PVDF channel system

In order to illustrate details of channel system behavior, systematic design approach explained

in Section 2.12 is utilized. Figure 3-3 illustrates the more detailed behavior of the PVDF channel

system.

H+ions |

oxidation products

Sl

unused fuel

reduction products

H+ ions

X

Figure 3-3: Generalized systematic design diagram of the behavior of PVDF channel system for
MFC application.

3.1.5 Principle

Principle is the laws governing the behavior (i.e. relationship between inputs and outputs) of
the system and can be determined by finding how and why the system exhibits that behavior. In
the concept of PVDF channel system, one can answer the questions like how does the channel
transfer fluid from inlet to outlet and? how does the channel transfer hydrogen ions from anode to

cathode? The answers to these questions (i.e., principles) are shown in Table 3-1.
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Table 3-1: Principles governing the behavior of PVDF channel system

Behavior Input Output Reason Principle
Capillary
Transfer fuel Fuel Unused fuel and redox Capl!lary penetration in
by-products action porous materials
(Lucas Washburn)
Fuel
OBE o Dispersion
Mix fuel and redox | products | Mixture of unused fuel Different 1Spe
: . equation in porous
by-products Reduction| and redox by-products| concentration .
materials
products
H+ ions
Transfer hydrogen Molecular
ions between . . Different diffusion in co-
H+ 1ons H+ 1ons . -
cathode and anode concentration laminar flow
systems (Fick’s law)

Capillary Penetration in Porous Materials (Lucas-Washburn’s Equation)

Fluid flow in narrow spaces such as plant vessels and fine tubes without exterior assistance is
known as capillary action or capillary flow. Capillary flow of a liquid in a tube happens when the
adhesive force between liquid and tube surface overcomes the cohesion force within liquid

molecules. This net force of cohesion and adhesive forces is known as capillary force.

The phenomenon of penetrating liquid into the porous materials such as paper is known as
capillary penetration and it is proved that capillary penetration shares a similar dynamic
mechanism with capillary flow in tubes [92]. Richard Lucas in 1918 and Edward W. Washburn in
1921 illustrated and formulated dynamic mechanism of capillary penetration in porous materials
under its own capillary pressure which is known as Lucas-Washburn’s equation [93][94]. The
modified Lucas-Washburn’s equation for horizontal capillary penetration in porous media under

its own capillary pressure is:

cos0
L2=<% : )rt (3-1)

In Equation 3-1, L is the distance which the liquid will penetrate, y is the surface tension of the

liquid, @ is contact angle of liquid, # is the viscosity of the liquid, r is the radius of capillary or pore

radius and t is time.
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cos6

The term (% :

) shows the penetration ability of a liquid and is called the coefficient of

penetrance or penetrativity. Based on Equation 3-1, the penetrativity can be described as “the
distance which the liquid will penetrate a capillary tube of unit radius in unit time” and its

dimension is equal to liquid penetration rate [94].

Additionally, the rate of penetration can be derived from by Equation 3-1 neglecting air
resistance and taking a derivation with respect to time [94]. The result is penetration rate of liquid

into the porous material under its own horizontal capillary pressure:

dl (Z cos@) r 3.2)

dt n 2 21
Dispersion Equation in Porous Materials

The interaction of solid phase and fluid phase in porous media (e.g. PVDF nanofibers) is
complex. This complexity makes boundary conditions required to define mathematical description
of fluid flow too complex to be modeled. By using a continuum approach based on principle of
mass conservation in macroscopic scale and Fick’s first law of diffusion, Equation 3-3 which is

known as convection-dispersion equation is derived [95].

aC; _
o +V.Ciu =V.pD,x; + 1; (3-3)

In Equation 3-3,

Ci = concentration of species i (mass per unit volume),

t =time

u = mass average velocity vector (length per unit time),

p = fluid (mixture) mass density (mass per unit volume),

Do = molecular diffusion coefficient (length squared per unit time),

xi = mass fraction of species i (xi = ci/p),

and ri = source or sink term (mass of i per unit volume per unit time).

In different directions of a porous material, due to the complexity of pore structure, mechanical

mixing of fluids is different. Therefore, a measure of mixing during flow is defined as a tensor
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quantity known as dispersion coefficient of porous materials (K.). At low velocities, it is known
that K is equal to apparent molecular diffusion coefficient in the porous medium (Dapp). Dapp iS
smaller than the molecular diffusion coefficient (Do) because of porosity feature of material [95].

Dapp is measured by experiment.
In PVDF channel, the following assumptions can be considered:
e Do= KL= Dap
e Dgppis constant
e Fluid density (p) is constant

e Fluid flows only in one direction (e.g. x direction alongside the channel length)

e U= &
Agp
where,

Q= volumetric flow rate (volume per unit time),
A=porous medium cross-sectional area (length squared),
d=porosity,
and x= distance [95],
e There is no rate of consumption or generation of species i (elimination of r;).
Therefore, Equation 3-3 can be simplified to Equation 3-4:

ac;  Qac 92,

%t Y apox = P X 5z (3-4)

Diffusion in laminar flow (Fick’s first law)

Hydrogen 1ons (protons) diffuse into the layer of laminar flow of fuel. Fick’s first law of
diffusion determines the principle governing the diffusion of hydrogen ions shown in Equation 3-
5 [96].

J=-D— (3-5)

In Equation 3-5,
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J = diffusion flux in [mol.m2.s],
D = diffusion coefficient in [m?.s™],
C = concentration of the species or protons in [mol.m™3],

and y = position in [m]. It must be noted that y is perpendicular to x direction (alongside the

channel length).
3.1.6 Structure

Variety of channel structures have been utilized for MFC-based studies. Figure 3-4 illustrates

I,Y,F, OandT channel structures.

All the channel structures can fulfil the PVDF channel functions, behaviors, principles, states,
and context. In this research, for fabrication simplification, I-shaped structure was selected.
Additionally, I-shaped channel structure is more compatible with utilizing hydrogen peroxide as

fuel and oxidant at the same time.

2 S M =
™ L ]

(a) (b) (c)

Oxidant

Oxidant

(d) (e)

Figure 3-4: An illustration of different channel structures in MFC systems application. Anode
and cathode electrodes are shown with thick blue and red colored lines, respectively. (a) I-
shaped channel. (b) Y-shaped channel. (c) T-shaped channel. (d) O-shaped channel. (e) T-

shaped channel.
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3.2 Conceptual Design: Axiomatic Design
In this section, an axiomatic design for PVDF channel system is identified based on ADT

introduced in Section 2.13.
3.2.1 Stepl: Determination of FRs and Constraints (CRs)

The first step to analyze PVDF channel system in ADT concept is to identify general function
requirements (FRs). These FRs are obtained from the systematic design analysis of the system,
identified before in Figure 3-3, where system behavior is determined based on FCBPSS

architecture. Therefore, based on Figure 3-3, FRs of PVDF channel system are as follows:

e FRy: the channel system must soak up fuel from inlet and carry it towards outlet.

e FRi: the system must facilitate hydrogen ions movement.

After FRs determination, based on ADT, system constraints (CRs) are determined as follows:

e CRu: the substrate must be hydrophilic,

e CR2: the channel structure must avoid direct physical contact between electrodes.

3.2.2 Step2: Mapping FRs to DPs
Design Parameters (DPs) are determined in physical domain to satisfy the FRs and constraints:
DP1: nanoscale pore structure that compromises paths to induce capillary action.
DP2: channel diameter in micro-scale to generate laminar flow (low Reynold’s number).

Based on ADT, DPs are supposed to be determined so that they have no conflict with CRs. As

it is explained in the follows, DP2 has a conflict with CRo:
PVDF channel is assumed to have a rectangular cross-sectional area fully filled by fluid. In this

way, the channel diameter (known as Hydraulic diameter) is calculated by the following equation:

2WT
DH=
W+T

(3-6)

Where W and T are the channel width and channel thickness, respectively.

Based on CRy, to avoid physical contact between electrodes, the channel width should be in
macro-scale (> 100um). Since channel width is much larger than channel thickness (W > T,

Equation 3-6 is simplified to:
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Dy = 2T (3-7)

Based on Equation 3-7, to have Dn in micro-scale, channel thickness is supposed to be less in

micro-scale. Therefore, a new DP is determined:
¢ DP».. channel thickness in micro-scale.

Mapping the FRs to DPs are illustrated as follows:

satisfies

FRu: fuel absorption «——— DP1: nanoscale pores and paths (promising capillary action)

. . . tisfi . . .
FR2: hydrogen ions movement (by diffusion) P DP2.: channel thickness in microscale

(promising laminar flow)
3.2.3 Step3: The independence of system functions

The overall relationship between FRs and DPs is shown mathematically as follows:

FR\] [Ay; 0 ][DP, ]

el =16 o, (3-8)
The diagonal matrix shown in Equation 3-8 verifies that the design is uncoupled that is the DPs

satisfy FRs independently.

3.3 Conceptual Design: Conclusion

The FCBPSS-based design approach is demonstrated to be an effective tool to conduct design
of the fuel system; in particular, it helps to identify the function and constraint of the PVDF channel
system under design and to identify the concepts of the system, and to proceed with the
embodiment design and detail design step by step. Additionally, since it is possible that several
structures are obtained from behavior, state, principle, function and context of the system, this
approach may help the designer to classify the details of the system in order to compare and find
the most compatible structure. In this section, by using FCBPSS, the I-shaped structure was
determined as the most compatible structure. The design is represented by FR, CR, and DP.
Further, ADT was employed to lead to the I-shaped PVDF structure, which meets Axiom 1 in
ADT, namely it is a good design.

3.4  Detailed Design: PVDF-Based MFC

The MFC was designed as an I-shaped MFC (based on the discussion in Subsection 3.1.6). The
design specification was derived from [35] and [97] with some modifications.
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The absorbent pad was considered a circular shape to maintain a quasi-steady flow that was
previously described in [98]. Briefly, while the fuel travels through the channel by capillary force,
the flow rate starts to drop due to increment in the viscous drag force. A circular geometry in the
absorbent pad provides an increment in the surface area while the fuel gets absorbed by the pad.
This increment in the surface area increases the pulling capillary force. The cancellation of
increment of the two forces (capillary force and drag force) lead to a quasi-steady flow i.e. a

constant flow rate of fuel into the channel system.

A rough design of the MFC structure is shown in Figure 3-5.

Figure 3-5: A rough design of the MFC structure: a microfluidic channel made by PVDF
substrate, two electrodes on the channel path, a circular absorbent pad, and a square shape
solution reservoir

The MFC was designed to be fabricated using micro-fabrication techniques (UV-lithography).

The design structure consists of four main parts:

e Square shaped reservoir where fuel can be injected to start the electrochemical reaction.

e Circular absorbent pad to maintain the fuel flow with a constant flow rate.

e Microchannel (connecting the reservoir to absorbent pad).

e Electrode coated with respective catalysts located on the opposite sites of the channel path.

The design and fabrication steps are explained in details in Appendix B: MFC Microfabrication
Method. Briefly, the MFC consists of 3 main layers fabricated by UV-lithography: channel
substrate holder made by SUEX, electrodes holder made by SUEX and a PDMS layer to define

the absorbent pad and reservoir geometry and a system cover to avoid contamination and
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evaporation during experiment. The electrodes and PVDF substrate are assembled between these

three layers (for illustration, see Figure B- 1).
The UV-lithography micro-fabrication method for PVVDF-based MFC faced several obstacles:
e Assembly and alignment of micro-fabricated three layers are challenging and time consuming

e The MFC is supposed to be tested for several times. However, after assembling and alignment
of the layers, changing the channel substrate or electrodes are not doable.

e Cutting the PVDF substrate to form the micro-channel is not doable. Also, electrospinning the
PVDF directly on the channel substrate is not doable due to non-conductivity of SUEX.

e PVDF-based MFC induced by capillary induced flow is not tested before and Micro-
fabrication method is not a suitable method for prototyping.

Based on the obstacles described above, the microfabrication method was not chosen to
fabricate the PVDF-based MFC in this research. Therefore, the MFC was re-designed to be
fabricated using the 3D printing method. The MFC was designed in two main pieces: main body
and channel holder. The MFC system and two main layers CAD designs are shown in Figure 3-6.

Channel holder

Main body

Figure 3-6: PVDF-based MFC CAD design
3.4.1 Main Body

The main body was designed as a support for the MFC components: channel, electrodes, and

absorbent pad. A circular pothole (depression) with the depth of 200 um (0.2 mm) and diameter
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of 50 mm was considered to support the absorbent pad and two slots with the width of 3 mm were
considered to support the electrodes. The final length of the MFC was 88 mm, the diameter of

outer ring of the absorbent pad was 60 mm.
The drawing of main body is shown in Figure A- 1.
3.4.2 Channel Holder

A holder was designed to support the channel, define the absorbent pad, and support the
electrodes. Two semicircular holes were designed for the inlet and outlet of the channel for better
physical connection of channel substrate with the absorbent pad and the reservoir.

The drawing of channel holder is shown in Figure A- 2.
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4 FABRICATION

In this chapter, the process of fabricating a porous PVDF channel substrate using the
electrospinning method (described in Section 2.9) is explained. First, in  Section 4.1
(Electrospinning Device), details of how the electrospinning device was fabricated from scratch
are described. Second, in Section 4.2 (Electrospinning of PVDF), details of PVDF solution
preparation and electrospinning of PVDF nanofibers are described. Finally, Section 4.3 (MFC
System) describes the method used to fabricate the PVDF-based MFC.

4.1 Electrospinning Device

Among the seven techniques to fabricate nanofibers reviewed in Subsection 2.8.2, in this
research, the electrospinning method was selected to fabricate PVDF nanofibers due to its
feasibility to develop the device in the lab environment, flexibility of electrospinning device to
fabricate aligned and non-aligned nanofibers, availability of electrospinning parameters settings

for PVDF nanofibers in the literature, and availability of device components in our group.

There are variety of reputable companies manufacturing industrial/lab-scale electrospinning
devices. However, the electrospinning device used in this research was made from scratch with
the reasons to be present subsequently. In the rest of this section (Section 4.1), the design and

fabrication of this proprietary electrospinning device is described.
4.1.1 Collector: Rotating Drum

Rotating drum is an essential component to achieve aligned nanofibers. The rotating drum
requirements in this research (as it was suggested in [16]) are speed of 1500 rpm and diameter of
10 cm. The other requirements for a lab-scale rotating drum collector are enduring long hours of

operation, having no vibration, and be electrically conductive.
Three available options were evaluated to develop the rotating drum:

e Purchasing commercial rotating drum: mounting and alignment of the commercial rotating

drums are challenging. Furthermore, the companies selling electrospinning machines do not
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offer an affordable price for parts since most rotating drums are being sold with complete setup

of electrospinning machine.

e Modification of metallic pipe/rod: one option is to modify a metallic pipe/rod with the diameter
of 10 cm. This option requires several sensitive procedures such as: cutting, welding and
alignment. Three materials are evaluated: stainless steel, carbon steel and aluminum.
Stainless/carbon steel has relatively lower electrical conductivity in comparison with
aluminum. Also, stainless/carbon steel is about 3 times denser than aluminum requiring high
torque motor. Balancing and alignment of a denser drum is also challenging. On the other hand,
aluminum has higher electrical conductivity and less dense; however, aluminum welding is

costly and difficult.

e 3D Printing: this technique is a feasible and fast technique for prototyping. However, the

polymer materials used in 3D printing are not electrically conductive.

After evaluation of the options explained above, 3D printing technique was selected to develop
the rotating drum. Therefore, the required drum and shaft were designed as one piece by CAD
(Computer-aided Design). The design drawing is shown in Figure A- 3. The drum prototype was
fabricated by JGAurora A5 3D printer machine using polylactic acid (PLA) filament.

A mini-vac pump motor (Model M40, 115 Volt AC, 150 Watts, 60 Hz, manufactured by Simer
Pump Company, Minneapolis, USA) was used as the drum motor. The shaft outer diameter of

motor is 8 mm.

A lightweight steel plate pillow type mounted bearing (SBPP202-10E, manufactured by FYH)

with the 5/8 inches (15.9 mm) inner diameter bearing was used to support the drum.

A coupling of 8 mm to 5/8 inches made by lathe machine and aluminum rod was used to couple
drum shaft to the motor. However, after mounting the couple, the drum shaft started to slip inside
the aluminum coupling and tightening harder the coupling screw could not help due to deformation
of the PLA shaft inside coupling causing angular offset misalignment. To solve the slipping
problem, a new coupling of 8 mm to 5/8 inches made by milling machine and plastic rod of 1 inch

outside diameter was used to couple drum shaft to the motor.
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After mounting, alignment and testing, no vibration was observed in the drum. However, after
keeping the drum rotating to test its endurance, a sudden failure occurred in the drum shaft. Figure

4-1 illustrates the drum and shaft as one-piece during testing and after shaft failure.

S

a) showing no vibration after mounting and alignment b) after one hour of rotating test

Figure 4-1: 3D printed rotating drum and shaft as one piece: a) showing no vibration after
mounting and alignment, and b) after one hour of rotating test.

The shaft failed from the smallest diameter near coupling in a primary testing. To find the origin
of the failure, the cross sections of the failed PLA shaft were investigated. Fatigue was observed
at the cross sections. The cross sections are shown in Figure 4-2a, where the fracture zone is shown
with red circles. Since no vibration was seen when the test started and the drum, the motor and
bearing were fully aligned, the drum was isolated from the mounted bearing to investigate the
origin of fatigue failure. It was observed that a twisting deformation had occurred at the interface
of PLA shaft and the bearing; critically, at the point of bearing screw showing local melting (see
Figure 4-2b).

PLA used in 3D printing has a melting point of about 160°C. However, the PLA glass transition
point is Tqg= 65°C. Therefore, it was concluded that the local heat generated inside bearing due to
friction ultimately over passed the PLA Tq4 leading to gradual deformation of shaft. This shaft
deformation provided an angular misalignment in the drum. This gradual increasing misalignment,
ultimately, provided a dynamic load at the drum shaft on the other side of drum leading to fatigue

failure.
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a) the cross sections of 3D printed PLA b) shaft deformationinside the
shaft showing fatigue failure bearing

Figure 4-2: Fatigue failure and origin of fatigue: a) the cross sections of failed 3D printer PLA
shaft: the red circle shows the fracture zone, and b) shaft deformation inside the bearing due to
local high temperature.

Since the PLA T¢=65°C is small and heat generation in the bearing is inevitable, the drum was
re-designed to use an aluminum shaft inside the 3D printed drum. The drum drawing is shown in
Figure A- 4. The CAD design was converted from (.stl) to (.gcode) using MakerBot® (Desktop
Version 3.10.1.1389). The drum was printed using MakerBot® Replicator™ 2 3D printer machine
(see Figure 4-3-a). Based on the 3D printer manual, the nominal maximum height of the 3D printer
is 6.1 inches (i.e. 15.49 cm). Therefore, the length of drum was reduced to 14.5 cm to use a support

structure to obtain more accurate fabrication and avoid any malfunction.

An aluminum shaft of 3/4 inches outside diameter was used as drum shaft. Both tips were
modified by using a lathe machine to have the outer diameters of 5/8 inches for mounting into the
bearing and coupling. After mounting the drum and alignment, no vibration was observed (see
Figure 4.3b).

In order to fix the drum on the aluminum shaft and avoid slipping, a shaft holder was designed
by CAD (the drawing is shown in Figure A- 5). The shaft holder was 3D printed by MakerBot"
Replicator™ 2 3D printer machine using PLA filament. The shaft holder glued to the drum using
Adhaero contact cement (All-Purpose Bonding, 30 mL tube) and fixed on the bearing inner ring

using the bearing set-screw (see Figure 4-3c).
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a) 3D printing of drum for mounting ¢) fixing drum on the aluminum shaft
on the aluminum shaft using a 3D printed shaft holder

Figure 4-3: Rotating drum setup: a) 3D printing of drum for mounting on the aluminum shatft, b)
no vibration after mounting and alignment, and c) fixing drum on the aluminum shaft using a 3D
printed shaft holder.

The rotating drum was tested for several hours following by an inspection to check any loose
components or malfunction. After the test and inspection, no malfunction or vibration appeared in

the rotating drum.
4.1.2 Collector Connection

Drum made by PLA did not have a conductive surface. Fisherbrand™ Aluminum Foil
(Standard-Gauge Roll, 18um thickness) was used as the collector conductive surface by wrapping
around the drum. However, keeping the high voltage source connected to the wrapped aluminum
foil was a challenge. The most feasible option was using the drum shaft as the connection way.
Therefore, three alternatives to connect the voltage generator to the drum shaft were investigated

and tested:
Through the Mounted Bearing

The connection between the drum shaft and the bearing outer ring was tested using Circuit-test
DMR-1000 and showed a good conductivity. However, by increasing the speed of rotating drum,
the conductivity started to reduce significantly. It was concluded that during the rotation, a thin

44



layer of lubrication oil covers the rolls inside bearing providing an electrical insulation between

outer and inner rings of bearing. Therefore, this option was set aside.
Carbon Brush

Using a carbon brush to directly connect the voltage generator electrode to the shaft was
investigated. First a carbon brush holder was designed by CAD. The drawing of the brush holder

was shown in Figure A- 6. The CAD design was converted from (.stl) to (.gcode) using

MakerBot® (Desktop Version 3.10.1.1389). The brush holder was printed using MakerBot®

Replicator™ 2 3D printer machine and PLA filament.

A beveled edge carbon brush (25 mm x 8mm x 50 mm) was used with a helical compression
spring. The brush wire was guided through the spring and the holder bottom hole to be accessible
from the outside the holder (see Figure 4-4-a). The brush holder setup after assembling and
mounting on the rotating drum was tested by a multimeter and the good conductivity between the

brush wire and the drum shaft was confirmed (see Figure 4-4-b).

_-.Q B i

b) mounted carbon brush and testing with multimeter

Figure 4-4: Brush holder setup: a) the position of carbon brush, spring, and the accessibility of
wire, and b) mounted carbon brush and testing with multimeter.
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Through the Motor shaft

The last option was connecting the voltage generator electrode through the motor shaft. The
motor shaft and the drum shaft were not connected electrically due to using non-metallic coupling.
However, the connection was obtained by wiring the two set-screws on the coupling (see Figure
4-5).

Figure 4-5: Connection and testing of drum conductivity through the motor shaft.

It must be noted that this option can be only used if negative (ground) electrode of the high
voltage source is connected to the drum during the electrospinning. Connecting the positive
electrode of the high voltage source to the motor shell may develop serious damage to the motor
system/electrospinning machine! The conductivity was tested by a multi-meter through the motor

outer shell while the drum was rotating. Test result confirmed a good conductivity.

In a nutshell, the brush holder was the only confirmed and safe connecting alternative of the
drum surface to the high voltage source. Furthermore, the motor shaft option is also can be used if
and only if the drum is supposed to be connected to the negative (ground) electrode of high voltage

source.
4.1.3 Other Setup Components
Motor Speed Control and Measurement

A motor speed control with a manual regulator was used to control the drum speed. To measure
the drum speed and set to 1500 RPM, a digital stroboscope (GenRad 1546 STROBOTAC
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DIGITAL STROBOSCOPE LOW 100-700 MED 600-4200 HIGH 3600-25000 PER MIN) was

used. Figure 4-6 shows the drum speed measurement technique using the digital stroboscope.

Figure 4-6: An illustration of drum speed control using the stroboscope technique.

High Voltage Generator

A standard high voltage power supply for electrospinning (Spellman, NY, USA. CZE100R, 0-

30kV. 0-300pA) was used to generate required voltage for electrospinning process.
Syringe Pump

A programmable syringe pump (New Era Pump Systems Inc. NE-1600 Six Channel) was used

to control the flowrate and flow volume of PVDF solution.
4.1.4 Safety Considerations

Electrospinning process requires high voltage of 6-20 kV. Therefore, electrical shock hazard is
inevitable, and the high voltage may be fatal. In this research, all the electrical components (motor,
voltage generator and syringe pump) were grounded. A cuboid transparent chamber made by
polycarbonate was used to isolate the collector from the lab environment. Every object at ground
potential was placed away from the exposed high voltage points at minimum distance of 1 inch for
every 7,500 volts (as it is recommended by Spellman manufacturer). Furthermore, the chamber
door was equipped with safety interlocks i.e. the voltage generator was turned off automatically
when the chamber door got open. A high voltage danger sign was also installed on the chamber
door.
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The assembled electrospinning machine is shown in Figure 4-7.

ELECTRICAL
SHOCK HAZARD

voltage generator

Figure 4-7: An illustration of assembled electrospinning machine.

4.2  Electrospinning of PVDF
In this section, the fabrication steps that were taken to achieve electrospun PVDF nanofibers

are explained.
4.2.1 Materials

The PVDF powder with average molecular weight (Mw) of 534,000 g/mol was purchased from
Sigma-Aldrich to prepare the PVDF solution.

Acetone (Certified ACS) with >99.5% assay (manufactured by Fisher Chemical BPA184,
Product of USA) is used as PVDF powder solvent.

N, N-Dimethylformamide (DMF) with >99.8% assay (manufactured by Fisher Chemical,

Product of Saudi Arabia) is used as the organic co-solvent of PVDF powder.
4.2.2 PVDF Solution Preparation

3.4 g of the PVDF powder was weighted with an analytical balance and poured carefully into a
50 mL glass jar. 7 mL of DMF and 16 mL of acetone were measured by a graduated cylinder and
added into the glass jar. The mixture of PVDF powder, acetone and DMF was stirred manually

with a spoon. Then, the jar lid was closed and sealed using a paraffin plastic film to avoid the
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solution evaporation. The solution was stirred using hotplate and magnetic stirrer for 2 hours at
40°C to obtain a homogeneous solution. The PVDF solvents ratio and stirring time and temperature
were adapted from [16]. The stirring setup on the hot plate and magnetic stirring is shown in Figure
4-8.

Figure 4-8: PVDF solution preparation.

4.2.3 Electrospinning

The PVDF solution was filled into a 12 mL plastic syringe (inner diameter of ~15.5 mm) with

a 18-gauge needle syringe. The filled syringe was loaded in the electrospinning syringe pump.

The distance between the collector was 10 cm for all the syringe orientations. The voltage
generator was set to 12 kV. The positive electrode was connected to the syringe needle and the
negative electrode (ground) was connected to the collector (i.e. the motor shell for the rotating

collector and directly to the collector for the static collector).

The electrospinning process was done with two orientations of syringe pump (horizontal and
vertical) to observe the effect of gravity on the electrospinning process. Also, two types of collector

were used: static collector and rotating collector.

During the first electrospinning tests, needle clogging occurred -mainly due to the sharp shape
of the needle tip. To avoid clogging, the needle tip was dulled using a grinder machine. The
horizontal and vertical orientations of syringe pump, the static collector setup, and the syringe
needle tip after grinding are shown in Figure 4-9.
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c) static collector d) grinded syringe needle tip

Figure 4-9: Electrospinning: a) horizontal syringe pump orientation, b) vertical syringe pump
orientation, c) static collector, and d) grinded syringe needle.

43 MFC System
3D printing method was used mainly to fabricate PVDF-based MFC. The MFC was in two

main pieces: main body and channel holder.

The main body and the channel holder were printed using MakerBot® Replicator™ 2 3D

printer machine and PLA filament.

The main body and the channel holder components after fabrication is shown in Figure 4-10.

Figure 4-10: PVDF-based MFC components
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5 EXPERIMENT

In this chapter, the experimental steps taken to investigate PVDF as a porous material in an
MFC system are explained. First, the methods used to inspect the structure and to modify the
hydrophilicity behavior of the fabricated porous PVDF are explained in Section 5.1 and Section
5.2 , respectively. Finally, the PVDF-based MFC experimental details are explained in Section
5.3.

5.1 Inspection of Electrospun PVDF Nanofibers

Scanning Electron Microscope (SEM) technique was used to inspect the electrospun PVDF
nanofibers. A JEOL (JSM-6010LV series, up to resolution of 4.0 nm at accelerating voltage of 30
kV in low vacuum mode) is used to capture the images. It is common that polymer-based
nanofibers are gold coated before capturing SEM images to achieve the highest scanning resolution
and avoid damaging the fibers during electron scanning; however, in this research, all the images
were captured without gold coating and the resolution was acceptable. Since the fibers were not
gold coated, the low vacuum mode setting was used in SEM. The best image resolution was
achieved in vacuum pressure of 40 Pa and accelerating voltage of 12 kV.

For loading the specimens into the SEM, to avoid any damage to the nanofibers, each specimen
was carefully cut by a scissor and removed by a thumb forceps from the aluminum surface of
collector. A double side conductive tape was used to fix each specimen on the specimen holder.
Figure 5-1 shows the Joel SEM, the nanofibers after carefully removing from the collector,
nanofibers loaded on specimen holder with conductive tape, and specimen holder being loaded
into the SEM.
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b) fibers after removing from collector d) Loading specimen holder into SEM

Figure 5-1: SEM technique: a) Joel SEM, b)the nanofibers after carefully removed from the
collector, c) nanofibers loaded on specimen holder with conductive tape, and d) specimen holder
being loaded into the SEM.

5.2 PVDF Nanofibers Surface Treatment

The PVDF nanofibers achieved by the electrospinning process has a high hydrophobic surface
feature. Based on the Lucas-Washburn’s equation (Equation 3-1), since the PVDF nanofibers
contact angle is greater than 90 degree and the cos @ is in the numerator of the equation, the fuel
cannot be travel through the PVDF nanofibers channel by capillary action. Therefore, a surface
hydrophilic modification of PVDF (explained in Section 2.10) is required to reduce the contact
angle and improve the PVDF nanofibers hydrophilicity. Oxygen/argon plasma treatment method

is selected to enhance the hydrophilicity due to its feasibility, accessibility.
5.2.1 Oxygen/Argon Plasma Treatment

A Reactive lon Etcher (RIE) system was used to perform the oxygen plasma treatment on the
electrospun PVDF nanofibers. The model of the RIE system that was used is RIEUSAS-RIE-
72109-NP1, 220V, 1 ¢, 60 Hz, 15A (manufactured by TORR International, INC.). Based on [99],
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for oxygen plasma treatment of 120 s and O flow rate of 120 sccm, a power of greater than 360
W is required to obtain hydrophilic PVDF nanofibers. However, although the present plasma
device nominal power is 600 W, due to technical issue, the maximum power that could be used
was 50 W. Therefore, the treatment time was increased to compensate the low power that was

used.

To investigate the effect of time increment on hydrophilicity, the contact angle for different
treatment times was measured and compared. Figure 5-2 shows the apparatus of plasma treatment
device as well as the oxygen and argon gas flow rate, power, and other plasma device settings.
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b) plasma treatment device settings

a) plasma treatment device

Figure 5-2: Plasma surface treatment: a) device apparatus, and b) plasma treatment device
settings.

In addition to investigation of treatment time effects on the electrospun PVDF nanofibers
hydrophilicity, plasma treatment was also performed to investigate the possibility of selective

treatment.

Figure 5-3 illustrates the plasma machine chamber where Figure 5-3-a shows the selective
treatment of PVDF nanofibers: on the top, the electrospun PVVDF nanofibers were covered with
aluminum foil and only one rectangular shape of the fibers were exposed to the plasma, and at the
bottom, the PVDF nanofibers were covered with glass slides. Figure 5-3-b shows the non-selective

plasma treatment method.
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PVDF nanofibers covered
by aluminum foil

PVDE nanofibers
covered by glass slides

a) selectively plasma treatment of electrospun PVDF Nano-fibers b) non-selectively plasma treatment

Figure 5-3: Selective and non-selective plasma treatment of electrospun PVDF nanofibers: a)
selective plasma treatment with aluminum foil and glass slides, and b) non-selective plasma
treatment.

5.2.2 Contact Angle Measurement

To investigate the effects of plasma surface treatment on the hydrophilicity feature, the contact
angle of water droplet on the PVDF nanofibers was observed and measured for each treatment that
was performed. Water was used to test the channel substrate hydrophilicity feature due to two
reasons: 1. capillary action of water is similar to that of hydrogen peroxide that was used in this
research as fuel to test the electrochemical behavior of PVDF in an MFC system, 2. water and

biological fluids (e.g. blood) share a similar capillary action.

To measure contact angle, a manual microscope (ZEISS SteREO Discovery.V8) was set in
horizontal orientation. Two white lights used to bright the PVDF nanofibers surface and water
droplet from right and left sides for better clarification of water and PVDF contact boundary. The
focusing and magnification of microscope were performed manually, but the microscope was
connected to a computer for the digital image recording and contact angle measurement. Figure
5-4 illustrates the manual microscope setting for measuring contact angle of water droplet on the

PVDF nanofibers to investigate its hydrophobicity and hydrophilicity features.
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Figure 5-4: Contact angle measurement of water droplet on electrospun PVDF nanofibers to
investigate hydrophilicity and hydrophobicity surface features.

53 PVDF-Based MFC Experiments

In this section, the fuel preparation, cathode and anode catalysts preparation, coating electrodes
with the respective catalysts, and the electrochemical experiments that were done to obtain the
power density and current density of PVDF-based MFC are explained.

The electrochemical experiment was conducted in acidic conditions by introducing
hydrochloric acid (HCI) to hydrogen peroxide (H202). The reduction reaction in cathode electrode,
the oxidation reaction in anode electrode, and the overall redox reaction are shown in Equation 5-
1, Equation 5-2, and Equation 5-3 respectively [100].

Cathode(Reduction): H,0; qq) + ZH(J;q) + 2e” - 2H,0(, 5-1)
Anode(Oxidation): H0; (aq) = 0z (g) + 2H(q) +2e” (5-2)
Overall : 2H202 (aq) 02 (@) + 2H20(l) (5 - 3)

5.3.1 Fuel Preparation

Hydrogen peroxide (30%, MW 34.014 g/mol, density of 1.110 g/cm?, manufactured by Fisher

Chemical, USA) was used as the fuel.

Hydrochloric acid (certified ACS Plus, 36.5 to 38.0%, ~12 M, Fisher Chemical, Canada) was
used to introduce acidic condition to the fuel. HCI diluted by deionized water to obtain 0.1 M

required for fuel preparation.
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To obtain 0.5 M hydrogen peroxide (H20) in 0.1 M HCI (based on [16]), the following steps

were taken:

First, the molarity (M) of H.O, with 30% concentration, molar weight of 34.014 g/mol, and
density of 1.110 g/cm® was calculated as 9.79 M (mol/L) in Equation D-1.

Second, to obtain 0.5 M hydrogen peroxide from 9.79 M hydrogen peroxide, the solution
dilution was calculated based on obtaining 10 mL volume of final diluted solution of 0.5 M

hydrogen peroxide in Equation D-2.

Based on Equation D-2, to obtain 10 mL of 0.5 M hydrogen peroxide, 0.5 mL of 9.79 M of
hydrogen peroxide was diluted in 9.5 mL of 0.1 M HCI. Therefore, the final solution was 10 mL
of 0.5 M hydrogen peroxide in ~0.1 M (0.095 M) HCI. The fuel was prepared at the time of the
electrochemical test of PVDF-based MFC.

5.3.2 Cathode Catalyst Preparation: PB on Carbon Support

Prussian Blue (PB) was used as cathode catalyst for decomposition hydrogen peroxide for

reduction reaction. The PB was prepared based on [101] and [102]:

First, the required amount of potassium ferricyanide (I11) [KsFe(CN)es] powder (MW: 329.24,
purchased from Sigma-Aldrich) was dissolved in 20 mL of 0.1 M HCI to form 0.5 M KsFe(CN)s
(See Figure 5-5).

Figure 5-5: Preparation of 0.5 M KsFe(CN)sin 0.1 M HCI.
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The amount of KzFe(CN)s powder was calculated as 3.29 gr in Equation D-3.

Second, 1.62 gr FeCls (see Equation D-4) was added into 20 mL of 0.1 M HCI to form 20 mL
of 0.5 M FeClz in 0.1 M HCI (See Figure 5-6).

Figure 5-6: : Preparation of 0.5 M FeCI3 in 0.1 M HCI.

Third, 2 grams of Vulcan XC-72R carbon powder (purchased from FuelCellStore) was
suspended and agitated in 20 mL of 0.5 M KsFe(CN)e in 0.1 M HCI (prepared in the first step)
following by adding drop wise of 20 mL of 0.5 M FeClsin 0.1 M HCI (prepared in the second
step). The result solution was stirred for 1 h using magnetic stirrer (see Figure 5-7).

Figure 5-7: Suspension and agitation of carbon powder in 0.5 M KsFe(CN)sin 0.1 M HCI and
0.5 M FeClzin 0.1 M HCI solutions.
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Fourth, the resultant mixture was washed by 0.1 M HCI by filtration method until the HCI

dropping from the filter became colorless. The filtration process is shown in Figure 5-8.

The achieved powder was dried in an oven for 2h at 100°C. The PB on carbon support was

stored in a sealed bottle at room temperature.

Figure 5-8: PB supported by carbon powder filtration process.

5.3.3 Electrodes Preparation
Cathode Electrode

Toray Carbon Paper (TGP-H-090, 5% wet proofed, thickness 280 um, purchased from Fuel
Cell Earth) was used as the electrode backing material. It was cut manually in the size of 20 mm

x 2 mm to form the electrode.
In order to coat PB on carbon support prepared in Subsection 5.3.2 on the Toray carbon paper,
Nafion® D-520 dispersion (5% w/w in water and 1-propanol, purchased from Alfa Aesar) was

used to make the cathode catalyst slurry. Nafion® is used to enhance the proton conductivity in

cathode electrode [103]. The cathode ink was manually coated on one side of the Toray Carbon
paper where was supposed to be contacted with the channel substrate. The cathode electrode after

coating was left to dry in room temperature.
Anode Electrode

Carbon cloth electrode (0.3 mg/cm?40% pt, purchased by Fuel Cell Earth) is used as the anode

electrode. It was cut manually in the size of 20 mm x 2 mm to form the anode electrode.
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5.3.4 Electrochemical Experiments

Whatman cellulose chromatography paper (1 Chr sheet, purchased by Sigma-Aldrich) was cut
into the circular shapes with the diameter of 5 cm by CO> Epilog Laser Fusion 75-watt machine to

form the absorbent pad.

To test PVDF as channel substrate, Durapore PVDF membrane (0.22 um pore size, diameter of
47 mm, Merck Millipore Ltd, Ireland) was purchased. The circular PVDF membrane was manually

cut to form rectangular PVDF channel substrate (4 mm x 45 mm).

The PVDF-based MFC was assembled while the electrodes are placed on the opposite sides of
the channel substrate with approximately 1 mm distance from the edges. Therefore, rectangular
shape of 3 mm x 2 mm or an area of 0.06 cm? was in contact with the channel substrate. The MFC
channel and electrodes were covered using an adhesive tape (Scotch® 468MP Adhesive Transfer
Tape) to avoid contamination, evaporation of fuel, and keeping the electrodes surfaces in contact

with the channel substrate during the experiments. Figure 5-9 shows the MFC after assembling.

ny ™ \
cathode anode
electrode electrode

Figure 5-9: PVDF-based MFC after assembling.

The MFC was tested by injecting the fuel solution using a syringe near the channel inlet to

begin the electrochemical reaction.

59



A circuit-test multimeter (DMR-1000) was used to test the fuel cell performance. Before
starting the experiment, the current and voltage measurements were set to zero. After injection, the
fuel was absorbed by the channel substrate and moved towards the absorbent pad. Once the fuel
reached the electrodes, the current started to increase until it reached ~329 pA (maximum current).
The voltage also measured ~155 mV using the circuit test, i.e. Open Circuit Potential (OCP) of the

cell. Figure 5-10 shows the MFC during the test showing the maximum current and voltage

outputs.

a) MFC test showing voltage of: 155 mV b) MFC test showing current of: 0.329 mA

Figure 5-10: MFC electrochemical test results: a) showing voltage of 155 mV, and b) showing
current of 0.329 mA.

To acquire more reliable voltage measurements for different loads in order to obtain the
polarization performance (potential-current curve) and the power curve of the PVDF-based MFC,
the test was repeated by recording the cell potential in an electronic circuit using a resistor box
(Heathkit DR-1 Decade Resistance) and a portable analog circuit design kit (Digilent Analog
Discovery). The circuit is shown in Figure 5-11.
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Figure 5-11: The circuit used to test PVDF-based MFC.

The real-time cell potential data were recorded using the scope environment of WaveForms
software (V. 3.14, Digilent). Before the injection of the fuel, the resistor box was detached from
the circuit (no resistor was connected). The initial voltage before injection of fuel was fluctuating
between 2.5 mV and 3.5 mV. Once the fuel reached the electrodes, the voltage, as observed on the
digital oscilloscope, dramatically jumped, and became stable after ~10 seconds. At this
stabilization point, the voltage was recorded as 164.8 mV which was considered as the cell OCP.
Figure 5-12 shows a dynamic profile of the cell potential from the moment fuel reached to the
electrodes until it became stabled on ~164.8mV. The highest voltage recorded (the peak of the
graph in Figure 5-12) was 226.8 mV.
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Potential Dynamic Graph of PVDF based MFC
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Figure 5-12:Potential dynamic graph of PVDF-based MFC from the moment that fuel reached
the electrodes surface until stabilization. The OCP of the cell was recorded 164.8 mV.

After stabilization of the cell potential, the spring box was connected to the circuit. To obtain
an accurate potential-current dynamic profile, the cell voltage was recorded for 23 different
resistors (20 kQ, 10 kQ, 8 kQ, 6 kQ, 4 kQ, 2 kQ, 1 kQ, 800 Q, 600 Q, 400 Q, 200 Q, 100 Q, 80
Q,600Q,400Q,200Q,100,8Q,6Q,4Q,2Q,1Q, 0Q) while awaiting period of 10-20 seconds
was applied after each resistor to allow for cell voltage stabilization. For resistors smaller than 10
Q, the voltage dropped to 3.5 mV. Voltages 2.5 mV - 3.5 mV were initially recorded before fuel
injection. Therefore, for resistors smaller than 10 Q, the recorded voltage values were considered
as system error/noise and assumed as zero in calculations. The data were exported from the

WaveForms software and imported into Microsoft Excel for further analysis.
The cell current for each point was calculated using Ohm’s lawi.e. I =V X R.

The electrode area attached to the channel was rectangular with the dimensions of 3 mm x 2
mm (area 0.06 cm?). Therefore, the current density was calculated by dividing current by the
electrode area (see Equation D-5). The power density was calculated using electric power

definition i.e. P = V x I (see Equation D-6).
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6 RESULTS AND DISCUSSION

In this chapter, first, the results of the SEM images of the fabricated porous PVDF using
different electrospinning setups and parameters are discussed in Section 6.1. Then, the results of
the hydrophilicity/hydrophobicity features of electrospun PVDF nanofibers modified/unmodified
by the plasma treatment method are discussed in Section 6.2. Finally, the electrochemical

experimental results of the PVDF-based MFC are discussed in Section 6.3.

6.1 SEM Inspection of Electrospun PVDF Nanofibers

In this section, the SEM images that were taken are presented and analyzed to evaluate the
electrospun PVDF nanofibers diameter, beads, homogeneity and alignment for two types of
collectors (static and dynamic/rotating) for two different syringe pump orientations (horizontal and
vertical) for different flow-rates of PVDF solution. An open source Java image processing
software, ImageJ (V. 1.53a) [104], was used to measure the nanofibers diameters. For each SEM

images, 20 fibers diameters were randomly measured, and the average diameter was recorded.

In horizontal orientation, the distance between the needle and collector was set to 15 cm
initially; however, the fibers failed to reach the collector (especially in flow rate of 5 pl/min) and
they were collected at the bottom surface of the electrospinning chamber. After decreasing the
distance to 10 cm, the fibers were successfully collected on the collector. This phenomenon
occurred due to the gravitational effects on the Taylor cone. Figure 6-1-a shows successfully fibers
collection in the distance of 10 cm and Figure 6-1-b shows how fibers failed to reach the collector
in the needle and collector distance of 15cm.

Furthermore, in horizontal orientation, during electrospinning needle clogging occurred
frequently with a higher frequency in 5 pl/min flow rate. Figure 6-1-c illustrates the needle
clogging in electrospinning process in horizontal orientation. Needle unclogging process was
performed by turning off the voltage generator, unclogging the needle, and turning back the

voltage generator.
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b) fibers were not collected on the collector in
the distance of 15 cm

tj |
|

a) needle to collector distance of 10 cm

c) needle clogging in horizontal electrospinning

Figure 6-1: Electrospinning in horizontal orientation: a) the needle and collector distance of 10
cm: the fibers were successfully collected on the collector surface, b) the needle and collector
distance of 15 cm: the fibers failed to reach the collector due to gravitational effects on Taylor

cone, and c) frequently needle clogging during electrospinning in horizontal orientation.

6.1.1 On the Static Collector: Homogeneity, Beads Formation, Alignment, and Fibers Size

Electrospun nanofibers were fabricated with the flow rates of 5 pl/min, 25 pl/min, and 50

pl/min on the static collector in vertical and horizontal orientations of syringe pump.

Figure 6-2 and Figure 6-3 show the SEM images of the six different electrospinning settings
with different zoom sizes.
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Rate: 5 pl/min — Avg. size: 841 nm Rate: 25 pl/min — Avg. size: 1180 nm Rate: S0 pl/min — Avg. size: 1579 nm

Static Collector (Zoom: 200x/500x)

WD1imm  40Pa m BES WD11mm  40Pa 100pm

Rate: 5 pl/min — Avg. size: 805 nm Rate: 25 pl/min — Avg. size: 1062nm  Rate: 50 pl/min — Avg. size: 1588 nm

Figure 6-2: SEM images of PVDF nanofibers on the static collector: homogeneity, alignment,
and bead formation.

Rate: 5 pl/min — Avg. size: 841 nm Rate: 25 pl/min — Avg. size: 1180 nm Rate: S0 pl/min —Avg. size: 1579 nm

Static Collector (Zoom 1000x)

WD11mm  40Pa WD11mm  40Pa

Rate: S pl/min — Avg. size: 805 nm Rate: 25 pl/min — Avg. size: 1062 nm Rate: S0 pl/min — Avg. size: 1588 nm

Figure 6-3: SEM images of PVDF nanofibers on the static collector: fibers size.

As it is shown in Figure 6-2 and Figure 6-3, non-aligned PVDF nanofibers were achieved by
the static collector. In both horizontal and vertical orientations, the pore sizes and the fiber sizes
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were increased by increasing the flow rate. This phenomenon is in full agreement with what was
discussed in Effects of Solution Parameters, i.e. increasing flow rate leads to increase the fibers

diameter and pore sizes.

In horizontal orientation, the flow rate increment led to formation of beads and achievement of
less homogenous fibers. On the other hand, by increasing the flow rate in the vertical orientation,
the homogeneity of fibers was increased, and beads formation was decreased significantly.

6.1.2 On the Dynamic Collector: Homogeneity, Beads Formation, Alignment, and Fibers
Size

Electrospun nanofibers were fabricated with the flow rates of 5 pl/min, 25 pl/min, and 50
pl/min on the dynamic collector in vertical and horizontal orientations of syringe pump. Figure
6-4 and Figure 6-5 show the SEM images of the six different electrospinning settings with different

Z0oom Sizes.

Rate: S pl/min — Avg. size: 860 nm Rate: 25 pl/min — Avg. size: 1000 nm Rate: 50 pl/min — Avg. size: 1330 nm

Dynamic Collector (Zoom: 200x)

Rate: S pl/min — Avg. size: 1100 nm Rate: 25 pl/min — Avg. size: 970 nm Rate: 50 pl/min — Avg. size: 1400 nm

Figure 6-4: SEM images of PVDF nanofibers on the dynamic collector: homogeneity, alignment,
and bead formation.
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BES WD1imm  40Pa

Rate: S pl/min — Avg. size: 860 nm Rate: 25 pl/min — Avg. size: 1000 nm Rate: 50 pl/min — Avg. size: 1330 nm

Dynamic Collector (Zoom: 1000x)

= &

BES WD10mm

Rate: S pl/min — Avg. size: 1100 nm Rate: 25 pl/min — Avg. size: 970 nm Rate: 50 pl/min — Avg. size: 1400 nm

Figure 6-5: SEM images of PVDF nanofibers on the dynamic collector: fibers size.

As it is shown Figure 6-4 and Figure 6-5, the fibers alignment was successfully achieved by the
rotating drum collector. In both horizontal and vertical orientations, pore sizes and the fiber sizes
increased by increasing the flow rate. This phenomenon is in full agreement with what was
discussed in Effects of Solution Parameters, i.e. increasing flow rate leads to increase the fibers
diameter and pore sizes. Also, by increasing the flow rate, the bead sizes increased, and
homogeneity decreased.

6.2  Hydrophilicity and Hydrophobicity Characterization of Electrospun PVDF
Nanofibers

The hydrophilicity and hydrophobicity characterization of electrospun PVDF nanofibers were
analyzed using the contact angle method. The angles were approximated by an open source Java
image processing software, ImageJ (V. 1.53a) [104] using Drop Shape Analysis- LBADSA (Low-
Bond Axisymmetric Drop Shape Analysis) plugin [105].

Figure 6-6 illustrates the actual drop shape on the electrospun PVDF nanofibers and the method
of contact angle measurement using ImageJ software. The contact angle was approximated 125°.

This agrees with the high hydrophobicity of PVDF reported in the literature.
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Figure 6-6: Electrospun PVDF nanofibers contact angle measurement showing high
hydrophobicity with contact angle of 125°.

6.2.1 Non-selective Plasma Treatment

Oxygen/argon plasma treatment was performed to make the electrospun PVDF nanofibers
super-hydrophilic. Based on [99], 2 minutes of plasma treatment at 360 W power is required to
obtain super hydrophilic PVDF nanofibers; however, since the available plasma machine could
only reach to the maximum power of 50 W, plasma treatment time was increased to compensate
the lower used power.

To find the required time to obtain super hydrophilic PVDF nanofibers, plasma treatment was
performed for 2 minutes, 12 minutes, 15 minutes, 20 minutes, and 30 minutes.

At 2 minutes of treatment, no change in hydrophobicity of PVDF nanofibers was observed.

This phenomenon was expected as a significant lower power was used.
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Contact angle at 12 minutes reached to 17°. Figure 6-7 shows the water droplet interaction with
PVDF nanofibers after 12 minutes and Figure C- 1 shows the image processing used to

approximate the contact angle.

At 15 minutes, 20 minutes and 30 minutes of plasma treatment, the water droplets were
absorbed completely into the substrate that the contact angle could not be measured. Therefore, 15
minutes of plasma treatment was confirmed for the required treatment time for obtaining super

hydrophilic electrospun PVDF nanofibers.

Treatment time: 12 minutes Contact angle= 17

Figure 6-7: Electrospun PVDF nanofibers after 12 minutes of plasma treatment showing contact
angle of 17°.

6.2.2 Selective Plasma Treatment

Three surface-selective plasma treatments were performed to evaluate the possibility of

selectively enhancing the hydrophilicity of PVDF nanofibers.
Selective Treatment Using PMMA Glass

First, a PMMA glass with thickness of 2 mm with a rectangular slot in the middle was placed
on the PVDF nanofibers and treated for 15 minutes (see Figure 6-8-a). It was expected that the
hydrophobicity of the area underneath of the PMMA cover does not change and the rectangular
area that is exposed to the plasma adsorbs the water droplet i.e. becomes super hydrophilic. After
treatment, as expected, the contact angle underneath of the PMMA cover was measured 124°;
however, the water droplet was not adsorbed by the rectangular area that was exposed to the
plasma. The contact angle of the rectangular shape area was measured 82 °. The contact angle of
82°shows that the rectangular area was successfully treated by plasma; but, not enough to make

the fibers super hydrophilic.
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Figure 6-8-c and Figure 6-8-d shows the contact angle of the covered and exposed areas
respectively. Figure C- 2 and Figure C- 3 show the image processing method used to approximate

the contact angles for underneath of the PMMA cover and exposed area respectively.

Exposed area

\
\
\

c) underneath of the PMMA cover d) exposed to plasma
contact angle: 124 contact angle: 82

Figure 6-8: Selective plasma treatment using PMMA glass: a) before treatment, b) after 15
minutes of plasma treatment, c) water droplet on the area covered by PMMA showing contact
angle of 125°, and d) water droplet on exposed area showing contact angle of 82°.

It was hypothesized that the 2 mm thickness of PMMA was too high that blocked or reduced
the energy of the oxygen/argon molecules attacking the surface during the plasma treatment.
Therefore, to experiment the effect of the cover thickness on selective plasma treatment, the
previous experiment was repeated using two different thinner covers: glass slide and aluminum
foil.

Selective Treatment Using Glass Slide

Microscope glass slide (thickness 1mm) was used for selective plasma treatment of the PVDF
nanofibers substrate. Figure 6-9-a shows how glass slides were placed in the plasma chamber.

Figure 6-9-b shows the substrate after plasma treatment for 15 minutes. A water droplet was
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dropped on the substrate surface to investigate hydrophilicity. The exposed area became super
hydrophilic successfully; however, after several seconds, the water was started being absorbed
smoothly into the rectangular area surroundings that were covered by the glass slides. Figure 6-9-
¢ shows the substrate contact angle test. Despite of water absorption into the unexposed region,

the effect of cover thickness in selective plasma treatment was confirmed.

It is believed that two reasons made the areas covered by the glass slides hydrophilic: firstly,
the glass slides did not fully envelope the substrate (the same as how PMMA enveloped the
substrate in the first selective plasma treatment experiment), secondly, the uneven surface of the
substrate and its porous structure allowed accelerated argon/oxygen to penetrate underneath of
glass slides. This phenomenon can be clearly observed in Figure 6-9-c that the substrate absorbed
the water droplet only around edges of the regions where glass slides were covered. Two small
water droplets were dropped on the middle of the covered areas (see Figure 6-9-c) to illustrate that

hydrophobicity of the covered areas.

a) before treatment b) after treated for 15 minutes ¢ showing superhydrophilicity in
the exposed area

Figure 6-9: Selective plasma treatment using glass slides: a) before treatment, b) after 15
minutes of plasma treatment, and c) contact angle test showing superhydrophilicity on edges of
the exposed area.

Selective Treatment Using Aluminum Foil

An aluminum foil (thickness ~18um) was also used for selective plasma treatment of the PVDF
nanofibers substrate. Figure 6-10-a shows how the substrate was sandwiched and enveloped and
only a rectangular area of the substrate was exposed to the plasma. After 15 minutes of treatment,
the rectangular exposed area color became yellowish. Figure 6-10-b shows the change of color
after the plasma treatment.
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Exposed area Exposed area

a) before treatment b) after treated for 15 minutes

Figure 6-10: Selective plasma treatment using aluminum foil: a) before treatment, and b) after
treatment for 15 minutes showing changing color in the exposed area.

To investigate the hydrophilicity effect, a water droplet was dropped on the exposed area.
Figure 6-11 illustrates how the water droplet was absorbed into the substrate in a series of 12
images. Surprisingly, the water droplet stayed on the surface for about 1 second before it started
to get adsorbed. Also, the absorbing rate was much higher in the areas that were covered by the

aluminum foil than the absorbing rate in the yellowish area that was exposed to the plasma.

01 02 03 04 05 06
07 08 09 10 11 12
Figure 6-11: Images recorded during dropping a water droplet on the substrate that was
selectively treated using aluminum foil.

The following hypotheses are suggested that led to the unexpected results:
e The yellowish color appeared in the exposed area can be a sign of burning/oxidation. Burning
of PVDF polymer leads to reaction of hydrogen atoms in the PVDF backbone with oxygen

molecules during the plasma treatment forming water vapor that was removed by vacuum

system of plasma machine.
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e Reducing the hydrogen atoms in the PVDF carbon backbone diminish the hydrophilicity
feature of the exposed area.

e The aluminum foil acted as an additional electrode in the plasma chamber that increased the
plasma power. The aluminum foil could excite the oxygen and Nitrogen molecules present in
the porous structure of PVDF nanofibers underneath of the covered area led to internal
nitrogen/oxygen plasma treatment. This internal surface treatment made the covered areas
super-hydrophilic; however, because the covered areas were sandwiched and enveloped, due

to lack of oxygen molecules, they were not oxidized, and the yellowish color did not appear.

e Itisrecommended that additional experiments and investigations are required to determine the
reasons that led to achieve yellowish color in the exposed area as well as highly plasma

treatment of the areas covered by the aluminum foil.

Since investigation of the mentioned hypotheses were beyond the scope of this research, more
investigation on selective PVDF plasma treatment was put aside for the future works.

6.3 MFC Electrochemical Results

Figure 6-12 illustrates the polarization performance and power curves of PVDF-based MFC.

PVDF Based MFC Polarization Performance and Power Curves
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Figure 6-12: Polarization performance and power curves of PVDF-based MFC acquired by
using PB/Pt as cathode/anode catalysts and 0.5 M hydrogen peroxide in 0.1 M HCI as the fuel.
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PVDF-based MFC using PB/Pt as cathode/anode catalysts and inducing a capillary flow of 0.5
M hydrogen peroxide in 0.1 M HCI as the fuel showed the highest power density of 0.158 mW/cm2
at 0.08 V. The OCP of system was 164.8 mV, and the internal resistance (the slope of ohmic
polarization region) is 43.6 Q/cm?2. The maximum current density of 6 mA/cm2 was also obtained.
6.3.1 Comparison of Dynamic State PVDF-Based MFC Electrochemical Performance
with Previously Reported Dynamic State Paper-Based Microfluidic Biofuel Cells
The electrochemical performance of PVDF-based MFC was investigated by comparing its
polarization and power curves with two recent paper-based microfluidic biofuel cells reported in
the literature. In 2017, Maria Jos e Gonza”lez-Guerrero et al. used Whatman paper as channel in
an I-shaped microfluidic biofuel cell with an induced capillary flow of glucose solution (as fuel)
and obtained the highest power density of 0.09 mW/cm2 at 0.4 V [35]. In 2018, Prakash Rewatkar
and Sanket Goel used Whatman paper as a channel substrate in an Y-shaped microfluidic biofuel
with and induced capillary flow of glucose solution (as fuel) and obtained a power density of 0.1
mW/cm? at 0.18 V [106]. The power curves and polarization curves of the aforementioned fuel
cells are compared with PVDF-based MFC in Figure 6-13 and Figure 6-14, respectively.

Power Curves of PVDF Based MFC and the Paper Based Bio-fuel Cells

— Paper Based I-shaped Microfluidic Biofuel Cell: 0.05M Glucose

s Paper Based Y-shaped Microfluidic Biofuel Cell: 0.04M Glucose

e P\/DF Based |-shaped Micrfoluidic Fuel Cell: 0.5M H202

Power Density (mW/cm?)

0 1 2 3 4 5 b 7
Current Density (mA/ecm?)

Figure 6-13: Power curves of PVDF-based MFC and the two paper-based microfluidic biofuel
cells reported in the literature (the biofuel cells data shown in green and blue plots were
obtained from [35] and [106], respectively).
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Poliraztion Performance of PVDF Based MFC and the Paper Based Bio-fuel Cells
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Figure 6-14: Polarization performance of PVDF-based MFC and the two paper-based
microfluidic biofuel cells reported in the literature (the biofuel cells data shown in green and
blue plots were obtained from [35] and [106], respectively).

As illustrated in Figure 6-13, 60% higher power density was obtained by PVDF-based MFC in

comparison with the other two biofuel cells reported in [35] and [106].

Based on Figure 6-14, the internal resistances of paper-based I-shaped fuel cell and paper-based
Y-shaped fuel cell are 1040 Q/cm? and 1350 Q/cm?, respectively. PVDF-based MFC (internal
resistance of 43.6 Q/cm?) showed a better performance with respect to ohmic loss.

6.3.2 Comparison of Dynamic State PVDF-Based MFC Electrochemical Performance
with Previously Reported Static State Single Compartment MFCs

The electrochemical performance of PVDF-based MFC was also investigated by comparing its
polarization and power curves with two previously reported static state single compartment fuel

cells using the same fuel type and concentration (0.5 M H202in 0.1 M HCI).

In 2016, S. M. M. Ehteshami, et al. evaluated a static state single compartment fuel cell using
Whatman paper as channel substrate and obtained the highest power density of 0.38 mW/cm? at
0.14 V when the cell was operating on 0.5 M hydrogen peroxide, PB as the cathode catalyst, and
Ni as the anode catalyst [107].
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Similarly, in 2017, M. Asadnia, et al. evaluated an static state single compartment fuel cell
using PVDF nanofibers as channel substrate and obtained the highest power density of 0.33
mW/cm? at the cell potentials of 0.2 VV when the cell was operating on 0.5 M hydrogen peroxide,
PB as the cathode catalyst, and Ni as the anode catalyst [16]. The cell was previously shown in
Figure 2-4.

The power curves and polarization curves of the aforementioned static state single compartment
fuel cells are compared with dynamic state PVDF-based MFC in Figure 6-15 and Figure 6-16,
respectively.

Power Curves of Dynamic-state PVDF Based MFC and the Static-state Single

Compartment MFCs (Paper and PVDF Nanofibers)
0.4

e Dynamic-state PVDF Based |-shaped Micrfoluidic
Fuel Cell: 0.5M H202 - Anode: Pt

0.35
e Static-state Single Compartment Paper-based
03 MFC: 0.5M H202 - Anode: Ni

— Static-state Single Compartment PVDF

Nanofibers Based MFC: 0.5M H202 - Anode: Ni
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Figure 6-15: Power curves of dynamic state PVDF-based MFC and the static state single
compartment MFCs reported in the literature with the same solution, concentration, and cathode
catalyst (single compartment MFCs data, shown in blue and green plots were obtained from [16]

and [107], respectively).
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Poliraztion Performance of Dynamic-state PVDF Based MFC and the Static-state Single
Compartment MFCs (Paper and PVDF Nanofibers)

0.4
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Figure 6-16: Polarization performance of dynamic state PVDF-based MFC and the static state

Single Compartment MFCs reported in the literature with the same solution, concentration, and

cathode catalyst (single compartment MFCs data, shown in blue and green plots were obtained
from [16] and [107], respectively).

The dynamic state PVDF-based MFC showed a lower OCP of 0.164 V in comparison with 0.35
V reported by [16] and 0.3 V reported by [107]. A lower OCP was expected as the electrode area
was 1.5 times smaller and the distance between the anode and cathode was in microscale (~125
pum in comparison with electrodes distances of 5-10 mm reported by [16] and [107]). The

microscale distance between electrodes increases cross-over of fuel leading to a lower OCP.

In terms of ohmic losses, the internal resistances of the static state paper-based fuel cell and
PVDF nanofibers-based fuel cell are 65 Q/cm? and 89 Q/cm?, respectively. Therefore, PVDF-

based MFC (internal resistance of 43.6 Q/cm?) showed a better performance in respect to ohmic
loss.

In terms of power density, the dynamic state PVDF MFC showed the power density of 0.158
mW/cm? at 0.08 V that was 52% lower than what [107] was reported, i.e. 0.33 mW/cm?at 0.2 V
and 58% lower than what [16] reported, i.e. 0.38 mW/cm? at 0.2 V. However, it must be noted that
static state single compartment MFCs achieved higher power densities owing to a higher cell
potential as compared to the dynamic state PVDF MFC studied here.
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In making this comparison, between the dynamic state PVDF MFC studied here and the static
state single compartment MFCs reported in [16] and [107], it is also important to note that they
are not identical MFCs. Differences in MFC features such as cell potential, fuel efficiency,
dynamic/static state behaviour, cell dimensions, etc. also need to be considered.
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7 CONCLUSION AND FUTURE WORK

7.1 Overview and Conclusion

Microfluidic fuel cells (MFCs) are novel and highly efficient energy harvester systems that
have been vastly studied. Despite showing significant potentials, MFC systems have not yet been
commercially used for implantable/wearable devices due to the sophisticated design process, high
material costs, and time-consuming manufacturing process. Recently, porous materials such as
natural papers and synthetic polymers (in the form of either nanofibers or porous membranes),
when used as the MFC substrate, have shown that they can simplify the above-mentioned
challenges. More importantly, these porous materials induce an inherent capillary flow in the fuel
eliminating the need of a pump. This leads to the increased fuel efficiency and miniaturization of
MFCs. However, the search for a porous biomaterial that displays high mechanical strength but

remains flexible without degrading in a biological environment is not straightforward.

This thesis proposes PVDF, a non-biodegradable, biocompatible, flexible, and inexpensive
material, as a channel substrate that has never been investigated for a dynamic state MFC. To
achieve substrate porosity, flexibility, and desired material strength, PVDF nanofibers were
fabricated using electrospinning technique. Non-aligned PVDF nanofibers were fabricated using
a static collector and aligned PVDF nanofibers were achieved by a rotating drum. Additionally,
PVDF nanofibers were fabricated in two different arrangements of the needle tip (horizontal and
vertical - relative to the collector) for different flow rates. The results showed that the alignment,

fiber size and bead formations of electrospun PVDF nanofibers agreed with the previous studies.

Super hydrophobicity limits PVDF from being used MFCs. One solution was to enhance PVDF
hydrophilicity. Therefore, hydrophilic PVDF nanofibers were successfully achieved by oxygen
plasma surface treatment. The hydrophilicity of resulting PVDF nanofibers was verified using the
contact angle method. Furthermore, to achieve higher precision in the channel structure (compared
to cutting-out the substrate channel), selective enhancement of surface hydrophilicity was studied.

Surface-selective plasma treatment was performed using three different materials (PMMA sheet,
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glass slides, and aluminum foil) to mask the substrate region outside the channel. PMMA sheet
successfully prevented the covered area from surface modification. However, it was observed that
the PMMA sheet thickness used, 2 mm, was enough to reduce the efficiency of the surface
treatment causing lower than expected hydrophilicity in the channel. Subsequently, glass slides
with a lower thickness (1mm) were used. In contrast with PMMA sheet, the results showed that
the covered area got modified from the treatment possibly because the glass slide did not fully
envelope the uneven surface of the substrate allowing accelerated argon/oxygen plasma to
penetrate underneath the mask. Finally, aluminum foil, as a thinner (~18um) and more flexible
material was used. The results showed that aluminum foil was not only unsuccessful in blocking
the surface modification, but also caused the masked area to have a higher hydrophilicity than the
exposed channel. This could be attributed to the yellowish appearance of the exposed area i.e.
signs of plasma burning. Since further investigations on surface-selective treatment of PVDF
nanofibers were beyond the scope of this research, the channel geometry was decided to be hand-
cut from the substrate material. Additionally, due to unanticipated device malfunction (fully
described in section 7.2) a commercially available PVDF hydrophilic porous membrane was

purchased and tested in the designed MFC.

To investigate the electrochemical performance of PVDF membrane, an MFC system was
designed by following advanced engineering design theories (Axiomatic Design Theory and
FCBPSS framework). Consequently, 3D printing fabrication technique was used to prototype the
designed MFC. Hydrogen peroxide in acidic environment (i.e. 0.5 M hydrogen peroxide in 0.1 M
HCI) was used as the fuel while Pd and PB were used as anode and cathode catalysts, respectively.
In the electrochemical test, the MFC system as described with an OCP of 0.164 V achieved its
highest power density of 0.158 mW/cm? at 0.08 V.

To summarize, in this research, PVDF (as a channel substrate) was tested for the first time in a
dynamic state MFC. This dynamic state PVDF-based MFC showed a lower power density with
respect to the previously reported static state single compartment fuel cells (using the same fuel
concentration and cathode catalysts). However, it must be noted that the dynamic state PVDF
power density was achieved in an MFC with a lower cell potential of 0.08 V in comparison with
cell potentials static state MFCs, 0.14 V and 0.2 V. On the other hand, the dynamic state PVDF-
based MFC studied here showed a 60% higher value in power density with respect to recently

reported paper-based microfluidic biofuel cells. Notably, this research suggests that PVDF, as a
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non-degradable, biocompatible, flexible, and cost-effective material shows tremendous potential
as a channel substrate for MFCs designed to harvest energy required by implantable/wearable

devices.

7.2 Contributions
The overall objective of this research was to develop a dynamic state MFC with PVDF as its

channel substrate. The following sub-objectives were specified to achieve this goal.

Objective 1: qualitatively analyzing the PVDF channel system as an MFC sub-system, to find

a suitable channel structure that performs the overall system function.

This objective was achieved as explained in Chapter 3 (Design). In the aforementioned chapter,
by using FCBPSS, the I-shaped channel structure was determined as the most compatible structure
for a PVDF-based MFC. The design was represented by FR, CR, and DP. Further, ADT was
employed to lead to the I-shaped PVDF structure, which meets Axiom 1 in ADT, namely it is a
good design.

Objective 2: developing a suitable technique to fabricate a porous PVDF substrate.

Electrospinning technique, was selected from a thorough literature review of different nanofiber
fabrication methods (subsection 2.8.2). Then, the details of how the electrospinning device was
developed were explained in section 4.1 (Electrospinning Device). And finally, the electrospinning
process and parameters that were used to fabricate PVVDF substrate were explained in section 4.2.

Objective 3: analyzing the porous structure and capillary action of the fabricated PVDF

substrate out of the research for Objective 2.

Porous structure of electrospun PVDF nanofibers were analyzed in section 5.1 (inspection of
electrospun PVDF nanofibers) by using SEM technique and image processing. Furthermore, the
capillary action of the electrospun PVDF nanofibers were investigated by performing a plasma
surface treatment to enhance the hydrophilicity (section 5.2) followed by verification using contact

angle technique and image processing method in subsections 5.2.1 and 5.2.2 respectively.

Objective 4: testing and characterizing the electrochemical efficiency of a porous PVDF

substrate out of the research for Objective 2 in an MFC system.
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Firstly, the MFC system fabrication methods were investigated by using two techniques:
microfabrication using UV-lithography and 3D-printing (Subsection 3.4). After investigation, 3D-
printing method, was selected as a feasible prototyping method to fabricate the I-shaped PVDF-
based MFC. Secondly, at this stage of the research, the plasma treatment device (RIEUSAS-RIE-
72109-NP1) suffered a malfunction and due to unavailability of any other plasma treatment device,
a commercial hydrophilic porous PDVF membrane with average pore size of 0.22 um (220 nm)
was purchased. This material was chosen because it showed the closest resemblance to the PVDF
nanofibers achieved out of the research objective 2. PVDF-based dynamic state MFC was tested
with the same fuel concentration and cathode catalyst that were used in previous fuel cell studies

that used paper-based and PVDF-based fuel cells but in static state.
Therefore, the overall objective of this research was successfully achieved.

7.3 Limitations and Future Works

In the following subsection, the limitations and obstacles of this research are briefly discussed

and recommendations for future work are proposed:
7.3.1 Plasma Surface Treatment of PVDF Nanofibers

The required plasma power reported previously in the literature (see [99]) to enhance
hydrophilicity of PVDF nanofibers was 360 W for 120 seconds. Although the plasma device used
in this research (RIEUSAS-RIE-72109-NP1) had a nominal output power of 600 W, due to
technical issues, the maximum power that could be used was 50 W. Therefore, the treatment time
was increased to compensate for the low power output. Consequently, an investigation was
performed to find the minimum treatment time required to make PVDF nanofibers super
hydrophilic. This approach resulted in several issues: a) exposing nanofibers for an extended
period of time with low energy oxygen molecules gave the surface a brownish appearance that
may be considered an indicator for surface burning, b) this long exposure time may alter the desired

chemical properties of PVDF nanofibers.

For the future work, it is highly recommended that a reliable plasma treatment device be used
with the previously reported plasma treatment settings. Furthermore, an investigation into the
effect of plasma surface treatment on the biocompatibility and biodegradability of PVDF

nanofibers is suggested.
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7.3.2 PVDF-Based MFC Microfabrication by Using UV-lithography Technique

Microfabrication by UV-lithography technique for PVDF nanofibers-based MFC was carefully
discussed and illustrated in Appendix B. However, microfabrication was not employed in this
research due to reasons discussed below:

e Assembly and alignment of micro-fabricated three layers are challenging and time consuming

e After assembly of the micro-fabricated layers, changing the channel substrate or electrodes are

not achievable. Therefore, a new MFC system will need to be fabricated for each test.

e Cutting the PVDF substrate to form the micro-channel is not doable. Also, electrospinning the

PVDF directly on the channel substrate is not doable due to non-conductivity of SUEX.

e PVDF-based MFC induced by capillary flow has not been tested before and Micro-fabrication

method is not a suitable method for prototyping.

For the future work, since PVDF showed a favorable performance as a channel substrate in
MFC system, it is recommended that PVDF-based MFC will be fabricated by microfabrication
technique and will be tested as it is known that reducing the MFC size can increase the fuel
efficiency. Furthermore, microfabrication technique has a higher design accuracy in comparison

with 3D printing method of prototyping and thus may lead to more reliable electrochemical output.
7.3.3 Effect of Aligned/Non-aligned PVDF Nanofibers in MFC Systems

To the best of my knowledge, the effect of nanofibers alignment on the capillary action and
electrochemical output (current and power densities) have not yet been investigated.

One may suggest conducting a computer simulation to study the effect of nanofibers alignment
on the capillary flow action and the resulting MFC electrochemical output. However, the
nanofibers consist of billions of pores in nanoscale and simulation of such a complicated system
will need to be verified with results from identical MFC experiments.

In this research, one initial research idea was to experimentally test the effect of nanofiber
alignment on capillary flow action and electrochemical output. However, due to plasma treatment
device malfunction, and unavailability of any other plasma treatment device in the institution, there

was no chance to test this research idea.
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For the future work, it is recommended that one aligned PVDF nanofibers substrate and one
non-aligned PVDF nanofibers with the same electrospinning parameters and the same plasma
treatment parameters will be fabricated to test the effect of alignment on capillary flow action.
Furthermore, both the aligned/non-aligned substrates may be tested in the same MFC to investigate

the effect of PVDF nanofibers alignment on electrochemical output.
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APPENDIX A: CAD DRAWINGS
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Figure A- 1: PVDF-based MFC: main body drawing (Scale: 1:1, unit: mm).
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Figure A- 2: PVDF-based MFC: channel holder drawing (Scale: 1:1, unit: mm).
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APPENDIX B: MFC MICROFABRICATION METHOD

The structure of the system is considered as six layers, as shown in Figure B.1, during

fabrication.

6. Absorbent pad:

Whatman CF4
5. Third Layer: PDMS

4. Electrodes:
Catalysts coated
on carbon papers

3. Second Layer:
SU-8

1. First Layer:

2. Substrate: Channel substrate holder

PVDF Nano-fibers

Figure B- 1: From bottom to top: 1. first layer to define microchannel holder, 2. PVDF
nanofibers, 3. second layer to define electrode holders, 4. electrodes, 5. third layer to define
absorbent and reservoir areas, and 6. absorbent pad.

The fabrication methods in this section are derived from “EE 817 - Microfabrication by X-Ray
Lithography” course material offered by Dr. Sven Achenbach at University of Saskatchewan in

Fall 2018. In case other sources are used, they are cited within the text.

B.1  First Mask: The Channel Holder

Schematic of the first mask before patterning is demonstrated in Figure B.2.
Photomask fabrication steps are discussed as follows:
Step 1. Patterning by Laser UV-writer

The channel pattern is provided by CAD (see Figure B.3). Two alignment holes are also
included to the pattern for a precise and accurate alignment. In the pattern, there are a few densely
written areas. To make the process faster, the Vector Scan strategy is selected for the writer.
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Step 2. Post Exposure Bake (PEB)

Figure B- 2: Schematic of the pre-made first mask before patterning; substrate (transparent
layer): Borosilicate Glass, absorber layer (black layer): Chromium, photo resist coating (yellow
layer).
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Figure B- 3: Laser UV-writer pattern provided by CAD. The alignment holes are added for
further alignments of the masks and layers.

Polymerization of the exposed area is activated by post-bake. In order to avoid stress and
cracking, two step contact process with hot plate will be done. Also, rapid cooling of the resist will

be avoided. After PEB, the pattern appears on the resist (see Figure B.4)
Step 3. Resist Development

After post-baking, the mask is immersed in the appropriate developer and then the unexposed
areas are washed away by rinsing in isopropyl alcohol. Only the area covering the Cr surface is

the polymerized resist (See Figure B.5).
Step 4. Inspection and Plasma De-scum

Before taking any further steps, a careful inspection is performed to check for any faults such

as: lifted resist, over or under development, contamination and any other damages that can affect
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the pattern quality. If everything is acceptable, a light oxygen plasma de-scum etch can be done to

clean out any remaining resist on the Cr surface.

Step 5. Wet Chemical Etch of Cr

\
y

<

Figure B- 4: Pattern appearance after PEB.

Figure B- 5: Mask after resist development; the only areas covering the Cr surface are the
polymerized resist.

The Cr surface area that is not covered by the developed resist can be etched by Ceric
ammonium nitrate-based etchant with the rate of 40 °A/sec at room temperature (source:
sigmaaldrich.com). The etchant does not affect the resist. Therefore, after etching, the area covered

by resist is retained. The mask after wet chemical etching is demonstrated in Figure B.6.
Step 6. Resist Stripping

In order to avoid polymer-polymer contact and high friction during alignment of the mask with
the work piece, resist is supposed to be removed. It is done by resist remover PG (Manufactured
by MircoChem). It swells and lifts off the cross-linked resist. The resist stripping consists of four
steps: first bath to remove the bulky parts of the resist, second bath removes any material remaining
on the Cr surface, third bath by Isopropyl alcohol and the last step is rinsing with dilute water and

drying. The mask after resist stripping is shown in
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Figure B.7
Step 7. Final Inspection

In this step a careful inspection by microscope is done to check for any fault or damage to the
pattern quality, Cr absorbers and sidewalls. It is needless to mention that after fabrication; the mask

should be preserved in a mask holder to avoid any scratch or contamination.

Figure B- 6: Mask after wet chemical etch of Cr surface.

Figure B- 7: Mask after resist stripping.
B.2  Second Mask: The Electrodes Holder

The fabrication process of the second mask is the same as the First mask. The schematic of the

second mask after fabrication is shown in Figure B.8.

<>

Figure B- 8: The second mask after fabrication.
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B.3  Device Fabrication

Fabrication of the device is consisted of six steps:

Fabrication of the channel by the first mask

Fabrication of electrodes holder by the second mask

Fabrication of the third layer by PDMS master mold made by SUEX
Fabrication of the channel substrate

Fabrication of the electrodes

Assembly of the layers

B.4  Fabrication of the Channel by the First Mask
Substrate: Silicon Wafer (Diameter: 100mm, Thickness: 500um)

Resist: SUEX (Thickness: about 107um rather than required 100um because during PEB, about
7.5% of the resist will shrink)

SUEX is considered as the negative tone resist to fabricate the first layer. Maximum sensitivity
of SUEX is at /= 350...400nm. Therefore, UV lithography is chosen as the fabrication method.

Resist and substrate adhesion improvement: HMDS
Exposure source: Mercury vapor lamp with 2=365nm (i-line)

Exposure approach: Preferably Imaging Projection. In case of limited facility and budget,
proximity printing can be selected as well (resolution limitation to 2um-4um because of Fresnel

Diffraction is acceptable) Fabrication Steps:

The SUEX laminated substrate is shown in Figure B.9.

Figure B- 9: The SUEX laminated substrate.
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Step 1. Pre-bake
Using hot plate: 5 minutes on 65°C and 10 to 20 minutes on 95°C.
Step 2. Exposure

Required exposure energy: 215-240 mJ/cm?. SUEX is very sensitive (high absorbance) to
wavelengths below 350nm leading it to over exposure on top area of the resist and obtaining T-
topping after development. To have the best result, a photolithography mask aligner filter (PL360-
LP manufactured by OMEGA Optical) can be used to cut off the excessive energy of spectrum
(wavelength below /=365nm). However, this filter increases the exposure time for 40% (see Figure
B.10)

Figure B- 10: Photolithography exposure of first layer using the first mask.
Step 3. PEB

To start the cross-linking process leading to polymerization of the exposed areas. In order to
reduce the stress (because of shrinking of SUEX during crosslinking) two-step PEB is
recommended and sudden cooling down is avoided. 2-5minutes on 65°C hotplate and 8-10 minutes
on 95°C hotplate.

After the PEB step, instead of taking the usual fabrication steps (development of the resist,
rinsing and drying), in order to fabricate the second layer on this layer, without development of

the resist, the second layer (electrodes holder) can be fabricated on this layer (see Figure B.11).
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Figure B- 11: Pattern appearance after PEB.
B.5  Fabrication of the Electrode Holders by the Second Mask

The exposure source, exposure approach is the same as the first layer fabrication. SU-8 resist
will be used as resist. The resist thickness is about 210um rather than the required 190um because

during PEB, about 7.5% of the resist will shrink.
Fabrication Steps:
Step 1. Inspection of the surface

If the surface is too rough to spin coat the new SU-8, a surface treatment can be done to achieve

a smooth surface.
Step 2. Spin coating of the SU-8 2075
The same process as first layer. The only difference is the second spin speed: 1250rpm
(rather than 2100rpm because of thicker layer requirement)
Step 3. Pre-bake
Using hot plate: 7 minutes on 65°C and 30 to 45 minutes on 95°C.
Step 4. Exposure

The condition of exposure is the same as first layer exposure step. Required exposure energy:
260-350 mJ/cm? (rather than 215-240 mJ/cm? because of thicker layer). See Figure B.12.
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Figure B- 12: Second exposure on the first layer by the second mask.

Step 5. PEB

For 5minutes on 65°C hotplate and 12-15 minutes on 95°C hotplate.
Step 6. Development

Immersion into the SU-8 developer for 15-17 minutes.

Step 7. Rinse and Dry

Rinsing with fresh developer and then isopropyl alcohol. If white film is produced during
washing with the alcohol (indication of underdevelopment), repeating the development step is

required. The schematic of the system is shown Figure B.13.

Figure B- 13: Schematic of the system after development and rinsing of the resist.

B.6 Fabrication of the Third Layer by PDMS Master Mold Made by SUEX
The last layer is made of PDMS and its thickness is 482um. The schematic of the desired layer

is shown in Figure B.14.
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Figure B- 14: Schematic of the third layer.

For fabrication of this layer, several alternatives can be considered: Cr Photomask, Electron

Beam Writer/Laser UV writer, Laser Micromachining, and PDMS master molding [108]

Since the dimensions of the circular and square shapes in the schematic is not in micron scale
(5mm), and also achieving a very high quality and accurate pattern transfer (better than 8um [108])
IS not necessary, in order to reduce the time and cost of the fabrication, the first three approaches
(Photomask, Electron Beam Writer/laser UV writer and Laser Micromachining) approaches are
not considered. Therefore, the molding approach can be used to fabricate this layer. The pattern is
designed by the CAD and can be printed by photo plotter with the quality of 20 000 dots per inch
(resolution about 8um). This transparency can be used as a photomask in UV lithography by SUEX

as resist in order to make the master mold for PDMS.
Step 1. Using SUEX laminated resist (500um)
Step 2. Alignment and UV exposure of the transparency made by photo plotter.
Step 3. Resist development

Step 4. Treatment of the mold surface to prevent bonding SUEX to PDMS during the molding

procedure.
Step 5. Preparing the PDMS pre-polymer mixture and pouring into the mold (1000um).
Step 6. Curing PDMS at 70°C for 1 hour and peeling it off from the mold.

The summary of the method is shown in Figure B.15.
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Step 1. Step 2. Step 3

Gluing PMMA resist foil on Si wafer Exposure PMMA development and rinsing

Step 6.
Curing the PDMS and pilling off from the mold

Step 4. and Step 5.

Treatment of the mold surface and
pouring the PDMS prepolymer mixture

Figure B- 15: PDMS layer fabrication steps using the molding method.

B.7  Fabrication of the Channel Substrate
The fabrication method is derived by the literature [16];

Step 1. Preparation of PVDF solution

Dissolving of PVDF powder in a mixture of Dimethylformamide (DMF) and Acetone and then

heating the solution to achieve a homogenous solution
Step 2. Electrospinning

Transfer of 10 mL of solution into a syringe. 12 kV of Direct Current is applied to the syringe
needle positioned 15 cm away from a rotating spindle covered by Aluminum foil. The PVDF

nanofibers are deposited on the spindle.
Step 3. Surface Treatment of the fibers

The fibers have a super hydrophobic behavior (contact angle of 162°). In order to make the
surface hydrophilic to be used as channel substrate, an oxygen plasma treatment will used to make

the surface super hydrophilic (contact angle 10°).

Step 4. Cutting the fibers
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For cutting the fibers as per the desired dimensions (Imm x 15mm), a laser micromachining —

ablation machine can be used to mechanically cut the fibers.

Step 5. Investigation and installment

After careful investigation of the fibers by a microscope, fibers can be installed on the channel.
For fixing the fibers onto the channel, a compatible glue (as bonding between fibers to SU-8) can

be used. The device after PVDF fibers installment is shown in Figure B.16.

Figure B- 16: PVDF fibers installment on the channel.

B.8  Fabrication of the Electrodes

The carbon papers can be cut by CO2 laser cutter [97]. After applying the desired catalysts (by
spraying, printing or other methods related to the type of catalysts), the electrodes can be installed
on their respective locations by gluing. The devices after electrodes installment is shown in Figure

=

B.17.

<>

Figure B- 17: Electrodes installment on the layer.

B.9  Assembly of the Layers
The schematic of the system after alignment of the PDMS layer on the device is shown in Figure

B.18.
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Figure B- 18: Final schematic of the MFC system.
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APPENDIX C: IMAGE PROCESSING USING IMAGEJ SOFTWARE

C.1 Contact Angle Approximation
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Figure C- 1: Contact angle approximation after 12 minutes of plasma treatment.
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Figure C- 2: Contact angle approximation for underneath of the PMMA cover after.
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APPENDIX D: EQUATIONS AND CALCULATIONS
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