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CHAPTER 1

INTRODUCTION

1.1 OUTLINE OF THESIS

There is a strong demand for alternative cost effective and environmentally friendly
power sources. A considerable effort has been made into exploring and implementing
new methods of power production, and in particular into development of fuel cells. Fuel
cells show promise as versatile options for mobile and standing engines for electrical
energy generation. A detailed description and the principle of fuel cells operation are
presented in Section 2.1.

To date, applications of fuel cells, especially for converting light hydrocarbon fuels
to value-added products at low operating temperatures using polymer membranes, is an
area that has received relatively little attention [1]. Previous reports show conflicting
ideas and results on the application of polymer fuel cells in converting hydrocarbons [2,
3]. Furthermore, the majority of the hydrocarbon fuel cell studies done in 1960s utilized
strong acids as liquid electrolytes, and operated at low temperatures [4—7]. Hence, the
parameters and methods of operation of the present polymer-electrolyte fuel cells are
distinct from the prior research (Section 2.2). The membranes of interest here are based
on polybenzimidazole (PBI), an amorphous hydrocarbon chain polymer that, upon
doping with H3POy, can be used at elevated temperature (> 200°C), which provides an
ideal condition for thermal dehydrogenation of light paraffins. This is incorporated in
Section 2.3.

Chapter 3 focuses on the preparation and characterization of the PBI membranes
used in this study, including PBI membranes preparation procedure, membrane
morphology, gas permeation, and differential scanning calorimetry (DSC) studies. The

latter tests were conducted to determine the thermal stability of PBI polymer membranes
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after prolonged high temperature operation of PBl-based H,-O, fuel cells, as it was
anticipated that there could be changes in PBI properties as a function of time after
exposure to temperatures as high as 250°C. While use of PBI membranes in fuel cells is
well known, it is recognized that the raw PBI powders from which the membranes were
made can have a range of molecular weights and, consequently, their properties differ {8].
Thus it was necessary to determine the impact of the preparation procedure on PBI
properties.

The fuel cell apparatus and the results obtained using hydrogen and oxygen as
reactants in a PBI fuel cell are described in Chapter 4. Chapter 5 describes the use of PBI-
based membranes in hydrocarbon fuel cells. A detailed discussion of the results follows.
Packed-column gas chromatography was used to analyze the inlet and effluent gas
streams, and thereby determine the products of electrochemical conversion of
hydrocarbon fuels in PBI polymer fuel cells. The implications for the concept of
hydrocarbon fuel cells are presented. The results will show that the direct feeding of
primary hydrocarbon fuels into the PBI fuel cells produces high cell potential, and can
generate significant amounts of electrical energy. Furthermore, the concentration of
electrochemical products was shown to be proportionate to the current flow observed.

Chapter 6 presents the conclusions derived from this work, and recommendations for

future work.

1.2 OBJECTIVES

The Fuel Cells Research Group at the University of Alberta is developing fuel cells
for chemical conversion processes and for clean energy production. Currently, particular
emphasis is placed on the conversion of hydrocarbon fuels since there were conflicting
ideas and results on the application of polymer fuel cells in converting hydrocarbons. The
research to be described herein has targeted development of systems based on PBI
polymer membranes. PBI membranes were developed as proton conductors that would
operate under minimal influence from water vapor activity at temperatures greater than
200°C. The primary goal of the present research is to apply H;PO,4 doped PBI membranes
in proton-conducting fuel cells for conversion of hydrocarbons to value-added products.

This involved the following concept that is to be developed.
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At anode: C3Hg (g) > C3Hg (g) +2H +2 ¢
or

CHs (g) > CoHy(g) +2H +2¢
At cathode: %02 (g+2H +2¢ > H;0 (g

Overall reactions: C3H; (g) + % 01 () > C3Hs () + Hz0 (g)

CaHs () + 1/, 02 () > CaH () + HzO (g)

The above hydrocarbon fuel cells concept, if successful, will enable the utilization of fuel

cells to co-generate electrical energy and olefins from paraffins while producing only

water vapor as a clean by-product.
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CHAPTER 2

BACKGROUND

2.1 FUEL CELLS BACKGROUND

2.1.1 Introduction

Over the past 20 years, one of the most important challenges facing industry in any
country of the world is the search for a technology that can provide an answer to the three
E’s energy policy, Energy security, Economic growth and Environmental protection [1].
As natural resources like hydrocarbons have become fast depleting and the environmental
constraints on industry grow tighter, it is imperative to search for an environmentally
friendly and cost effective alternative to substitute for the traditional power production
methods. One of the envisaged technologies is fuel cell.

Fuel cells technology has been around for a long time. So, it comes as a complete
surprise to many people new to the subject of fuel cells that although they were invented
some 160 years ago by Sir William Grove, a lawyer and physicist, they have taken so
long to come to the forefront of energy and environmental considerations [2]. This has
risen as a result of the technical challenges plaguing their introduction as a viable power
system, for example limited current.

The relationship between chemistry and electricity is an old and long story, dating
back as early as 1793. Allesandro Volta (1745-1827) was responsible for firmly placing
the observation of the electrical phenomena on a scientific footing [3]. He discovered that
electricity can be induced by simply placing two unidentical metals on opposite sides of
moistened paper. By the early 19™ century, the fuel cells phenomenon had already been
discovered. Sir William Grove and Professor Christian Friedrich Schonbein were both

instrumental in discovering the full potential of fuel cells [4].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The features that have now brought fuel cells to the forefront of research efforts for
the automotive industry and power generation sector are:

() In fuel cells applications, the efficiency is not limited by temperature. In fact,
there are several types of fuel cells which can operate at different operating
temperatures ranging from 100 to 1000°C depending on the electrolytes used.
The efficiency of a conventional heat engine is limited by Carnot efficiency,
which never exceeds 50% [5]. On the other hand, fuel cells have efficiencies
up to 50 — 70% and reaching nearly 90% with heat recovery. This has reduced
fuel cell costs and conserves natural resources [1].

(ii)  Fuel cells feed gases such as H;-O; only produce water as the end product;
this eliminates any hazardous effluents from polluting the mother earth [1].

(i1i)  Fuel cells have been used to convert hazardous industrial pollutant like H,S
into environmentally friendly products (e.g. Hp, Sa, S3, S4, Ss, S, S7, Sg, S).
Operation of such fuel cells enables rapid reactions at high temperatures, and
overcomes theoretical equilibrium conversion limitations. Thus a H,S-O; fuel
cell is capable of total conversion of H,S instead of being equilibrium limited
to 14% at 850°C, while co-generating electricity and high quality steam [6, 7].

(iv)  Contrary to conventional heat engines, fuel cells can operate with minimal
mechanical action for feed of fuel and removal of products, thus minimizing
noise pollution.

(v)  Compared to conventional heat engines, fuel cell design is much simpler and
construction costs are moderate. Besides that, fuel cells are relatively easy to
maintain.

(vi) A variety of fuels can be selected. Of particular interest, hydrogen can be
extracted from natural gas, propane, methanol, ethanol and also gasoline.

Fuel cells are commonly classified according to the operating temperature, type of
electrolyte, and type of fuel being used. The major types of fuel cell which have found
applications are [8]:

(i) Phosphoric acid fuel cell (PAFC)

(i)  Alkaline fuel cell (AFC)

(iii)  Molten carbonate fuel cell (MCFC)
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(iv)  Solid oxide fuel cell (SOFC)

(v)  Polymer electrolyte membrane fuel cell (PEMFC)

(vi)  Direct methanol fuel cell (DMFC)

Recently, PEMFC have been tipped as a future electrical source for automobile
applications, laptops, hand phones etc. because of their low operating temperature as well
as high energy density when operated using hydrogen (or methanol) and oxygen as

reactants.

2.1.2 Fuel Cells — An Electrochemical Device

In a conventional battery, the chemical energy has to be stored beforehand. This type
of power supply adopts exactly the same operating principle of an electrochemical cell,
where operation is carried out spontaneously and delivers certain amount of work to the
surroundings. As the reaction continues, the free energy of the system declines. So as
time elapse, less energy remains to be covered. Eventually, the cell reaction will come to
equilibrium when AG is zero and no further work can be extracted [3].

In reality, fuel cells are related to batteries. But, unlike conventional batteries, fuel
cells operate on continuously fed reactants. Thus, fuel cells can keep operating and
supplying useful electrical energy as long as fuel is supplied [8]. This involves
conversion of chemical energy directly to electrical energy, unlike traditional thermo-
mechanical system, thus extracting more electricity from the same amount of fuel due to
the higher efficiency.

In order to fully understand the operating fundamentals of fuel cells, it is important
to understand the functions of an electrochemistry cell and the parameters governing the

operations.

2.1.2.1 Principles of Electroneutrality [3]

The principle of electroneutrality dictates clearly that every reaction involving
charge transfer will have thermodynamic limitations. Work is always needed to separate
opposite charges, or even to bring like charges into closer contact. This in return will

create charge imbalance. Additional work is needed to create a larger degree of charge
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imbalance, which will further raise the Gibbs free energy of the process, making it less
and less spontancous. The increment of Gibbs free energy in any reaction, from reactant
to product, will result in non-spontaneous reaction, while any decrement in Gibbs free
energy is deemed as spontaneous reaction.

If we have hydrogen gas contacting a metallic electrode, a small amount of hydrogen

atoms will be split into protons, H' ions, leaving their electrons behind in the electrode:
H,>2H +2¢ (2.1

As this process proceeds, the electrons which remain in the electrode create a negatively
charged environment. This buildup of electrons makes it increasingly difficult for
reaction (2.1) to proceed. A similar buildup of positive charges in the proximity further
inhibits this ionization reaction.

Contrary to this situation, if we withdraw the electrons from the metallic electrode as
the protons are being generated, there will be no buildup of charge. One way to
implement this idea is to drain off the excess electrons through an external circuit that
forms part of a complete electrochemical cell, or an alternative way is to introduce a good
electron acceptor. Both methods drive the reaction in Eqn. (2.1) forward, and this will
restore the electroneutral environment to the two phases. Obviously, these require redox
reactions.

Redox reactions involve the donation of electrons from a reducing agent and the
acceptance of electrons by a chemical species that possesses a great affinity towards
electrons in a simultaneous process. As a consequence, the transformation of hydrogen to
protons is no longer inhibited by buildup of negative charge in the electrode because the
excess electrons are removed from the electrode by an oxidizing agent with which they
come into contact. At the same time, the electroneutrality condition can be preserved

since all electrons released by hydrogen atoms couple with the oxidizing agent.
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2.1.2.2 Thermodynamic Fundamentals

The energy conversion process in a fuel cell, like in any other energy converter, is
governed by the First and Second Laws of Thermodynamic. According to the First Law
of Thermodynamic, for an open system under steady-flow conditions, the conservation of

energy is given by Eqn (2.2) [9]:

Q-W=AH 22)
where Q = Heat transfer.
w = Work done.
AH = Changes in enthalpy.

The Second Law of Thermodynamic defines that a process in which there is no
entropy generation is called a reversible process where both the system and its
surroundings can be returned to their original states at any point. For any reversible
isothermal heat transfer, the entropy change corresponding to the amount of heat

generated is given by Eqn. (2.3) [9]:

Q=TAS (2.3)
where AS = Changes in entropy.
T = Absolute temperature.
In the case of a fuel cell where chemical reactions occur at constant temperature and
pressure, the equation below relates changes in Gibbs free energy to the total energy of a

system:

AG = AH - TAS (2.4)
in which AG is the measurement of the energy that is available or free for conversion into
usable work. The amount of heat that is produced by a fuel cell operating reversibly is
given by the term TAS, which is unavailable for work because of the disorder or entropy
of the system. Thus, even in a reversible fuel cell, there is a portion of heat that cannot be
recovered and lost. Reactions in fuel cells that have negative entropy change generate

heat, while those with positive entropy change extract heat from the surroundings [5].
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2.1.2.3 Nernst Equation

The Nernst equation is especially useful for electrochemistry systems because it
relates standard potential (U°) at pressure of 1 atm and temperature of 25°C to
equilibrium potential (U) at other temperatures and pressures of reactants and products.
This dependency happens as a result from the dependency of Gibbs free energy on

temperature and concentration, as shown here by van’t Hoff Isotherm [10]:

AG=AG’+RT In (Q) (2.5)
where AG® = Changes in Gibbs free energy at standard conditions.
R = (Gas constant.
o = Reaction quotient.

Q depends on the stoichiometry of chemical equation. Furthermore, since

AG = -nFAU and AG® = -nFAU’ (2.6)
where AU = Theoretical reversible potential.
AU° = Theoretical reversible potential at standard conditions.
F  =Faraday’s constant with a value of 96,467 Coulombs/mole of electrons.
n = Number of electrons involved in the reaction.
by rearranging these two equations, we obtained an equation that relates the theoretical
reversible potential to the concentrations of cell components. This equation is commonly

referred to as Nernst equation:

AU =AU’ - -If—T-ln(Q) 2.7
nkF S

However, in actual fuel cells application, normally, even under no current flowing
conditions, the cell potential observed could be lower than the theoretical value. This can
be attributed to the parasitic losses like leaking of gases, crossover of reactants,
equipments not properly insulated and also due to the ineffectiveness of catalyst layer for

chemisorptions of reactants.
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2.1.3 Operating Principles of Fuel Cells

Principles of operation of fuel cells are similar to those of an electrochemical cell.
Electron-transfer reactions occur at the surface of electrodes in contact with reactant
gases. The reactions take place at the interface between electrodes and electrolyte. It is
impossible for the electrons passing through the gas phase. If we have two separate
electrode-gas interfaces, we will be able to measure the potential difference between
them. Such an arrangement is called a galvanic cell.

Fuel cells involve the conversion of Gibbs free energy of two separated chemical
species into electrical energy via redox reactions. The maximum electrical work, which
happens to be the ideal voltage that can be obtained in a fuel cell at certain operating
conditions, is given by Eqn. (2.6).

The negative sign on the right hand side of the Eqn. (2.6) indicates that a positive
‘potential implies a negative free energy change, and thus the cell reaction is spontaneous.

Basically, fuel cells consist of individual cell units comprising an electrolyte (either
in solid membrane, molten or liquid form), which is situated between anode and cathode.
When the electrolyte is a membrane, the arrangement is termed ‘Membrane-Electrode-
Assembly’, or in short form as MEA. The MEA separates two cell compartments; one is
termed anode compartment, and the other as cathode compartment. The potential
difference between anode and cathode is creating a driving force, which is termed the
electromotive force (EMF).‘ In the anode compartment, a reducing agent has a tendency
to donate electrons and thereby become oxidized. These electrons will be transferred to
the cathode side via external electrical circuit to combine with oxidizing agent. This
transfer of electrons can be manipulated into useful electrical work.

To complete the electrical circuit, the non-electronic conducting membrane inserted
in between these two compartments acts as a barrier to separate the reducing and
oxidizing agents while at the same time possesses ionic conductivity, normally proton or
oxide ions. The diagram in Figure 2-1 shows the schematic presentation of a general
PEMEFC cross-section.
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Figure 2-1 Schematic of a proton-conducting fuel cell.

An electrochemical cell like fuel cells offers a high degree of control for
measurements of the cell reaction. If the external circuit is broken, the reaction stops. If
we vary the resistance in the circuit, we will be able to control the rate of the cell
reaction. Then, by measuring the amount of electric charge that passes through the
external electrical circuit, we are able to calculate the number moles of reactants that get
transformed into products during the cell reaction.

For PEMFC, which have been used within the scope of this work, a few alternative
fuels have also been utilized as potential reducing agents. Among them are methanol
[11], formic acid [12] and trimethoxymethane [13]. The choice of oxidizing agents has
been limited so far to either pure O, or air, which contains diluted O;. The complete
reactions of reactants taking part in fuel cells must be of redox electrochemical reactions.
A simple example is the following H,-O, system:

Anode : H,—»2H +2¢ AUg = 0.00 Volt (2.8)
Cathode : O,+4e+4H -5 2H,0 AU = 1.23 Volt (2.9)

Hydrogen is being oxidized at the anode compartment to form protons. This will

release two electrons, which will then flow to the external electrical wire. At the same

time, generated protons will be transported through the membrane to the cathode side. At

11
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the cathode side, 1 mol of O, will dissociate into 2 mol of O* ions upon receiving 4 mol
of electrons. These oxygen ions will recombine with protons to form water. Thus, the

concept of clean energy source from fuel cells is achievable.

2.1.4 Cell Potential

Fuel cell applications involve electrode processes, also known as electrode reactions.
These electrode processes are taking place at the surface of the electrode and create a
slight unbalance in the electric charges between electrode and gas interface. The net
result is an interfacial potential difference, which affects the rate and direction of the
reaction. In the concept of electrochemistry, this net result is termed as individual half-
cell potentials, which are not directly measurable at this time [3].

A measurement that can be performed is the voltage difference between two
electrodes in the absence of any cell current. This voltage, known as the open cell
potential, is the potential difference between the electrodes. It is the difference between
the half-cell potentials of the anode and cathode sides:

Ecett = AV = Vagode — Veathode (2.10)

The individual half-cell potentials of two electrodes as shown in Eqn. (2.10) are not
the absolute value of half-cell potentials. It is only possible to measure the value in
relation to the potentials of other half-cells. The potential of a reference half-cell is
arbitrarily set as zero, and potentials of other electrode systems are performed with
reference to this electrode. The potentials so obtained are half-cell potentials on a scale
that is relative to the specific reference electrode.

Cell potential is an important indicator for fuel cells operation because it reflects the
tendency for the cell reaction to take place. A positive cell potential shows an
electrochemical process which is deemed spontaneous and thus can be carried out. In
addition, the more positive the cell potential, the greater the tendency for the
electrochemistry reaction to proceed. If a cell potential shows a negative value, that
means the specified reaction cannot be carried out spontaneously (galvanic cell), but
requires an external force to drive it (electrolysis). The unit for cell potential is Volt

(abbreviated V), which is defined as a work of 1 Joule per Coulomb of charge being

12
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transported through an external wire. A spontaneous system always has a positive cell
potential.

There are two ways to measure the cell potential. One way is by using a voltmeter,
which works by drawing a small amount of current through a known resistance. The
measured current is then related back to cell potential using the relationship between
resistance, current and cell potential.

Another way is to use potentiostat instrument. Potentiostat instrument, which we
used in our laboratory, basically operates by injecting current into the cell through an
auxiliary electrode to control the voltage difference between anode and cathode
compartment [14]. This voltage is adjusted until no current flows in the cell circuit.

Under such condition, the cell potential will be determined.

2.1.5 Fuel Cells Performance

An ideal performance for fuel cells depends on types of fuels being utilized because
different fuels will generate different electrochemical reactions. Ideal performance can
only be obtained by operating fuel cells at open circuit potential where no losses will
occur. This ideal performance is impossible to achieve because there are a few prominent
losses, which contribute to the deviation of operating potential from ideal cell potential.

If ideal performance of fuel cells can be maintained, the performance graph shown in

Figure 2-2 can be visualized.

4
Ecell (V)

i (mA.cm™)

Figure 2-2 Ideal performance of fuel cells.
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In practice, this performance is not achievable. Some losses, which we normally
termed as ‘overpotentials’, could happen. The following graph shown in Figure 2-3
depicts a more realistic situation, which is likely to be obtained from fuel cells operations.

In general, losses in fuel cells operation can be grouped into:

) Activation polarization

(ii) Ohmic polarization

(iii)  Mass transport limitation
Figure 2-3 shows a typical cell potential of fuel cells versus its current density. It happens
that cell potential is not ideal and decreases with increasing current density. Three distinct
regions can be distinguished from this graph. Region I belongs to overpotentials, which is
controlled mainly by activation polarizatio;l, region II by ohmic resistance while region

III is mainly controlled by mass transport limitation.

Ecell (V) A

\.
T

p i (mA.cm?)

Figure 2-3 Actual performance of fuel cells.

2.1.5.1 Activation Polarization

Activation polarization happens because of finite rates of reactions at electrodes.
Sluggish electrode kinetics contributes to the activation polarization. Activation

polarization, M., can be described by the general form of Tafel equation [5]:

RT (i
=——In| — 2.11
Toat =00 n(i,,) (2.11)
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where o = Constant of electron transfer coefficient of reaction at the electrode.
io = Exchange current density (measurement of maximum current that can be

obtained at negligible overpotentials [15]).

2.1.5.2 Ohmic Polarization

Ohmic resistance is mainly influenced by the ionic conductivity of membranes as
well as resistance to the flow of electrons at the electrodes. Low ohmic resistance enables

rapid transport of charge. Eqn. (2.12) relates ohmic losses in fuel cells to current density.

Tohmic = ixR (2 12)
where 7= The flowing current density.
R = Total resistance of MEA which includes electronic resistance, ionic resistance

and contact resistance.

2.1.5.3 Mass Transport Limitation

At high current density, operation of fuel cells consumes high amounts of reactants
to generate high amounts of electricity. This will create a loss of potential due to the
inability of the surrounding reactants to diffuse rapidly through the porous electrode to
the catalyst site, where they then need to adsorb on the surface of catalyst before the
subsequent electrochemical reactions take place. When this situation exists, the initial
concentration of reactants in the surface fluids cannot be maintained and a concentration
gradient exists between the reactants at the catalyst surface and bulk fluid. As a
consequence, further reactions are mass transfer limited. In general, this overpotential can

be expressed by:

RT i
=——In|]1-— 2.13
Mnass = - n( , } (2.13)

n i

where iy is the limiting current density. It indicates the maximum rate at which a reactant

can be supplied to an electrode.
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2.2 HYDROCARBON FUEL CELLS
2.2.1 Background of Low Temperature Hydrocarbon Fuel Cells

In U.S. Patents 5,747,185 and 3,718,506, details are made available for the design
layout for hydrocarbon application in high temperature fuel cells, particularly in the range
of 500 to 1200°C with the employment of internal or external steam reforming reactions
[16, 17]. In another patent, Mazanec and Cable (1990) claimed that high temperature
solid oxide fuel cells could be used in converting paraffin to olefins [18]. This particular
patent is interesting because it mentioned the application of fuel cells as an alternative
mean for converting hydrocarbons. Apart from functioning as electricity generator, fuel
cells can also be used to produce value-added products.

Low temperature fuel cells normally involve indirect feeding of hydrocarbon,
wherein the hydrocarbon is turned into a Hj-rich gas stream, followed by purification to
eliminate CO, a catalyst poison, before feeding the gas stream into the fuel cells [19, 20].
Besides, there are also reports on direct utilization of hydrocarbons in electrochemical
cells during the 1960s, especially after the discovery by Patterson and Kemball [21] that
some partial oxidation reactions of hydrocarbons could happen and carbon dioxide and
water were not necessarily the only two products being obtained. Anyway, at that time,
due to the technological limitations, experiments were carried out in a strong acid bath,
which functioned as electrolyte and moderated the temperature of reaction [22-24].

It has been proposed that oxidation processes in this acidic electrochemical cell
involved adsorption of saturated light hydrocarbon on the electrocatalyst followed by the
rapid formation of oxidized intermediates, which are then slowly oxidized into CO, [25].
According to studies conducted by Niedrach et al. [26], oxidation of paraffins CHzgsr
with n 2 2 on platinum electrodes taken place in two different potential regions. This
resulted in a conclusion being made that there is a distinction between two generically
main-type species in the steady state adsorbate of the hydrocarbon. Brummer et al. [27]
proposed that these types are the O type and the CH types adsorbates.

The O type is predominant in terms of coverage at all potentials and is the most

highly oxidized of all the species and is the easiest to oxidize further to CO,. CH types,
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which are generalized as CH, and CHp are much less oxidized than the O type and are
harder to oxidize at higher potentials and might represents polymeric material. Unlike O
type, the composition of CH fragments changes with potential and probably with the
hydrocarbon chain structure. CH, was found at all potentials and normally was less
reactive toward oxidation than the O type. CHp was unreactive toward reduction and

oxidation.

CalCaHantz = CoHonsz, ads
O type
fast slow
CoHonsz, aas =2 (fast) = CH, (active) type -> (fast) 2 CO;
fast

CHp
Figure 2-4 Proposed mechanistic of hydrocarbon oxidation in acidic electrochemical cell.

This view seems to be in agreement with Niedrach et al. who suggested that after the
initial adsorption step, two important reaction paths are available. The highly desirable
path involves cracking to form a partially oxygenated intermediate, which is oxidized
further to CO; at low potential. The second path results in the accumulation of relatively
refractory multiple carbon species on the surface. According to Cairns et al. [28], after
initial adsorption step, the adsorbate is probably easily dehydrogenated further, resulting
in bonding of alkenes-like intermediate species to more platinum sites. This additional
bonding causes straining of C — C bonds leading to fracture of the molecules.

At the same time, Bockris et al. [29] proposed that the first step is the breaking of
a C—-Hbond:

Colaniz =2 CoHant, ads + H aas
The second step is a chemical surface reaction, which cracks the C — C bonds rather than
C — H bonds and is the rate determining step. This will produce carbon fragment on the
surface of the noble metals.

CoHant1 ads = Slow=> Crags+ Coads
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After 1960s era, no extensive research has been carried out at low temperature
hydrocarbon fuel cells because applications before showed small current flow in acidic
solution electrochemical cell. This is due to the complicated mechanism of oxidation of
hydrocarbon at the anode side which resulted in unsatisfactory current densities, and
hindered its commercial application.

According to Otsuka et al. [30], electrochemical cell reactions are possible for
hydrocarbons under mild conditions (< 373 K) and at 1 atm pressure. This group used
PAFC to carry out partial oxidation of hydrocarbons, for example, alkenes to aldehydes
and organic acid. Although the partial oxidation of alkenes under mild condition has been
successfully achieved, this is not the case for alkanes. They concluded that room
temperature is not high enough to activate 'the breaking of C ~ H bonds. By applying
H;-0; fuel cells at room condition and further supplying light alkanes at the cathode side,
some partial oxidations of alkanes could be observed.

As the fuel cell technology advanced, the introduction of highly conducting polymer
like Nafion™, and better reactants separation, has once again sparked interest in low
temperature hydrocarbon fuel cells application. In U. S. Patent 6,294,068 [31], authors
had used low temperature PEMFC based on Nafion™ to carry out dimerization reactions
of methane, ethane and methanol in electrochemistry mode to make higher hydrocarbons.
The authors also used self-fabricated PBI membranes (PBI powder from Celanase) and
operated the cell at high temperature (at least 200°C). But they have encountered some
problems such as gas leakage and high internal resistance from MEA. These problems
have resulted in very low yield of electrochemical products (< 1 ppm). They claimed to
have successfully converting methane to C-2 and ethane to C-4 species. Nonetheless, the
authors did not comment in their patent whether the final electrochemical products at the
anode side might be influenced by the presence of O,. There is no evidence presented to
support their claim that the products produced were directly from observed current flow.
These traces of higher chain hydrocarbon could have originated from thermocatalytic
reactions.

Savadogo et al. [32] operated their fuel cells at 95°C and high humidification in
Nafion™ using H,SOs-doped PBI membranes. H;SO4-doped PBI membranes, like

Nafion™ membranes, need high humidification to maintain its ionic conductivity at a
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satisfactory level. They bought the commercially available PBI membranes directly from
Celanase. In their paper [32], Savadogo et al. reported the formation of CO, and not
propylene as the final electrochemical product. No discussion was presented to explain

the formation of CO; instead of C3Hg when PEMFC were employed.
2.2.2 Propane and Ethane as Fuels

Propane is a typical widespread fuel, which is often used for camping applications,
because it can be stored in liquid form at relatively low pressure in tanks for mobile and
portable use. Besides these advantages, propane is a relatively inexpensive fuel with high
power density.

Uhlike propane, it is more difficult to liquefy ethane. In addition, ethane has a much
lower power density compared to propane. Nonetheless, these two light hydrocarbon
fuels serve as an important starting material to produce olefins in chemical industry, and
therefore it is desirable to develop a clean method for their efficient production.

Propane and ethane are two of the first three members of the paraffin hydrocarbon
series having the chemical composition of CyHas+2. Both are odorless and colorless gases
under room conditions. Compared to propylene or ethylene, both propane and ethane are
relatively unreactive because of the single bonds along the carbon chains. In the
following tables, some important physical properties of propane, ethane, propylene and

ethylene have been listed for comparison.

Table 2-1 Selected properties of ethane and propane.

Property Ethane Propane
CAS Registry No. [74-84-0] [74-98-6]
Molecular formula C,Hg CsHg
Molecular weight 30.07 44.09
Melting point (K) 90.4 85.5
Boiling point (K) 185 231
Vapor Pressure at 273 K, MPa 2.379 0.475

Source: Kirk-Othmer Encyclopedia of Chemical Technology

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 2-2 Selected properties of ethylene and propylene.

Property Ethylene Propylene
CAS Registry No. [74-85-1] [115-07-1]
Molecular formula CoHy CsHs
Molecular weight 28.0536 42.081
Melting point (K) 103.99 88
Boiling point (K) 169.29 2253
Vapor Pressure at 273 K, MPa 4.10 1.41

Source: Kirk-Othmer Encyclopedia of Chemical Technology

Both Tables 2-1 and 2-2 show that ethane and propane exhibit higher boiling point
than ethylene and propylene. This is expected since olefins have lower molecular weight
compared to paraffins and therefore have weaker covalent bond. Although both gases are
colorless, ethylene and propylene differ from ethane and propane in term of smell.

Ethylene and propylene possess a slightly sweet odor.

2.3 POLYMER MEMBRANES

2.3.1 Applications of Membranes in Fuel Cells

Membranes are vital hardware in fuel cells system because they act as a barrier to
separate both oxidizing and reducing agents from each other. At the same time,
membranes must permit ionic movement, in our case, protons, transferring to cathode
compartment from anode compartment. A good membrane has the following criteria:

e Must be chemically and electrochemically stable under oxidizing and reducing

environments.

e Has the mechanical strength to withstand operating conditions, for example,

pressure difference between two compartments.

e Good ionic conductivity, preferably at least 102 S.cm™ to minimize ohmic losses.

e Must be electronically insulating to prevent any electrical losses to surrounding.
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e Low gas permeability to reduce reactant crossover. Crossover of reactants, either
from the anode compartment to cathode compartment or vice-versa, will

contribute to performance losses.

e L.ow cost so that it can be commercialized.

2.3.2 Nafion™ Membranes

Nafion™ membrane is the first commercially available membrane that was
introduced in 1966 as a product of E.I. DuPont de Nemours & Co. It has been tipped as
the most promising membranes for low temperature fuel cells application. The Nafion™

membranes produced by DuPont have the following chemical schematic structure [33]:

[(CF,CFy)x — ( CF—CFy),]
I
(OCF,CF), — OCF,CF,S05 ¢H"

CF3
Figure 2-5 Molecular structure of Nafion™ membranes.
In Figure 2-5, the values of x, y and z can be varied to create materials with different
equivalent weights (E.W.). E'W. here refers to the number of grams of polymer per mole
of fixed sulfonic acid (SO;H) sites. The structure of Nafion™ consists of three distinct
regions:
e The hydrophobic PTFE structure, which serves as polymer backbone. Basically,
this structure is chemically inert.
¢ The hydrophilic ionic species, which is introduced by the SOsH group in the form
of ionic clusters. This region is quite hydrophilic, absorbs water the most, and
counter-ions exist in this region.
e An intermediate region.
There are two most commonly used materials of Nafion™ [33]. One is Nafion™ 120,
which means 1200 E.'W. and is 10 mils in thickness and the other is Nafion™ 117, which
has 1100 E'W. and is 7 mils thick. Higher E.W. will only reduce the power density

because it has lower concentration of SO;H, which are important for proton conduction.
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So far, for fuel cells operating at temperature of 85 to 105°C, perfluorocarbon
sulfonic acid membrane shows promising potential as future energy converter since it is
chemically and thermally stable. It also has the highest ionic conductivity, which reaches

0.1 S.om™ at room temperature with 100% relative humidity (R.H.) [34].

2.3.3 Water Management in Nafion™ Membranes

The proton conductivity of Nafion™ is dependant on its degree of hydration. In the
dry state, Nafion™ is a poor ion conductor, but its ionic conductivity increases sharply
with water content [35]. The water profile inside Nafion™ membranes can vary according
to water transportation in the membranes and also on current flow. Sources of water and
various flux components, which has the effect of redistributing the water in operating fuel
cells, are shown schematically in Figure 2-6.

The illustration in Figure 2-6 shows the water balance inside Nafion™ membranes
under normal operating conditions. Water is being produced at the cathode compartment
by the electrochemical reactions taking place, which involve protons and oxygen. At the
same time, water also enters the cell via humidified reactant gases. Inside Nafion™
membranes, water is being transported through the membranes from anode to cathode by

a process call electro-osmotic drag [34].

Water
Humidified Electro-osmotic drag production
anodic gas /
o Water /
O] Q diffusion
S e
Humidified
0O,
Anode Nafion™ membranes Cathode

Figure 2-6 Water balance in Nafion ™ membranes.

Electro-osmotic drag of water from the anode compartment to cathode will tend to
dry the membranes at the anode side under current flow and, at the same time, flood the
cathode side because this amount of water will be added to the amount of water being

produced initially at the cathode side. So, buildup of water occurs at the cathode side.
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Nonetheless, part of this problem is relieved by back diffusion of water from cathode to
anode due to the concentration gradient and by the hydraulic permeation of water (e.g. by
maintaining pressure at cathode higher than pressure at the anode side). Careful
manipulation of above factors ensures that no dehydration of membranes happens at the

anode side while at the same time preventing the cathode side from flooding.

2.3.4 Proton Conductivity Mechanism in Nafion™™ Membranes

The proton conductance mechanism in Nafion™ membranes is based on movement
of hydroxonium ions between immobile SOj” sites on the Nafion™ backbone [36]. SO;H
are chemically bonded to the polymer backbone. Therefore, these sulfonic groups have
no ability to move freely.

The presence of water is primarily important because it assists the proton conduction
in two meaningful ways. According to Zawodzinski et al. [36], at membranes hydration,
A (=N(H20)/N(S03H)) of two to three, hydroxonium ions have quite a limited motion via
vehicle mechanism. But at fully hydrated condition, separation of hydrophobic and
hydrophilic region occurs and acidic functional groups are rearranged into well-
connected hydrophilic network domains. As a result, water and protons can move more
freely compared to low membranes hydration.

The second contribution of water is it can increase the hydrogen bond breaking and
forming which is important for proton movement due to its good proton acceptor and
donor behavior [37].

Wil

SOg' SOg' SO;' SO:;' SOg'

I‘II+“"H20 Il—F IIF Il{*nHzO Il-I+

Figure 2-7 Protonic conduction mechanisms in Nafion™ membranes.

23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2-7 shows a schematic of the proton conduction mechanism occuring inside
the Nafion™ membranes. Protons which are generated from electrochemical reaction at
the anode compartment will be coupled to water to form H-(H,0)," (n is between 0.9 to
2.5, depends on the hydration state of membrane) before being transported [38]. These
ions will then “jump” to its neighboring SOs;H sites. In this way, hydroxonium ion

transport effects proton conduction from anode to cathode.

2.3.5 Limitations of Nafion™ Membranes

Perfluorosulfonated polymer membranes like Nafion™ membranes are stable to
oxygen and hydrocarbons, and have found wide application in electrochemical processes
and fuel cells. Unlike hydrocarbon polymer chains, perfluorosulfonated membranes are
also less susceptible to thermal degradation and thermal oxidation processes [39].

However, it has several limitations. One of them is high manufacturing cost reaching
780 US$/m’ [40]. Another problem is related to low operating temperature. Samms et al.
reported that Nafion™ polymer membrane is only stable up to 280°C, after which it began
to decompose by losing of SO;H [41]. Furthermore it only has a glass transition (Tg)
point around 103°C [42].

A further limitation on the use of Nafion™ membranes arises from the conductivity
behavior, which depends on the level of humidification of the polymer. Zawodzinski et
al. [38] has reported water sorption data for Nafion™ membranes from liquid water and
also from different water vapor activity. In the liquid phase, 1 mol of SO3H can absorb
around 22 mol of water while at nearly water vapor activity of one, about 10 mol H,O/
SOs;H were obtained at 80°C and nearly 14 mol H,O/SOsH at 30°C. The specific
conductivity of fully hydrated Nafion™ membranes immersed in liquid is about 0.1
S.cm™ at room temperature, and about 0.15 S.cm™ at a cell operating temperature of 80°C
[43]. Litt [44] reported that, at room temperature, the conductivity of Nafion™™ membrane
was about 107 S.cm™ at 100% R H., but the performance dropped to only 107 S.cm™ at
approximately 15% R.H. Suzuki et al. [45] further claimed that the conductivity of
Nafion™ membranes was of the order of 10 S.cm™ levels under dry conditions from 25
to 130°C. Hence, it is clear that applications of Nafion™ membranes require operation

under conditions of high humidification, preferably 100% R.H., in order to keep the
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membranes hydrated. Hydration of Nafion ™ membranes is required for maintaining high
ionic conductivity (10™ S.cm™). As a result, operation by using Nafion™ based polymer
fuel cells above 100°C requires operation at elevated pressures in order to prevent loss of
moisture from membranes.

On the other hand, dehydrogenation of light paraffins is thermodynamically
favorable at high temperatures and low pressures, with 1 atm is the most practical
pressure. By using Nafion™ membranes, fuel cells operation only can be carried out at
low temperature (< 100°C). Above this temperature, high pressure is needed. This does
not provide an ideal condition for dehydrogenation process. Higher temperatures also
avoid the poisoning of platinum catalyst. Concentration of CO above 10 ppm in fuel will
cause a detrimental effect on the catalyst performance [46]. But, at temperatures above
150°C, platinum catalyst will not retain CO [47]. Therefore, PBI polymer membranes
were developed to conduct protons under minimal influence from water vapor activity at
temperatures greater than 200°C. This is in order to eradicate the limitations imposed by

Nafion™ membranes for the operation of hydrocarbon conversion fuel cells.

2.3.6 PBI Polymer

In 1995, a landmark discovery was described by researchers at Case Western
Reserve University (CWRU), when they introduced PBI, or poly-(2,2’-(m-phenylene)-
5,5’-bibenzimidazole, as a promising polymer electrolyte for fuel cell applications, upon
doping with strong acids {48, 49]. Since then, acid treated PBI membranes have been
applied extensively in hydrogen fuel cells and DMFC [50-53]. The properties of acid-
treated PBI membranes have been systematically studied by numerous researchers,
culminating in the production of MEAs based on phosphoric acid-doped PBI by Celanese
Ventures.

PBI is a basic polymer with a pK, value of 5.5 [S1]. This aromatic PBI is highly
thermostable, with melting point over 600°C [54]. At ambient conditions, PBI can absorb
approximately 15 to 18 wt% of its own weight of liquid water at equilibrium [55]. This
represents approximately 2.56 mol of water absorbed for every repeat monomer unit of
PBI for 15 wt% of water. PBI readily absorbs water by forming intermolecular hydrogen
bonding between water and the N atoms and N-H groups of PBI [55].
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The ionic conductivity of undoped PBI is about 102 S.cm™ [56]. Undoped PBI

contains three benzene rings that are coupled to two imidazole groups (Figure 2-8). In

each imidazole group, there are proton donor and acceptor groups that enable conduction,

thus making PBI an amphoteric material. This molecular structure provides PBI with

superior mechanical and thermal stability as well as its rigidity.

Ty }

Figure 2-8 Molecular structure for a repeat unit of PBL

Listed below are some important facts about the superiority characteristics of PBI:

It is an amorphous thermoplastic polymer with T, up to 430°C [57].

Production cost is 150 to 220 US$/kg [33]. 1 kg of PBI powder can be cast into
approximately 12 m? of 100 pum thick PBI membranes, translating to about 12.5 to
18 US$/m®. This is far cheaper than Nafion™ membranes with manufacturing cost
reaching 780 US$/m? [40].

PBI has an almost zero electro-osmotic drag number, meaning that every proton
transported through PBI membranes carries no water with it [50]. On the other
hand, Nafion™ has a drag number in the range 0.6 to 2.0 [38, 58].

PBI film does not undergo thermal degradation below 550°C under nitrogen
atmosphere [48]. By doping PBI with strong acid, the thermal degradation point
increased to 600°C. This increase in thermal stability was attributed to the
formation of benzimidazonium cations [54].

PBI treated with phosphoric acid has been found to be stable in nitrogen
atmosphere, reducing environment (5% hydrogen) or even in the presence of air.
In all cases, weight loss below 400°C was attributed to the loss of water [59].

PBI is sensitive to aging (> 200 hours) at temperatures above 260°C. By
protonation of the imidazole rings by acid, a phosphate layer is formed around the

membranes and the thermal properties of PBI are improved [S5].
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It is well known that polymers containing basic groups like PBI can form complexes
with stable acids, or other polymers containing acidic groups, in a process called polymer
blending [60-62]. To better understand formation of these complexes, two simple
illustrations have been provided here. They were drawn using Bio-Rad ChemWindows
6.0 software. The interaction between PBI and strong acids (e.g. HSO4 and H3PO,) will

give complexes shown in Figure 2-9.

(b) Complex formation after treatment with HzPOj.

Figure 2-9 Complex formations by PBI on treatment with acids.

The imidazole group, like water, acts as a solvating agent for the proton [63]. It

donates free electrons to the proton (from strong acids) to form stable complex. Bouchet

and Siebert [64] using infrared spectroscopy showed that the interaction between PBI and
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strong acids involved protonation and not hydrogen bonding. This strong interaction
ensures the stability of acid-doped PBI membranes.

Glipa et al. discovered that PBI has a remarkable ability to absorb and concentrate
H;PO,4 in the polymer itself [65]. For example, in a H3PO, solution of 3 M, the
concentration of acid inside the PBI matrix was about 14.5 M, an increment of nearly
five-fold.

2.3.7 Dissolution of PBI Powder

The dissolution capability of PBI depends on its molecular weight (M.W.). In the
case of M.W. exceeding 100,000, solubility of the polymers in solvents decreases
unfavorably, thus, preventing PBI from forming membranes. There are several solvents
capable of dissolving typical unsubstituted PBI polymers. These include N,N-
dimethylacetamide (DMAc), N,N-dimethylformamide, dimethylsulfoxide (DMSO) and
N-methyl-2-pyrrolidone. Other solvents include formic acid, acetic acid, trifluoroacetic
acid, and sulfuric acid [66].

Although there are varieties of solvents that can be used to dissolve the PBI polymer,
particular attention must always focus on the difficulty of solvent removal during
membranes film formation. Thus, strong acids like HSO4 are obviously not a preferred
choice since it has a high boiling point and is difficult to eliminate. Besides, solvents that
have low boiling point can vaporize easily so, for example, trifluoroacetic acid is not a

good choice because its rapid evaporation rate will make the formation of film difficult.

2.3.8 PBI Membrane Preparation

To date, there are numerous scientific reports available on different techniques that
can be applied in preparing proton-conducting PBI membranes. Although these methods
differ from one another, there is one common characteristic for all the methods: the
basicity of undoped PBI is used to form complexes with strong acids such as sulfuric or

phosphoric acid. These different methods are briefly summarized here as:
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1) Solution casting method
(i)  Phase inversion method
(iii)  Solution blend method
(iv) Chemical grafting method
(v)  Polymer blending method

(i) Solution casting method

In this method, PBI powder is first dissolved in suitable solvents, followed by casting
of the membranes via heat treatment. After that, protonic behavior is introduced into the
membranes by immersing PBI membranes into the acid solution. Normally, DMAc [48,
50, 53, 67] or DMSO [65] is preferentially used. DMAc has a boiling point of about
166°C [68] while DMSO has a boiling point of 189°C [69].

Since the dissolution of PBI powder is quite a difficult task, especially at low
temperature, elevated pressure and temperature typically are chosen to increase the
dissolution rate while ensuring slow solvent evaporation. One suitable condition uses
mixing of the mixtures (ranging from 5 to 30 wt% of PBI powder) at a temperature above
the normal boiling point of the solvent, for example, about 25°C to 120°C above the
normal boiling point, and at a pressure of 2 to 15 atm for a period of 1 to 5 h under
constant stirring [66]. Because high pressure is used, this dissolution technique requires
use of a stainless steel bomb reactor.

After dissolving the powder, the solution is filtered and cast onto a glass plate using
the doctor blade technique. Then, the solution is heat treated to eliminate solvents. After
elimination of solvent, the membranes can be detached from the glass plate by immersion
into a water bath. The self-supported membranes are later immersed into acid solution to
introduce proton-conducting behavior.

No reports describe degassing of the solution after the powder dissolution stage.
Stirring may introduce air bubbles into the polymer solution during the dissolution
process. If these air bubbles entrapped inside the solution are not eliminated prior to
membrane casting, the resulting membranes may have increased porosity.

The doctor blade technique is commonly used in shape forming of polymer solution

from slurry through its shearing action. When the PBI is in slurry form, it increases the
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handling difficulty. The job of filtering the slurry from powder traces will be more
difficult compared to use of PBI in solution form. In addition, this technique also requires
careful control in order to get uniform thickness of membranes. For example, if the
spreading rate of slurry is not rapid enough, as a result of high viscosity of slurry, spread
slurry will be ‘pulled away’ by the moving blade, causing non-uniformity in membrane
formation.

There are different heating treatments reported to prepare self-supported PBI
membranes using solution casting method. Savinell et al. [48] dissolved the PBI powder
(20 wt%) by using DMACc and prepared the PBI film by heating the film at 140°C in air
for 15 min. and later on in a vacuum oven for overnight at 90°C to dry the film. The
average M.W. of PBI that they used was about 25,000. Glipa et al. [65, 70] vacuumed
dried the cast solution at 120°C for S to 6 h. The authors also mentioned in their articles
about dissolving the PBI powder under reflux for 2 h, but without giving any specific
temperature condition. Li et al. (2001) [53] dissolved the powder in a closed stainless
steel bomb reactor at 250°C for 3 h. They further reported that majority of the solvent
was evaporated in a ventilated oven from 80 to 120°C without indicating the effect of
these different heating temperatures towards PBI film formation and morphology.
Bouchet et al. [64] on the other hand prepared the membranes by heating the PBI at
100°C for the first 5 h followed by treatment at 200°C for another 2 h. The authors didn’t
mention the method they used to dissolve PBI powder.

During doping with acid, few parameters determine the amount of H3PO4 solution
absorbed into PBI film [S1, 62, 65, 70, 71]. These parameters include concentration of
H3;PO, dopant and doping time. Glipa et al. [65] only investigated the acid concentration
and ionic conductivity of H3PQ4 and H,SO4 in PBI membranes after 1 h and 16 h at room
temperature, but did not investigate the variation of acid uptake with time and
temperature. Li et al. [53] only studied the H;PO, uptake with concentration of H;PO4
dopant at room temperature for 4 to 5 days. No effort was done to determine exactly
when the concentration equilibrium would be established.

On the other hand, Xing et al. [71] investigate the variation of ionic conductivity as a
function of doping time (after 250 min. and after 10 days) in different acids with

dissimilar concentration at room temperature, but no determination of acid doping uptake
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with time was done. Savinell et al. [S1] mentioning of doping in 11 M HaPQ, for at least
24 h to get 5 mol H3POy per repeat unit. At the same time, Hasiotis et al. {62] have
studied the H3PO, uptake in their polymer blending of sulfonated polysulfone and PBI
(~25,000 M.W. from Celanase) in room temperature and temperatures higher than 80°C.

(ii) Phase inversion method

In this method, PBI solution is coagulated at an interface between the PBI solution
itself and non-solvent (present in excess). This non-solvent contains strong acids like
H3PO4. One typical example is 50 wt% H3POy in alcohol solution. Normally, the PBI
slurry is cast first, then it is directly immersed into the non-solvent where doping and
coagulation of PBI into solid film happens concurrently. The doping amount and
elimination of solvent are determined by immersion time [72].

This method produces a completely different morphology from the solution casting
method, because the interaction between non-solvent molecules and PBI slurry leads to
the formation of porous membranes. These pores at the same time became filled with the
acid solution. Removal of the residual non-solvent during the drying step collapses the
porous structure, entrapping the acid and forming dense film. Nonetheless, no attempts

have been done to ascertain the density, especially after heat treatment.

(111) Solution blend method

In this method, blending of a fixed amount of strong acid and PBI are done in the
same solvent. The solvent used is fequired to dissolve not only the imidazole ring-
containing polymer and the dopant, but also the acid doped polymer produced. Thus,
solvents such as DMAc, DMSO and N-methyl-2-pyrrolidone cannot be used because
they produced acid doped polymer with low solubility. The preferred choice is
trifluoroacetic acid solvent [73], which has a normal boiling point of 72°C [74]. A doped
polymer having a slightly higher conductivity is obtained from this method, compared to
the solution casting method, even though the conductivity of membranes still originated
from doping with H;PO4. The cast film was heated at 140°C in air for 15 minutes to get

self-supported membranes. Attempts to repeat this procedure at the reported temperatures
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produced cracked membranes. This is because trifluoroacetic acid has a high vapor

pressure.

(iv) Chemical grafting method

In this method, an unsubstituted PBI is first reacted with lithium hydride to produce
PBI anions. Then, the anions are reacted with a substituted or an unsubstituted alkyl, aryl
or alkenyl methyl halide to produce N-substituted alkyl, aryl or alkenyl PBI polymer
[75]. The ionic conductivity of the substituted polymer depends on the SOsH that are
attached to the alkyl, aryl or alkenyl groups. The control of sulfonation is therefore, in
principle, possible at two stages: by the extent of activation of the polymer (number of
N-H groups ionized), and by the degree of chemical substitution of the activate sites [76].

By chemical grafting of sodium (4-bromo-methyl)-benzenesulfonate onto the anions
form of PBI, Glipa et al. reported conductivity of 10Z S.cm™ at room temperature and
100% humidification for highly sulfonated samples [70]. In air, they rapidly and
irreversibly shrank, and this change in size was accompanied by partial loss of
conductivity to 10 S.cm™.

The drawback of this method is it involves too many reaction steps in producing
proton-conducting PBI membranes. Furthermore, those steps are too time consuming. For
example, the dissolution of PBI powder with lithium hydride was normally carried out in
DMACc solution for at least 12 hours at 70°C [66]. Then, the reaction with grafting agents
was completed in another 24 to 48 hours. After the reaction, the solution was precipitated
and purified further. Then, the obtained solids was dissolved again and cast to form

protonic conducting PBI membranes.

(v) Polymer blending method

In the polymer blending method, undoped PBI was coupled with other polymers
through chemical grafting. Normally, a mixture of polymers cannot be established
without specific interactions between polymers. In this method, the basic characteristics
of PBI are changed by interacting it with acidic polymers. Upon mixing of an acidic
polymer solution with basic PBI polymer in a suitable solvent (e.g. DMACc), the

interactions between the two polymers occur by formation of hydrogen bonds and by
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proton transfer from the acidic polymer to the basic polymer. Examples of acidic
polymers include sulfonated poly-(2,6-dimethyl-1, 4-phenylene oxide) and sulfonated
polysulfones [61, 62].

Although this is a completely different method from the previous case, the ionic
conductivity is still dependant not on the degree of sulfonation, but mainly on the doping
level of strong acids after immersion of the blended membranes into an acid bath.
Furthermore, no significant improvement in tensile strength of blended PBI was found at

25°C; however, at 150°C a slight improvement was observed [77].

2.4 PHOSPHORIC ACID AS DOPANT FOR PBI
2.4.1 Introduction

Phosphoric acid, also known as orthophosphoric acid, H;PO, is the building block
for other phosphate derivatives. One of these derivatives is polyphosphate and another is
pyrophosphate. Both occur through a condensation process, (thus they are called
condensed phosphates) in which oxygen atoms shared between POy, tetrahedral lead to
the formation of a covalent backbone of P — O — P linkages [78].

H3POy is a tri-basic acid, in which the first hydrogen ion is strongly ionizing, the
second one moderately weak and the third one extremely weak for ionizing. The

dissociation constant for each step is K;=7.1x10°, K»=6.3x10®, and K5=4.4x10™" [78].

2.4.2 Conductivity Mechanism of Phosphoric Acid

H3PO4 has a high ionic conductivity. This is reflected by its remarkably high
electrical conductivity, which is 0.04596 S.cm™ at 25°C. Owing to the high viscosity of
molten HsPOy, which is about 178 cP at 25°C [79], ordinary Stokesian migration of ions
cannot explain this phenomenon, even if the compound is considered to be completely
ionized. Greenwood and Thompson [80] attribute the high conductivity to the existence
of a protonic chain conduction mechanism, which utilizes the movement of self-ionized
ions such as HsPO," or H,PO4 ions through the highly hydrogen-bonded structure. The

self-dissociation of H3POy can be represented by two equilibrium reactions.
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The first reaction is the rapid autoprotolysis equilibrium while the second reaction is
ionic self-dehydration, which is slower compared to the first reaction [79]:
2 H3PO, <> HPO,' + H,PO, (2.14)
2 HsPO4 © H30" + HyP,07 (2.15)
Extensive hydrogen bonding has been found to take place in concentrated H;POy, for
example 90 wt%. In the crystal structure of the anhydrous acid, the tetrahedral H;PO4
groups are linked together by hydrogen bonding. At lower concentrations (75 wt%
H3POy,), the tetrahedral are hydrogen-bonded to the water lattice [78]. In a dilute H;PO,
solution, the major contribution to conductance comes from the Stokesian ion transport,
which accounts for nearly 0.002 S.em™.
The introduction. of an ionizing solute other than water into H3i’04 would decrease
the conductivity of the H;PO4. This is because the addition of alien ions breaks the
hydrogen-bonded structure of the H3PO4, which results in inhibition of the protonic chain

structure formation that is necessary for proton hopping [79].

2.4.3 Conductivity of Phosphoric Acid Doped PBI Membranes

Although phosphoric acid doped PBI membranes have been used extensively in fuel
cells, the reported conductivity data were quite scattered. Wainright et al. [49] reported a
conductivity value of 2.5 x 10 S.cm™ at 130°C in a dry atmosphere for a PBI membrane
doped with 338 mol% H;PO,. Fontanella et al. [81] obtained a conductivity of 4.5 x 10~
S.cm™ for dry PBI doped with 600 mol% HsPO, at 25°C while Bouchet et al. [64]
reported an anhydrous conductivity of 7 x 10® S.cm™ at temperature of 30°C and doping
level of 305 mol% H3PO,. At the same time, Kawahara et al. [82] obtained ionic
conductivities of different doping levels, from 1.4 up to 2.9 mol H3PO4 and reported
conductivity values of reaching 10° S.cm™ at 160°C for the highest doping level and Li et
al. [53] reported conductivity of 4.5 x 107 S.cm™ at 25°C and 4.6 x 10? S.cm™ at 165°C
for 450 mol% doping at R.H. of 80 — 85%. Savinell et al. reported that conductivity for
501 mol% H3PO, was in the range of 0.01 S.cm™ to 0.04 S.cm™ for temperature from

130°C to 190°C and water vapor partial pressures up to 1 atm [73].
por p P P
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CHAPTER 3

PBI POLYMER MEMBRANES

3.1 INTRODUCTION

In this chapter, details on the PBI membranes preparation method for the fuel cells
application in our laboratory will be provided followed by some characterizations of the
prepared membranes. PBI used was of high M.W. with an average value of 75,000, in
contrast to PBI membranes prepared by other researchers. Consequently, it was not
known whether this high M.W. PBI could be dissolved to make solutions from which
defect-free film could be formed. The capability of high M.W. PBI to absorb strong acid
has also been investigated.

To prepare PBI membranes, there are several aspects and limitations that need to be
considered. For the purpose of preparing dense membranes for fuel cells application, the
solution casting method was chosen because of its preparation simplicity. This method
does not require utilization of highly sophisticated equipments, is not too time consuming
and can produce membranes with controlled thickness and uniformity. Preparation
parameters that had to be carefully controlled including temperature and duration of
treatment.

The characterization of prepared PBI membranes included morphology studies on
undoped and doped PBI membranes, the relationship of protonic conductivity behavior of
H3;PO4doped PBI membranes to temperature under anhydrous conditions, and its stability
over extended operating times, the thermal stability of H;PO4 doped PBI membranes in

severe oxidizing and reducing environments, and its permeability to H; and O, gases.
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3.2 EXPERIMENTAL PROCEDURE

3.2.1 PBI Membrane Preparation Procedure

Although solution casting was a method that has often been used in preparing PBI
polymer membranes, the steps and treatments commonly used in earlier reports have
been adapted to accommodate the equipment limitations existing in our laboratory. The
first step in PBI membranes preparation is dissolution of PBI powder in DMAc. PBI
powder used is the product of Aldrich with M.W. of ~75,000. Since one repeat unit of
PBI has a mass of 308 a.u., this PBI powder has an average of 243 repeat units of PBI in
one complete chain. This high M.W. PBI differed from those used by Savinell et al.
(~25,000) [1], Bouchet et al. (~50,000) [2] and Asensio et al. (~27,200) [3], which had an
average of 81, 162 and 88 repeat units respectively. It was anticipated that it would be
more difficult to dissolve higher M.W. of PBI, because higher M.W. implies a longer
molecular chain length. Therefore, a suitable weight ratio between PBI powder and
solvent for dissolution had to be determined first. E

In the first step, PBI powder was dissolved using DMAc (Aldrich) as solvent at
150°C for about 3 h in a closed Pyrex glass vessel. The main purpose to close the vessel
was to avoid rapid evaporation of the DMAc solvent, as DMAc has a boiling point of
166°C at 1 atm. It was discovered that a weight ratio of 1:9 of PBI.DMAc effectively
dissolved the PBI powder. The resulting solution was easily handled and readily filtered
to provide a solution from which more uniform PBI membranes formation could be
made, when compared to use PBI in slurry form.

Traces of PBI powder were removed from the PBI solution by filtration using glass
microfiber filters with a nominal pore diameter of 1.5 pm (Whatman®). The solution so
obtained was then degassed at room conditions to eliminate dissolved air bubbles and
thereby prevent them causing defects in PBI film during PBI film formation. To date,
there are no reports including this advantageous step in the PBI membrane preparation
procedures. Thus there exists a high probability that earlier membrane morphology was

not as dense as those in the present study.
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The thickness of PBI membranes was controlled by varying the concentration of PBI
solution, volume of PBI solution, or diameter of casting mold, which was a glass petri
dish. Teflon was not used because it had poor wettability towards PBI solution. Since the
PBI/DMAc was in solution form, the doctor blade technique was not used to regulate
membrane thickness. The drawback of using the docfor blade technique was discussed in
the previous chapter (Section 2.3.8).

Normally, the thickness of PBI membranes was in the range of 87.5 to 100 microns
before doping. This was thicker than PBI membranes that were used by Xing and
Savadogo in their H-O; fuel cells [4], who purchased PBI film from Hoechst Celanase
with thickness of 40 pm before doping. Researchers from CWRU used PBI membranes
with a typical thickness about 80 um after doping [1].

The first step in preparation of self-supporting membranes was mild heat treatment.
For this purpose, the solutions were warmed to dryness in an oven at 80°C for 5 h. After 5
h, the PBI film was immersed into water solution until the self-supporting membrane
could be detached readily from the glass surface. The PBI film then was subjected to heat
treatment at 195°C for more than 12 h to eliminate residual traces of DMAc solvent.

The last step was doping PBI membranes in acid solution, to ensure protonic
conductivity. In the present case, since an objective was preparation of protonic
conducting polymer membranes that can be used under substantially anhydrous
condition, H3PO4 was preferred over other strong acids like H,SO4. This is because
H;PO4 can ionically self-dissociate even in the absence of water. Movement of ions is
essential for conductivity. Doping was done in 85 wt% H3;PQ, solution (Aldrich) at
selected temperatures and doping times. The optimum doping temperature, concentration
of H;PO4 dopant solution and doping time were systematically varied, and the amount of
acid doped into the PBI matrix was determined.

After doping, excess acid was removed from the PBI film surface using soft and dry
tissue. This procedure was repeated until a constant mass was obtained. To determine the
doping level, this film was dried at 130°C overnight to eliminate structural and hydration
water from the PBI film.
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The doping level was defined according to the following formula:

x308 x100% (3.1)

9 Weight , —Weight, .
Doping Level (mOIA) H3PO4J = ( g 130°¢ & mmal)

repeat unit Weight,,.... <98

where Weight . = Weight of acid doped PBI after stabilization at 130°C overnight.

30°
Weight,,.., = Initial weight of undoped PBI polymer before doping.
Molecular weight of H;PO4= 98 g.mol™.

The elimination of structural and hydration water was performed at 130°C because
DSC analysis on fresh PBI membranes after doping showed an endothermic heat flow at
110 to 120°C. By heat-treating the membranes film at this temperature, it was discovered
that the PBI membranes became less susceptible to cracking during fuel celi operation,
especially during the temperature elevation from room temperature to over 100°C. The
elimination of structural water from PBI matrix appeared to be followed by dimensional
changes in the PBI film. It is suspected that there was movement of the polymer chain
during this temperature elevation. Consequently, it was essential for the PBI film to be
stabilized at 130°C overnight before determination of the required doping level. Complete

DSC analysis on PBI membranes is presented in Section 3.3.5.

3.2.2 Protonic Conductivity Measurements

The protonic conductivity of acid treated PBI membranes was measured in a
specially designed homemade cell during fuel cell operation. The apparatus for fuel cell
applications will be described in detail in Chapter 4.

The protonic conductivity of PBI membranes was measured using electrochemical-
impedance spectroscopy (EIS) from Gamry Electrochemistry instrument, Version 3.20 ©
2000. A 10 mV alternating potential signal was used with frequency ranging from 0.2 Hz
to 100 kHz across the cell, to measure the alternate current response.

A complex impedance Z(w) was determined and translated into a Nyquist plot,

which is a plot of imaginary impedance (Y-axis) against the real impedance (X-axis) in a
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complex plane at different frequencies. The resistance of cell was determined from the
intercept with the X-axis of the Nyquist plot.
To measure the protonic conductivity of PBI membranes alone, all external factors

that could contribute towards the overall measured resistance were eliminated.

R-measured = RPBI + Rexternal (3 2)

The external resistance, Rexemal, includes the resistance from external electrical wires,

resistance caused by bipolar plates, mesh and carbon cloth used as electrodes.

Rexternat = Ruires + Rbipolar plates Rinesh T Rearbon cloth 3 3)

A blank test, without treated PBI membranes, was first carried out under the same
conditions as the one with treated PBI membranes to measure the external resistance. The
bulk resistance of PBI membranes was related to the ionic conductivity using the

following equation:

Opp1 = ! 1 (3 '4)
PBI
where opr = lonic conductivity of membranes.
l = Thickness of membranes.
Ry = Resistance of PBI membranes.
A = Area of tested membranes (corresponding to the area of electrode).

3.2.3 Differential Scanning Calorimetry (DSC)

DSC is an experimental technique for measuring the energy required to maintain a
nearly-zero temperature difference between a specimen, sample S, and an inert reference
material R, while both samples are subjected to an identical temperature programme [5].

Referring to Figure 3-1, S and R were enclosed in the same furnace together with a
metallic block with high thermal conductivity that ensured a good heat-flow path between
S and R. The enthalpy or heat capacity changes in the specimen S led to a temperature

gradient relative to R. As a result, heat flow occurred between S and R. The temperature
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difference, AT, between S and R was then recorded and further related to the enthalpy

change in the specimen after calibration.

Heat-flux plate Hea?;z coil

Sample (S) Reference R

0000000

O
O
O
O
O
O

\ 4
| | |
AT
T Thermocouple ¢
Inert gas

Figure 3-1 llustration of DSC analyzing method (Nicula, 2000).

In a heat flux DSC instrument, the difference in energy required to maintain both S
and R at the same temperature is a measure of the energy changes in the test specimen S
relative to the inert reference R. The temperature difference AT that developed between S
and R was proportional to the heat flow between the two [6]. In order to detect such a
small temperature differences, it was essential to ensure that both S and R were exposed
to the same temperature programme.

DSC was used to evaluate the thermal endurance of PBI membranes. It measured the
amount of energy absorbed (endothermic heat flow) or released (exothermic heat flow)
by undoped and doped PBI membranes during a controlled program of increasing

temperatures. Any physical or chemical changes to PBI were shown by this analysis.
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3.2.4 Gas Permeation Test

Permeation tests for H3PO4 doped PBI membranes as well as dry and untreated
Nafion™ membranes were carried out using a homemade permeation test system, for
both hydrogen and oxygen gases. Permeability of membranes refers to the dependence of
flux towards the differential of pressure between feed side and permeate side. It has the

unit of mol.s?.m* Pa’l.

]\'/le

X

Permeability =

(3.5)

where M = Molar flowrate of permeating gas (mol.s™).

AP = Pressure difference (Pa).

Silicon black, which can withstand temperatures up to 200°C, was used as sealant in
all tests. The test system consisted of two separate cylindrical stainless steel tubes, which
had coaxial streams for both gas inlet and outlet. One of these tubes was reserved for the
feed, where hydrogen or oxygen gases entered, while the tube attached to the opposite
face of the membrane was for helium gas, which acted as sweeping gas. Specimens,
either PBI or Nafion™ membranes, were inserted between these two tubes and sealed so
that no leaking occurred.

To ensure no gas leak, before every permeation test the gas pressure at the feed side
was increased to about S psig or higher and maintained at that value for several minutes,
typically about 5 min. If, after S min., the pressure had not changed, then, no gas leak had
happened.

Thus, any hydrogen or oxygen gas detected in the permeation side during the
permeation tests using G.C. had resulted from permeation of the feed gases through the

membranes. Figure 3-2 shows the gas permeability apparatus.
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Figure 3-2 Experimental setup for gas permeability measurements.

3.3 RESULTS AND DISCUSSION

3.3.1 PBI Membranes Formation
3.3.1.1 Effect of PBI Solution Concentration on Membrane Formation

DMAc was utilized as solvent in casting PBI membranes from solution. A ratio of
9:1 by weight of DMAc to PBI powder was adopted because of the following effects:

i) A combination of 1 atm pressure and heating temperature of about 150°C can
easily dissolve PBI powder. It took less than 2 h to completely dissolve PBI
powder into solution, even though dissolving high M.W. PBI powder was not
an easy task. Previous attempts to dissolve the PBI powder at a temperature of
60°C for more than 5 days did not effect the dissolution of PBI powder.

ii) This ratio enabled easier handling of PBI solution. Since it was in solution
form and not too viscous, it was not necessary to regulate the thickness using
the doctor blade technique. As mentioned before, the doctor-blade technique

could cause inhomogeneous thickness if the spreading of PBI slurry was not
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done properly. Instead, in solution form, it was only necessary to make sure
that the floor of oven compartment was leveled before drying the solution.

i) A lower weight ratio of DMAc:PBI powder would have increased the powder
dissolution difficulty. DMAc can dissolve PBI powder up to approximately 25
wt% PBI powder in 75 wt% DMACc solution, but the resulting mixture would
be in slurry form and very viscous due to the high concentration.

iv) A lower ratio also increased the handling difficulty, especially during casting.
It became increasingly difficult to filter away remaining PBI powder traces
from PBI solution before casting due to the high viscosity. High viscosity also
increased the difficulty of elimination of air bubbles from PBI solution, which
were induced during PBI dissolution as an effect from stirring. If the air
bubbles were not eliminated, it affected the membrane’s morphology.

V) A higher ratio was not economic, because of use and then evaporation of

excess solvent.

3.3.1.2 Effect of Temperature on Membranes Formation

DMAc has a boiling point of 166°C at 1 atm. To ensure that PBI film formed was
free from DMAc solvent, a suitable heat treatment program was used. The heating
temperature was high enough to evaporate DMAc, while maintaining film integrity. The
membrane morphology must be dense and impermeable to gases. In fuel cell
applications, it is essential to have an effective separation between gases in the anode and
cathode compartments. :

By applying an initial heating temperature of 80°C for 5 h afier raising the
temperature at 1.5°C.min"" from room temperature, a dense, self-supporting homogenous
film with a superior morphology was formed. The density was proven using gas
permeability tests, which will be presented later (Section 3.3.6). Further investigation
revealed that at 80°C, afier continuous heating for 5 h, the majority of the solvent had
evaporated, as shown in Figure 3-3. After this period, continuous heating at 80°C did not
remove residual traces of DMAc solvent. So, in order to eliminate the solvent residual

traces, a higher temperature than the boiling point of DMAc solvent was used.

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100

90 -
80 1
o
o ?§70-
R~ BN
& S =
'3 § g 60
15
2z & 2507
B8 gg
EEE Y
']
8 .5 301
£ E'E
'm""c 0
E N
s P Q. i
<= glO
O o]
(5]
0 T T T T T T
0 2 4 6 8 10 12

Time (hour)
Figure 3-3 Variation of cumulative changes in PBI solution weight (wt%) as a function of

time at 80°C.

A temperature of 195°C and continuous heating for overnight has been used to
eliminate the final traces of DMAc solvent. Since DMAc has good solubility in water, it
was expected that, during doping with acid solution, any DMAc solvent still present in
small amounts would be eliminated entirely from the PBI film [7].

It was also undesirable to subject the PBI solution directly to a drying temperature of
100°C or higher, as had been done by other investigators. It was found that films
produced using high heating temperature were inhomogeneous, visible to the naked eyes
as different colors at different parts of the membranes. Inhomogeneous membranes had
different thickness in different parts of the membranes. Normally, the membrane’ s center
was thicker than the membrane’s side. As the side of membranes was thinner, it had
lower mechanical strength. The rapid heating rate also increased the solvent evaporation
rate. Theoretically, the membrane should have been more porous than when using slower
solvent evaporation rates. A slow evaporation rate ensured uniform solvent evaporation

from the surface of PBI solution.
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3.3.2 Effect of H;PO,; Doping on PBI Membranes

The undoped PBI membranes had typical thickness of 87.5 to 100 microns. These
PBI membranes had very good mechanical properties in hydrated form. However, in the
dry state, undoped PBI membranes became brittle and inflexible, making these
membranes vulnerable to cracking.

Before doping, PBI membranes had insignificant ionic conductivity. Therefore, to
convert undoped PBI into protonic conducting polymer membranes, they were doped
with strong acid. H3PO, was chosen because it is the only widely recognized low vapor
pressure proton conductor in the 100 - 200°C range with high conductivity. Another
advantage of doping PBI with H3;PO, was the improvement in mechanical properties.
This was because under anhydrous conditions where undoped PBI normally dried up and
became brittle, acid doped PBI remained flexible.

After doping with HsPO,, the excess acid was removed by adsorbtion into soft, dry
tissues. It was very important not to remove excess acid from PBI surface with water or
polar solvents like alcohols after doping. The dimensions of the membranes contracted
greatly on drying, especially when alcohols were used to clean the PBI membranes
surface. Furthermore, during heating at 130°C to determine the doping level, these PBI
membranes became brittle and cracked easily. As the dimension of PBI membranes
changed easily, this showed that H;POs doped PBI membranes were still amorphous
polymer and no cross-linking between chains had occurred. By removing the excess acid
using these polar solvents, the free H3PO4 molecules were pulled from PBI matrix. As a
result, PBI membranes contracted.

Normally, the thickness of PBI membranes increased to about 100 to 125 microns
after doping and the membranes were very flexible compared to their brittle nature before
doping. Only flexible membranes were used in fuel cells, to avoid cracking of
membranes during fuel cells operation.

In this study, I determined whether the PBI membranes, with an average M.W. of
75,000 had the same H3PO4 uptake capability as that reported by previous authors. This

was important since HiPO4 was responsible for protonic conductivity. If the PBI
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membranes with ~75,000 M.W. had not been able to absorb acid well, then the
membranes could not be used in fuel cells.

Figure 3-4 shows the variation of H3PO4/PBI doping level with the concentration in
H;PO, dopant solution. The data were obtained after an immersion period of at least 3
days under ambient conditions. The amount of H;PO4 absorbed into the polymer matrix
increased with concentration of H3PO, dopant solution. Acid absorption was rather low at
low concentration of HsPQ,. This result is in good agreement with results reported by Li
et al. by using low M.W. PBI [8]. Thus, it was shown that the molecular chain length

played a relatively minor role in determining the acid uptake ability of PBI membranes.
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Figure 3-4 Variation in amount of H3;PO4 doping level with concentration of H;PO4

dopant solution.

Referring to Figure 3-4, a doping level of about 470 mol% of H3POy4 per repeat unit
was obtained using 70 wt% concentration of H;PO4 dopant. At higher concentrations,
there was a sudden increase in the amount of H3;PO4 absorbed. In the 85 wt% H3;PO,

dopant solution, a doping level of 1050 mol% of H3POj, per repeat unit was achieved. The
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increase of concentration in acid dopant that resulted in greater acid absorption provided
a larger driving force for diffusion of HsPQ, into the PBI matrix.

By fixing the H3POy4 dopant at certain concentration levels, the effect of doping time
and temperature on the total amount of acid solution absorbed into the PBI film was able
to be determined. After a sufficient doping time, a dynamic equilibrium was established
between the H3PO4 acid inside the PBI film and the solution of H3;PQ,4 dopant.

Referring to the graphs depicted in Figure 3-5, the doping time had a close
correlation with temperature of H;POy4 solution dopant. As shown in Figure 3-5 (a), at
ambient conditions, more than 20 h were needed for PBI film to reach doping equilibrium
with 85 wt% HiPO4 solutions. Researchers from CWRU doped their PBI film by
immersion into 11 M HyPQ4 (~75 wt%) for at least 24 h to produce an equilibrated PBI
membrane, consistent with the present results obtained for 85 wt% concentration.

Figure 3-5 (a) also shows that different acid uptakes could be obtained at different
PBI membranes doping times. After nearly 6 h of doping, a doping level of 400 mol%
H3POy4 per repeat unit of PBI was obtained.

Prolonged immersion of PBI membranes in the dopant solution increased the amount
of H3PO4 absorbed into the PBI. After 10 h, a doping level of 600 mol% of H;PO, per
repeat unit of PBI was obtained. The doping level kept increasing until it reached above
1000 mol% after nearly 20 h. Then, further doping time did not increase significantly the
doping level, as at this point equilibrium had been established. After 21 - 22 h, further
doping did not result in higher doping levels. So, further doping at room temperature was

not necessary.
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(a) HsPO4 doping in 85 wt% H3PO, dopant at room condition.
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(b) H3PO4 doping in 85 wt% H;PO4 dopant at 60°C.

Figure 3-5 Effect of doping time and doping temperature on doping level.

55

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Hasiotis et al. [9] described doping their blended PBI by immersion into H3PO4
solution (85 wt%) sequentially at temperatures of 80°C and 130°C. I found that
incrementation of doping temperatures above 60°C was unfavorable since, at high HyPO,
concentration (85 wt%), a higher solution temperature caused dissolution of some of the
PBI into the acid solution. Consequently, it is possible that the membranes that they
developed were partly dissolved during doping at high temperature. Nevertheless, doping
at higher temperature increased the doping rate, as reported by Hasiotis et al. for their
blended PBI membranes. When I carried out doping at 60°C, the doping time was
reduced greatly compared to doping at room temperature, as shown in Figure 3-5 (b).
Equilibrium was established after about 1 h instead of 24 h. So, higher temperatures had
enhanced the doping rate. '

The optimum conditions for preparing protonic conducting PBI membranes were
determined by carefully manipulating doping time with fixing both acid solution
concentration at 85 wt% and doping temperature at 60°C. Savadogo et al. [10] reported
doping times of up to 10 days at room temperature for PBI membranes used for Hz-O,
fuel cells. In contrast, we were able to control doping levels by treating PBI film at 60°C
within 1 h, thus saving preparation time.

Although a higher doping level was desirable for enhancement of ionic conductivity,
the mechanical property of PBI film deteriorated if the doping level was too high.
Typically, 500 mol% to 600 mol% doping levels did not cause adverse effects on PBI
film’s mechanical strength. Whenever very high doping levels of PBI membranes were
used (> 1000 mol% per repeat units of PBI), the mechanical properties of the PBI
membranes deteriorated. The film obtained was soft, even at room temperature, although
it remained in the solid state. During fuel cell operation, the heavily doped membranes
suffered cracking, especially at elevated temperatures, as the membranes became even

softer.
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3.3.3 Morphology of PBI Membranes

The morphology of PBI membranes has been studied using optical microscope
(Olympus PME 3). The objective of this study was to have a better understanding of the
type of PBI membranes morphology that were produced through the solution casting
method. Savinell et al. [11] reported the formation of single-phase PBI membranes after
doping, but this was expected since concentrated H3POy is itself a solvent for PBL

There were no published PBI morphology studies. Furthermore, different heating
temperatures and casting methods were used to prepare PBI membranes. Hence, it was
particularly interesting to investigate whether the solution casting method produced
membranes that were homogenous at microscopic level, and the effects of acid doping on
membrane morphology. The suitability of the temperature treatment used during casting
was dictated by the need for dense morphology and no visible macropores, normally
termed as pinholes. Several figures depicting membrane morphology of untreated PBI
membranes and doped membranes after treatment with H;PO4 are presented in this
section. Figure 3-6 shows the morphology of PBI membranes at two different locations,
before treatment with H3PO,. Both show dense microstructure with some visible
micropores. No pinholes were observed on membranes prepared at the heating

temperature that I used.

(a) Morphology of undoped PBI membrane.
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