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Abstract

Micro fuel cells have received considerable attention over the past decade due to their
high efficiency, large energy density, rapid refuelling capability and their inherent non-
polluting aspect. An air breathing abiotically catalyzed single compartment micro direct
glucose fuel cell (SC-uDGFC) has been developed using microfabrication technologies.
The single compartment of the fuel cell was shared by the anode and cathode that had
an interdigitating comb electrodes configuration. The SC-uDGFC compartment was
formed of polydimethylsiloxane (PDMS) which exhibits high permeability to oxygen
and served as the membrane through which oxygen from ambient environment was
able to permeate to the cathode. To minimize the losses associated with fuel crossover,
two features were incorporated in the fuel cell: (i) silver was used as the catalyst to
selectively reduce oxygen in the presence of glucose and (ii) cathodes were made 25-
45um higher than the anode to reduce access of oxygen to the anode with nickel or
platinum catalyst. For 1M glucose/2M KOH solution, an initial OCV of 120-160mV
was recorded, which gradually decreased with time and stabilized at 60-75mV. For a
fuel cell tested without PDMS membrane, maximum OCV of 135mV and power

density of 0.38uW/cm? was obtained.
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Chapter 1

Introduction

1.1 Overview

This chapter advocates the need for developing micro fuel cells, highlights the objective

of this thesis and outlines its contents.

1.2 Need for micro fuel céells

Manufacturers of portable electronic devices like mobile phones, personal digital
assistants, laptops and other portable communication and computing devices are
constantly upgrading their products by adding new functionalities. The addition of new
functionalities to portable devices along with the trend towards compact design and
extended periods of un-tethered operation has put more demand on power sources [1, 5].
The next generation of portable electronic devices require the power sources to have
higher energy density and longer operating time between recharges. Lithium-ion or
nickel metal hydride based rechargeable batteries have been sufficient in meeting the
demands for portable applications. However, in the future, rechargeable batteries will
not be adequate to meet the demands for power hungry portable applications. Micro fuel
cells, which have higher energy density (i.e., the energy produced per mass or volume of
the device) compared to rechargeable batteries (Figure 1.1) and operate for longer times
without refueling, represent a true alternative to rechargeable batteries for portable
applications [1]. Also, unlike batteries which require certain amount of time to recharge,

a micro fuel cell’s fuel reservoir can be instantly filled with more fuel to resume
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operation. Micro fuel cells are non-polluting technology and hold promise as “green

energy” source for portable applications.

Fuel Cells

MeOH/AIR
TzZn/AIR

5000 7]

4000

3000 THyAIR

Energy
R;I;:;;y 2000 Batteries
1 Li/C-Co0,
1000 TNi/MH
500 [Pb acid
Ni/Cd

0 -+

Figure 1.1 Theoretical energy densities. Reproduced from [1].

Micro fuel cells have received considerable attention over the past decade [2].
The publications on micro fuel cells have reported various designs and performance
numbers. In addition to academic research labs, companies like Ultracell, Casio, Seiko,
Canon, Hitachi, Samsung, Motorola, Fujitsu, Intel and Toshiba are also conducting
research in micro fuel cell technology [5]. Generally, micro fuel cells reported in
publications have power densities which range from few tenths of uW/cm? up to several
hundreds of mW/cm? [4]. The miniaturization of fuel cell has been made possible by the
advancements made in the field of microfabrication [8]. Despite considerable research in
micro fuel cells, widespread commercial applications are still several years away [9].
Significant innovations are still required in micro fuel cell technology, particularly at the
system level where peripherals integration should be addressed to make micro fuel cells
cost effective replacements of batteries [10].

1.3 Thesisobjective

The objective of this work was to develop a passive air breathing abiotically catalyzed
micro direct glucose fuel cell (uDGFC) using microfabrication technologies. This work
presents the design, fabrication and operation of the uDGFC. The uDGFC features a
single compartment to host both anode and cathode, and an oxygen permeable
membrane. The single compartment design reduces the demands of hybrid integration
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needed in more conventional micro fuel cells. The fabricated fuel cells are unique in

design and the results obtained are used to evaluate their feasibility.

1.4 Thesisoutline

The main body of the thesis is divided into five chapters. Chapter 2 explains the basic
theory of fuel cells including the fundamental electrochemistry, components, types and
performance parameters. Chapter 3 is a literature review of current micro fuel cell
technologies. It discusses the common types of micro fuel cells and summarizes the
advancement made in their development. Chapter 4 and 5 are dedicated to the uDGFC
presented in this work. Chapter 4 presents the design and fabrication of the proposed
single compartment uDGFC. The key microfabrication techniques utilized in fabricating
the proposed fuel cell are explained in detail. Results related to the fabrication process
and electrical performance of the fuel cells are presented and discussed in Chapter 5.
Finally, conclusions are derived from the results and recommendations are made for

future work.






Chapter 2
Fuel Cell Theory

2.1 Overview

This chapter briefly explains the basic principal of a fuel cell, its typical assembly, types,
characteristics and performance parameters. Fuel cells are electrochemical devices
which directly convert chemical energy of a fuel into electrical energy. The invention of
fuel cell is credited to William Grove, who demonstrated the first fuel cell in 1839 [6].
Even though fuel cells have evident advantage of high efficiency, the research in fuel
cells took well over a century to mature to a level where practical applications were
possible. The slow development of fuel cell technology is attributed to the lack of
suitable materials for making cheap and high performance fuel cells and to the success
of competing technologies like the internal combustion engine. However, in the past
decades, development in material science and the need for clean and renewable energy
has driven the development of fuel cells. Successful prototypes and commercial fuel cell
systems have been fabricated for production of electricity and for portable applications
like propulsion of vehicles [11, 12].

2.2 Hydrogen fuel cells—basic principle

The basic operation of a fuel cell is very simple. An experiment along the lines of one
conducted by William Grove in 1839 is shown in Figure 2.1 [6]. In the experiment,
water is first electrolysed into hydrogen and oxygen by a power supply. When the power
supply is replaced by an ammeter, a small current is observed, which is depicted by

arrows in Figure 2.1 as the flow of electrons from the anode (-) to the cathode (+).
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Electric current, along with heat and water, is the by product of re-combination of
hydrogen and oxygen. In other words, it may be stated that hydrogen fuel is “burnt” to

produce electricity in the reaction:

2H,+ 0, — 2H,0 (21)

Dilute
acid
alactrolyte

Platinurm R

alactrodas =
€Y (b)

Figure2.1 (a) The electrolysis of water into hydrogen and oxygen. (b) The combination
of hydrogen and oxygen to produce electric current. Reproduced from [6].

To understand the flow of current and the source of electrons, the reaction at the
anode and cathode has to be examined. At the anode of an acid electrolyte fuel cell, the

hydrogen gas ionizes, creating H* ions (or protons), and releasing electrons and energy.

2H, — AH"+4e (2.2)

At the cathode, oxygen reacts with electrons taken from the electrode and H+
ions from the electrolyte to form water.

0, +4e +4H" — 2H,0 (2.3)

For both reactions to proceed continuously, the electrons from the anode must
reach the cathode via an external electric circuit (load). The H* ions reach the cathode
through the electrolyte. The electrolyte can be any medium that can support the
movement of free H* ions or protons. An acid, which has free H* ions, was the natural
choice of electrolyte in the early development of fuel cells. Certain solid polymers can

be tailored to support mobile H* ions (or protons). The flow of electrons through the
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external circuit and transport of protons through the electrolyte are explained in Figure
2.2.

Hydrogen fuel

Y

H" i through electrolyt o i
ions through electrolyte e.g. electric

motor

T
Cathode 042 + 4e o+ 4H* —»  2H,0 |
L}
L

) Electrons flow around
Oxygen, usually from the air the external circuit

Figure2.2 Electrode reaction and charge flow for an acid electrolyte fuel cell.
Reproduced from [6].

In an alkaline electrolyte fuel cell the overall reaction is the same as for acid
electrolyte fuel cells, but the reactions at each electrode is different. In an alkali the
hydroxyl (OH") ions are available and mobile. Equation 2.4 and 2.5 present the reactions
at the anode and cathode respectively:

2H,+ 40H — 4H,0 + 4e’ (2.4)

O, + 46"+ 2H,0 — 40H (2.5)

H+ o
ELECTROLYTE  H+

Figure2.3 The protons from electrolyte (liquid), the electrons from the electrode (solid)

and oxygen (gas) combine at the three phase contact area to form water.

If we consider Eq.2.4, the fuel (H,) and the hydroxyl ion should “come together”
on the surface of the electrode, so that the electrons produced can be transferred to the
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external circuit. This reaction involving fuel or oxygen (usually gas), electrolyte (usually
liquid) and the electrode (solid) is referred to as the three phase contact. The bringing
together of the electrons, the ions and fuel or oxygen is a very critical issue in fuel cell

design. Three phase contact area is illustrated for Eq. 2.3 in Figure 2.3.

2.3 Typical design of afuel cell

The setup in Figure 2.1 serves well to explain the basic principal of fuel cells; however
such a design is not suitable for practical purposes since very small current is generated.
The main reasons for small current are:

" small three phase contact area, which in case of Figure 2.1 is only a ring

where the electrode emerges out of the electrolyte.

. large distance between the electrodes; the electrolyte resists the flow of

ions and thus of the current [6].

These problems can be overcome by making the electrodes flat and using a thin
layer of electrolyte between them (Figure 2.4). The electrolyte, besides conducting ions
between anode and cathode, also serves as a gas separator and electronic insulator. To
improve the three phase contact, the structure of the electrode is made porous so that
both the electrolyte from one side and the gas from the other can penetrate it. The
surface area of electrodes is very critical for fuel cells, since the reaction rates are
proportional to the electrode’s surface area. Modern fuel cells electrodes have
microstructures that gives them surface area that can be hundred to thousand times their
straight forward geometrical area (length x width). In addition to micro structured
surface, fuel cell electrodes usually have to incorporate suitable catalyst to increase the

reaction rate.

Electrolyte Edge-sealing gasket

Edge-sealing gasket

Anode

Figure 2.4 Construction of cathode/electrolyte/anode assembly with edge seals.

Reproduced from [6].
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When drawing a useful current, the voltage of a fuel cell is quite small, about 0.7
V [6]. To produce useful voltage a collection of fuel cells are connected in series. This
collection of fuel cells connected in series is known as the fuel cell stack. The most
obvious way to achieve this is to connect the edge of each anode to the cathode of the
next, all along the line, as shown in Figure 2.5. The disadvantage of this approach is that
electrons have to flow across the face of the electrode to reach the current collector at the
edge. The electrodes might be good conductors of electricity but since voltage for each
cell is low (ca. 0.7 V), even small drop in voltage is important. For efficient current
collection, bipolar plate is used (Figure 2.6). Bipolar plate makes connections all over
the surface of the cathode and the anode of the next cell (hence named bipolar) and at
the same time, serves as a means of feeding oxygen to the cathode and fuel gas to the
anode (Figure 2.7). The bipolar plates are made of good conductors like graphite,
stainless steel or mouldable graphite-polymer composite material [12] and have channels
cut in them so that the gases can flow over the face of the electrodes, hence they are also
called flow plates. The channels in the flow plate are designed to ensure even

distribution of reactants across the electrode.

fed to
each
cathode

Hydrogen
fed to each
anode

Cathode Electrolyte Anode For reactions in this part,
the electrons have to pass all
along the face of the electrode

Figure 2.5 Simple edge connection of three cells in series. Reproduced from [6].
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Cathode —— Hydrogen fed along
these channels

Megative
connection

| Air or cxygen
| —=" fed to cathode
Positive /
connaction

@) (b)
Figure 2.6 (a) Two bipolar plates of very simple design. (b) Single fuel cell with end plates for collecting
current all over the face of the electrodes and to supply gas to the whole electrode.

Reproduced from [6].

Figure2.7 Schematic, simplified overview of a fuel cell stack. Reproduced from [12].

The fuel cell stack is the core of a fuel cell power system. However, additional
subsystems are also needed to operate the fuel cell stack in a practical application.
These additional components are often called the balance of plant (BOP) [6]. The extra
components required depend on the size and type of the fuel cell, and also on the type of
fuel used. The BOP specifically addresses supply and control of the reactants (air and
fuel) and removal of the by-products (heat and water). Sensors to monitor and control
the flow of reactants, the removal of by-products, temperature, and pressure are
necessary components of a BOP. Pumps, blowers and/or compressors usually make up
the delivery systems for circulating the reactants. Major components of the thermal
management subsystem include the heat exchanger, cooling plates, and pumps and

controllers for coolant flow. Water management is addressed by using components like
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reservoirs, accumulators, humidifiers, condensers and pumps. The direct current (DC)
output of a fuel cell usually does not meet the demands of an electrical load. Thus, some
kind of power conditioning is required. This is accomplished by components like

amplifiers, voltage regulators, DC-DC convertors or DC-AC convertors.

2.4 Typesof fuel cells

Conventional fuel cells are usually classified by the electrolyte employed in the cell. An
exception to this classification is the Direct Methanol Fuel Cell (DMFC), in which
methanol is directly feed to the anode. The electrolyte of this cell is not determining for
its class. A second grouping can be done by looking at the operating temperature for
each of the fuel cells. There are, thus, low-temperature and high-temperature fuel cells.
Low-temperature fuel cells are the Alkaline Fuel Cell (AFC), the Polymer Electrolyte or
Proton Exchange Membrane Fuel Cell (PEMFC), the Direct Methanol Fuel Cell
(DMFC) and the Phosphoric Acid Fuel Cell (PAFC). The high-temperature fuel cells
operate at temperatures approx. 600 - 1000 °C and two different types have been
developed, the Molten Carbonate Fuel Cell (MCFC) and the Solid Oxide Fuel Cell
(SOFC). In addition to the major fuel cells presented in Table 2.1, another class of fuel
cell, Biological Fuel Cell (biofuel cell), has gained much attention in recent years [13].
Biofuel cell normally use organic fuel such as ethanol or glucose and employ biocatalyst
to promote reactions. All major types of fuel cells are briefly discussed in this section.

2.4.1 Alkalinefuel cells

AFC was one of the first fuel cells to be used in space. It was used for Apollo mission
and the Space Shuttle program. The electrolyte of the AFC consists of liquid potassium
hydroxide (KOH) usually in concentrations of 30-45 wt.%. KOH electrolyte has an
advantage over acid fuel cells, which is that the oxygen reduction kinetics are much
faster in alkaline electrolyte than in acid making the AFC a very attractive system for
specific applications [11]. The AFC exhibits the highest electrical efficiencies of all fuel
cells but it works properly with only very pure gases, which is considered a major
constraint for most applications. AFCs are normally operated at temperatures below
100°C. AFC electrodes used to be Ni based catalysts sometimes activated with Pt.
Carbon supported platinum nanoparticles (Pt/C) based gas diffusion electrodes are now

generally used for both the anode and cathode. These days advance catalysts like Pt-Co
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or Pt-Pd are also being suggested [11].Three types of AFC designs exist: static
electrolyte AFC, mobile electrolyte AFC and dissolved fuel AFC. In static electrolyte
AFC, the KOH is held in a matrix material between the electrodes of each stack [6]. In
mobile electrolyte AFC, KOH is circulated between the electrodes. The main advantage
of mobile electrolyte over static electrolyte is that it can be replaced from time to time.
This is necessary because the carbon dioxide in the air will react with KOH to form
potassium carbonate. The formation of carbonate will destroy the electrolyte as the OH"
ions are replaced by COjs ions. Thus, pure oxygen at the cathode is almost obligatory
for matrix-held electrolytes. In dissolved fuel AFC, the KOH electrolyte solution is
mixed with the fuel such as hydrazine or ammonia. The fuel is fully in contact with both

the anode and cathode. Dissolved fuel AFC is more suitable for low power applications

[6].

Table 2.1 Data for major types of fuel cells [11].

Charge Operating
Fuel Cdl Type Fuel Electrolyte carrierin Anogie Cathqde Temp.
the Reaction Reaction o
)
Electrolyte
Immobilized or
. mobilized . H,+ 20H — %0, + H,0 + 2¢
Alkaline (AFC) Hydrogen potassium OH 2H,0 + 26 20l <100
hydroxide
Proton Exchange . . + .
Membrane Hydrogen ProtonO?orr:]cllictmg H* H, — 2H" + 2¢” /202:2; O+ 2 60 - 120
(PEMFC) poly 2
- . CH30H + H,0 + )
Direct Methanol Proton conducting + + 3/20,+ 6H™ + 6e
(DMFC) Methanol polymer H — Coez3 e+_ 6H" + . 3H,0 60 - 120
Phosphoric Acid Immobilized liquid + + . %0, + 2H + 2 i
(PAFC) Hydrogen phosphoric acid H H,— 2H" + 2e 1,0 160 - 220
Immobilized liquid 2.
Molten . H, + CO;" — N §
Carbonate Reformed molten_mlxture of CO22 H,0 + CO, + L0, + C022_+ 2e 600 - 800
hydrocarbons alkaline metal . —CO3
(MCFC) 2e
carbonates
. . Hydrogen / Oxygen ion 2-
Solid Oxide ; . 2 H,+ 07— . _ )
(SOFC) reformed conducting ceramic (0] H,0 + 26 50, + 28" — O, 500 - 1000

hydrocarbons

(stabilized zirconia)
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2.4.2 Proton exchange membrane fuel cells

PEM fuel cells use a proton exchange membrane (PEM) as an electrolyte. They are low-
temperature fuel cells, generally operating between 85+105°C.Cold start, below 0°C, is
possible [12]. PEM is an ion conducting polymer and the mobile ion in the polymer is
H+ ion (protons). The different companies producing polymer electrolyte membranes
have their own special tricks, mostly proprietary. However, a common theme is the use
of sulphonated fluoropolymers, usually fluoroethylene [6]. Membranes in PEM fuel cells
are generally water filled to keep the conductivity high. A dried out membrane
possesses a lower conductivity as proton transport through a wet membrane is similar to
that of an aqueous solution. Since PEM has to be kept well humidified, water
management is one of the major issues in PEM technology. Electrodes for PEM fuel
cells are generally porous gas diffusion electrodes to ensure the supply of the reactant
gases to the active zones where the noble metal catalyst (usually Pt) is in contact with
the ionic and electronic conductor. Pt dispersed on carbon or other small Pt particles
(such as colloids) usually form the cathode or anode. CO is one of the major poisons in
low temperature fuel cells [11]. In PEMFC CO poisoning occurs due to adsorption of the
species to the active sites of the Pt catalysts so that no sites are available for reaction
with H,. CO-tolerant anodes, which usually contain Pt-Ru alloys, have been used and

investigated.

2.4.3 Direct methanol fuel cells

DMFCs are similar to PEMFCs. They use proton exchange membrane (PEM), as the
electrolyte and operate at similar temperatures. In a DMFC, methanol is directly fed into
the fuel cell without the intermediate step of reforming the alcohol into hydrogen. The
power density of the DMFC is considerably lower than that of the PEMFC [12]. This is
because in DMFC, the fuel anode reactions proceed slowly than with hydrogen when Pt
is used as anode catalyst. The oxidation of hydrogen occurs readily compared to the
oxidation of methanol, which is a much more complex reaction, and proceeds much
more slowly. Bimetals and higher catalyst loading has been found to improve the
performance of DMFC. Pt/Ru alloys are the most widely used anode catalyst for DMFC
[6, 11]. For oxygen reduction, like in PEMFC, Pt is used as the catalyst. DMFC
performance is also affected by the methanol crossover. PEM in DMFC readily absorb
methanol, which mixes well with water, and so quickly reaches the cathode. At the



14 Fuel Cell Theory

cathode, methanol causes a mixed potential due to the interference of methanol
oxidation with the oxygen reduction reaction.

2.4.4 Phosphoric acid fuel cells

In PAFC, the electrolyte is an inorganic acid; concentrated phosphoric acid (nearly
100%) which, like the membranes in the PEM cells, will conduct protons. As with the
PEM fuel cells, Pt or Pt alloys are used as the catalyst at both electrodes. The advantages
of the PAFC are its simple construction, its stability thermally, chemically, and
electrochemically, and the low volatility of the electrolyte at operating temperatures
(150-200°C) [6,11]. These factors probably assisted the earlier deployment of PAFC into
commercial systems compared to the other fuel cell types. Pure 100 % phosphoric acid
has a freezing point of 42°C. To avoid stresses caused by freezing and/ or thawing,
PAFCs are always kept at a higher temperature once they are commissioned. Due to
their higher operating temperature, they are less sensitive to CO impurities in the fuel

and water management is less of an issue [6].

2.4.5 Molten carbonate fuel cells

An interesting feature of MCFC is that it requires CO; in the air to work. The electrolyte
of the MCFC is a molten mixture of alkali metal carbonates which is retained in a
ceramic matrix of LiAlO,. The electrolyte is usually a binary mixture of lithium and
potassium, or lithium and sodium carbonates, which at high operating temperatures
(typically 600-700°C) is highly conductive, with carbonate COs> ions providing the
ionic conduction. High operating temperature of MCFC allows the use of non-noble
catalysts along with direct internal processing of fuels such as natural gas. Ni was used
as the catalyst for anode during the early development of MCFC. However, Ni was
found to be unstable under MCFC operating conditions and has been replaced by Ni-Al
or Ni-Cr alloy [11]. Cathodes for MCFCs are usually NiO made by an anodic oxidation
of a Ni sinter or by an in-situ oxidation of Ni metal during the cell start-up time. NiO
cathodes are active enough for oxygen reduction at high temperatures so that a Pt based

metal is not necessary.

2.4.6 Solid oxide fuel cells
The SOFC is a complete solid-state device that uses an oxide ion-conducting ceramic
material as the electrolyte and operates in the temperature range of 500 to 1000°C.



Fuel Cell Theory 15

SOFC is simple as compared to other fuel cells since it is a two phases (gas and solid)
system and has no problem with water management, flooding of the catalysts layer or
slow oxygen reduction kinetics [6, 11]. As with the MCFC, the high operating
temperature translates into non-noble catalysts, direct internal hydrocarbon fuel
processing and high quality waste heat that can be utilized in combined-cycle power
plants. Zirconia doped with yttria (yttria-stabilised zirconia (YSZ)) is the most effective
electrolyte for the high-temperature SOFC, although several others have been
investigated including Bi,O3, CeO,, and Ta, Os [6]. The anode of state of the art SOFCs
is a cermet made of metallic nickel and a YSZ skeleton. The anode has a high porosity
(20-40%) so that mass transport of reactant and product gases is not inhibited. Similar to
the anode, the cathode is a porous structure that must allow rapid mass transport of
reactant and product gases. Strontium-doped lanthanum manganite (LapgsSro.16)MnQO3, a

p-type semiconductor, is most commonly used for the cathode material [6].

2.4.7 Biological fuel cells

Biological fuel cells (biofuel cells) are defined as those fuel cells which employ
biocatalysts like enzymes or microorganism instead of metallic inorganic catalysts [13,
14]. Biofuel cells normally use organic fuel, such as glucose, ethanol or even larger
molecules like soluble starches, and tend to operate under mild conditions; 20-40°C and
near neutral pH [13]. Fuel cells which use biological fuel but have inorganic catalysts
are not defined as biofuel cells. Biofuel cells are categorized according to the source of
the biocatalysts into two main types: enzymatic and microbial biofuel cell. Enzymatic
biofuel cells use enzyme for catalysis. A major benefit of using enzymes is that each
individual enzyme is tailored for specific reaction catalysis. A major benefit of the
specificity of enzyme catalysis is that fuel and oxidant can be mixed together, and anode
and cathode can be housed in a single compartment without the need for a membrane.
This simplifies the fuel cell design and eliminates fuel crossover. Microbial fuel cells
use whole living microorganisms for catalysis. Microbial fuel cells can work with a
variety of biofuel feeds, are resistant to poisoning, and are usually capable of oxidizing
the fuel completely to carbon dioxide and water [13, 14].

Current biofuel cells lag behind conventional fuel cells in terms of current
densities and voltage [13]. At present they are only suitable for low power applications.
A disadvantage of enzymatic biocatalysts is their limited lifetime, which is usually a few
days or in favorable cases a few weeks [13,15]. A critical factor in the design of biofuel
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cells is the inefficient conduction of electrons between the biocatalyst and the electrode
[15]. The electrons are either directly transferred between the reaction site on the
biocatalyst and the surface of the electrode, or a mediator molecules is used to relay the
electrons [13, 15].

2.5 Fud cdl characteristics
The electromotive force (EMF) or the reversible open circuit voltage (OCV) of a fuel

cell is given as:
S (2.6)

where Eq is the OCV, z is the number of electrons transferred for each molecule of fuel,
F is the Faraday constant, and Age° is the standard molar Gibbs free energy released
during the fuel cell reaction and is equal to the electrical work done. The negative sign is
due to the fact that Gibbs free energy is liberated. Gibbs free energy is dependent on the
reactant pressure, concentration and temperature.

The Nernst equation expresses the dependence of Gibbs free energy on reactant
pressure, concentration and temperature. The reversible Nernst voltage of hydrogen fuel

cell is given as:
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where Egrp is the OCV at standard temperature and pressure, R is the universal gas
constant, T is the actual temperature, and a; is the activity of the specie i. The activity is

defined as:
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where P is the partial pressure of the specie i and P° is the standard pressure, or 0.1
MPa. If we apply Equation 2.8 to Equation 2.7, and assume that the H,O vapours

produced behave as an ideal gas and the pressures are given in bar, we get:

1

P, P2

E, =Egp + ROy T 7o, (2.9)
2F | Pio

In an operational fuel cell, knowledge of the Nernst voltage requires knowledge
of partial pressures of all species involved in the reaction. In most fuel cell experiments
involving hydrocarbons, the partial pressures of the species are neither controlled nor
measured and operational fuel cell voltage are simply compared to the standard potential
[16].

Eq. 2.6 (and 2.9) gives the maximum theoretical value of fuel cell output voltage
since it assumes no irreversibilities (i.e. 100% efficiency). In practical fuel cells, when
the current is drawn, the operational voltage (Vc) will drop due to certain losses. By
considering the losses, the measured voltage of the fuel cell can be written as:

Vc: Eoc_EL_EacI_th -E

m trans

(2.10)

In this equation, Eq is the reversible OCV given by equation 2.6, E, is the loss in
voltage due to leaks across the electrolyte, E4 is the activation overpotential due to slow
electrode reactions, Eqm IS the overpotential due to ohmic resistance in the cell, and
Ewrans IS the overpotential due to mass transport limitations. The losses can be studied by
examining the polarization curve of the fuel cell since each loss is dominant at different
current stage (Figure 2.8).

In open circuit conditions when no current is drawn from the fuel cell, the
measured voltage should be equal to the Nernst voltage. However, due to leakages in the
electrolyte or poor sealing, the fuel will diffuse from the anode through the electrolyte to
the cathode. At the cathode, it will react directly with the oxygen due to the catalyst,
producing no current that flows through the external circuit. The leakage of oxygen to
the anode will cause similar effect. This is known as fuel crossover and this problem

becomes very significant for membraneless single compartment fuel cells. The
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electrolyte may also have partial electronic conductivity which causes internal currents

in the cell. The fuels cross over and internal currents define E;.
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Figure 2.8 Schematic fuel cell polarization (voltage vs. current density) and

power density curves. Reproduced from [16].

Activation overpotential (Ea) is associated with the activation energy required
to overcome the resistance to charge transfer. The resistance to charge transfer results in
slow reaction rate. A part of the voltage generated is lost in driving the chemical reaction
that transfers the electron to or from the electrode. Activation overpotential is dominant
at lower currents and is almost entirely due to sluggish oxygen reduction at the cathode
[6, 16]. Ea can be reduced by increasing the cell temperature, using more effective
catalysts, increasing active area of the electrodes, increasing the reactant concentration
and by increasing the pressure.

Ohmic overpotential (Eonm) is due to the resistance to flow of electrons through
the material of the electrodes, and the various interconnections, as well as the resistance
to the flow of ions through the electrolyte. Eqnmis proportional to the current density and
partly characterize the linear region in the I-V curve in Figure 2.8.

Mass transport (or concentration) overpotential (Egans) describes the losses
caused by the restrictions to the transport of the reactant gases to the reaction sites and
by the ineffective removal of by-products. Eqans is generally established by the rate of
reactants flowing to the electrolyte through the electrodes and the rate of the products
flowing away [16]. Mass transport losses become severe as current is increased because

as greater current is drawn, the reactant depletion zone or the by-product build-up will
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become greater [16]. In practical situation, this means that ineffective transport of the
reactants will limit the maximum current density that can be achieved by a fuel cell. In
free air breathing micro fuel cells, the transport losses could dominate and limit the fuel
cell performance [9,10].

From the above discussion, we can define the material requirements for the
components of a fuel cell. The electrolyte of the fuel should have (i) high ionic
conductivity, (ii) negligible electronic conductivity, (iii) chemical stability with
electrodes, (iv) impermeability to gases, and (v) sufficient mechanical stability so that its
thickness can be minimized and development of cracks and pores is avoided. The
demands on the fuel cell electrodes are also strict. The electrode should have (i)
sufficient porosity and high surface area, (ii) have good electronic and ionic conductivity

and (iii) good electrochemical activity to promote redox reactions.

2.6 Fuel cell performancefigures

Certain key figures are used to compare the fuel cells with each other and also, with
other power generators. For comparing fuel cell electrodes and electrolyte, current
density is the key figure [6]. Current density is defined as the current per unit area (of the
electrode) and it is usually given in mA/cm?. The figure of current density should be
given for a specific operating voltage.

The current density and the corresponding operating voltage can be multiplied to
give the power density. Power density, defined as power per unit area, is a key
performance figure for a fuel cell and is usually given in mW/cm?. Power density is
widely used in comparing miniature fuel cells. For the complete fuel cell system which
includes BOP, a key figure of merit is volumetric power density defined as power per
unit volume. Another metric used for complete fuel cells systems is specific power.
Specific power is defined as power per unit mass. To evaluate the specific power, the
mass of various components of the system like fuel cell stack, fuel(s) and BOP
components are considered. Another, important performance figure for fuel cells is the
efficiency. The ideal efficiency () of a fuel cell is given as:

Vv
=y Z*-100% (2.11)

ocv
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where p; is fuel utilization coefficient, which accounts for the fact that in practical
situations not all fuel that is fed to a fuel cell can be used. Some fuel has to pass through

un-reacted. ps is defined as:

_ mass_of _ fuel _reacted _in_cell

= 2.12
A= mass_of _fuel _input_to_cell (2.12)
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Chapter 3

Micro Fuel Cells

3.1 Overview

A variety of micro fuel cells have been implemented using different materials and a wide
range of MEMS technologies [2-5, 9, 10, 17]. PEMFC and DMFC have been
extensively investigated as the most viable candidates for portable applications [3,5, 10,
17]. In addition to PEMFC and DMFC, direct glucose fuel cells (DGFC) are also
considered for miniaturization. The key driver for miniaturization of DGFC is the fact
that glucose and oxygen are readily available body fluids. This makes implantable fuel
cells [18] an attractive possibility. In this chapter, a literature review of the recent
progress made in micro PEMFC, DMFC and DGFC is presented. Some alternate micro
fuel cell technologies are also briefly discussed. In practice, a micro fuel cell stack
cannot operate on its own. It requires BOP components to maintain its operation. The

requirements imposed by micro fuel cell system on its BOP are also discussed.

3.2 Scaling Effects

The theory discussed in Chapter 2 is valid for both macro and micro scale fuel cells.
However, there are certain physical effects which are unique to micro fuel cells due to
their micro scale dimensions [3, 19]. These effects can be explained by the scaling law.

For a scaling factor of S the surface area to volume ratio is given as:

2
surface area u is _gt (3.1)
volume S
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In case of miniaturization, S< 1 and S*> 1. From Equation 3.1, we can conclude that
the surface effects are more dominate for micro fuel cells. This translates into an
improvement in reaction conditions and cell performance [3].

Scaling law also helps in explaining the mass transport mechanism in micro fuel
cells. The flow phenomenon in micro fuel cells is different from macro fuel cells due to
the micro scale dimensions of the channels of flow plates (bipolar plates). The flow in
micro fuel cells can be defined with the help of two dimensionless numbers: Reynolds
number (Re) and Péclet number (Pe). Re gives a measure of the ratio of inertial forces to

viscous forces [20]. Re is given as [3]:

uD,

Re = HS (3.2)

where Dy, is the hydraulic diameter of the channel, U is the mean flow velocity and v is
the kinematic viscosity. For Equation 3.2, U and » are assumed to be constant. For
mircochannels, Reynolds number is typically low (Re < ~ 500), which means that the
flow in micro fuel cells is laminar due to the dominance of viscous forces over inertial
forces [20].

Pe estimates the relative importance of mass transfer by convection compared

with mass transfer by molecular diffusion [20]. Pe is given as:

Pe=—nuS (3.3)

where L is the characteristic length and D is the diffusion coefficient. U and D are
considered constant in Equation 3.3. Pe >> 1 indicates convection is responsible for
mass transfer, whereas Pe << 1 means that diffusion is the dominate transport
mechanism. The diffusion coefficient D of liquids is several orders of magnitude smaller
than those of gases. Thus, Péclet number is relatively large for liquid fuels (like
methanol for uDMFC) compared to gases (like H, for pPEMFC) flowing in the
mircochannel. Hence, in micro fuel cells such as uDMFC that utilizes liquid fuel,
convection is the dominate mode of mass transfer and this may prevent the diffusion of
fuel towards the PEM [3]. Relatively small Péclet number for H, flow in uPEMFC
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facilitates its diffusion to the PEM but may lead to insufficient removal of water vapours
formed at the cathode [3].

Pressure drop (Ap) in a microchannel increases with the decrease in channel
width and depth [21-23]. For constant flow rate:

DpuS™ (3.4)

where S < 1 for microchannels [2, 3]. A key reason for the pressure drop is the increased
fluid friction in smaller microchannels. Higher pressure drop means that more pumping
power is required to supply the reactants and remove the by-products [19]. However,
increased pressure drop will improve the diffusion of the reactants to the reaction sites
[2, 3]. Higher pressure drop will force the reactant to go directly into the diffusion layer,
leading to better reactant permeability.

Cha et al. [19] conducted both computational and experimental study of the
scaling effect of flow channels on the performance of WPEMFC. They varied the
dimensions (width, depth and spacing) of their square-shaped microchannels from 5-
500um. The 3D computational model predicted a continual improvement in the power
density and efficiency of the fuel cell as the channel dimension is reduced. The
performance improvement is attributed to (i) the increase in gas flow velocity with
reduction of channel dimensions (gas velocity ~ 1/channel dimension), (ii) reduction of
dead zones in the microchannels flow field, and (iii) deeper penetration of the convective
flow in the porous gas diffusion layer due to higher flow resistance in smaller channels
[19]. Experimental results of Cha et al. showed that the performance of the fuel cells
improved as the microchannels size decreases from 500um to 100um. The fuel cell
performance is at its peak for 100um size but contrary to the computational model,
performance decreases gradually with further decrease in channel size. The decrease in
the performance of UPEMFCs with smaller microchannels (<100um) is attributed to
condensation of water at the cathode. Sufficient condensation of water will cause water
flooding (or blocking) of cathode, which will limit the access of oxygen to reaction sites
at the cathode [24]. The computational model used by Cha et al. did not account for two
phase flow dynamics and thus could not predict the effect of water flooding on cell
performance. The work done by Cha et al. clearly indicates that the flow field geometry

has to be optimized for micro fuel cells in order to achieve optimum performance.
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3.3 Micro proton exchange membrane fuel cell

Micro proton exchange membrane fuel cells (WPEMFC), along with micro direct
methanol fuel cell (uUDMFC), have been widely studied since they are considered most
suitable for low temperature, low power portable applications [2-5,9,10]. The
miniaturization of PEMFC and other fuel cells has been made possible by MEMS
micromachining technologies [8]. The basic design and components of a typical

UPEMFC, shown in Figure 3.1, are similar to conventional macro fuel cells (Figure 2.6).

-
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Figure3.1 Basic components of a typical WPEMFC. Reproduced from [3].

Considerable research in uPEMFC has yielded a range of different designs using
a variety of different materials and microfabrication technologies [4]. In the following

subsections, different components of UPEMFC are explained.

3.3.1 Micro flow plates

MPEMFC flow plates are used to deliver fuel and oxidant to the reaction sites. The micro
flow plates are also meant to collect current and are either made of or are coated with a
conductive material. As discussed in Section 3.2, the design of microchannels of flow
plates is an important issue for micro fuel cells. Different designs of the flow field have
been reported in the literature and have been summarized by Nguyen et al. [3] in Figure
3.2. In general, serpentine and spiral designs show higher performance compared to
direct or parallel designs [3]. This may be due to better fuel distribution, better removal

of water, and/or better utilization of the active membrane area [3].

anode
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Figure3.2 Typical fuel delivery designs: (a) direct supply, (b) with distribution pillars, (c) parallel
microchannels, (d) serpentine microchannel, (e) parallel/serpentine microchannel, (f) spiral microchannel,
(9) interdigitated microchannel, (h) spiral/interdigitated microchannel.

Reproduced from [3].
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Figure3.3 Fabrication steps of flow plates: (a) bulk micromachining on a single substrate,

(b) micromachining of a composite substrate. Reproduced from [3].

Different materials have been used to fabricate the micro flow plates [4]. The
flow plate’s substrate is formed of a single material or a combination of materials, as
shown in Figure 3.3. Silicon (Si) has been a popular material choice for flow plates [10,
25-37] because of the well established Si based microfabrication technologies [8].
Another advantage of Si based micro fuel cells is that the fuel cell can be integrated with
other electronic devices on the same chip. Basic Si micromachining processes like
anisotropic wet etching, reactive ion etching (RIE) and deep reactive ion etching (DRIE)
can be used to fabricate microchannel structures in the Si substrate. Thin film deposition
technologies [8] like radio-frequency (RF) or magnetron sputtering, e-beam evaporation,
physical vapour deposition (PVD), chemical vapour deposition (CVD), and pulsed laser
deposition (PLD) are used to deposit current collector (Ag, Cu, Au or other metal) on
the microchannels. The microchannels in the flow plate and the current collector layer

are patterned using photolithography process [8].
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Figure3.4 Flow field formed in silicon substrate using deep reactive ion

etching (RIE) process. Reproduced from [2].

(@) (b)

Figure 3.5 (a) SEM image of a metal foil with micro channels of 150x150um? cross-sectional area. (b) 25

cell stack with micromachined metal flow fields.Reproduced from [39].

Silicon substrate is relatively fragile, which makes it difficult to compress the
fuel cell for tight seals and low contact resistance between flow plates and MEA. More
compressible materials like metal or alloy foils, polymers and printed circuit board
(PCB) have also been used for fabricating micro flow plates [4]. Stainless steel foils are
commercially available and can be micromachined by etching, laser machining and
punching [3, 38]. Muller et al. fabricated micro flow plates with stainless steel [39].They
demonstrated a 25 cell stack, where nickel coated brass is the material used for the micro
flow plates [39]. Hahn et al. [38] used stainless steel foil laminated onto polyimide film
as the substrate. The microchannels are patterned in the polyimide by RIE and gold (Au)

is deposited by electroplating and patterned to form the current collector [38]. Hsieh et
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al. have proposed copper (Cu) flow plates, which are formed using UV-LIGA process
[40].

1@ky X154 1@aEm B11821

(@) (b)
Figure 3.6 (a) Image of the spiral shaped flow field fabricated in PMMA substrate by laser ablation. and
coated with Au current collector (b) SEM cross-sectional view of Gaussian shaped microchannel
fabricated in PMMA.. Reproduced from [41].
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Figure 3.7 (a) Schematic cross-section and (b) image of the PDMS based uPEMFC
presented in [42]. Reproduced from [42].

Polymers like polymethylymethacrylate (PMMA) and polydimethylsiloxane
(PDMS) have also been used for flow plates [4]. Polymeric micromachining
technologies such as RIE, hot embossing, soft lithography, laser ablation and molding
are readily available [3]. Chan et al. [41] fabricated spiral shaped flow field in PMMA.
The microchannels were fabricated using laser ablation and each channel had a Gaussian
shaped cross section. The smooth Gaussian shape ensures that the gold current collector
layer will cover all sides of the channel, which will eventually reduce internal resistance
[41]. Shah et al. [42] fabricated the flow plates of their air breathing pPEMFC with
PDMS. PDMS flow plates are fabricated using molding and are inexpensive compared
to Si.
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@ (b)
Figure 3.8 (a) Carbon bipolar plate fabricated by C-MEMS technology. (b) Assembled three

cell stack with carbon bipolar plates. Reproduced from [46].

PCB technology has also been employed in fabrication of micro fuel cells [43-
45]. O’Hayre et al. [43] used PCB as the substrate for fabrication of arrays of planar
micro fuel cells. The planar micro fuel cells arrays demand complex insulator-collector
layouts, which are possible by PCB technologies. The microchannels are formed by
etching the Cu layer of PCB. The underlying insulting substrate of Flame Retardant 4
(FR4) material was etched to form channels for delivery of fuel to the Cu microchannels.
Lin et al. [46] fabricated carbon flow plates for their micro fuel cell and stacked three
fuels cells together. Their carbon flow plates were fabricated using carbon-
microelectromechanical systems (C-MEMS) technology [46], in which an organic
material is machined or patterned into the desired structure and then pyrolysis process

converts the whole structure into carbon.

3.3.2 Diffusion layer

From Figure 3.1, it can be seen that in case of the absence of diffusion layer, the
catalyst layer area immediately below the ribs (between the microchannels) of the flow
plates will not have access to the reactant gas, resulting in large number of unused
reaction sites. This problem is solved by incorporating diffusion layers in the fuel cell
design. The diffusion layer is also referred as gas diffusion layer (GDL). The purpose of
the diffusion layer is to transport and evenly distribute fuel or oxidant over the catalyst
layer. The diffusion layer also provides electrical connection between catalyst layer and
flow plate and can help in removing product water. Diffusion layers are usually made of
electrically conductive porous materials like carbon paper, carbon cloth or metal mesh
[3, 39]. Carbon paper has been a popular choice for diffusion layer in micro fuel cells

[3] and it can be modified to improve its property. Carbon paper can be treated with
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graphite or filled with conductive powder like carbon black to further improve its
conductivity. Carbon paper can also be treated with hydrophobic material like

polytetrafluroethylene (PTFE) which aids in removing water from its pores.
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Figure 3.9 (a) SEM image of carbon paper GDL (b) schematic diagram illustrating the interface between
GDL, catalyst layer and electrolyte. Reproduced from [47].

A disadvantage of diffusion layers is that they prevent the convective transport of
reactants to the reaction sites [39]. The supply to the reaction sites with diffusion is less
than what it could be with convective dominated transport without a diffusion layer [39].
The use of diffusion layers in micro fuel cells means that one more component has to be
heterogeneously integrated with the rest of the micro fuel cell components. Most micro
fuel cell designs avoid this integration issue by replacing the diffusion layer with
microstructures like porous silicon [26] or micropillars incorporated in the flow field
[35].

3.3.3 Catalyst layer

Platinum (Pt) or Pt based alloy like Pt-Ru are used as the catalyst in U(PEMFCs. Catalyst
thin films can be deposited using deposition technologies like sputtering or e-beam
evaporation. To increase the three phase contact area and minimize the costs associated
with deposited thin films of Pt, Pt or Pt alloy nanoparticles supported on conductive
carbon black or fine Pt powder (Pt black) are used to form the catalyst layer. Carbon

supported Pt nanoparticles (Pt/C) or Pt black is added to a solution of de-ionized water
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(DIW), a solvent, and dilute Nafion solution (ca. 5%) to form slurry termed as catalyst
ink. In addition to carbon black, recently, carbon nano tubes (CNTSs) have also been
proposed as the support for the catalysts [48, 49].

Catalyst ink

Figure 3.10 Membrane electrode assembly (MEA) formed by brushing

catalyst ink on both sides of Nafion membrane. Reproduced from [46].

There are four different approaches by which the catalyst layer can be integrated
into the micro fuel cell design:

1. The standard approach, which is also seen in most macro PEMFCs, is to apply
the Pt based catalyst ink onto the PEM with a spray or brush [3,6].

2. The catalyst ink can also be applied to the GDLs (carbon paper) and the PEM is
stacked between the two GDLs afterwards [6].

3. Thin film of catalyst is deposited on the PEM using sputtering or e-beam
evaporation [3, 42].This approach has been applied in the fuel cell in Figure 3.7.

4. A popular approach in fabrication of WPEMFCs is to deposit Pt thin film directly
onto the flow plate (Figure 3.11). This approach forgoes the use of a diffusion
layer as flow plates usually have microstructures incorporated in their design.
Thus, the flow plate, diffusion layer and the catalyst layer are integrated into a

single component.
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(@ (b)

Figure 3.11 (a) Schematic cross section view of a micro fuel cell without a standard

diffusion layer. (b) SEM image of electrodeposited Pt black. Reproduced from [28].

3.3.4 Electrolyte
As discussed in Section 2.4.2, PEM is an ion conducting sulphonated fluoropolymer in
which H" ions (protons) are mobile. Nafion by DuPont has been the PEM of choice for
most WPEMFCs presented in literature. In the fabrication of PEM, the starting material is
a polymer - polyethylene. The hydrogen in polyethylene is replaced by fluorine through
a process known as perfluorination to form polytetrafluoroethylene (PTFE). PTFE,
commercially available as Teflon, is durable, resistant to chemical attack and most
importantly hydrophobic. To make PTFE into an electrolyte, the basic PTFE polymer is
“sulphonated” i.e. a side chain is added, ending with sulphonic acid HSO3. The HSO3
group side chains tend to cluster together in the overall material. Sulphonic acid is
highly hydrophilic, thus in Nafion there are hydrophilic regions within a generally
hydrophobic material (PTFE). The hydrophilic regions in Nafion can absorb a large
quantity of water, which can increase the weight of the membranes by as much as 50%
[6]. Within these hydrated regions, the H" ions are weakly bonded to SO3™ ions and can
easily move. Thus, the hydrated regions of Nafion act as dilute acid integrated within a
tough hydrophobic material. The proton conductivity of Nafion and other PEM increases
as hydration level is increased. In fact, presence of water is essential for function of
PEM. As the water contents of PEM falls, the conductivity falls as well.

Since the proton conductivity in Nafion depends on its water content, it cannot be
used at higher temperatures, such as 120°C. Moreover, Nafion expands or shrinks
depending on its hydration level, and its mechanical strength changes with temperature

and humidity. Nafion is not readily integrated with standard microfabrication techniques
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used in making micro-fuel cells [3, 30]. Nafion cannot be easily patterned using
photolithography. Zhang et al. [50, 51] used nanoimprint technology to pattern Nafion.
They fabricated a grid of dots (micro-convex) in the Nafion membrane to act as GDL
and subsequently improve the three phase contact. Bonding Nafion to silicon is often
problematic in working fuel cell conditions, due to its volumetric changes with changes
in hydration level. Alternates to Nafion (and similar PEMSs) have been proposed by some
research groups [30, 32, 52- 54]. Gold et al. [30] used nanoporous silicon membrane
loaded with sulphuric acid as the proton conductor for their micro fuel cell. The
nanoporous silicon is formed by the anodic etching of silicon in hydrofluoric acid (HF).
Porous silicon was also used by Pichonat et al. for their electrolyte. However, they
loaded their porous silicon with Nafion solution instead of an acid (Figure 3.12) [32, 55].
Stanley et al. [54] used porous glass fibre substrate that is loaded with Nafion solution to
form the PEM. Liu et al. [52] used the effect that overlapping electric double layers
(EDLs) in a nanochannel will enhance the conduction of protons. They fabricated
nanochannels in glass substrate and derivatized their inner walls with -SO3H group to
form their electrolyte [52]. Kanamura et al. fabricated the PEM by first fabricating a
macroporous silica membrane and then, filling the pores with a proton conducting gel
polymer [53].

s
1.00um

(b)
Figure 3.12 (a) Field Emission Scanning Electron Microscope (FESEM) cross-section views
of porous silicon. (b) FESEM cross-section views of porous silicon filled with Nafion.
Reproduced from [32].

3.3.5 Stack vs. planar design
There are two configurations for the UPEMFC: stack design and planar design. The

stack design (also referred to in the literature as bipolar or bilayer design) has separate
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fuel and oxidant flow plates and the PEM is sandwiched between them. Stack design is
the most common configuration and is depicted in Figure 3.1. In planar design, the fuel
and oxidant channels are fabricated on a common substrate, as shown in Figure 3.13.
The planar configuration is a monolithic design where anode and cathode are present
side-by-side. Compared to stack design, planar design is easy to implement since it
requires less hybrid integration i.e. there are less separately fabricated components

which need to be assembled together.

Anode Anode
| Cathode |
|
[ | | PEM
catalyst
diffusion layer
[ e | fidand ] fuet |

insulator

Figure 3.13 Planar design of micro fuel cell. Reproduced from [3].

Meyers et al. [10] studied the tradeoffs between stack and planar design. Their
mathematical model and practical experiments showed that the performance of the
planar fuel cell is inherently limited and lags behind that of the stack design. Since
cathode and anode share a common substrate, the planar fuel cell requires a larger
surface area compared to a bipolar design to provide the same performance. In planar
design, metal lines have to be used as current collectors for the electrodes. This will
induce non-uniform current distribution over the electrodes since some parts of the
electrode are more accessible for current than others. Though planar fuel cell design
seems simple, however, it requires complex fuel and oxidant delivery schemes since
flow channels are on the same plane and cannot intersect. For detailed comparison

between stack and planar design, the reader is referred to the work of Meyers et al. [10].

3.3.6 Performance

If we consider recent UPEMFCs, the literature reports performance that range from 90
uW/cm? [26] up to 700mW/cm? [43]. Table 3.1 summarizes the performance of
MPEMFCs. Unless mentioned otherwise, the power densities are reported for the fuel

cells operating at room temperature (20-25°C).



Table 3.1 Design features and performance of WPEMFCs

Reference Substrate Flow design PEM Catalyst form Oxidant vagi?;gty Comments
(mW/cm?)
Chan et al. [41] PMMA Spiral Nafion Catalyst ink Forced O, 315 82mW/cm?with forced air; Figure 3.6
Hahn et al. [38] Steel/polymer Parallel Nafion Not specified Air breathing 120
Hsieh et al. [56] PMMA Parallel/serpentine Nafion Sputterf;\cliatf?(i)r:] film on Air breathing 25
Hsieh et al. [40] Copper sheet Serpentine Not specified Not specified Forced Air ca.40 60mW/cm?at 50°C
Lee et al. [25] Silicon Pillars Nafion Catalyst ink Not specified 42 Planar design; 4 cells connected in series
Lin et al. [46] Carbon Serpentine Nafion Catalyst ink Forced air 0.62 1.18 mwWi/cm? for 3 cell stack; Figure 3.8
Min et. al [26] Silicon/glass Direct Flemion Pt fiSIirgz)rgl)Dolious Air breathing 0.09
Muller et al. [39] Metal foil Parallel PR(!\SE@% by PR&%E@% by Forced O, 50 250mW/cm? for 5 cell stack; Figure 3.5
O'Hayre et al. [43] PCB Parallel Nafion Catalyst ink Forced O, >700 Fuel c;ecl)l;jigr.réeinnsgﬁr}sloagg;:(é?gﬁarabIe
Pichonat et al. [32] Silicon Not specified p'\éarlcf)ilj)snsfiillilceodn Catalyst ink Air breathing 18 Figure 3.12
Shah et al. [42] PDMS Parallel Nafion Pt thir:):illilr;ﬁ(e)zosited Air breathing 0.28 At 60°C; Figure 3.7
Stanley et al. [54] PDMS Not specified NZ];;OS: lf?s:j:d Catalyst ink Forced air 3.2 At 30°C
Xiao et al. [35] Silicon/glass Pillars Nafion Pt def;ingls(:tgﬂlc;?sﬂow Forced O, 13.7
Yeom et al. [28] Silicon Not specified Nafion Elecgtogleapccl)(sited Forced O, 35 Figure 3.11
Yuetal. [27] Silicon Serpentine Nafion Catalyst ink Forced O, 194.3
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3.4 Microdirect methanol fuel cell

A major problem faced by the current uPEMFC technology is the unavailability of safe,
reliable and efficient means of storing hydrogen in portable devices. There is also a lack
of infrastructure for distribution of hydrogen. Unless the problem of hydrogen storage is
solved, commercialization of WPEMFC technology will be limited. On the other hand,
methanol is in liquid form at ambient temperatures, has high energy density compared to
hydrogen, and is easier to store in a portable device. This makes micro direct methanol
fuel cell (uDMFC) the most viable candidate for portable applications [2,5,17].

UDMFC and pWPEMFC share very similar design and components: both use PEM
as the electrolyte and Pt based catalysts. The stack and planar design of WPEMFCs
presented in Figure 3.1 and Figure 3.13, respectively, are also true for uDMFCs, along
with the flow field designs of Figure 3.2. Similar to pPEMFCs, uDMFCs have been
implemented using silicon [50, 57-66], polymers [67], or stainless steel foils [68]. In
fact, some research groups [28, 35] have tested their fuel cells for both hydrogen and
methanol fuels. They reported lower performance for methanol compared to hydrogen
(see Figure 3.14), despite the fact that methanol has higher energy density (see Figure
1.1).
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Figure 3.14 Example of fuel cell polarization curves illustrating the difference in performance
between WPEMFC and uDMFC operating under nominally equivalent conditions (temperature,

air and fuel flow). Reproduced from [2].
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One reason for the lower performance of UDMFC is the sluggish reaction
kinetics of methanol oxidation at the anode (See Table 2.1 for anode reaction). The
oxidation of methanol, which results in 6 electrons per molecule, is a complex process
and it occurs in stages [6]. Suitable catalysts are needed to promote the methanol
oxidation. Pt/Ru bimetal catalyst provides better performance compared to Pt [17]. The
second major problem which lowers uDMFC performance is methanol crossover. The
PEM (Nafion) readily absorbs methanol, which mixes with water in the membrane and
reaches the cathode [6]. At the cathode, the Pt catalyst will oxidize methanol, resulting
in a mix potential and drastic reduction of cathode voltage [6, 17]. This can be
considered as a sort of “chemical short circuit” [17]. A standard approach to minimize
the crossover is to lower the concentration of methanol by diluting the fuel feed with
water [6]. Another standard approach is to make the anode catalyst as active as possible,
so that most of the methanol is consumed at the anode and does not permeate to the
membrane. It has also been demonstrated that methanol crossover reduces at higher

operating currents [6]. Thus, it is beneficial to operate uDMFC near its peak power.

3.5Microdirect glucose fuel cell
Glucose is a promising fuel for miniature fuel cells. It has high energy content (if it can
be completely oxidized), abundant in nature, easy to extract or produce, simple to store
due to is nonflammable, nontoxic and nonvolatile nature, renewable, and
environmentally friendly [69]. Glucose is also ubiquitously available in body fluids,
which makes glucose the most considered fuel for implantable fuel cell systems [18].
Glucose consuming fuel cells can be categorized into three types according to the type of
catalyst used to promote the electrode reactions: enzymatic, microbial and abiotically
catalyzed glucose fuel cells. Enzymatic and microbial glucose fuel cells are collectively
referred to as biofuel cells and have been discussed in Section 2.4.7.Abiotically
catalyzed glucose fuel cells make use of non-biological catalysts like noble metals to
enable the electrode reactions. In this work, the term micro direct glucose fuel cell
(UDGFC) will be exclusively used for miniature abiotically catalyzed glucose fuel cells.
A key application of glucose based fuel cells is to power medical implants
because of the relatively constant availability of glucose and oxygen in body fluids (like
blood). Though considerable research is being conducted on biofuel cells [7, 13, 14], the
current biofuel cells are not suitable for long term medical implants. Enzymatic biofuel
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cells suffer from limited lifetime of enzymatic biocatalysts [18,70]. While, microbial
fuel cells are not considered for implantation due to the infective nature of most know
microorganisms [13, 14, 18]. uDGFC intended for long term medical implants, use
inorganic catalysts like noble metals and activated carbon [18], which are sterilizable
and biocompatible. The inorganic catalyst also exhibit long term stability and in theory,
HDGFC can operate in in-vivo applications for indefinite period of time, as long as the
reactants are available [18]. The concept of abiotically catalyzed glucose fuel cells was
reported for the first time in the late 1960s [18] and the first truly implantable glucose
fuel cell were developed by early 1970s [18]. However, with the introduction of lithium-
iodine batteries in the mid 1970 [18] as power source for medical implants like pace
makers, no further developments were made in glucose fuel cells. In the last decade, the
advancement made in MEMS based micro sensors and actuators, and their possible use
in medicine has rekindled the interest in glucose based fuel cells. In near future,
UDGFCs will power autonomous, implanted, medical sensor—transmitter devices. These
medical sensors would provide information for a few weeks on, for example, the local
temperature of a site, indicative of local inflammation; or pressure, indicative of fluid
blockage; or deviation from the normal concentration of a chemical, specific to a
disease. UDGFCs use is not limited to medical implants. Glucose based sensors can also
be used to operate low power autonomous integrated sensor and communication
microsystems. For instance, WDGFC running on tree sap can be used to power a remote

micro sensor.

Figure3.15 A simple sap harvesting device is inserted into a sugar maple tree. The sap dripping from the

device is clearly visible. The device is meant to supply fuel to a uDGFC. Reproduced from [71].
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3.5.1 Operational principle
Theoretically, glucose can be completely oxidized into carbon dioxide and water,
releasing 24 electrons for every glucose molecule. In case of complete oxidation, the

reactions occurring at each electrode will be given as:

Anode : CeH1205 + 240H — 6CO, + 18H,0 + 24¢e (3.5)
Cathode : 60, + 12H,0 + 24e — 240H (3.6)
Overall : CsH1,06 + 60, — 6CO, + 6H,0 (37)

The complete oxidation of glucose is a complex process which occurs in several stages.
Figure 3.16 summarizes the tentative oxidation pathways and intermediate reaction

products of glucose oxidation.
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Figure3.16 Tentative oxidation pathways and intermediate reaction products of glucose
oxidation. Reproduced from [18].

In practice, it is difficult to realize complete oxidation of the glucose molecule
and transfer the 24 electrons [18]. In case of Pt electrodes, Rao et al. [72] indentified
gluconic acid (CgH1,07) as the only reaction product of glucose oxidation in a neutral

buffer solution. Further oxidation of gluconic acid is possible but it will occur at a slow
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reaction rate and does not significantly contribute to the overall electron yield [18].The
oxidation of glucose into gluconic acid only yields two electrons. The corresponding

electrode reactions for hydroxyl ion conducting electrolyte are:

Anode : CsH1205 + 20H — CgzH120O7 + H,O + 2e (38)
Cathode : %0, + H,O + 26 — 20H (3.9)
Overall : CeH1206 + Y20, — CgzH12047 (310)

In case of proton conducting (acidic) electrolyte, the electrode reactions of the

DGFC where gluconic acid is the final product are given as:

Anode : CsH1206 + HO — CgH120; + 2H" + 2e” (311)
Cathode : %0, + 2H" + 2¢° — H,0 (3.12)
Overall : CeH1206 + %20, — CgH1207 (313)

Ernst et al. used mass spectroscopy to indentify glucono lactone as the product of
glucose oxidation [18]. Glucono lactone, goes through hydrolysis to form gluconic acid.
Kokoh et al. [73] studied the electro-oxidation of glucose with Pt, Au and adatom (Pb,
Ti, Bi) modified Pt electrodes in neutral buffer solution with 50.06 x10™ mol/L of
glucose. The reaction products were analyzed using chromatographic techniques. It was
found that irrespective of the reaction conditions, gluconic acid was the main reaction
product. However, in addition to gluconic acid, glucuronic, oxylic, glyoxylic and tartaric
acid were also dectected along with traces of glycolic and formic acid. Lerner at al. [74]
studied the number of electrons transferred per glucose molecule for different catalysts.
According to their study, for platinised Pt electrodes between 4 to 20 electrons are
transferred, while for Raney-type Pt catalyst the average electron yield is 17. The
variations in the published result on glucose oxidation products and electron yield can be
linked to analytical limitations [18]. Also, in addition to the catalyst material, the pH and
ionic strength of the electrolyte will also influence the reaction mechanism of glucose
oxidation [18].

3.5.2 Catalyst materials
The catalysts for glucose oxidation and oxygen reduction are very critical part of
UDGFCs. In situations where reactants (glucose and oxygen) are inseparable, like in

implantable or single compartment fuel cells, it is desirous to have catalysts with high
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reactant specificity to minimize fuel crossover losses. Catalysts for selective reduction of
oxygen in the presence of glucose are available e.g. silver (Ag) and activated carbon
[75]. However, no non-biological catalyst is available which can selectively oxidize
glucose in the presence of oxygen. Early work on DGFCs generally used Pt as the
catalyst for glucose oxidation [18]. However, in recent work other noble metals and
alloys have been employed e.g. platinum-ruthenium alloys, rhodium and iridium. The
catalyst metals are usually employed as particles supported on activated carbon (carbon
powder).

Kerzenmacher et al. [75] used platinum- bismuth (Pt-Bi) alloy supported on the
activated carbon as their anode catalyst. This catalyst is commercially available and
specifically developed to oxidize glucose into gluconic acid. In the mid 1970s, Gebhardt
et al. [76] used a special Raney alloy - Pt with ferrous metal like nickel (Ni) - for glucose
oxidation. The non-noble metal is later extracted from the alloy by anodic dissolution
and a porous catalyst with improved activity is obtained. They reported further
improvement in the catalyst by adding tungsten (W) or tantalum (Ta). The alloy catalyst
was able to transfer 17 of the 24 electrons available in a glucose molecule by gradual
oxidation which takes several hours. Kerzenmacher et al. [77] followed a process similar
to the work in [76]. They electroplated zinc (Zn) on top of Pt foil and annealed at 200°C
to form Pt-Zn alloy. The Zn is later dissolved in sulphuric acid to leave behind self
supporting porous Pt electrodes.

Wang et al. [78] presented a nanoporous Pt-Pd electrode for glucose oxidation in
their glucose sensor. Tominaga et al. [79] developed carbon electrodes modified by gold
nano-particles as the catalyst for oxidation of glucose. However, Aoun et al. [80]
demonstrated that Pt nano particles modified carbon electrodes have better performance
compared to the carbon electrodes with gold nano particles. Recently, Cui et al. [81]
reported Pt-Pd alloy nanoparticles deposited on CNTs as the catalyst for glucose

oxidation.

3.5.3 Design

A uDGFC can have a design similar to the one presented in Figure 3.1, in which the fuel
and oxidant delivery plates are separated by the electrolyte which is sandwiched between
them. However, such a configuration is not applicable to situations in which glucose
and oxygen are inseparable e.g. in vivo operation. Since the reactants are inseparable,

loses associated with reactant crossover can be significant in implantable and one-
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compartment designs. The reason is that the Pt and its alloys (anode catalysts) are not
only good catalysts for glucose oxidation but also have higher oxygen reduction
performance (compared to Ag or activated carbon). Thus, on the surface of Pt electrode
both oxygen reduction and glucose oxidation will occur if the reactants share the same
surrounding. The anode will thus attain a mixed potential somewhere between the
potentials of glucose oxidation and oxygen reduction. Due to the mixed potential, the
overall terminal voltage of the fuel cell will be drastically reduced [6, 70]. Different
design approaches have been implemented to minimize the access of oxygen to the
anode [18].
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Figure 3.17 Operational principle of implantable uDGFC reported by Stetten et al.
See text for explanation. Reproduced from [82].
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Figure 3.18 Schematic cross section of the implantable uDGFC presented
in [82]. Reproduced from [82].

The implantable uDGFC presented by Stetten et al. [75, 82] features a special
arrangement of the electrodes, originally proposed by Rao et al. [72] in the mid 1970s, to
prevent oxygen from reaching the anode. The operational principle and schematic
diagram of their implantable uDGFC are presented in Figure 3.17 and 3.18 respectively.
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The design features a non-selective anode (Pt or Pt-Bi particles supported on carbon)
which is sandwiched between two oxygen selective cathodes (activated carbon). Both
anode and cathode are permeable to the reactant mixture (glucose, oxygen and
electrolyte), which can diffuse from the surrounding environment. During operation, the
oxygen is first selectively reduced at the outer cathodes, resulting in its removal from the
reactant mixture. A predominantly anoxic region is formed at the anode where the
glucose is oxidized by non-selective catalyst. This design demands that the oxygen be
present in the reactant mixture in much lower equivalent concentrations than glucose.
This condition is fulfilled in body fluids [72, 18]. The electrodes are fabricated from
electrically conductive catalyst particles which are embedded in polymer hydrogel
binder. The hydrogel is permeable to the reactant mixture. A hydrogel membrane is also
used to electrically insulate the anode from the cathode.

Kerzenmacher et al. have also presented a variation of the above mention design
concept in [70] and [75]. In this variant, the anode is sandwiched between a cathode and
an impermeable surface. The reactants have access to the fuel cells from only one side as
shown in Figure 3.19. The benefit of this design is that the fuel cell can be easily
mounted on the surface of the medical implant [70]. Kerzenmacher et al. also studied the
side by side configuration of electrodes in uDGFCs (Figure 3.20(b)) [83]. They used Pt-
Zn anode for glucose oxidation and studied its tolerance to oxygen. The side by side
configuration does not out perform their stack electrodes design. However, it does
demonstrate that an oxygen consuming layer in front of the anode is not essential to

operate an implantable uDGFC.
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Figure 3.19 Operation principal of surface mountable uDGFC. Reproduced from [75].
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Figure 3.20 uDGFCs designs: (a) Stacked assembly suggested in [70, 72, 75]; (b) Single layer layout
with anode and cathode placed side by side. Reproduced from [83].
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Figure 3.21 uDGFC with hydrophobic cathode membrane. Reproduced from [18].

Another design concept for reactant separation in implantable uDGFCs is shown
in Figure 3.21 [18, 84, 85]. Similar to the designs discussed earlier, the electrodes are
permeable to both glucose and oxygen. However, this design utilizes non-selective
catalyst for cathode as well. The cathode is protected from the entry of glucose (and rest
of body fluids) by a hydrophobic membrane, which is only permeable to gaseous
oxygen. Between the anode and cathode, a hydrophilic ion conducting membrane is used
for electrical insulation. In [85], PEM is proposed as the membrane between the two
electrodes. Both glucose and oxygen have access to the anode. The outer part of the
anode serves as a sacrificial layer where the oxygen can directly react with glucose on
the surface of the non-selective catalyst (Pt based) and is consumed. This reduces the
concentration of oxygen in the interior of the anode, where glucose is oxidized under
almost anaerobic conditions. Similar to the designs discussed above, the performance of
this fuel cell depends on the concentration of the oxygen in the reactant mixture. At

lower oxygen concentrations, the reactant separation will be more effective. The design
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also requires that the glucose concentration must be higher than oxygen, since glucose
directly reacts with oxygen at the anode and does not contribute to electron yield. These
conditions are fulfilled in body fluids where glucose concentration is ca. 5 x 10” mol/L
and oxygen is 0.2 x 10° mol/L [18].

The designs discussed so far have focused on implantable uDGFCs. Publications
on abiotically catalysed uDGFC for non-medical applications are almost nonexistent.
Apblett et al. [71] are the only research group to have fabricated a uDGFC similar in
configuration to a typical ULPEMFC (see Figure 3.2). They used graphite flow plates,
carbon paper as diffusion layer, PEM as the electrolyte and catalyst ink (Pt-Ru for anode
and Pt for cathode) as the catalyst layer. 1M Glucose solution was used as the fuel and
the feed rate is 0.1 ml/min. 1M glucose solution is relatively viscous compared to other
liquid fuels like methanol or ethanol, and is not able to appropriately wet all the surfaces
in the flow field, the diffusion layer and the catalyst layer. In case of incomplete wetting,
very low OCV and currents were observed. Apblett et al.[71], circumvented this
problem by first introducing methanol fuel solution to the anode flow fields to obtain
maximum wetting of the fuel cell layers. Later, the fuel feed is changed to glucose
solution. Apblett et al. [71] have mentioned gluconolactone as the product of the
oxidation of glucose which yields two electrons for each glucose molecule. Their
MDGFC performance degraded with time, which they attribute to the poisoning of the
Pt-Ru catalyst by gluconolactone. Gluconolactone is adsorbed by a catalyst site, which
prevents further oxidation of glucose at that site. Apblett et al. also observed glucose

crossover since Nafion is permeable to glucose [71].
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Figure 3.22 (a) Schematics diagram of the uDGFC presented in [69]. (b) SEM image of the fibrous
anode. Reproduced from [69].
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Schechner et al. [69] have presented a membraneless single compartment DGFC
for portable applications (Figure 3.22). Their design does not incorporate any means to
keep the reactants separate. Glucose is mixed with the liquid electrolyte (KOH) solution
and both are added together to the fuel cell’s single compartment. One of the walls of the
fuel cell compartment forms the cathode, which thus has access to ambient oxygen
(Figure 3.22). As there is no membrane separating the fuel from the electrolyte, the
glucose will also reach the non-selective cathode, causing considerable fuel crossover
losses. The fuel cell uses fibrous anode with high surface to volume ratio. The fibrous
anode are fabricated by first electrospinning [69] the polymer polycaprolactone (PCL)
into unwoven fibrous mat and then plating the PCL fibres with silver for electrical
conductivity and catalytic activity. The tests conducted by Schechner et al. concluded
that the silver anode have lower performance compared to Pt and the crossover losses is
a major factor for relatively low power density. The fuel cell has dimension of several
centimetres (6 - 11 cm) and can only be considered for relatively large portable

applications.
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Figure 3.23 Schematic of the DGFC presented in [86]. Reproduced from [86].
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Figure 3.24 Schematic diagram of the anode immersed in the fuel and electrolyte solution.
Reproduced from [86].
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A DGFC (Figure 3.23) for portable applications has also been reported by Chan
et al. [86]. Similar to the design in [69], glucose and electrolyte (KOH or NaOH) must
be mixed together and added to the cell chamber for operation. The anode is completely
immersed in the fuel-electrolyte solution. The anode is formed of Pt particles supported
on carbon black and embedded in a polymer [Figure 3.24]. Small amount of Co is also
electrochemically deposited to the anode to increase the activity for glucose oxidation
[86]. The anode also includes some cobalt oxides. The air breathing cathode with silver
catalyst was procured from a commercial vendor. This fuel cell was also used by Mor et
al. [87, 88] to study the effect of glucose concentration on the performance of the DGFC
with KOH solution as the electrolyte. The study conducted in [87] observed that the
OCV, peak power density and peak current have a dependence on the initial glucose
concentration. The OCV, peak power density and peak current should increase with
increase in glucose concentration. The performance of the fuel cell improved as the
glucose concentration was increased from 0.22 to 0.89 M. However, above 0.89 M, the
OCV, peak power and current become smaller with further increase in glucose
concentrations. One possible explanation for the decrease in cell performance at higher
glucose concentration is the increase in side reactions [87, 88]. These side reactions
compete for glucose in alkaline conditions in the cell. In these second order reactions,
glucose molecules react with each other or with intermediate reaction products of
glucose oxidation and do not contribute to electron transfer. Examples of such side

reactions that can occur in a DGFC are [87, 88]:

1. Cannizzaro rearrangement of aldehydes; a molecule of glucose is
oxidized by another glucose molecule, which is itself reduced. The
overall reaction is:

2 glucose — gluconic acid + sorbitol

2. Aldol condensation of two glucose molecules, where the overall reaction

is:

2 glucose — branched disaccharide

3.5.4 Performance
The performance figure of small scale abiotically catalyzed DGFCs published in the

literature in recent years is summarized in Table 3.2.



Table 3.2 Construction details and performance figures of abiotically catalysed miniature DGFCs.

Catalyst
DGFC y Glucose Oxygen . ocv Powgr Temperature
Reference Electrolyte ; Concentration Density o Remarks
Type Concentration /So (mV) W/em? (°C)
Anode Cathode urce (Hw/em’)
Design shown in Figure 3.19. The
performance figures mentioned
Kerzenmacher et al Pt-Bi alloy PBS solution are taken after 10 days of
[75] ' supported on Activated carbon PBS solution 5x107 mol/L is aerated 337+10 33+0.2 37+1 operation. After 234 days, the
activated carbon (pO, =196mbar) OCV and power density decrease
to 241+ 6 mV and 1+ 0.05
UW/cm? respectively.
Pt-Bi alloy . 0.1 wt % of the . OCYV and power density figures
Kerzenrr[%? er etal. supported on Activated carbon P?SHSEI;JH?n PBS/Glucose P?ssafa?:tjéldon 218 11 37 mentioned are taken after 40 days
activated carbon PR =1 solution of operation of the DGFC.
Implantable
. 0.1 wt % of the .
Stetten et al. Pt _supported on Activated carbon PBS 5‘2'”“0“ PBS/Glucose PE.BS solution ~480 ~2 37 Design shown in Figure 3.18
[82] activated carbon (pH =7.4) - is aerated
solution
Pt-Bi alloy - 0.1 wt % of the .
Stetten et al. supported on Activated carbon PBS sc_)lutlon PBS/Glucose PBS solution ~380 ~35 37
[85] - (pH =7.4) . is aerated
activated carbon solution
Kloke et al. ) _ PBS solution 3 7% O, . -
[83] Pt-Zn alloy Pt-Al alloy (pH =7.4) 3x10™ mol/L saturation 630 2 37 Design shown in Figure 3.20(b)
Apblett et al. : . 1 M (feed rate is _ N Design is similar to the generic
[71] Pt-Ru black Pt black PEM (Nafion) 0.1 mi/min) 20 sccm 780 2000 60 PEMFC presented in Figure 3.1
Design shown in Figure 3.22(a).
Schechner et al Aq electrodenosited Commercial cathode The fuel cell size is relatively
[69] ' 02 fibrous gl mer by E-TEK, material 1M KOH 0.80 M Ambient air 385 196 RT large (8 x 6 x 11 cm) and can be
poly is not specified categorized as small scale but not
. micro.
In-vitro
applications
Pt supported on Design shown in Figure 3.23. The
Chan et al. actlvgited carbon AgNO, 7 M KOH 185 M Ambient air 850 2500 RT fuel cell size is relgtlvely large
[86] with some and can be categorized as small
electrodeposited Co scale but not micro.
Pt supported on
Mor et al. activated carbon . . _ Used the fuel cell presented by
87] with some AgNO;, 0.87 M KOH 0.89 M Ambient air 740 610 RT Chan et al. in [86].

electrodeposited Co
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Earlier development of uDGFCs were made in the 1960s and 70s with focus on
implantable applications. The performance figures of these early DGFCs can be found in
[18]. The implantable DGFC of Table 3.2 have been tested only in-vitro but near-
physiological conditions. Near physiological conditions refer to experiments in which
the uDGFC is immersed in an aerated neutral buffer usually phosphate buffered saline
(PBS) solution containing physiological amounts of glucose (~5 x10° mol/L™) [18]. The
performance of implantable DGFC is significantly lower than the ones meant for in-vitro
applications. This is due to the fact that implantable DGFCs were tested at very low
concentrations of glucose, using neutral buffered solutions that have low ionic
conductivity. Another factor that affects the performance of implantable fuel cells is
reactant crossover, which exists despite the implementation of different designs

(discussed in Section 3.6.3) meant to mitigate the crossover loses.

3.6 Other micro fud cdlls

In addition to the micro fuel cells discussed so far, alternate micro fuel cell technologies
have also been developed for portable applications. Some of them are briefly discussed

in the following subsections.

3.6.1. Microdirect formic acid fuel cell
Formic acid (HCOOH) is an attractive alternate to methanol as a fuel source for direct
micro fuel cells [28, 89- 91]. Formic acid is liquid at room temperature, common to the
environment and, unlike methanol, is non-toxic (dilute formic acid is used as a food
additive) [90]. Formic acid, being an electrolyte, is also expected to improve the proton
conduction [90]. Micro direct formic acid fuel cells (WUDFAFCs) are similar in design
and construction to uDMFCs. Both can use Nafion as the electrolyte and Pt or Pt alloys
as the catalysts [2, 28].

The oxidation of formic acid has improved reaction Kinetics compared to

methanol. The overall oxidation reaction of formic acid at the anode is given as:
HCOOH — CO,+2H"+2¢ (3.14)

The oxidation of formic can follow two reaction pathways for Pt catalysts [90]. The

desirable reaction pathway directly forms CO, and does not form CO as a reaction
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intermediate. However, in the second reaction pathway, adsorbed CO is formed as a
reaction intermediate [90]. The adsorbed CO is further oxidized to the gaseous COs,.
However, not all CO is oxidized, thus causing CO poising and reducing the number of
active reaction sites. Adsorbed CO is also formed as a reaction intermediate for
methanol. Appropriate anode catalyst selection can direct the formic acid oxidation to
proceed in the direct oxidation pathway, circumventing the formation of CO
intermediate. Rice et al. [92] have reported that Pt/Pd catalyst enhances the
electrooxidation of formic acid by the direct pathway.

Compared to DMFC, DFAFC exhibits lower fuel crossover. This is because the
permeation rate of formic acid through Nafion membrane is much lower than methanol
[93]. Formic acid partially dissociates into formate anions (HCOO-), which are repelled
by the sulphonic terminal groups within the Nafion membranes. This is assumed to be
reason for lower crossover for formic acid. A decrease in fuel crossover allows
UDFAFCs to be run at higher concentrations of formic acid [28, 89, 90]. The
concentration of methanol is limited to 1-5 M [17] due to sever crossover [2, 28],
whereas formic acid feed concentration as high as 20 M is viable [90]. DFAFC
compares well with DMFC in terms of energy density. While the theoretical energy
density of neat formic acid (2086Wh/l) is smaller than neat methanol (4690Wh/I) [89,
91], the fact that one can use higher formic acid concentrations compared to methanol
means that energy density of uDFAFC is higher than uDMFC. For example, the energy
density of 10M formic acid is 787Wh/I compared to 380Wh/I for 2M methanol.

UDFAFC exhibit better performance compared to uDMFCs [28,89-91]. Yeom et
al. ran their PEM based micro fuel cell on both methanol and formic acid. They reported
power densities of 0.38mW/cm? for 1.25 M methanol and a relatively higher power
density of 17mW/cm? for 10 M formic acid [28]. Yeom et al. also reported a UDFAFC
in [91] with maximum power densities of 12.3mW/cm? when operating in passive air
breathing mode and 30mW/cm? in case of forced oxygen flow. The uDFAFC reported
by Ha et al. [89] produced a power density of 33mW/cm? Chu et al. [31] fabricated a
passive air breathing uDFAFC, which employs acid loaded porous silicon instead of
Nafion as the PEM. They reported an impressive power density of 94 mW/cm? for a
solution of 5M formic acid with 0.5M H,SO, as the fuel.
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3.6.2 Laminar flow based fuel cell

A laminar flow based fuel cell (LFFC) incorporates all the fundamental components of a
fuel cell into a single microchannel [94-99]. LFFCs are also referred to in the literature
as membraneless fuel cells since they do not require a membrane for ion conduction and
reactant separation. Compared to conventional PEM based micro fuel cells, LFFCs have
several advantages [95,98]: the fuel and oxidant stream are kept separate without the
need of a physical barrier or membrane; issues related to membrane hydration and
cathode flooding are eliminated; fuel and oxidant crossover is almost nonexistent and the

absence of a membrane means that device fabrication with MEMS technologies is
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Figure 3.25 Schematic diagram of top view of a Y-shaped LFFC. Reproduced from [96].

LFFCs exploit the phenomenon of multistream laminar flow to operate. Pressure
driven flow in microchannels is generally laminar as the flow has low Reynolds number
and reasonably high Peclet number (see Section 3.2). In multistream laminar flow, two
or more separate fluid streams with laminar flow will merge into a single microchannel
and continue to flow laminarly in parallel without turbulent mixing [94]. The only
mechanism of mixing of the streams is the diffusion across their liquid-liquid interface.
In a LFFC, a fuel stream and an oxidant stream flow laminarly in parallel along the
length of a microchannel with minimal mixing as shown in Figure 3.25. The anode and
cathode are placed on opposing sidewalls within the microchannel and usually cover the
entire length of the microchannel. The fuel and oxidant streams and their common
liquid—liquid interface provide the required ionic conduction for the LFFC to operate.
The depletion zones, marked in Figure 3.25, are created close to surface of the electrodes
as a result of the reaction of the fuel at the anode and the oxidant at the cathode. To

promote ionic conduction, the fuel and/or oxidant are mixed with an acidic or alkaline
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electrolyte before introducing them into the microchannel [94]. Formic acid or methanol
are usually used as the fuel, and dissolved oxygen, hydrogen peroxide or permanganate

is used as the oxidant.
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Figure 3.26 Schematic diagram of side view of a planar-LFFC. Reproduced from [100].

Currently, two designs exit for the LFFCs. The first design is Y-shaped
microchannel with oxidant and fuel flowing side-by-side (Figure 3.25). For Y-shaped
design, the fabrication of electrodes on the sidewalls of the microchannels is difficult to
accomplish with available MEMS technologies [97]. The second design is the planar-
LFFC (Figure 3.26). In planar-LFFC, the fuel and oxidant streams flow on top and
bottom of each other or vice versa. The benefit of this design is that standard coating
technologies can be easily used to fabricate the electrodes.

The performance of the LFFC using dissolved oxygen as the oxidant is mass
transferred limited due to the low solubility of oxygen in aqueous solution (about
2mM)[94, 101]. Choban et al [95] obtained a power density of 0.4 mW/cm? with 2.1M
formic acid as the fuel and oxygen dissolved in 0.5M H,SO,4. They improved the
performance of their LFFC by using 0.144M potassium permanganate as the oxidant and
obtained a power density of 4mW/cm?. Similar result was obtained by Li et al. [97].
They obtained a power density of 0.58mW/cm? for dissolved oxygen (O saturated 0.1M
H,S0,) and 1.98mW/cm? when hydrogen peroxide (0.01M H,0, + 0.1M H,S0,) is
used as the oxidant. They used 0.5M formic acid in 0.1M H2SO04 as the fuel solution.
Jayashree et al. [101] addressed oxygen mass transfer limitation by integrating a porous
air-exposed gas diffusion electrode (GDE) as the cathode into their planar-LFFC. The
cross sectional view of their fuel cell design is shown in Figure 3.27. They reported a

maximum power density of 26mW/cm? with formic acid as the fuel.
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Figure 3.27 Schematic diagram of side view of a planar LFFC with a porous, air breathing gas diffusion
electrode (GDE). Reproduced from [101].

A challenge for LFFC is their inherently low fuel utilization. This problem can be
mitigated by introducing design features that will split the fuel and oxidant streams and
re-circulating them through the microchannel.

3.6.3 Micro solid oxide fuel cell

SOFC (see Section 2.4.6) has also been considered for portable applications [2, 9, 102-
105]. Major benefit of micro SOFCs (USOFCs) is their ability to directly use higher
order hydrocarbon fuels, such as methane or propane, at the anode without any
intermediate reformer. Higher order hydrocarbons have much higher energy density
compared to methanol [2]. u\SOFC use ceramic based oxygen ion conducting electrolyte
that do not require hydration to operate. Thus, water management in uSOFC is simpler
compared to Nafion based fuel cells. Yttria stabilized zirconia (YSZ) [103], cerium
gadolinium oxide (CGO) [104] and samaria doped ceria (SDC) [102] have been used as
the electrolytes in uSOFCs. Similar to the electrolytes, the electrodes/ catalysts of
MSOFC can also have complex chemistries. However, the ceramic electrolytes and the
electrodes of uSOFC can be deposited using thin film technologies common to MEMS
technologies. Thus, monolithic integration of the electrolyte with other fuel cell
components is possible (see Figure 3.28). A comprehensive review of thin film
deposition technologies used in fabrication of uSOFC has been recently published by
Beckel et al. in [105].
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Figure 3.28 (a) SEM cross sectional view of a uSOFC MEA on a Foturan® substrate. (b) blow-up view of

the MEA membrane. MEA is fabricated by thin film technologies: Pt anode by RF- sputtering, YSZ
electrolyte by pulsed laser deposition and LaggSro4C0¢2FeqsO3 (LSCF) cathode by spray pyrolysis.
Reproduced from [103].

HUSOFCs operate at significantly higher temperatures, typically in the range of
500-600°C. Thermal management at the micro-scale, reducing the typically slow start-up
time and controlling the mechanical stresses induced by rapid thermal cycling are key
challenges of uSOFC technology. Due to the large surface to volume ratio at micro
scale, controlling the operating temperature of USOFC is difficult compared to
conventional SOFCs. The large temperature gradient, ca. 500°C at the cell stack and near
room temperature externally, requires excellent thermal blanketing. Large temperature
drops will also induce greater mechanical stresses in the fuel cell components. Another
challenge for uSOFCs is that at high temperatures it is difficult to maintain gas-tight
seals for the electrode chambers and to ensure their reliability over longer times. This
problem can be significantly reduced by using the single chamber uSOFC (u-SC-SOFC)
design where both fuel and oxygen share a single chamber.

Though uSOFC technology faces considerable challenges, promising progress
has been made in their development. Huitter et al. [103] reported a uSOFC where the
MEA is fabricated by thin film technologies (Figure 3.28). They have reported an OCV
of 1.06 V and a power density of 150mW/cm? at 550°C with butane as the fuel. The
external temperature of the fuel cell reaches a manageable 35°C. Shao et. al. [102]
fabricated a thermally self-sustained pu-SC-SOFC with selective catalysts. They used
propane as the fuel, which is first partially oxidized into H, and CO by the anode. This
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partial oxidation is an exothermic reaction and the heat generated is used to maintain the
temperature of the fuel cell. A power density of ca. 250 mW/cm? is reported at an
operating temperature of 500-600°C.

3.7 System consider ations

This chapter has so far focused on a single micro fuel cell without any BOP components.
For practical applications, more than one cell would need to be electrically connected to
provide the desired voltage. The connected micro fuel cells along with the essential BOP
components make up the portable micro fuel cell system. The issues that need to be

addressed in a micro fuel cell system are explained in the following sections.

3.7.1 Céll connectivity

Individual micro fuel cells can be connected to each other in a vertical stack, planar flip-
flop or banded configuration [43] as shown in Figure 3.6. The planar flip-flop and
branded configurations are particularly favourable for air breathing fuel cells as all
cathodes can be exposed to the atmosphere. However, the current collector’s
configuration is tricky for planar design as current distribution is not even. The stack
design offers even current distribution; however, it requires forced flow of oxidant to

operate.

{a) Conventional Vertical Stack {c) Planar Flip-Flop
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Figure3.29 Micro fuel cell connectivity schemes: (a) generic vertical stack, (b) single cell with
DC-DC converter, (c) planar flip-flop and (d) banded. Reproduced from [43].
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3.7.2 Oxidant delivery

Oxygen transport to the cathode is a critical issue for fuel cell systems. Pure oxygen
provides much better performance compared to air. However, to minimize the size of the
device, it is more advantageous to use air from the surrounding environment instead of
storing oxygen in the device. Air can be either transported through active means like
external pump, compressors or fans to the cathode [3] or the fuel cell can be of passive
self breathing design. In case of passive self breathing fuel cells, the entire surface of the
cathode has to be exposed to the atmosphere [10]. For high current densities or longer
duty cycles, in the absence of convection, the local oxygen concentration near the
cathode of passive breathing fuel cell will deplete and oxygen diffusion path lengths will
increase [3,10]. These oxygen transport limitations will limit the performance of the
breathing fuel cell. The removal of water vapours from the cathode is also more
challenging in passive designs, since it relies on free convection [10]. In case of absence
of air, like in underwater applications, hydrogen peroxide or sodium percarbonate can be

used as a source of oxygen [3].

3.7.3 Fuel delivery

Hydrogen can be supplied to the uPEMFC either through an onboard generation system
like a reformer or through a storage device. WPEMFC systems with onboard reformers
have been proposed [36, 106-109], in which hydrocarbons like methanol or chemical
hydrides like sodium hydride are reformed to produce the hydrogen. In uPEMFCs with
onboard reformers, thermal management is complex since the reformers operate at
higher temperatures. A fuel reformer constitutes a significant portion of the BOP. It
takes significant amount of energy from the device, thus lowering the overall efficiency
of the fuel cell system. The second option of hydrogen storage in portable devices is also
not without complexities. Hydrogen as a gas requires a very large volume, thus the
systems volumetric power density is reduced if hydrogen is stored as a gas. Metal
hydrides, carbon materials and recently carbon nanotubes have been proposed as storage
materials for hydrogen. An important criterion of hydrogen storage is that the process
should be easily reversible to enable the uptake and release of the gas when required.
Compared to hydrogen, liquid fuels like methanol, formic acid, glucose and higher
hydrocarbons (in case of uSOFC) are easier to store in a portable application. Fuel, like
the oxidant, can be supplied with the help of pumping mechanism. For instance, Buie et

al. [57] integrated an electroosmotic pump into their uDMFC for methanol delivery. The



56 Micro Fuel Cells

fuel can also be stored in a pressurized compartment and the pressure can derive the fuel
flow. More detail on issues related to fuel delivery in micro fuel cells can be found in
[10].

3.7.4 Water management

MPEMFCs can operate without any active water management. However, significant
improvements in performance can be made if water flow in and out of the device can be
controlled. PEM must be kept hydrated to ensure suitable proton conductivity. If the
PEM dries up, the ohmic loss across the membrane is large. To keep the PEM hydrated,
the hydrogen supplied to the anode is humidified. On the other hand, the water formed at
the cathode can cause flooding. If the cathode is flooded, the oxygen can not access the
reaction sites. Thus, in uPEMFC system, water must be removed from the cathode. Part
of that product water can be feed to the anode while most of it can be rejected to the
environment. Typically, the water is removed by pumping air into the cathode channels
at significantly higher flow rates. However, some papers have presented alternate
approaches. Buie et al. [110] used integrated electroosmotic pumping to actively
remove water from the cathode. Metz et al. [111] used a passive approach to remove
water. Their flow channels have a triangular design with tapered channel walls which
pushes the water away from the GDL using capillary forces. Operating the fuel cell at
relatively higher temperatures may also help in evaporating water but it will also remove
water from the Nafion membrane. Integration of localized heaters in the micro fuel cell
to evaporate water is another alternate. The heaters can operate in a cycle where they are
used only for short duration of time when sufficient water has accumulated.

Water management is an important issue for uDMFC and uDFAFC [6,10].
Similar to WPEMFC, water must be transported to their anode and removed from the
cathode. uDMFC requires water at the anode as it is an essential reactant in the
oxidation reaction (See Table 2.1 for anode reaction). Further, water is also required to
hydrate the PEM and dilute the fuel to lower crossover losses. In case of uDGFC, water
is one of the reactants (Eq. 3.5 to Eq. 3.13) and is required at the cathode in case of
alkaline electrolyte and at the anode in case of acidic media. As water is also a by-
product, its requirement at one electrode is fulfilled by its production at the other. In case
of one compartment uDGFC design, no active means are required to transport the water

between the electrodes.
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3.7.5 Thermal management

A by product of micro fuel cell operation is heat. If a fuel cell is operating at 50%
efficiency and delivers 1W of electrical power to a portable application. Then, it also
releases 1W as heat energy into its surroundings [10]. Fins or heat pipes can be used to
enable the transfer of heat from the fuel cell to the environment.

The reaction kinetics of the fuel cell depends on the operating temperature. The
hydration of PEM is also related to temperature. If the temperature is too high,
evaporation will increase, causing the PEM to dehydrate. On the other hand, too low
temperature will increase the condensation of water vapours, which will cause electrode
flooding.

Thermal management is the biggest challenge faced by uSOFCs. Sine they
operate at temperature higher that 500°C, the start up time to reach the temperature is
longer. The higher temperature also has to be maintained for the uSOFC to continue
operation, thus good heat isolation is essential. Schemes can be implemented for thermal
management. A heater can be implemented in case the operating temperature needs to be
kept high.

3.7.6 Load handling

A portable fuel cell system should be able to respond quickly to changes in the power
demand of the device, even from “cold start” [10]. The start-up transients in a fuel cell
are due to the time it requires to reach optimum operating temperature and/or the time it
takes to hydrate the membrane, in case the system is completely dry. Reaching optimum
operating temperature in adequate time is a concern for uSOFCs. It is also an issue if the
fuel cell is to operate in extreme conditions (near freezing). The humidification of a dry
PEM s critical since it requires several seconds to achieve sufficient hydration. A
solution to handle transients at start-up and during operation in a micro fuel cell is to
include an auxiliary power system like a rechargeable battery; the fuel cell handles most

of the power and the battery handles the transient loads [10].
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Chapter 4
Single Compartment Micro Direct

Glucose Fuel Cell

4.1 Overview

The single compartment micro direct glucose fuel cell (SC-uDGFC) developed in this
study is presented in this chapter. Basic operation and literature review of uDGFCs has
already been discussed in the previous chapter. This chapter will focus on the design and
microfabrication of SC-uDGFC, which are discussed in the following sections.

4.2 Design features

The design of SC-uDGFC is considerably different from conventional stack or planar
micro fuel cells. Simplified models of the SC-uDGFC are illustrated in Figure 4.1 and
4.2. The main feature of SC-uDGFC design is the single compartment for the fuel and
electrolyte solution, which is shared by both anode and cathode. The compartment itself
is formed of polydimethylsiloxane (PDMS) [112], which also serves as the membrane
through which oxygen from ambient environment is able to permeate to the cathode.
PDMS is a silicone elastomer which has high oxygen permeability [113]. PDMS has
been used before as gas permeable membrane in micro fuel cells fabricated by Mitrovski
et al. [114, 115]. Mitrovski et al. fabricated a passive H,-O, micro fuel cells, which used
liquid electrolyte (H,SO, or NaOH) and electrodes (anode and cathode) that are
embedded in PDMS. Hydrogen is force fed through a 0.9 mm thick PDMS membrane to

the anode, whereas the cathode takes ambient air that has permeated through the PDMS
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membrane. They reported a stable power density of 0.45mW/cm?. Increasing the feed
concentration or decreasing the membrane thickness results in linear increase of
permeation of air through PDMS [113]. Since, SC-uDGFC is of passive self-breathing
type, reducing the membrane thickness is the only means to improve oxygen permeation.
SC-uDGFCs with PDMS membrane thickness ranging from 50 to 250 pm were
fabricated in this study.

Cathode catalyst (Silver)

Silicon dioxide

Cathode/air electrode
(Copper - 30 um minimum)
MASK 03

Silicon

Anode catalyst (Nickel )

Ancde/ Fuel electrode

Contact pad MASK 01 (Copper - 5 um) MASK 02

Figure 4.1 Simple model of SC-uDGFC without the PDMS membrane

Oxygen permeation
through PDMS to reach
cathode

Figure 4.2 Simple model of SC-uDGFC after PDMS membrane has been bonded with the substrate.

The anode and cathode of the SC-uDGFC are configured in an interdigitating

comb electrodes format. This design feature is unique and has only been reported before
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by Buergler et al. [104], which have used interdigitating electrodes in their SC-uSOFCs.
As discussed in previous chapters, reactant crossover is the most critical issue in single
compartment fuel cells. Ideally, the catalysts should be selective; otherwise same
reactions will occur at both electrodes. Usually enzymes are used as catalysts to achieve
this high selectivity in simple one compartment biofuel cells [13]. In our design, metals
are used as catalysts since they are compatible with typical microfabrication techniques.
In the design of SC-uDGFC, two features are incorporated to mitigate losses associated
with reactant crossover:

I.  Silver is used as the catalyst at the cathode. Silver is known to selectively
reduce oxygen in the presence of glucose [18].

ii.  Non selective catalyst like nickel or platinum is used as catalyst at the
anode for glucose oxidation. To reduce the amount of oxygen reaching
the anode, the cathodes comb electrode’s fingers are at least 25um (or
45um in some cases) higher than that of anode. Thus, oxygen diffusing
through the PDMS will reach cathode first and would have to further

diffuse through fuel/electrolyte solution to reach the anode.

4.3 Fabrication
Before all fabrication steps of the SC-uDGFC are presented, important processes related
to its fabrication need to be explained. The important processes which are discussed in
the following subsections include:

=  UV-LIGA for fabricating the interdigitating comb electrodes

= Deposition of catalysts on electrodes by lift-off

=  Etching of copper seed layer

= PDMS moulding for fabricating the SC-uDGFC compartment and

membrane

= Bonding PDMS membrane with substrate containing the comb electrodes

4.3.1 UV-LIGA process
LIGA (a German acronym for lithographie, gavanoformung, abformung) technology

was introduced more than two decades ago for fabricating high aspect ratio (ratio of
feature height to width) metallic or polymeric microstructures [116]. The
microstructures fabricated by LIGA process can be several millimetres in height with

aspect ratios as high as 100:1 [116-118]. For fabricating metallic microstructures, the
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LIGA process starts by coating a conductive substrate with an X-ray sensitive polymer
(resist), usually PMMA, which can be up to several millimetres in thickness. The
PMMA resist is exposed to short wave (0.2-2nm) and high energy X-rays through a
special X-ray mask having the desired microstructure patterns. Parts of the PMMA-resist
exposed to the X-rays are chemically altered and dissolved in a chemical developer. The
remaining PMMA forms the template for fabricating the desired microstructures by
electroplating. The main drawback of LIGA fabrication is that it is very expensive. The
X-rays are generated by complicated and expensive synchrotron radiation source which
are available only in large labs. Also, the masks used in X-ray lithography are complex
and not simple to fabricate.

UV source

glass/Cr-mask

AZ 4562 resist
electroplating base exposure
substrate

AZ 4562 resist
electroplating base
substrate

development

AZ 4562 resist
electroplating base
substrate

galvanoforming

galvanic structure
electroplating base
substrate

resist stripping

Figure 4.3 Principle and fabrication step of UV-LIGA. Reproduced from [117].

UV (ultraviolet)-LIGA technology is a much cheaper alternate to LIGA for
fabricating metallic microstructures with moderate aspect ratios. UV-LIGA utilises
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ultraviolet source, instead of X-ray, to expose the resist (photoresist). The masks used in
UV-LIGA process are simple chromium-glass masks or plastic masks. Figure 4.3
illustrates the fabrication steps involved in UV-LIGA process. The process can be
divided into two main parts: (i) UV lithographic patterning of thick film photoresist and

(ii) electroplating copper (or other structural material) into the resulting resist pattern.

4.3.1.1 Thick film photoresist processing

The thick film photoresist used in this work is AZ4562. AZ4562 is a Novolak based
positive photoresist, which implies that the part of the resist exposed to the UV light is
chemically altered and dissolved in the developer. Compared to thinner resists like
AZ5214, AZ4562 resists has high viscosity due to lower concentration of solvents and
higher optical transparency due to relatively lower concentration of photoactive
compound [119]. AZ4562 film can be up to 100um thick and aspect ratio as high as
10:1 has been reported. It is compatible with IC technology, exhibits good adhesion to
most substrates and can be easily stripped by acetone.

The processing of AZ4562 has complexities which are not encountered during
the processing of thin photoresist. The lithography process with AZ4562 resist involves
the following sequential steps:

1. Dispensing: Manual dispensing of thick photoresist on the substrate with pipette
often leads to air bubbles in the resist film. An easier way is to carefully dispense
AZ4562 onto the substrate from a small beaker. Usually a substantial excess of
photoresist is dispensed compared to the amount that will remain in the final
thickness. Before the resist is dispensed, the substrate surface is coated with
hexamethyldisilizane (HMDS) to improve adhesion.

2. Spinning: To attain a resist film thickness of few tens of um by spin coating,
either the spin speed or the spin time is reduced [119]. Though edge bead is
unavoidable, it is more prominent if reduction is made to the spin speed [119].
Edge bead is the photoresist which is accumulated on the rim/edge of the wafer
and is many times thicker than the resist thickness in the middle of the substrate.
It is usually 3-7mm in width. Edge bead is caused by the surface tension of the
resist as surface tension effects make it difficult for solution that is flowing
radially outward to detach from the wafer [120]. The evaporation of the solvents
during spinning will further increase the viscosity of the resist and increase the

accumulation of the resist at the edge [8]. Edge bead prevents a good contact
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between the mask and the resist, causing an undesired proximity gap during
exposure. This will reduce the lateral resolution and affect the wall profile of the
patterns [121]. Edge bead can be lowered/minimized during the spinning process
by implementing one of the following solutions [119]:
= Higher spin speed for a shorter duration
= A spin-off of the edge bead by abruptly increasing the spin speed for a very
a short duration at a certain stage of the spinning process. Roth et al.[121],
introduced the large acceleration spikes in their spin process profile. They
only noticed a reduction in the width of the edge bead but not the height.
= Multiple coating with higher spin speeds for each coating cycle
= Manually removing the edge bead with a solvent
= A delay between the coating and prebake prevents the edge bead from

growing due to thermally reduced viscosity.

Relaxation: A delay of 15 to 20 minutes between the coating and the prebake
allows solvent to evaporate from the resist. This prevents the edge bead from
growing due to thermally reduced viscosity during the prebake step. Relaxation
time also enables the resist to settle. Relaxation time is very important in case
oven is used for the prebake.

Prebake: Prebake (softbake) is a very critical step. It influences the exposure
energy, development time, structure definition, side wall profile and aspect ratio
[121]. Oven or hotplate can be used for prebake. In case an oven is used for
prebake, the surface of the photoresist will dry quite fast, forming a crust and
trapping some solvent in the bulk of the film [121, 122]. The trapped solvents
may form bubbles and lift the resist film, resulting in adhesion failure [122]. This
can be avoided by introducing relaxation time before prebake. Prebake in oven
takes considerably long time (several hours for few tens of um) and the
temperature profile inside an oven is non-homogenous [123]. Hotplate is a better
option compared to oven, especially when the temperature is ramped to the final
value. In case the temperature is not ramped, and the substrate is directly put in
contact with the hotplate at final baking temperature, the thick resist tends to
flow which results in non- homogenous resist thickness [121]. The parameters
for prebake are very critical. If the prebake is too cool or too short, it may cause

bubbles in the resist close to the substrate by nitrogen formed during exposure.



Single Compartment Micro Direct Glucose Fuel Cell 65

Also, the remaining solvent not evaporated due to cooler/shorter prebake will
cause high dark erosions (i.e. dissolution of unexposed resist in the developer). A
prebake that is too long or too hot decomposes a fraction of the photo active
compound, thus decreasing the development rate and may increase dark erosion
[119]. The very low concentration of solvents embrittles the resist and makes it
susceptible to cracks [119]. In [119], a prebake at 100°C for 1 minute per 1 um
resist film thickness has been proposed as a good compromise between sufficient
solvent evaporation and minimized loss of the photoactive compound. In case
multi-layers of resist are spun on the substrate, each coating is followed by a
short prebake step. This is illustrated in Figure 4.4.

Spin Coating Solvent Evap. Softbake 1 Edge Bead Softbake

Ramp: 900 rpm/s* 20-30 min at room =5 min 60°C [ |Removal 100°C for 1
1.500 rpm for 3 s = temperature Softbake 2 with AZ® EBRMP min/um film
5 minl00°C Solvent thickness

approx. 35 pm per cycle

Figure 4.4 Example of spinning and prebaking cycle for multiple coating.
Reproduced from [119].

Rehydration: A certain amount of water content is required in the resist film
during exposure to maintain a reasonably high development rate and a high
contrast [121,124]. However, during the prebake, the water concentration of the
resist film drops [124]. A time delay between prebake and exposure is necessary
to allow water from the air to diffuse into the resist. Time required to rehydrate
the complete photoresist film not only depends on the resist thickness but also on
the temperature (water diffusion in the resist is thermal activated) and the air
humidity of the room. Usually, thin films (AZ5214) of few um thicknesses take
a few seconds to rehydrate. Whereas, thick films (AZ4562) of few tens of um
thickness may take several hours for complete rehydration.

Exposure: AZ4562 exhibits spectral sensitivity in the UV range of 310-440nm.
For thick film resists, high exposure energy is required to assure the illumination
through the entire resist layer thickness [121]. AZ4562 layers with thickness in
the range of 100um require several minutes of exposure [125]. During exposure
the photoactive compound diazonaphtoquinone (DNQ) is converted into indene

carboxylic acid with N, as side product [119]. This transformation also decreases
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the absorbance of the resist, which becomes more transparent to UV light [118].
If the exposure intensity (given in mW/cm?) is too high, N, bubbles may appear
in the resist film. To prevent bubble formation, multiple exposures of relatively
shorter duration with delay between exposures is helpful. Bubble formation is
also associated with high exposure dose (given in md/cm?), in which case
exposure dose must be optimized. The exposure tool used in this work is the Karl
Slss MA6 mask aligner, which has a mercury lamp with its UV spectrum
peaking at 365nm (i-line). The contact mode between the mask and the resist

contributes in defining the resolution and wall profile of the resist [126]. The

25 5.0 10.0 pm
Vacuum Contact

Soft Contact

_ Hard Contact

20 um Proximity x600 0011 25KV _Sour

(€Y (b)
Figure 4.5 (a) Effect of wafer/mask contact modes on thick film photoresist side wall profile.
Reproduced from [128], (b) wall profile of 80um thick AZ4562 with

vacuum contact mode. Reproduced from [129].

exposure modes available in the MA6 mask aligner are: soft contact, hard
contact, vacuum contact and proximity. In the soft contact mode, simple
mechanical contact is made between the mask and the wafer, whereas for hard
contact mode, nitrogen gas flowing against the back of the wafer pushes the
wafer towards the mask to improve contact. In vacuum contact mode, the
wafer/mask contact space is pumped down to create a vacuum, realizing the best
wafer/mask contact. In proximity mode, the wafer and the mask never come into
physical contact and a gap exists between the wafer and the mask during
exposure. The wall profiles of a thick film positive photoresist for different
contact modes are shown in Figure 4.5(a). For thick film resist, vacuum contact

mode is preferred for better resolution as diffraction effects are relatively less
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compared to other modes. However, even vacuum contact mode does not yield
vertical sidewalls. For vacuum contact mode, undercut is observed just below the
photoresist surface and the pattern width is widest at the point and becomes
narrow towards the bottom [125]. The undercut is attributed to the diffraction

effect, which has been explained in [127].

4.3.1.2 Copper Electroplating

Through-mask electrodeposition of metals/alloys is a well known MEMS technology for
fabricating high aspect ratio metallic micro and nanostructures [117, 130]. In through-
mask electrodeposition, limits on achievable line width and aspect ratio of the structure
are defined by the patterning technique (like lithography). During the electroplating
process, the copper ions present in the electrolyte solution are reduced at the surface of
the conductive substrate to form the electroplated metal structure. A simple schematic
diagram of an electroplating system is shown in Figure 4.6.

Electrical control circuitry

Reference
electrode &
&

Conducting O] Counter
substrate electrode

Solu_li_on _recyclin_g and
Electrolyte containing conditiening equipment

metal and otherions ><

Figure 4.6 Schematic diagram of an electroplater. Reproduced from [130].

The electroplating system consists of [130]:

= An electrically conductive substrate to be electroplated. In this work, the
substrate is a silicon wafer with silicon dioxide layer. A 150-200 nm copper
thin film is deposited on the wafer to make it electrically conductive and
facilitate the nucleation mechanism during beginning of copper
electrodeposition. The conductive substrate is also referred to as the cathode.
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The electrolyte solution also referred to as the electroplating bath solution.
The bath solution contains the metal ions (e.g. cupric ions) that will be
deposited on parts of patterned seed layer exposed to the solution. The bath
solution also contains other supporting chemicals like acids (e.g. H,SO,) and
proprietary additives.

A counter electrode (anode) consisting of a soluble metal, usually the same
metal as the one being deposited.

An electrical current or voltage source for controlling the deposition.
Additional components such as pumps to circulate the bath solution, heater
for heating the electrolyte, current and temperature controllers, and filters to

keep the bath solution clean.

The uniformity of electroplated Cu is dependent on quality of the seed layer, the

chemistry of the bath solution and electrical parameters (plating current and voltage). Cu

seed layer is deposited using sputtering or E-beam evaporation. Time delay between

seed layer deposition and Cu electroplating should be kept to a minimum. If the Cu seed

layer is allowed to sit over time in the clean room, its surface will be oxidized. Oxidation

of Cu seed surface prevents wetting during subsequent copper electroplating, which

leads to formation of voids in the plated structures [131]. In addition to oxide formation,

photoresist residues may remain on the seed layer after the lithography process. These

residues will block the electrodeposition of Cu on seed layer, thus causing defects. A

number of surface treatments for Cu seed layer have been proposed to counter seed layer

contamination [131]. These are:

Copper oxide reduction by exposure to hydrogen plasma.

Reverse electroplating technique, in which the Cu wafer acts like the anode
when current is applied. The surface of wafer is dissolved, exposing a fresh
Cu layer.

Rinsing the substrate in the electrolyte bath solution. The CuSO4/ H,SO4
based electrolyte solution etches the native copper oxide.

O, (or O,/ CHy) plasma treatment for removing photoresist residues and
inorganic contaminants.

10 second dip in 1 - 10% nitric acid to remove copper oxide.
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Electrolyte bath solution chemistry is very critical in achieving uniform
deposition. Acid copper sulphate bath are the most common type of electrolyte
employed for Cu electrodeposition. This bath contains copper sulphate which dissolves
in the electrolyte and results in free hydrated cupric ion. This ion is reduced to copper
metal during the electrodeposition. Typical cupric ion concentrations in the
electroplating bath range from 10 to 60 gm/L [132]. A high concentration of cupric ion
will increase the deposition rate. Whereas lower cupric ion concentration will lower the
deposit thickness variations across the wafer. Usually sulphuric acid is used in the bath
solution to improve the conductivity of the solution and improve wetting and oxide
dissolution on Cu seed layers [132]. Typical concentration values for sulphuric acid are
from 45 to 325¢/L. Electroplating baths with higher concentration of sulphuric acid are
usually meant for fabricating very high aspect ratio (20:1) or complex structures.
Commercially available bath solutions also contain propriety organic additives. These
additives play a significant part in improving the uniformity. More information on
additives can be found in [132].

Typical deposition rate of electroplating range from 0.1 to a few pum/min. The

deposition rate is given as [130]:

D:a M :aIM 4.1)
t nFAp nFp

Where « is the current efficiency (usually above 90% for metal electrodeposition), | the
total current, t the duration of the deposition, n the charge of the deposited ions, F
Faraday’s constant, h and A the thickness and area of the deposit, p the density of the
deposit, M the molar mass and i the current density. The deposition rate increases
proportionally with current density. Though, typical values of current density are from 5
to 50 mA/cm?, 15 to 25 mA/cm? are usually used in microfabrication field. Lower
current densities yield uniform depositions, whereas at higher current densities non-
uniform depositions are common.

Figure 4.7 and 4.8 present the Cu electroplating system used in this work. The
bath solution for the electroplater was prepared in-house. The electrolyte holding tank of
the electroplater has a capacity of 5 litres. The electrolyte bath comprised of copper
sulphate pentahydrate (60gm/L) and sulphuric acid (230gm/L). No additives were used.

The solution is pumped through the anode as shown in Figure 4.8. The wafer is placed
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horizontally on the holder and pressure must be applied so that the cathode pins could
pierce through the photoresist to make electrical contact with the seed layer. The anode
comprises of copper pellets laid in three layers on a stainless-steel circular perforated
mesh with electrical contacts (see Figure 4.7).The holding tank has a heater to control
the temperature of the bath solution. The plating is performed at room temperature. The
current and time parameters that can be adjusted in the electroplater are shown in Figure
4.9. The current and time increments are usually required in case the geometrical surface

area of the structures being electrodeposited is continuously increasing.

Nitrogen
access

Cathode
Cu pellets on contact pins
perforated
anode

Figure4.7 Photos of the Cu electroplater used in fabricating the SC-uDGFC electrodes. Top lid of

electroplater is opened and the anode Cu pellets and cathode (wafer) contact pins are visible.

Figure 4.8 Electroplating bath solution is flowing through the Cu pellets

(and perforated copper anode) in the bottom of the wafer holder cup.
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Current
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-
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Figure4.9 Example of plating current profile possible with the Cu electroplater used in this work.
The parameters that can be independently adjusted are initial current (1,), plating times (T4, T, and Ts),

current increments A i; and time increments At; corresponding to Ai;.

4.3.2 Catalyst deposition
The catalyst is deposited on the Cu electrodes using the lift-off process [8] depicted in

Figure 4.10.
N /~

(@) (b)

. Silicon . Phaotoresist | | Copper seed layer . Metal catalyst

. Eleclroplated copper electrode

Figure 4.10 Lift-off process (a) metal deposition on copper electrode and photoresist

(b) photoresist dissolution and metal lift-off.

In the lift-off process the resist acts like a sacrificial layer. After the UV-LIGA
process, metal thin film is deposited on the resist and copper electrode, followed by
resist dissolution in solvent. All the metal that is not in contact with the copper electrode
will be removed (lifted-off). The catalyst thin film is deposited either using sputtering
(for Pt) or E-beam evaporation (for Ni and Ag) deposition technique. The deposition
process must take place below ca. 120°C temperature; otherwise, complete dissolution of
the photoresist may become difficult. The resist is dissolved in acetone accompanied by
ultrasound agitation. To remove resist residues, the sample is also cleaned in
isopropanol. Another requirement for a successful lift off process is that the metal

deposition should have poor step coverage. Thus, line-of-sight methods like evaporation
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are more suitable for lift-off [8]. Photoresist sidewalls with undercut (Figure 4.5 (b)) or
retrograde profile are useful in minimizing the unwanted deposition of metal on the
sidewalls [8].

Since catalysis is a surface process, catalyst layer as thin as 5nm should be
sufficient. However, the final step in the fabrication of the electrode assembly of the SC-
HDGFC is the etching of the copper seed layer. During this process, the catalysts are also
exposed to metal etchants. To avoid unintentional complete etching of the catalyst

layers, their film thickness is kept more than 80nm.

4.3.3 Copper seed layer etching

The Cu seed layer must be etched after the fabrication of the electrodes, otherwise the
anode and cathode will remain short circuited and the fuel cell will not operate. There
are several acid based etchant chemistries that can easily etch Cu. However, to
selectively etch Cu in the presence of other metals is a more challenging task. In this
work Cu and the underlying Cr or Ti adhesion promotion layer must be etched
selectively in the presence of Ni or Pt (anode catalyst), Ag (cathode catalyst) and Ti (Cu
current collector protection layer). Pt and Ti are chemically stable metals and are not
easily etched by commonly used Cu etchants. However, Ni and Ag are etched by Cu
etchants. The etchant solutions studied in this work are: 10% nitric acid (HNO3), dilute
sulphuric acid, ammonium hydroxide, dilute hydrofluoric acid, FeCls; solution,
phosphoric acid at different temperatures (RT to 120°C), Al etchant (85% HsPO4,5%
nitric acid, 5% acetic acid, 10% H,0) at RT and 50°C, 0.05%H,SO4 with few drops of
H,0O, , HCI — H,0, 3:1 solution and Cr etch solution. The Cr etch solution provided the
best result for Cu selective etching against Ni, Ag, Pt and Ti.

The composition of the Cr etch solution is: 200g of cerium ammonium nitrate
(Ce(NH4)2(NOg3)s ), 50ml of perchloric acid (HCIO,) and ca. 1100ml of DIW. The
solution is prepared by adding 700ml of DIW into a vessel and adding 50ml of HCIO,
into the DIW and stirring with a magnetic mixer. Then 200 gm of Ce(NH,;)2(NOz3)s is
added, and the solution is stirred until all of Ce(NH4)2(NOs)s has dissolved. Finally,
more DIW is added to the vessel so that the final solution volume is 1200 ml. The
etching of ca. 200nm thin Cu seed layer takes approximately 2 minutes in the Cr etch
solution. The etch rate for Ni and Ag in the Cr etch is very low. Surprisingly, the Cr etch
solution does not etch ca. 15 nm thin Cr adhesion promotion layer. Cr layer is later

etched using a 37% HCI solution, which takes ca. 20 seconds. If Ti is used as the
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intermediate layer, it can removed by a very dilute HF solution (ca. 5ml of HF in 200 ml
of DIW).

4.3.4 PDM S cover/membrane fabrication

PDMS, a silicon based organic polymer (silicones), is widely used in microfabrication.
A large number of microfluidic devices are manufactured in PDMS [133]. Fabrication
of microfluidic devices particularly channels in PDMS is very easy as it can be cast
against a suitable mould with sub-0.1um fidelity [112]. PDMS also has useful physical
and chemical properties: it is optically transparent, electrically insulating, elastomeric
with tuneable Young’s modulas, thermally insulating, chemically inert, hydrophobic
(low surface energy), impermeable to liquid water, permeable to gases and non polar
solvents and nontoxic [112]. As mentioned in Section 4.2, PDMS is used in this work for
its high gas (oxygen and other gases) permeability, which allows gas transport through
bulk PDMS. PDMS components are usually fabricated using the soft lithography
technique of replica moulding (casting). The steps involved in the fabrication of the
PDMS compartment for the SC-uDGFC are illustrated in Figure 4.11.

(a) (d)

(b) (e)

0 Ssilicon SU-8

PDMS . Weights

. Plasma deposited fluoropolymer

(e)
Figure4.11 Fabrication of PDMS compartment /membrane by replica moulding. (a) Fabricated SU-8

master, (b) PDMS prepolymer is poured on the master, (c) PDMS is heat cured under uniaxial pressure
provided by the weights, (d) top wafer is removed, (€) PDMS replica is peeled off from the master and
unwanted PDMS is removed.
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¥

Figure4.12 PDMS is being cured at room temperature and under pressure.

The top wafer and the weights are visible in the photo.

The process starts with the fabrication of an SU-8 master (or mould). The
fabrication of the master is explained in detail in the next section. PDMS used in this
work is supplied by Dow Corning (Sylgard 184 Silicone Elastomer Kit), and comes in
two liquid components, a base and a curing agent. The base is mixed with the curing
agent in a 10:1 ratio by weight. Mixing the two components results in the formation of
air bubbles in the liquid PDMS prepolymer. The PDMS prepolymer is degassed by
keeping it in vacuum for 40 minutes. A vacuum dessicator is used for this purpose. The
master wafer is placed in a plastic petri dish and ca. 8 grams of PDMS prepolymer is
poured onto the master. To control the thickness of the PDMS membrane a Si wafer is
placed on top of the poured PDMS, followed by 800 grams of weight. The weights apply
uniaxial pressure on the wafer-PDMS-master sandwich (see Figure 4.11(c) and 4.12).
The applied pressure causes the higher support feature on SU-8 master to come in
contact with the top wafer by excluding the PDMS. The thickness of the PDMS
membrane is defined by the height difference between the higher (support) and lower
(compartment) feature of the SU-8 master. According to the manufacturer (Dow
Corning), the PDMS is cured in 48 hours at room temperature, 45 minutes at 100°C, 20
minutes at 120°C or 10 minutes at 150°C. In this work, the PDMS is cured at room
temperature for 48 hours or in an oven at 55°C for 4 hours. Once the PDMS is cured
(transformed into a stable solid elastomer), the top wafer is carefully removed. The
PDMS replica (negative of master) is peeled off from the SU-8 master and unwanted
PDMS is cut off with a scalpel. The SU-8 master and the top Si wafer is coated with

Teflon-like fluoropolymer using plasma deposition. This fluoropolymer layer prevents
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the bonding of the PDMS to the master and the top wafer and facilitates the release of the
PDMS replica from the mould.

4.3.5 SU-8 master fabrication

It is a common practice to use SU-8 for fabricating master for PDMS replica moulding
[134]. SU-8 is a commercially available epoxy based photoresist. SU-8 is a negative
photoresist, which implies that the exposed and subsequently cross-linked parts of SU-8
are rendered insoluble to liquid developers. The cross-linking upon exposure proceeds in
two steps: (1) formation of a strong acid during the exposure process followed by (2)
acid-initiated, thermally driven epoxy cross-linking during the post exposure bake (PEB)
step [135]. SU-8 (MicroChem Corp.) is available in different formulations ranging from
SU-8 2 to SU-8 100, each corresponding to a particular viscosity and maximum thickness
achievable with a single coat for a standard spin rotation. Film thickness up to 2mm thick
with multiple coatings [136] and aspect ratio over 25:1 are achievable with SU-8 [137].
In this work, the master has been fabricated using multi-layer SU-8 fabrication technique
[137] in which each layer undergoes softbake, exposure and PEB but the all layers are
developed simultaneously at the end. Three SU-8 masters were fabricated to mould
PDMS covers with the following dimensions:

i. Compartment height of 30pm and membrane thickness of 270um
ii. Compartment height of 30pum and membrane thickness of 100um, and
iii. Compartment height and membrane thickness of 50um.

The fabrication steps and the process parameters used in the fabrication of these SU-8
masters are presented in Table 4.1 (page 76) and 4.2 respectively. In table 4.2, the
exposure is mentioned in terms of time instead of the more meaningful parameter of

exposure dose since the mask aligner used in the work is not calibrated.

Table 4.2 Process parametersfor fabrication of SU-8 master

Thickness  Spinning Softbakeat  Softbakeat  Exposure oSt EXPosure

Resist o . o . bake
(um) speed (rpm) 65°C (Min) 95°C (Min) (sec) at 95°C (min)
SU-8 50 30 6000 5 12 20 12
Layer 1
SU-8 50 50 3000 5 15 25 15
SU-8 50 50 3000 5 15 25 15
Layer 2 SU-8 50 100 1500 15 30 50 10

SU-8 100 270 1500 25 150 70 40
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Table4.1 Fabrication steps of SU-8 Master

Legend

SU-8 . Silicon

Mask - transparent region

. Plasma deposited fluoropolymer

. Mask - opaque region

No.

Process Steps

Silicon wafer was cleaned with RCA solution followed
by a dip in buffered HF solution, which is meant to
improve adhesion. First layer of SU8 is spun on the
wafer and softbaked on a hotplate. The first layer of SU8
defines the height of the PDMS compartment which
corresponds to the height of the cathode. The layer
thickness is either 30 um or 50um.

First layer of SU8 is exposed and subjected to post
exposure bake (PEB).

Second layer of SU8 is spin coated on top of the first
layer without developing the first layer. After spin
coating, the second layer is softbaked on a hotplate. The
thickness of the second layer of SU8 defines the
thickness of the PDMS membrane.

SU8 multilayer is exposed with Karl Stiss MA6 mask
aligner and post exposure bake is done on a hotplate.

SU8 is developed in a commercially available SU8
developer. The development takes about 10 to 30
minutes depending on layer thickness. However, as the
structures are relatively large, development time is not
critical.

The SU8 master is coated with Teflon like fluoropolymer
using plasma deposition.
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4.3.6 PDM S membrane bonding
The PDMS cover/membrane fabricated with moulding must be bonded with the Si
substrate supporting the electrodes to complete the fabrication of SC-uDGFC. The
PDMS cover is permanently bonded to the Si substrate using oxygen plasma assisted
bonding. The PDMS cover is exposed to oxygen plasma for 1 minute. This improves the
adhesiveness of PDMS by removing surface contaminates and altering the surface
chemistry. Oxygen plasma treatment generates silanol groups (Si-OH) on the surface of
the PDMS by the oxidation of methyl groups (PDMS surface chemistry changes from
hydrophobic to hydrophilic). Surface oxidized PDMS can be irreversibly bonded to a
number of substrates including itself, glass, Si, SiO;, silicon nitrate, quartz, polystyrene
and polyethylene [112,138].The second surface may also have to be exposed to oxygen
plasma. However, in this work, the Si substrate is not exposed to oxygen plasma as this
may oxidize the catalysts and render them inactive during fuel cell operation.

The bonding process requires some manual dexterity. After oxygen plasma
treatment of PDMS, the two surfaces must be brought into intimate contact quickly (<10
min) and the cover must be aligned with the underlying interdigitating comb electrode

structures. The bond strength increases over several hours until it becomes irreversible.

4.3.7 Complete fabrication process
The essential microfabrication technologies used in the fabrication of SC-uDGFC have
been explained in the preceding sections. This will facilitate the understanding of the

whole fabrication process of SC-uDGFC which is presented in Table 4.3.
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Table 4.3 Fabrication Steps of SC-uDGFC

. Silicon . Silicon Dioxide . Copper seed layer . Chromium . Titanium

L egend . Photoresist . Copper electrode . Nickel/Platinum . Silver PDMS
Step

No. Process Step

1 300 to 400 nm thick silicon dioxide is deposited on the Si wafer by

PECVD. Alternately, the wafer can be thermally oxidized to forma 1
pum thick thermal oxide layer. The purpose of oxide layer is to
electrically insulate the anode and cathode from each other.

Cu seed layer (electroplating base) is deposited on the wafer. The
seed layer is 120 - 200 nm in thickness and is deposited by sputtering
or E-beam evaporation. Before Cu film is deposited, a 10-15nm
intermediate layer of Ti or Cr is deposited to improve the adhesion
between Cu and SiO..

The current collectors and the contact pads are defined in the seed
layer. To define the current collector and contact pads, Ti is
deposited by the lift off process. The process starts by lithography as
show in the corresponding figure. Positive photoresist (AZ5214) is
spun at 4000 rpm for 30 seconds to obtain a resist thickness of
1.4um. The resist is softbaked in an oven for 20 minutes at 93°C or it
can be softbaked on a hotplate at 100°C for 1 minute. The exposure
time is 3 seconds and the development takes 50 seconds in AZ351B
developer (1:4).

Ti is deposited by sputtering or E-beam evaporation. The thickness is
25 —-40 nm.

Dissolution of photoresist and lift-off of unwanted Ti by immersion
in acetone. The process takes ca. 15 minutes with ultrasound
agitation. The wafer is further cleaned with isopropanol and
ultrasound agitation for 15 minutes. Ti will act as a hard mask to
protect the underlying Cu during seed layer etching.

Photolithography of AZ4562 photoresist to form the mould for
anode fabrication by electroplating. The parameters for this process
are:

Resist spinning: 5000 rpm for 30 seconds

Softbake: 100°C for 5 minutes on a hotplate

Rehydration time: 1-2 hours

Exposure: 12 seconds; hard contact mode

Development time: 3-4 minutes;, AZ351B developer diluted in DIW
(1:4)

Resist thickness: ca. 5.3 pm

The photoresist is exposed to O, plasma for 30-45 seconds to remove
resist residues and inorganic contaminants from the seed layer.
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. Silicon . Silicon Dioxide . Copper seed layer . Chromium . Titanium

fabricating cathode by copper electroplating. Cathodes comb
electrode fingers were either ca. 30 or 50 pm high using single or
multiple coating.

Legend
. Photoresist . Copper electrode . Nickel/Platinum . Silver PDMS

7. Electroplating through photoresist mask to form the anode.

Electroplating parameters are:
Plating area: ca. 7.66 cm?
Plating current: 153mA
Current density: 20 mA/cn?

Rate: 0.5um/min.

8. Anode catalyst (Pt or Ni) is deposited using lift off process. In case
of Ni E-beam evaporator is used, whereas Pt is sputtered. The
thickness of the catalyst layer is 80-90nm.

0. The thick resist is stripped with acetone and isopropanol. The sample
is immersed in acetone and isopropanol for 15 minutes each with
ultrasound agitation. It was observed that retrograde sidewall profile
is not essential for the lift off process to succeed in case of AZ4562

10. Photolithography of AZ4562 photoresist to form the mould for

The parametersfor fabricating 34 um high cathode mould by
single coating are;

Resist spinning: 100 rpm ( chuck acceleration 500r prm/sec) for 0.5
seconds followed by main spin: 1800 rpm (chuck acceleration
900rpmvsec) for 3 seconds
Softbake: 60 to 98 °C in 4 minutes; at 98°C for 30 minuteson a
hotplate

Rehydration time: ca. 10 hours;

Exposure: Multiple exposurein low vacuum contact mode, 2
cycles of 90 seconds exposure with 90 seconds delay between
exposures

Development time: 12-15 minutes with AZ351B devel oper, diluted
in DIW (1:4)

Resist thickness : ca. 34.4 uym

The parametersfor fabricating 52 um high photoresist mould:

First coat : 100 rpm (500rprmvsec acceleration) for 0.5 seconds
followed by main spin: 2000 rpm for 3 seconds (chuck acceleration
900r pnv'sec)

I nter mediate Softbake: 60°C for 5 minutes; at 98°C for 5 minutes
on a hotplate

Second coat : 100 rpm (500r prvsec acceleration) for 0.5 seconds
followed by main spin: 2000 rpmfor 3 seconds (chuck acceleration
900r pnvsec)
Relaxation time: 15 - 20 minutes
Softbake: 60°C for 5 minutes and 98°C for 50 minutes
Rehydration time: ca. 12 -24 hours
Exposure: Multiple exposure in low vacuum contact mode, 2
cyclesof 120 seconds exposure with 100 seconds delay between
exposures
Development time: ca. 30-35 minutes with AZ351B devel oper,
diluted in DIW (1:4)

Resist thickness : ca. 52 pm
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L egend . Silicon . Silicon Dioxide [ Copper seed layer

. Photoresist . Copper electrode . Nickel/Platinum

11. Electroplating through photoresist mask to form the anode.
Electroplating parameters are:
Plating area: ca. 7.66 cm?
Plating current: 153mA
Current density: 20 mA/c?
Rate: 0.5um/min.

12. Ag is deposited by E-beam evaporation process. The thickness
of the Ag film is ca. 80-90 nm.

13. Lift-off process for selective deposition of Ag. The resist is
removed with acetone and isopropanol in combination with
mild ultrasound agitation.

14. Copper seed layer is etched using the Cr etch solution
mentioned in Section 4.3.3. The underlying Cr or Ti adhesion
promotion layer is not etched by the Cr etch solution. Cr is
etched by a concentrated HCI acid. In case of Ti layer, diluted
HF acid (5ml HF in 120ml DIW) is used as the etchant.

15. PDMS membrane is exposed to oxygen plasma for one minute
and then attached to the fuel cell. A temporary bond is formed
at the SiO, — PDMS interface, which becomes permanent after
a few hours.
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Chapter 5

Results and Discussion

5.1 Overview

In this chapter the fabrication and performance of the SC-uDGFC is evaluated. Results
are presented for different stages of the fabrication process and key issues encountered
during these stages are discussed. The SC-uDGFCs were not only tested for glucose but
also for ethanol. The results of these tests are presented in this chapter and their

performance analyzed.

5.2 Fabrication results
Most of the processes for fabricating the SC-uDGFCs were carried out in an 1SO class 5
cleanroom. Copper electroplating, nickel deposition by evaporation, PDMS moulding
and dicing of the wafer was performed outside the cleanroom. The fabricated SC-
UDGFCs are show in Figure 5.1. Three different sizes of fuel cell were fabricated: small
(2.2 x 1.25 cm), medium (5 x 1.35 cm) and large (5 x 2.2 cm). Individual components of
the SC-uDGFC are highlighted in Figure 5.2.

The layout of a 4 inch Si wafer used in fabricating SC-uDGFC chips is shown in
Figure 5.3. This simple layout facilitates the wafer dicing process. Figure 5.3 also shows
the 5mm wide outer rim of Si wafer that cannot be utilized due to the formation and

subsequent removal of the AZ4562 edge bead.
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Electrode Area:
0.17cm2
Capacity: 3.4 u

Electrode Area: .Electrode Area:
0.49 cm2 0.97 cm2
Capacity: 8.7 yL  Capacity: 18 pL

Figure 5.1 Fabricated SC-uDGFCs of three different sizes with volumes for 31um high cathodes.

Anode Cathode
contact contact
pad pad

Interdigitating
> comb
electrodes

fingers

Current
collector

Figure 5.2 Components of a SC-uDGFC.
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Figure5.3 (a) and (b) Layout of a 4 inch silicon wafer used to fabricate the SC-uDGFC chips. Each
wafer accommodates four small fuel cells of dimension 2.2 x 1.25 cm, two medium sized fuel cell of

dimensions 5 x 1.35 cm and two large fuel cells of dimensions 5 x 2.2 cm.

Photomasks printed on plastic film were used for the photolithography process.
The photomasks were drawn using LAYED (Catena Software GmbH) computer aided
design tool. The minimum achievable line width for plastic photomasks ranges from 15
to 30um depending on the printer (vendor). Keeping this fact in mind, the line width of
each electrode finger is set to be 30um. However, the plastic mask obtained from the
printer had electrode fingers with width of 23um due to production problems at the mask
vendor. The distance between an anode finger and the adjacent cathode finger is
designed to be 30um. The current collector lines connecting the electrode fingers to each
other and to the contact pad are 250 um wide.

Key issues related to the fabrication of the SC-uDGFCs are addressed in the
following subsections.

5.2.1 AZ4562 processing

As discussed in Section 4.3.1, the side wall profile of the comb electrode fingers
depends on the profile of the AZ4562 resist mould. The impact of different contact
modes between the photomask and wafer during exposure can be seen in Figure 5.4(a)
and (b). The vacuum contact mode (Figure 5.4(a)) leads to wall profiles with undercut
below the surface of the resist. The undercut is beneficial in deposition of metals on the

electroplated copper as unwanted deposition on the sidewall is blocked by the undercut
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(Figure 5.4 (c)). Using soft contact mode will lead to inclined sidewalls profile as shown
in Figure 5.4(b).
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AZ4562
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Figure5.4 (a) AZ4562 exposed using vacuum contact mode. (b) Inclined sidewall profile obtained using

soft contact mode. (c) Pt deposited on copper electroplated using AZ4562 mold with undercut
(d) widening of the patterns due to a long development time caused by a long softbake. The electroplated

Cu follows the shape of the resist mould.

Though the contact mode during exposure is important, it is not as critical as the
softbake time and temperature. It was observed that too long softbake time resulted in
very long development times and extremely inclined sidewalls with widened patterns.
The widening of the pattern is associated with significant dark erosion during
development. Figure 5.4(d) shows a cathode comb electrode finger in between two
anode electrode fingers. During the processing of ca. 52um thick AZ4562 (obtained by
double coating) for fabricating this cathode comb electrode, the resist was softbaked for
70 minutes at 100°C, and was exposed using 5 exposure cycles; each with exposure

time of 100 seconds and delay of 60 seconds between exposures. The softbake time was
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too long, which resulted in a very long development time of 3 hours and 20 minutes. The
long development time resulted in significant erosion of unexposed areas, resulting in
widening of the cathode finger. The width of the cathode finger should be equal to the
width of the anode finger (ca. 23um). However, in this case it is almost twice the width
of the anode. The optimized parameters for coating 31um and 52um AZ4562 resists
have already been mentioned in Section 4.3.7.

To protect the photoresist from the electroplating bath solution, it can be hard
baked in an oven at 120°C for ca. 15-20 minutes. When an AZ4562 sample was hard
baked before electroplating, it was observed that the resist patterns shape changed. This
happens because the resist soften during the hard bake and reflows. The hard bake was
evaluated to be a redundant step since AZ4562 is chemically stable in the plating bath

solution.

3m EHT = 3.00 kv Signal A = InLens Date ;13 Nov 2007
F— Wh= 3mm StageatT= 158°  Time 154149

Figure5.5 AZ4562 reflows when it is hard baked in an oven at 120°C.

Vacuum contact mode was evaluated to be the best option for obtaining near
vertical side walls. However, the formation of edge bead introduced an unwanted
proximity gap between the photomask and the wafer. The thickness of the resist at the
edge for some samples was found to be twice as thick as the resist in the centre of the
wafer. The width of the rim formed by the edge bead was ca.5 mm. The edge bead was
removed by photolithography. 5mm wide outer rim of the wafer was exposed and the
edge bead was reduced by subsequent development. It is preferred not to completely
remove all photoresist from the edge but to only reduce its thickness to a level where it
is equal to the photoresist film on the rest of the wafer. Figure 5.6 shows the profile of
edge bead formed when a 52um thick AZ4562 film is coated. This bead was removed by
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photolithography (100 second exposure and 12 minute development) and the resulting
profile of the resist at the edge after development is shown in Figure 5.7.
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Figure 5.6 AZ4562 film profile at the edge of the wafer measured with a profilometer. The
wafer edge begins at zero mark on the horizontal axis, whereas zero on the vertical axis

corresponds to planar surface of the photoresist film outside the edge bead region.
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Figure5.7 AZ4562 film profile at the edge after the edge bead has been reduced using photo-lithography.
The wafer edge begins at zero mark on the horizontal axis, whereas zero on the vertical axis corresponds

to planar surface of the photoresist film outside the edge bead region.
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5.2.2 Electrode electroplating

Parameters for electroplating process like electroplating bath composition, current
density and Cu seed layer surface treatments were studied before the process was used to
fabricate the comb electrodes. The composition of the plating bath used in the initial
tests was 75 g/L of copper sulphate pentahydrate (CuSO4. 5H,0), 190g/L of sulphuric
acid (H2SO4) and 150 mg/L of hydrochloric acid (HCI). The current density values
ranged from 10 to 20 mA/cm?. In the initial tests, the seed layer was not subjected to any
surface treatment. Some results from the initial tests are shown in Figure 5.8. The
electroplated structures exhibited large non-uniformity in thickness over the entire
wafer. This indicates that the depositing Cu film does not grow at the same rate on all
the patterns in the photoresist mould. Possible reasons for this “pattern-scale” non
uniformity in thickness are: (i) high concentration of copper, (ii) high current density,
(ili) mass transfer kinetics dependent on electroplating cell geometry, (iv) limited
wettability of the seed layer, (v) contaminants on the seed layer that inhibit
electrodeposition, and (vi) the arrangement, density and geometry of the patterns on the
photoresist mould [131,132,139].

A A A A A
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Figure5.8 (a) & (b) Non uniformity in the height of electrodeposited microstructures.

Changes were made to the electroplating process in order to improve the
uniformity of deposition. The Cu concentration was reduced by reducing the
concentration of CuSQO4.5H,0 to 60 gm/L. The concentration of H,SO,4 was increased
to 230gm/L. A higher concentration of H,SO4 helps in minimizing the variations in
thickness uniformity arising from the electroplating cell geometry [132]. To improve the

wetting of the seed layer, the wafer was dipped in DIW for a minute before it was placed
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in the electroplater. The Cu electroplater also has a routine to improve wetting. The
electrolyte flow in the electroplater runs for three short durations before the current is
applied. This cycle is meant to properly wet the seed layer. The seed layer was also
subjected to surface treatments before electroplating. The seed layer was exposed to
oxygen plasma for 30 - 45 seconds to remove the resist residues and organic
contaminants from its surface. Oxygen plasma treatment was found to be very effective
in improving the uniformity of deposition. After oxygen plasma treatment, the native
copper oxide from the seed layer was removed by dipping the wafer in 10% nitric acid
for 10 seconds. However, etching the copper oxide in nitric acid was found to be a
redundant process step as the electrolyte solution itself can effectively etch the copper
oxide. The current density for plating was set to be 20mA/cm? which is a good
compromise between good thickness uniformity and reasonable deposition rate of ca.
0.45 - 0.55um/min.  The above mentioned changes in electroplating process

significantly improved the uniformity of the electrodeposition and reduced the number

100um EHT = 3000y Sagnal A = InLens Drate -3 Jun 2008 - EHT = 5,00 kv Sigral A InLens Sl 2008
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Figure 5.9 SEM image of (a) cross sectional and (b) top view of comb electrodes of SC-uDGFC.
Eachelectrode finger is 25um wide and the gap between two adjacent anode and cathode comb electrode

fingers is 27um.

of voids (patterns with no electrodeposited Cu). Figure 5.9(a) shows the electrodeposited
electrode comb fingers with good height uniformity at the pattern scale. The uniformity
of the deposition across the wafer depends on the pattern spacing and geometry [139].
The test photomask used during the initial testing had features of different sizes, density
and spacing. The variations on this photomask were very large with the smallest feature
size in the range of. 5-10um and the maximum feature as wide as 1mm and running

across the entire wafer. In contrast, the masks for the anode and cathode comb electrode
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fingers have patterns of uniform sizes and spacing as shown in Figure 5.9(b). It was
observed that the uniform geometry of the comb electrodes plays a major role in

improving the uniformity of the electrodeposition.
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Figure 5.10 (a) SEM image of cross sectional view of anode and cathode finger. The pyramid shaped
mounds on the cathode are visible. (b) SEM image of the top view of the pyramidal mounds on the surface
of the cathode finger.

In the above discussion, the thickness distribution of the electrodeposition is
discussed at the “macro” pattern scale and the surface morphology of individual features
IS not considered. The surface of the electrodeposited Cu was not planar, which was
expected as no additives were used in the electroplating bath solution [132, 140]. The
roughness in the surface of the electrodeposited Cu was more prominent for the cathode
comb electrode fingers. The surface of cathode had large pyramidal mounds as shown in
Figure 5.10 and 5.13(b). At the molecular scale, the pyramidal mounds are formed of
series of steps (terraces). The formation of the pyramidal mounds is primarily ascribed to
the Schwoebel effect [140-142]. According to the Schwoebel effect, the diffusing
adatoms will face a resistance to the step-down diffusion. The resistance arises from the
potential barrier that exists at the edge of the step and it will most likely reflect the atom
upwards. Hence, the diffusing atoms have a tendency to ascend steps rather than to
descend steps. In addition to the Schwoebel effect, short-range attraction of the surface
adatoms to the ascending steps also causes mounding [141]. As the electrodeposition
progresses, the mounds size increases with time and eventually coalescence occurs. The
coalescing of neighbouring mounds creates larger mounds which become bigger and

steeper with time, decreasing the empty area between as well as the total number of
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mounds on the surface [141]. More information on formation of pyramidal mounds can

be found in [140] and [141].

When electrodeposition height is greater than the photoresist mask thickness, the

deposition will proceed in the lateral direction as well as vertical. This phenomenon is

referred to as mushrooming. To avoid mushrooming, the electrodeposition in progress is

interrupted to monitor the height of the structures with a profilometer. The height of the

deposit can also be predicted since the electroplating rate is known. The deposition rate

was usually in the range of 0.45 to 0.55 pum/min. However, there were samples which

exhibited non-uniformity in deposition and lead to mushrooming on same parts of the

sample. Figure 5.11 and 5.12 show the progression of mushrooming at the beginning and

advance stage respectively.
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Figure5.11 SEM image of cross sectional view of comb electrode fingers showing early signs of
mushrooming for the cathode fingers.
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Figure 5.12 SEM images of cross sectional view of comb electrode fingers with excessive mushrooming.
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5.2.3 Catalyst Deposition

Ni and Ag are deposited using E-beam evaporation. Later, Ni was replaced by Pt, which
is deposited using sputtering system. Before depositing the catalyst layer, the wafer is
immersed in 10% nitric acid for ca. 30 seconds to remove any native oxide from the
electroplated copper. The layer thickness of the catalysts ranged from 80 to 90 nm.
Figure 5.13 show the catalyst deposited on the electrodes with the lift-off process. It is
beneficial to have vertical or retrograde sidewall profile of the resist to minimize the
metal deposition on the side wall. However, it was found that even with inclined
sidewalls, lift-off of metal was easily achieved. In some cases, the metal deposited on
the sidewalls of the resist remains attached to the electrode after lift-off. This is shown
for an anode comb electrode finger in Figure 5.14. The free hanging catalyst film,

however, does not result in device failure.
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Figure 5.13 (a) SEM image of fuel cell anode and cathode fingers with catalyst layers (b)Surface
topography of cathode with silver catalyst.

Ni that was deposited on the
sidewall of the photoresist
remains on the anode

Figure5.14 (a) SEM image of fuel cell anode finger with Ni catalyst. The Ni deposited on the sidewall of
the resist remains after the lift-off process.
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5.2.4 Seed layer etching

Cu seed layer is etched in the Cr etch solution as described in Section 4.3.3. Time to etch
150nm Cu seed layer takes ca. 60 to 120 seconds depending on the gap between the
adjacent electrodes. Though, it is expected that the gap between the adjacent anode and
cathode fingers should be fixed i.e. 27um. It was observed that the plastic photomask for
photolithography had discrepancies which translated into slight misalignment and
varying gap between the adjacent electrodes. The variation in the gaps was more
prominent for small sized fuel cells. Figure 5.15 shows test samples etched in Cr etch
solution. The numbers (15 and 20pum) indicate the gap between the adjacent copper
fingers. 150 nm thin Cu seed layer between Cu fingers with 20um gap is etched in 80
seconds, whereas, the Cu in the 15um gap takes additional 15 seconds to etch.

(b)

Figure5.15 Progress in Cu seed layer etching after (a) 80 seconds and (b) 95 seconds.

The underlying adhesion promotion layer of 15-20nm thin Cr between Cu film
and SiO; is not etched by the Cr etchant even. This is an unusual result as the cerium
ammonium nitrate and perchloric acid based Cr etchant is supposed to etch Cr easily.
This may be attributed to a possible electrochemical effect which hinders the etching of
Cr in the Cr etchant when it is in contact with Cu or Ag is present. A similar
electrochemical effect has been reported by Williams et al. [143] for a similar Cr etchant
composition. They reported significantly reduction in the etch rate of Cr when it is in
contact with Au. The Cr layer is etched in 37% HCI, which takes about 30 seconds for
20nm. If Ti is used for adhesion promotion, it is removed in very dilute HF, which takes
ca. 20 seconds. The etching of Cr or Ti layer is monitored by measuring the sheet

resistance of the substrate with 4 point probe station.
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5.2.5 PDM SMembrane

The process for fabricating the PDMS membrane and bonding it to the Si substrate has
been discussed in Section 4.3.4 and 4.3.6 respectively. Fuel cells with three different
PDMS membrane thickness (50, 100 and 270 um) were fabricated. Figure 5.16 and 5.17
show cross sectional SEM images a SC-uDGFC with 270um PDMS membrane.

Silicon
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Figure 5.16 SEM image of cross sectional view of SC-uDGFC.
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Figure5.17 SEM image of cross sectional view of a SC-uDGFC in which ca. 270um thick
PDMS membrane, the cell compartment and the Si substrate are visible.

It was observed that the PDMS compartment swells/bulges out when fuel-
electrolyte solution was pumped into the fuel cell. This increases the gap between the
cathode surface and the PDMS membrane and lowers the performance of the fuel cell as
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access of oxygen to the cathode is reduced. A possible solution to this problem is to have
cathode fingers which are much higher than the height of the PDMS compartment. In
this case, the cathode will be tightly pressed against the PDMS membrane which will be
stretched by the cathode. This will ensure that the PDMS membrane’s capacity to further
stretch is reduced when fuel-electrolyte solution is pumped in. Optimum height for the
cathode and the compartment would have to be evaluated for this purpose.

5.2.6 Defect analysis
In this section, the defects in the fabrication of some SC-uDGFCs that lead to their
failure to operate are discussed. The SC-uDGFCs will not operate if either a short circuit
exits, i.e. an electrically conductive path exists between the anode and cathode, or an
open circuit exist, in which case an electrode is not electrically connected to its
respective current collector.

Figure 5.18 shows electrode fingers that are partially detached from the substrate.
This problem was usually encountered with the cathode fingers. The partially detached
fingers, in most cases, came into contact with the adjacent electrode fingers. This short
circuited the fuel cells. This problem was very uncommon as most electroplated

structures exhibited good adhesion to the substrate.
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Figure 5.18 Optical microscope images of electrode fingers of the SC-uDGFC. Some cathode comb

electrode fingers are partially detached from the substrate and in contact with the anode.

Before electroplating, Cu seed layer was dipped in 10% nitric acid for 10-15

seconds to remove copper native oxide from the surface. However, for a few samples, it
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was observed that the Cu seed layer is also etched completely in the nitric acid solution.
This etching proceeds from the ends of the electrode finger patterns as shown in Figure
5.19. Due to this unwanted etching, most or all electrode fingers will not remain in
electrical contact with the current collector. The electroplating bath solution also acts as
an etchant for copper oxide. Thus, cleaning the seed layer in the nitric acid was a

redundant process step and was avoided in latter fuel cell samples.

Etched
I(;l;esreed Electroplaed Cu
: e
i
e
Current : . 5
collector . s

Figure 5.19 Optical microscope image of electrode fingers after electroplating. The parts of the seed layer

that were unintentionally etched in the nitric acid do not have any electroplated copper.

Another cause for short circuiting in the fuel cells is the presence of resist
residues or other contaminant on the seed layer. These contaminants will block the
etching of the underlying Cu seed layer and cause the anode and cathode fingers to
remain in electrical contact as show in Figure 5.20. These contaminants existed as series
(or line) of spots running in direction perpendicular to the electrode fingers. Cleaning the
samples in acetone and propanol prior to etching did not remove theses contaminants. To
remove the spots, the etching time had to be increased to 3-4 minutes. This is not a
feasible solution as prolonged etching exacerbates the peeling of the catalyst layers
(discussed below). The seed layer was etched after the dicing step. The dicing process
may be the source of these contaminants. A solution is to coat the wafer with thick

photoresist to protect against contaminants during the dicing process.
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Figure 5.20 Optical microscope images of Cu spots left on the sample after Cu seed layer is etched.

The most common reason for the failure of SC-uDGFCs was the peeling of the
catalyst layer during etching of Cu seed layer in the Cr-etchant solution. It was observed
that after 45 -70 seconds in the etchant, Ni film deposited on the anode began to peel.
This peeling was not only observed for Ni but also, in case of some samples, for Ag. In
case of Ag, the peeling began later than Ni, usually starting after 150 seconds of being
immersed in the etchant. Figure 5.21 show Ni film partially peeled from the anode. The
free hanging Ni film gets in contact with the adjacent cathode, thus short circuiting the
fuel cell. The peeling does not occur for Pt films. It is suspected that some
electrochemical effect occurs in which the Cu immediately below the Ni or Ag film
etches very quickly in the Cr-etchant solution. This hypothesis is supported by the
results obtained when a test sample was etched in the Cr etchant. The result from the test
IS shown in Figure 5.23. The test sample was prepared using the photolithography
photomasks used in the fabrication of SC-uDGFC. A 100nm Cu seed layer was
deposited on Si wafer with SiO; film. There is also a 20nm Cr adhesion promotion layer
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between Cu and SiO,. Ni and Ag interdigitating lines were deposited directly on top of
the Cu film using the lift-off process. Electroplating was not used in preparation of this
sample. Unprotected 100nm Cu film etches in Cr-etchant in ca. 60 seconds. From Figure
5.23, it can be seen that Cu below Ni and Ag lines was also etched. The etching
progressed a lateral distance of ca. 4.5um from each edge of the line toward its centre.
This is very fast rate of etching. Normally lateral etching that progresses under an etch
mask has an etch rate similar to that of the unprotected material. If the lateral etching is
allowed to continue, in ca. 3 minutes all the Cu below the Ni and Ag lines is etched and

the Ni and Ag films are removed from the substrate.
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Figure5.21 (a) SEM image of nickel film that has peeled away from the anode (b) optical image of nickel
film that has peeled away from the anode and is in contact with the adjacent cathode, thus causing a short

circuit.
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Figure5.22 SEM image of SC-uDGFC with Pt catalyst for the anode (lower electrode) and Ag catalyst
for the cathode (higher electrode). The Pt film do not exhibit peeling, whereas, Ag film has began to peel

from the cathode when Cu seed layer is etched in the Cr-etchant.
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Figure5.23 (a) Optical microscope image of Ni and Ag lines from the top after Cu ethcing.
The etching of the underlying Cu layer is visible by the topography of the lines. (b), (c)
& (d) SEM images of cross sectional view of Ag thin film line. The lateral etching of the

Cu film below the Ag is clearly visible.

Ti adhesion promotion layer was used to improve the adhesion between Ag and
electroplated copper. Whereas, peeling of Ni was avoided by replacing it with Pt film.

Despite the used of intermediate Ti film, Ag was peeled from some samples if the
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etching lasted for more than 2 minutes. The peeling of the catalyst can be avoided if they
are deposited after the seed layer has been etched. This can be accomplished by altering
the fabrication process of the SC-uDGFC. After electrodeposition of anode and cathode,
the seed layer is etched. This is followed by two additional lithography steps to deposit
the catalysts on the anode and cathode by lift-off. In the original fabrication process of
SC-uDGFC, the catalyst is deposited immediately after the electrodeposition which
makes it a self-aligned process. In the alternate fabrication process, the additional
lithography step to deposit the catalyst on the electrodes would require careful

alignment.

5.3 Performance of SC-uDGFCs
The fuel-electrolyte solutions that were tested for the SC-uDGFCs were:

= 1M Ethanol + 0.5 M NaOH, and

= 1M Glucose + 2M KOH.
The SC-uDGFC compartment was filled with the fuel-electrolyte solutions using a
syringe with a 0.3mm diameter needle. Air trapped inside the PDMS compartment
resists the filling. To remove the air from the compartment, a needle (0.3mm diameter)
Is inserted into the opposite corner of the PDMS compartment while filling the fuel cell
with the syringe. Ethanol based solution easily spreads inside the fuel cell compartment.
This is facilitated by the capillary action induced by the cathode comb electrode fingers;
two adjacent cathode fingers behave as side walls of a capillary channel. Filling the SC-
MDGFCs with glucose is harder as glucose solution has high viscosity. Some fuel cells
were also tested without the PDMS cover. In this case, few drops of the fuel-electrolyte
solution were dropped on the fuel cell, while the fuel cell was kept at an inclined angle.
The redundant fuel-electrolyte solution flows down and drops from the fuel cell, leaving
behind a thin film of the fuel-electrolyte solution on the fuel cell electrodes. This is

shown in Figure 5.24.
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Figure 5.24 Small sized SC-uDGFC without the PDMS cover is being tested.

For ethanol-KOH solution, a very low maximum OCV of 24 - 27mV was
recorded (see Figure 5.25). The OCV remains stable for only ca. 3 minutes 20 seconds,
before it drops and stabilizes at 5SmV. Possible explanations for the drop in OCV are: (i)
fuel crossover; oxygen is able to diffuse to the anode in significant amounts and (ii)
permeability of PDMS to ethanol vapor; volumetric evaporation of ethanol from the
compartment through the entire surface of PDMS membrane may be occurring.
However, it is expected that these would cause gradual decrease in the OCV unlike the
more abrupt drop in OCV seen in Figure 5.25. The drop in the OCV is also encountered
when a fuel cell without the PDMS cover is tested with ethanol solution. In this case, the
OCV drops more gradually, starting at ca. 25 mV and reaching zero in about 5 minutes.
This result agrees with the hypothesis that ethanol evaporation coupled with oxygen

diffusion to the anode causes the OCV to drop from its starting value.
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Figure5.25 OCV of a SC-uDGFC for 1M Ethanol + 0.5 M NaOH fuel-electrolyte solution. The critical
dimensions of the fuel cell are: cathode height: 31pum, anode height: 4.5um, PDMS membrane thickness:
270um. Catalysts used are: Ag for cathode and Ni for anode.
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Figure5.26 OCV of a SC-uDGFC without the PDMS cover. The fuel electrolyte solution used is: 1M
Ethanol + 0.5 M NaOH fuel-electrolyte solution. The critical dimensions of the fuel cell are: cathode

height: 31um and anode height: 4.5um. The Catalysts used are: Ag for cathode and Ni for anode.

OCVs of small scale abiotically catalyzed glucose fuel cells mentioned in
literature (and summarized in Table 3.2, page 47) range from 218mV to 850mV. The
OCVs obtained from the SC-uDGFCs for glucose were much lower compared to these
values. Figure 5.27 and 5.28 show the OCV curves for SC-uDGFC with PDMS cover
tested for 1M Glucose + 2M KOH solution. The result presented in Figure 5.27 show
that the fuel cell gave initial OCV of ca.160mV, which gradually decreased with time
and stabilized to a value between 65-75mV after ca. 20 minutes. It is suspected that the
gradual decrease in OCV is related to the gradual permeation of oxygen through the
PDMS and its subsequent saturation in the fuel electrolyte solution with time. A SC-
UDGFC without PDMS was also tested for 18 hours and it registered a stable OCV in
the range of 60 - 65mV for major duration of the test. Maximum OCV of ca. 135mV
was recorded for one of the SC-uDGFC without the PDMS membrane (Figure 5.30).
The OCV was measured while keeping the fuel cell in inclined orientation, so that the
redundant glucose can run off from the fuel cell (see Figure 5.24).The OCV gradually
increases from its starting value of ca. 45 mV and reaches 135mV in 90 minutes. This
increase may be explained by the fact that as the glucose flows off the fuel cell, a thinner
layer is left behind and the access of oxygen to the cathode is improved. For this
particular SC-uDGFC, a current of 64pA was recorded at 0.01 mV. For electrode area of
0.17 cm? (small SC-uDGFC), this corresponded to a power density of 0.38uW/cm?. This
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is a very low value when compared to the power densities of DGFCs mentioned in Table
3.2.
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Figure5.27 OCV of a SC-uDGFC for 1M Glucose + 2 M KOH fuel-electrolyte solution. The critical
dimensions of the fuel cell are: cathode height: 31um, anode height: 4.5um, PDMS membrane thickness:
270um. Catalysts used are: Ag for cathode and Ni for anode.
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Figure5.28 OCV of a SC-uDGFC for 1M Glucose + 2 M KOH fuel-electrolyte solution. The critical
dimensions of the fuel cell are: cathode height: 31um, anode height: 4.5um, PDMS membrane thickness:

270um. Catalysts used are: Ag for cathode and Ni for anode.
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Figure5.29 OCV of a SC-uDGFC without the PDMS cover. The fuel electrolyte solution used is: 1M
Glucose + 2 M KOH fuel-electrolyte solution. The critical dimensions of the fuel cell are: cathode height:

31pm and anode height: 4.5um. The Catalysts used are: Ag for cathode and Ni for anode.
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Figure5.30 Linear increases in the OCV of a SC-uDGFC without the PDMS cover. The fuel electrolyte

solution used is: 1M Glucose + 2 M KOH fuel-electrolyte solution. The critical dimensions of the fuel cell

are: cathode height: 31um and anode height: 4.5um. The Catalysts used are: Ag for cathode and Ni for

anode.
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below:

Possible reason(s) for the poor performance of the SC-uDGFC are mentioned

The most likely reason for the poor performance of SC-uDGFCs is fuel
crossover. The height difference between anode and cathode might not be
sufficient to minimize the diffusion of oxygen to the anode. A possible
source of oxygen supply to the anode is the fuel-electrolyte solution. The
solution was prepared in air and oxygen from the atmosphere also diffuses
into the solution.

Fuel cells usually have electrodes with three phase contact area many times
more than their simple geometrical area. However, in case of SC-uDGFCs,
the three phase contact area is almost the same as the geometrical area of
the electrode. This factor must have a significant effect on the performance.
The cathode top surface is immersed in the fuel-electrolyte solution. This
will reduce the three phase contact area. The oxygen would have to diffuse
through the glucose to reach the cathode.

The poisoning of the catalyst is another possibility. The intermediate
products of glucose oxidation are known to poison Pt. This may as well be
true for Ni and Ag. However, this process would require time, whereas the
SC-uDFGC exhibit low values from the start of the test. A second very
likely source of damage to the catalyst layer is the Cr-etchant used in the
etching of the Cu seed layer. Ag and Ni may have reacted with the Cr-
etchant to form another chemical compound on the surface that would act
as a barrier for the reactants. The oxidation of the Ni and Ag when exposed
to air can also be source of degradation of fuel cell performance.

The electrical resistance of current collectors of SC-uDGFCs may be high.
Unlike conventional stack type fuel cells, the current distribution in the SC-
MDGFC will be non uniform across its current collector. This is because the
electrode fingers near the contact pads are more accessible for current

compared to electrode fingers at the end of the current collector line.
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Micro fuel cells are a promising alternate to batteries due to their large energy density,
rapid refuelling capability and non-polluting operation. Different types of micro fuel
cells have been developed using a variety of materials and microfabrication
technologies. Micro fuel cells have power densities that range from a few pW/cm? to
several hundred mw/cm?.

A novel single compartment micro direct glucose fuel cell (SC-uDGFC) has been
developed using microfabrication technologies. The fuel cell design features a single
compartment for the glucose/electrolyte solution, which was shared by the
interdigitating anode and cathode comb electrodes. The compartment itself was formed
of polydimethylsiloxane (PDMS), which also serves as the membrane through which
oxygen from ambient environment is able to permeate to the cathode. Single
compartment fuel cells suffer from sever fuel crossover losses. Two features were
incorporated in the SC-uDGFC design to minimize the losses associated with fuel
crossover: (i) silver was used as the catalyst to selectively reduce oxygen in the presence
of glucose and (ii) cathodes were made 25-45 um higher than the anode to minimize the
diffusion of oxygen to the anode with Ni or Pt catalyst.

SC-uDGFCs were fabricated using microfabrication technologies. The comb
electrodes were fabricated using UV-LIGA process. The height and wall profile of the
comb electrode fingers depends on the processing parameters of the AZ4562
electroplating mask. Fuel cells with cathode height of ca. 30 and 50 pum were fabricated.
The catalysts were deposited on the anode and cathode using the lift-off process. The
PDMS compartment/membrane was fabricated using the moulding process. The master
for the moulding process was fabricated using SU-8. The PDMS compartment is bonded

to the substrate with the electrodes using oxygen plasma assisted bonding method. The
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smallest sized fuel cells were the least susceptible to fabrication defects. The key defects
in fabrication which lead to short circuiting of the fuel cells were: (i) presence of
contaminants on the seed layer which inhibited the etching of the Cu seed layer from
some parts and (ii) peeling of Ni and Ag catalyst films from the electrode fingers during
Cu seed layer etching in the Cr-etchant solution (ammonium cerium nitrate and
perchloric acid). The peeling is attributed to an electrochemical effect, which induces
rapid laterally directed etching of Cu below the catalyst layer. These two defects can be
eliminated by etching the Cu seed layer before the catalysts are deposited on the
electrodes.

Some fuel cells with Ni and Ag as the catalysts provided meaningful results. The
rest of the SC-uDGFCs were damaged due to the above mentioned defects in the
fabrication process. SC-uDGFCs were tested for glucose as well as ethanol. For 1M
ethanol mixed with 0.5 M NaOH, only ca. 25mV OCV was recorded which gradually
dropped to 5mV after ca. 3 minutes. SC-uDGFCs which were tested for 1M Glucose +
2M KOH solution gave relatively better performance. SC-uDGFCs with 270um thick
PDMS membrane gave initial OCV in the range of 120 - 160mV which gradually
decreased with time and stabilized to a value o between 60-70mV. It is suspected that
the gradual decrease in OCV is related to the gradual permeation of oxygen through the
PDMS and its subsequent saturation in the fuel electrolyte solution with time. SC-
UDGFC was tested without PDMS membrane for 18 hours and it registered a stable
OCV of ca. 60-70mV for major part of the test. Another SC-uDGFC, tested without the
PDMS membrane and kept at an inclined angle so as to leave only a thin layer of fuel-
electrolyte solution on the cathodes, reported a maximum OCV of ca. 135mV. This
increase in OCV is likely due to better access of oxygen to the cathodes. For this fuel
cell a power density of 0.38mW/cm? was measured.

The low performance of the SC-uDGFC is mainly attributed to significant fuel
crossover losses due to the diffusion of oxygen to the anode. In addition to fuel
crossover, probable factors for low performance of the fuel cells are: low number of
reaction sites, cathode flooding leading to limited access of oxygen to the cathode,
catalyst poisoning by intermediate products formed during glucose oxidation, chemical
change in the catalysts when exposed to Cr-etchant solution, and uneven current
distribution in the current collector. Changes must be made in the design of the SC-
UDGFC to improve its performance. Following design features are proposed for future
SC-uDGFCs:



Conclusions 107

The diffusion of oxygen to the anode may be minimized by increasing the
height of the cathode. It should be possible to fabricate above 100um high
cathode comb electrode fingers using chemically amplified thick positive
resists like AZ 40XT-11D by AZ Electronic Materials. With this
photoresist, film thickness as high as 120 um are possible [144]. A more
robust method to minimize fuel crossover losses would be to create an
oxygen depleted region near the anode. This may be accomplished by
fabricating cathode fingers with mushroom or T-shaped cross section as
shown in Figure C.1 and reducing the gap between adjacent anode and
cathode fingers. Larger area of the cathode fingers would mean that more
oxygen is consumed at the top of the fuel cell compartment and less oxygen
will be available to diffuse to the anode. In addition to this T-shaped
cathode, other configurations like meshed shaped cathodes and integrating
oxygen reducing catalyst particles in the PDMS membrane itself might

help in creating oxygen depleted region inside the fuel cell compartment.

% CNTs with Pt or Pt alloy

Figure C.1 Revised design of SC-uDGFC featuring T-shaped cathodes fingers. The catalysts

are supported on CNTSs. The cathode fingers also have a GDL formed of fluoropolymer coated

CNTs.

The three phase contact area of the SC-uDGFC can be increased by using
carbon nano tubes (CNTSs) as the catalyst support material (see Figure

5.31). Layers of CNTs can be selectively deposited on substrates using the
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lift-off process. For the SC-uDGFCs, a 50-60nm layer of CNTs can be
deposited on the electrode comb fingers, followed by the deposition of 10-
30nm catalyst film by sputtering or e-beam evaporation and lift-off.
Number of reaction sites may also be increased by spray coating catalyst
ink (see Section 3.3.3) on the electrodes. It may be possible to accomplish
this by lift-off. However, the presence of solvents in the catalyst ink layer
may partially dissolve the underlying resist. For cathode, activated carbon
would have to be used instead of Pt/C in the catalyst ink. The catalyst ink
has proton conducting Nafion solution; thus an acidic electrolyte would
have to be used instead of alkaline.

The access of oxygen to the cathode can be improved by depositing
fluoropolymer coated CNTSs on its surface. This GDL like structure can be
fabricated by first depositing a 50-100 nm layer of CNTs on the cathode
and then coating the CNT layer by plasma deposited Teflon like
fluoropolymer. The fluoropolymer coated CNTs should behave as
hydrophobic layer that will minimize the flooding of the cathode by the
fuel-electrolyte solution while providing access to the underlying catalyst
layer to ambient air.

Pt-Bi, Pt-Pb or Pt-Ru alloy can replace Ni or Pt as the catalyst for glucose
oxidation. These alloys are known to be less susceptible to catalyst
poisoning as explained in Chapter 3.

The effect of metal etchants on the catalysts can be eliminated by etching
the seed layer before the deposition of catalysts.

The electrical resistance of the current collectors can be reduced by
increasing their thickness. This can be accomplished by fabricating the
current collectors using Cu electroplating instead of defining them in the

Cu seed layer.
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