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ABSTRACT

In direct hydrocarbon fuel cells, a hydrocarbon fuel is oxidised in the anode electrode. This thesis
presents a mathematical model to predict the performance of a unit cell that utilises propane as
the fuel, oxygen as the oxidant, phosphoric acid as the electrolyte, and platinum as the catalyst,
supported on porous carbon electrodes. The phenomena considered include the electrochemical
reactions of propane oxidation and oxygen reduction on platinum, the diffusion of the gases in
gas-filled electrode pores, the dissolution and diffusion of dissolved gases in liquid-filled
electrode pores as well as ionic conduction of protons. The model was based on the multi-layered
physical structure of a modern unit fuel cell. The description of the physical structure of the gas
diffusion electrodes was based on the concept of agglomerated catalyst particles filled with
electrolyte and surrounded by gas-filled macropores. The performance of the cell was described
by a different set of differential equations for each fuel cell layer and their numerical solution was

based on an iterative technique known as “the shooting method”.

The model was first applied to a phosphoric acid fuel cell cathode electrode and was found
capable of simulating half-cell polarization curves for oxygen reduction reported in the literature.
Two parameters were adjusted in order to fit the experimental data. Physically realistic values
were used for these parameters. The model was used to study the magnitude of electrical potential
losses contributed by the various processes (surface reaction, diffusion, ionic conduction) as a
function of current density and oxygen conversion. It was also used to predict the effect of several

critical operating conditions and electrode design parameters.

Subsequently, the model was applied to a direct propane-oxygen cell. The exchange current
density for the oxidation reaction in the anode and the standard activation energy were estimated
from experimental data. Using the chosen values for these parameters, the effects of phosphoric
acid concentration and temperature on the polarization curves were accurately predicted. Possible
performance improvements are suggested by the model-predicted performance of propane-
oxygen cells at temperatures of ~200°C and high pressures on state-of-the-art Pt/C electrodes.
The effects of platinum loading and catalyst layer thickness were considered. It was also found
that the propane electro-oxidation reaction on platinum contributes the greatest loss of working

potential in the cell.
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NOMENCLATURI

Any symbols not appearing in the following list are explained in the text. The units for the
following guantities are not SI units. They are the units used in the equations in the text and the

computer program (cm, g were more convenient quantities in the calculations than m, kg):

E Molar volume (cm’ / mole)

3, Anodic transfer coefficient for the oxygen reduction reaction or propane oxidation
reaction

! Cathodic transfer coefficient for the oxygen reduction reaction or propane oxidation
reaction

aw: Activity of water in phosphoric acid solution

c*: Solubility of reactant gas in HyPO, at 1 atm reactant gas partial pressure (moles / cm’atm)

c*02. 989 Solubility of oxygen in 98 wt%H;POy at 1 atm partial pressure (moles / cm’ atm)

c: Concentration of dissolved reactant gas at any position r within agglomerates
(moles/cm’)

Ccop:  Carbon dioxide concentration in gas-filled pores (moles /em’)

ceoxacey: Concentration of carbon dioxide in the anode gas channel (moles fem’ )

ca Reactant gas concentration in the gas-filled electrode pores (moles/cm’)
ci: Reactant gas concentration at the agglomerate / liquid film boundary (moles/cm’)
Ci! Concentration of component k in the gas phase (moles / cm?)

o Nitrogen concentration in gas-filled pores (moles /em’)

Cnocoy: Nitrogen concentration in the cathode gas channel (moles / cm’)

cop™®: - Solubility of oxygen in H;PO, at 1 atm partial pressure (moles / cm’atm)
Cont Oxvygen concentration in gas-filled pores (moles /om’)
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CHAPTER 1: INTRODUCTION TO DIRECT HYDROCARBON FUEL CELLS AND
LITERATURE REVIEW

1.1 A brief history of fuel cells

The fuel cell was discovered in 1839 by Sir William Grove. He described the production of
electricity from hydrogen and oxygen supplied separately on platinum foils immersed in a
sulphuric acid electrolyte and used his apparatus in order to decompose water (Grove, 1839,
Grove, 1842). Mond and Langer (1889) advanced the hydrogen fuel cell and were able to obtain
greater reactivity by using powdered platinum-black electrocatalyst, current collectors and porous
electrolyte matrices (Liebhafsky and Cairns, 1968). They were the first to recognize that fossil
fuels can be treated to supply hydrogen and that the fuel cell can be used as an all-purpose source
of electrical energy (Liebhafsky and Cairns, 1968). Haber (1905) was the first tc recognize and
show that the maximum attainable terminal voltage of a cell corresponds to the thermodynamic

reversible potential of the overall reaction.

At the end of the 19™ century the dream of producing electrical energy directly from coal led to
further research on fuel cells. Significant but ultimately unsuccessful attempts to realize this
objective were made by various workers, including Jacques (1896) and Baur (1910). Baur made
significant contributions in developing good oxygen electrodes and in achieving good cell design
(Liebhafsky and Cairns, 1968). Research on fuel cells was gradually shifted towards the use of
hydrogen after it was realized that hydrogen reacts much more readily in the anode. A very
important technical development was the replacement of flat electrodes with porous electrodes,
which came mainly as a result of the experimental work of Schmid (1923). The use of porous
electrodes, in which the reactant gas, the liquid electrolyte and the electrocatalyst co-exist, greatly

improved the attainable current density of a fuel cell.

During the early 1930’s, F.T.Bacon devised the first successfully operating fuel cell with alkaline
electrolyte and nickel electrodes. He continued working on modifying his design until the 50’s,
and ultimately succeeded in producing multi-kilowatt power from the first practical working type
of fuel cell, the Bacon cell (Bacon, 1960). Bacon’s pioneering work paved the way toward the
modern state of fuel cell development. In the early 1960°s the first proton-exchange membrane

fuel cell was developed by General Electric and was used in NASA’s Gemini space project



(Bockris, 1969). That was the first important use of a fuel cell. Meanwhile, the Bacon alkaline
cell was further developed (Bockris, 1969) and used in the Apolio spacecraft missions and
subsequently in the Space Shuttle flights.

Since then, constant developments have led to fuel cells being used in a wide variety of terrestrial
applications. From the time of William Grove’s discovery until now, understanding of the
phenomena in fuel cells through advancements in the areas of thermodynamics, electrode kinetics
and transport processes, and their application on fuel cell research, has provided the greatest aid

in their continuous and on-going development.

It should be noted that Canada is one of the world’s leading countries in research and
development of fuel cell systems. For example, Ballard Co. is specializing in research and
development of polymer electrolyte membrane (PEM) fuel cells for many diverse applications,
including buses powered by fuel cells and power back-up systems for residential and industrial

use.

1.2 Fuel Celis and how they operate — Physical description of a unit cell

A fuel cell is a device that converts the chemical energy of a fuel directly into electrical energy.
The main components of a fuel unit cell are an anode electrode, a cathode electrode and the
electrolyte. A fuel, such as hydrogen or a hydrocarbon, is supplied to the anode and is
electrochemically oxidized. An oxidant, such as oxygen or air, is supplied to the cathode and is
electrochemically reduced. The anode and cathode of a fuel cell are connected by an external
electrical circuit containing an electrical load that consumes the generated energy. The electrons
produced in the anode of the fuel cell flow through the electronically conducting anode material
to the external circuit. The purpose of the electrolyte is to conduct ionic species (such as protons)
from one side of the fuel cell to the other without permitting the electrodes to be in physical
contact and therefore cause a short circuit. The ions of the electrolyte are also required to
establish the potential difference at the interface of each electrode, across which charge transfer

takes place.

The overall reaction taking place in a fuel cell is equivalent to a combustion reaction. The

difference is that in a fuel cell the oxidation of a fuel and the reduction of the oxidant are spatially



separated in order to convert part of the free energy of reaction to electrical energy rather than

thermal energy. For example, the overall reaction for the electrochemical oxidation of propane is:
CHg + 50, — 3C0,; + 4H,0 (Reaction 1)

However, in a fuel cell this reaction happens through two so-called half-cell reactions. On the
catalytic anode surface propane is oxidized to carbon dioxide, producing electrons (which flow
through the external circuit) and protons, which are conducted through the electrolyte from the
anode to the cathode of the fuel cell (Bockris, 1969):

C;H; + 6H,0 — 3CO, + 20H +20¢ (Reaction 2)

On the catalytic cathode surface oxygen is reduced to water by electrochemically combining with
the conducted protons and electrons flowing through the external circuit from the propane anode
(Bockris, 1969):

50, + 20H  + 20¢ — 10H,O (Reaction 3)

In fuel cell systems, several units are connected together side by side to form a stack, with the
anode of one unit in electrical contact with the cathode of the adjacent unit. Different ways are
used to connect the unit cells; monopolar and bipolar designs are discussed by Carrette et al
(2001). Details of stack designs are not-discussed here because the model concentrates on a unit
cell. The physical structure of unit cells has been described in the literature (Hirschenhofer er al,
1998, Appleby and Foulkes, 1989, Carrette et af, 2001). A modern unit cell consists of several
physically distinct layers. The most common design for a liquid electrolyte unit cell for gaseous
fuels is shown in Figure 1.1. The common multi-layer design is also similar for membrane-
electrolyte fuel cells, where an ion-exchange membrane forms the electrolyte layer between the
electrodes (Ralph and Hogarth, 2002).

On the two sides of the fuel unit cell, the fuel in the anode and the oxidant in the cathode flow in
gas channels (also called flow channels) in a parallel direction to the electrodes’ outer surfaces.
The gas channel gases also contain the products of the electrochemical reactions, such as carbon
dioxide for a hydrocarbon fuel cell, and water vapour. The channels are usually machined into a

solid graphite plate (also called a flow field plate). Different designs for flow-field plates, in



which the etched channels follow complex geometric patterns, have been described in the

Iiterature (Carrette et al, 2001).

Figure 1.1: Propane fuel cell unit constituent layers (Gas channels = grey, gas diffusion

layers = red, reaction layers = black, electrolyte layer = blue)

The fuel in the anode and the oxidant in the cathode are transported to the catalytic zone through
a porous structure that contains no catalyst and is called the gas diffusion layer or gas diffuser.
The purpose of the gas diffusers is to provide mechanical stability because the solid layers in
which the reactions are happening in fuel cells (the catalyst layers) are extremely thin. Another
advantage of using gas diffusers is that they help in distributing the reactant gases more evenly to
the catalytic sites. Gas diffusers in modern fuel cell electrodes are usually made of porous carbon

cloth or carbon paper.

The next layer of each electrode (anode and cathode), proceeding inwards, is the reaction (or
catalyst) layer. It is a thin porous solid structure, on whose pore walls the electrocatalyst is
dispersed. The solid is usually carbon because it is a good electrical conductor, has good catalyst
support properties (such as high pore surface area per unit mass) and is chemically resistant to the
electrolyte. In the case of liquid electrolytes, some of the pores of the catalyst layer are filled with
gas while others are filled with liquid electrolyte. Smaller pores are penetrated by liquid because
of capillary forces, while larger ones provide gas channels for the reactants and products. The
presence of hydrophobic PTFE particles also inhibits the flooding of larger pores. The catalyst
layer is a complex three-phase structure (it contains solid, liquid and gas), inside which the
reactant gases dissolve in the liquid electrolyte and travel short diffusion paths towards the

catalytic sites.



The innermost layer of a unit cell is the electrolyte. In fact, fuel cells are usuvally categorized
according to the electrolyte used, which can be liquid or solid. The five most common types of
fuel cells are the phosphoric acid fuel cell (commonly abbreviated PAFC), the alkaline fuel cell
(AFC), the molten carbonate fuel cell (MCFC), the polymer electrolyte membrane fuel cell
(PEM) and the solid oxide fuel cell (SOFC), all of which are named according to the type of
electrolyte that is used to transport the ionic current. In phosphoric acid fuel cells, on which this
model is based, concentrated solutions are usually used. The phosphoric acid is contained in a
highly porous silicon carbide (SiC) matrix (Carrette et al, 2001, Appleby and Foulkes, 1989,
Hirschenhofer et al, 1998).

1.3 Incentive for research on direct hydrocarbon fuel cells

Hydrocarbon fuels can be used either directly or indirectly in fuel cells. The term ‘direct’
hydrocarbon fuel cell is used for a cell in which the hydrocarbon is oxidized directly on the
catalyst surface in the anode compartment of the cell and is used to distinguish it from the
‘indirect’ hydrocarbon fuel cell. In the latter type of fuel cells, the fuel is first converted to
hydrogen in a separate reformer before entering the fuel cell and the resulting fuel that is oxidized
is the hydrogen. Reforming of hydrocarbons is also the principal method for production of
hydrogen. When this is a separate process and not an integral part of the fuel cell system the term
‘hydrogen fuel cell’ is used.

As mentioned above, large-scale hydrogen production, including hydrogen for fuel cells, is
currently done by reforming hydrocarbons (Cameron, 2002). The primary sources of hydrogen
include natural gas, petroleum products (e.g. naptha), and coal liquids and gases (Hirschenhofer
et al, 1998). In indirect hydrocarbon fuel cells, hydrogen is produced from a hydrocarbon in a
fuel cell system. Consequently, if hydrocarbons fed directly into a cell exhibited comparable
performance with hydrogen fuel, the need for the reforming process would be eliminated. This
would lower the cost of the overall process. In indirect hydrocarbon fuel cells, the reformer adds
to the cost, size, weight and efficiency losses of the fuel cell system. In comparison to direct use
of hydrogen, several disadvantages associated with fuel storage and transportation would be
avoided by employing hydrocarbon fuel cells. Several common hydrocarbons can be stored in

liquid form and the infrastructure for their transportation and storage already exists.



With respect to environmental issues, carbon dioxide, which is a greenhouse gas, is emitted by a
direct hydrocarbon fuel cell. Unreacted fuel and trace amounts of other species that are present in
the fuel will also be emitted. In comparison to conventional power production technology, the
environmental advantages of fuel cells are well-known. Hydrogen fuel cells produce seemingly
no pollutants. However, it is critical to note that carbon dioxide is emitted in the reforming
process to generate hydrogen. When hydrogen is produced, every atom of carbon in the
hydrocarbon is emitted as a carbon dioxide molecule. If hydrocarbons are oxidized directly in the
anode of a direct hydrocarbon fuel cell, each carbon atom will also be emitted as a carbon dioxide
molecule. The efficiency can be used to compare the oxidation of hydrogen with the oxidation of
hydrocarbons. The process that is more efficient will emit less carbon dioxide. This means that
the efficiency of the reforming process to produce hydrogen should be taken into account when

hydrogen oxidation is compared to hydrocarbon oxidation in a fuel cell.

However, the oxidation of hydrogen in fuel cells produces larger current densities than the
oxidation of hydrocarbons on common fuel cell catalysts, such as platinum. Greater operating
power levels can be achieved by using hydrogen instead of hydrocarbons because hydrogen
oxidation is electrochemically simpler. However, the increased performance of hydrogen fuel
cells can be attributed partly to the continuous and ongoing world-wide research effort on this
system for several decades. On the other hand, direct hydrocarbon fuel cells have not been given

much attention by the scientific community in the last three decades.

In general, fuel cells can be used for a wide variety of applications, the most important of which
are as a power source for vehicles, as a stationary power source (for example for large-scale
power generation, power generation in the home or small power plants for larger industrial or
residential sites) and as a power source for portable devices (for example laptops, cameras,
mobile phones, for replacement of batteries etc.).In principle, hydrocarbon fuel cells could be
candidates for all these categories, especially the first two. Natural gas and propane are attractive
for stationary applications since they are low-cost fuels and the infrastructure for their
transportation already exists. For mobile applications, higher hydrocarbons that can be stored as
liquids could become the fuel of choice. The heat generated in a fuel cell developed for these
applications may be also useful (for example, for heating requirements in a building). In this way

the overall efficiency of the fuel cell is improved.



14 Improving the performance of direct hydrocarbon fuel cells

There are three major aspects related to improving the performance of direct hydrocarbon fuel
cells. The first is the electrocatalysis aspect related to the oxygen reduction reaction in the
cathode of the fuel cell. This reaction is quite slow (irreversible) on all electrocatalysts that have
been examined and suffers from the fact that the open-circuit voltage for the cathode in a fuel cell
is much lower than the thermodynamic equilibrium potential for oxygen reduction. As a
consequence, the overpotential contributed by the oxygen reduction reaction is the major source
of power loss in the hydrogen fuel cell. However, the electrocatalytic aspects of this reaction
continue to be actively investigated because the cathodic reaction is similar in practically all fuel
cells and several catalysts are being tested and developed. The most common catalyst for the
reaction for intermediate temperature fuel cells is platinum or platinum alloys supported on
carbon {Appleby and Foulkes, 1989, Hirschenhofer et al, 1998).

The second aspect is the electrocatalyst for the hydrocarbon oxidation reaction in the anode.
Earlier research had shown that the reaction can only proceed on platinum at appreciable rates
(Cairns, 1971).Very little research has been done since that time. Alloys of platinum and other
catalysts have not been thoroughly tested. Much less experimental work has been done for the

electrocatalysis of hydrocarbon oxidation than for oxygen reduction.

The third aspect is optimization of the fuel cell with respect to thé operating conditions
(temperature, pressure and flowrate of the reactant gases), the electrode structure and design
parameters {surface area and thickness of the electrode and catalyst loading) and the electrolyte
parameters, such as the concentration of a liquid electrolyte. At the present time, electrodes of a
wide range of properties can be prepared. Electrode manufacturers can usually prepare electrodes
having properties in accordance to the needs of optimized performance. For this reason,
mathematical modeling, the subject of the present thesis, has become a significant part of fuel cell

research.

Numerical simulations for the prediction of the performance and optimization of hydrogen or
methanol fuel cells for different fuel cell types (membrane, solid oxide or acid electrolyte) appear
frequently in the current scientific literature. However, to the best of the author’s knowledge, the
present work is the first numerical simulation of the performance of a direct hydrocarbon fuel cell

that has ever been attempted.



1.5 Scope and limitations of research

Because various fuel cell systems (with respect to electrolyte, fuel and catalyst) behave
differently, it was necessary to make specific choices on the exact fuel cell system on which this
mathematical model would be based. The model developed in the present work attempts to
describe the performance of a unit cell that utilizes propane as the fuel, phosphoric acid as the

electrolyte, oxygen or air as the oxidant and platinum supported on carbon as the electrocatalyst.

Propane is a common gaseous fuel which can be stored in liquid form in pressure vessels and is
especially advantageous for distributed power applications. Moreover, research has shown that it
can be more efficiently oxidised than all other saturated hydrocarbons. In his review article for
direct hydrocarbon fuel cells, Cairns (1971) presents plots of relative current densities at constant
potential (an indication of performance) for n-alkanes in the range C1-C8. Regardless of the
electrolyte, the performance is maximised in these plots at the data points corresponding to
propane. Pure oxygen or oxygen in air is the obvious choice for the oxidant. The phosphoric acid
electrolyte fuel cell is the most well developed of all different types of cells and it is also the first
type, operating with hydrogen, which became commercially available. Cairns (1971) notes that
the most promising practical results in hydrocarbon fuel cells have been achieved using strong
acid electrolytes (H;PO4, HF, H,SO, and HCIO,).

Platinum is the most reactive catalyst for the oxidation of hydrocarbons. Cairns (1971) notes that
no other element has shown activity superior to that of platinum for the direct oxidation of
hydrocarbons. His statement is supported by presentation of experimental data on the
performance of several catalysts for hydrocarbon oxidation. Platinum is the most active catalyst
in many fuel cell reactions, including the anode and cathode reactions in the hydrogen fuel cell
(Hirschenhofer ez a/, 1998). In modern fuel cells, the metal catalyst is dispersed inside the pores
of a carbon support, in order to increase the accessible surface area per unit mass of catalyst and
thereby to reduce the actual amount of catalyst required in the electrode to achieve a given

performance.

The model developed in this work is a one-dimensional steady-state model. The direction along
which the model was developed is that of the z-coordinate shown in Figure 1.2, separately for the

two electrodes. The z-direction is normal to the electrode’s face area. Dimension y is the direction



of gas flow in the gas channels and is also important. As the gases in the anode gas channel of the
fuel cell flow upwards in direction vy, the concentrations of the gases (partial pressures) change
with position: the concentration of propane is reduced while the concentration of carbon dioxide
is increased. Similarly, the concentration of oxygen in the cathode gas channel is reduced as the
gas flows upwards in direction y. Because the electrochemical reaction rate depends on the
reactants’ concentrations, the rate of reaction and therefore the power produced in the fuel cell are
decreased with position along the coordinate y. For the one-dimensional model, the
concentration (or mole fraction and total pressure) of the gases in the gas channels has to be given

as input data in the model.

Figure 12 ﬁhit cell coordinate sysfem

The one-dimensional model is capable of calculating the current density and power density
produced and other important parameters at a certain y-position where the concentration of the
gases in the gas channel is known. In cther words, the one dimensional mcdel cannot account for
the height Y of the fuel cell required for the concentrations of the gases in the gas channels’ exit
to have a certain concentration (conversion). However, it is capable of evaluating the local current
density produced at any position y, where the local degree of conversion has been specified.
Considering the complexity of the whole system, it was decided that a one-dimensional model is

a good starting point for describing the phenomena of the direct propane fuel cell.

The model described in this work also assumes that there exist no temperature gradients across

the fuel cell. In reality, small temperature gradients may develop across the fuel cell unit because
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the reaction rates are different at different positions in the fuel cell (in the z-direction for the one-
dimensional model) and the electrochemical reactions normally produce heat in addition to
electricity. These temperature gradients are not expected to be large in a single cell mainly
because of the fact that a unit cell is an extremely thin structure. The effects of spatial temperature
differences and temperature changes with time are certainly more significant in fuel cell stacks,

where the issue of cooling of the fuel cell has to be taken into account.

The model described in this work is a steady-state model. For this reason, start-up effects, the
time required for steady-state to be achieved and the response of the system to any dynamic

changes in operating conditions cannot be analyzed by this model.

The initial scope of this work was to simulate the performance of a direct hydrocarbon fuel cell.
However, the model that was developed can also be used advantageously to simulate the
performance of each of the electrodes (anode and cathode) separately. It was then decided to also
use the model in order to simulate the performance of a phosphoric acid fuel cell cathode
separately. This electrode has been studied extensively in conjunction with research for hydrogen
fuel cells. However, several important refinements over other existing models and contributions

were possible from this work. These are clearly stated in Chapter 7.

1.6 Objectives

The general objectives of this work were: 1) To develop and solve a mathematical model that
describes the performance of the propane fuel cell system described in the previous section. 2) To
develop a mathematical model that describes the performance of an oxygen cathode fuel cell
electrode. 3) To compare the results of the two models (propane cell and oxygen cathode) with
experimental data that have been published in the literature. 4) To use the models in order to
predict the effect of the variables that influence the performance of the propane cell and the
cathode electrode separately. These include the electrode characteristics {electrode thickness,
catalyst loading and catalyst composition), the operating conditions (temperature, pressure of
reactant gases) and the electrolyte concentration. 5) To use the models in order to predict the
relative effect of the physical phenomena that cause performance losses in a phosphoric acid
hydrocarbon fuel cell and a phosphoric acid fuel cell cathode electrode. These phenomena include
reactant gas diffusion in gas-filled electrode pores, dissolved reactant gas diffusion in liquid-filled

electrode pores, ionic conduction in the electrolyte and the surface reactions (propane oxidation
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and oxygen reaction) on the catalyst. The importance of this task is that it provides insight into
which phenomena are more important thus leading to directions in which possible improvements

of fuel cell performance can be achieved.

1.7 Review of direct hydrocarbon fuel cell literature — major findings

As mentioned before, the present work is the first simulation study of a direct hydrocarbon fuel
cell. The literature on direct hydrocarbon fuel cells is largely based on experimental studies but
very little work has been done recently. Most of the studies were performed during the 1960’s
and much of the work on the direct hydrocarbon fuel cell with aqueous electrolytes was reviewed
by Liebhafksy and Cairns (1968), by Bockris and Srinivasan (1969) and by Cairns (1971).

Adsorption of the hydrocarbon on the surface is the required first-step in order for oxidation to
occur. Detailed study of the adsorption behaviour of hydrocarbons on the catalyst metal is
required because this process is not always facile. The adsorption process is potential-dependent
and the fractional coverage versus potential curve usually follows a parabolic path (Bockris,
1969).

Cairns (1971) discussed experimental studies on the kinetics and mechanism of adsorption and
electrochemical oxidation of hydrocarbons on platinum catalyst. On the basis of these studies it
was concluded that alkanes adsorb dissociatively (losing H) on the surface and react readily with
water to form single-carbon partially oxygenated (Pt-CHO) species, which is then oxidised to
CO,. This author suggested that, for steady-state oxidation, this last step is most possibly the rate-
determining step. The adsorbed alkane species can also form carbonaceous deposits which may or
may not be oxidised, depending on the electrical potential. A general reaction scheme was
proposed, from which it was concluded that, at any time, several different types of species are
adsorbed on the surface. The rates of adsorption, desorption and electrochemical oxidation of the
various species were described by kinetic expressions. The resulting overall expression for the
current density versus potential relationship had the form of the Tafel equation which will be
introduced in Chapter 2. However, these kinetic expressions cannot be used to obtain quantitative
results because the information in the literature is insufficient to determine the various rate
constants that are required. This was clearly stated by the author. For this reason, in the present
work, the Tafel equation was used to describe the kinetics, the kinetic parameters for which

(exchange current density and Tafel slope) were obtained from existing experimental data.
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In the same work by Caims (1971}, experimental research that had been performed until that time
on the performance of direct hydrocarbon fuel cells was summarized. It was noted that the overall
rate of hydrocarbon oxidation in acid electrolyte increases with temperature with an activation
energy of 14-20 kcal/mole, depending on the electrolyte. The maximum permissible temperature
of operation is, in most cases, determined by the boiling point of the electrolyte. The advantage of
using phosphoric acid, as compared to other acids, is that in its highly concentrated form, it does

not boil until the temperature rises to approximately 200°C.

In the same work, it was noted that pressurized operation of the hydrocarbon fuel cells had not
been considered and that there had been no experimental work on the effect of hydrocarbon
partial pressure. It was stated that, for alkanes, the reaction rate is expected to increase
proportionally to the hydrocarbon partial pressure. For this reason, the effect of pressure was
determined using the present model. As evidenced from the fact that state-of-the-art hydrogen
fuel cells often operate at higher than atmospheric pressures (Appleby and Foulkes, 1989), the
technological problems and complexities associated with pressurized operation have been

resolved.

Another section in the work by Cairns (1971) was devoted to the significance of increasing the
specific activity of platinum in the electrodes, because platinum was the only catalyst that showed
significant activity towards hydrocarbon oxidation. The author noted that there exist two
alternatives in the search for achieving this goal; research can be oriented either towards higher
surface-area platinum blacks or towards supporting high surface-area platinum on corrosion-
resistant, electronically conducting materials such as high surface-area graphite or carbon blacks.
It should be noted that, subsequent to Cairn’s work, very significant progress has been achieved
and electrodes having platinum well dispersed on large surface-area carbons are now available.
These advances came as a consequence of research for the hydrogen fuel cell and not the
hydrocarbon fuel cell. Another objective of the present research is to simulate the performance of

these modern electrodes in hydrocarbon cells.

Liebhafsky and Cairns (1968) presented a thermodynamic treatment of the C-H-O system for the
purpose of calculating equilibrium compositions and phase boundaries. As mentioned by the
authors, the calculated triangular phase diagrams are useful in understanding the conditions at

which carbon deposition can be avoided. However, one of the conclusions is that the complexity
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of the hydrocarbon anode makes the predictions drawn from equilibrium diagrams uncertain. The
most important limitation of the analysis is that an operating fuel cell is not at equilibrium and
only at steady-state for short periods. Another reason for the limited usefulness of equilibrium
diagrams is that they tell nothing about the rate of the various processes happening in the fuel cell
anode. The rest of the work is similar to that of Cairns, described previously. It discusses the
major findings regarding the hydrocarbon adsorption and oxidation reaction mechanisms, the
status of the hydrocarbon fuel cell at that time, the effects of different electrolytes and the issues

associated with the use of platinum catalysts.

Bockris and Srinivasan (1969) devoted a chapter of their book to the electrochemical combustion
of organic substances. They presented a more comprehensive account of the general criteria used
to compare different fuels for fuel cells and the economic considerations for their use. In
comparing the relative costs of using organic fuels directly in a fuel cell, they concluded that the
projected cost per kWh associated with using propane was much less than that for any other
hydrocarbon. The authors also discussed the direct versus indirect use of hydrocarbons in fuel
cells, and compared efficiencies and costs of the various methods of generating electricity using
hydrocarbons. The rest of the work by Bockris and Srinivasan (1969) discussed issues concerning
the solubility of hydrocarbons in liquid electrolytes and the mechanism of adsorption and
oxidation of hydrocarbons on metals. The discussion extended over a variety of fuels, including
saturated and unsaturated hydrocarbons. The complexity of the reaction is apparent from the 15
possible reaction schemes that were proposed for the oxidation of propane. Some reported
experimentally derived kinetic parameters were also useful in the present work (including the
Tafel slope and reaction order with respect to propane partial pressure). All three reviews,
discussed so far, summarize a very large amount of research and provide comprehensive lists of

original references.

In the past thirty years, very little research on direct hydrocarbon fuel cells has appeared in the
literature because the results of previously mentioned experiments were not very promising.
However, the following work should be noted. Savadogo and Rodriguez (2001) presented the
first experimental data on a low-temperature direct propane fuel cell utilizing membrane
electrolytes. The operating temperature for these electrodes was in the neighbourhood of 100°C,
which is considerably lower than the normal operating temperature of a PAFC (~200°C).
Polarization curves for performance of different membrane types and different anode catalysts

(Pt, Pt/CrO; and Pt/Ru) were reported. The Pt-CrO; electrocatalyst exhibited better performance
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than the rest. A maximum power density of 46 mW /cm® was achieved. The authors stressed the

need for optimization of cell components in order to achieve better performance.

In another work by Hahn and Melendres (2001), the mechanism of anodic oxidation of methane
at noble metal electrodes at room temperature was studied using spectroscopic techniques. The
results were in agreement with previous indications that methane adsorbs dissociatively on the Pt
surface and that a C1 oxygenated species (Pt-CHO) is subsequently formed. Although additional
studies are still needed, this work provided a be;tter understanding of the mechanism of oxidation

of hydrocarbons on platinum.

1.8 Review of literature related to phosphoric acid fuel cell cathode modeling

Several mathematical models for the PAFC oxygen cathode have been described in the literature.
Similar concepts have been used to describe the performance of other electrodes, such as the
hydrogen phosphoric acid fuel cell anode. The model that was developed in this work is described
in detail in Chapter 2 and is essentially a modification of other models that have appeared in the
literature. Furthermore, the same concepts were used to describe the performance of the propane
anode electrode. In this section, an overview of existing models for the PAFC cathode is

provided.

Homogeneous models of electrodes are conceptually simple. Vogel et al (1972) considered the
electrode to be a planar sheet structure in which the electrolyte and catalyst were distributed
homogeneously. Hiev et al (1975) proposed that the catalytic zone of the electrode planar sheet
has two components; a zone of cylinders perpendicular to the edge of the electrode that is
composed of a supposed homogeneous mixture of catalyst and electrolyte, and a wet-proofed
nou-catalytic zone surrounding the cylinders that is used to distribute the reactant gas. More
recently, Maja ef a/ (2001) extended Vogel’s approach and included both oxygen diffusion in the
gas phase and ohmic drop in the liquid phase.

Non-homogeneous models of the catalyst layer structure, which are more realistic, have
progressively become more comprehensive. Early models (Newman and Tobias, 1962)
considered the main location of the electrochemical reaction to be a three-phase interface of

contact between the solid electrode, the electrolyte and the gaseous reactant. Another electrode
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modeling concept, the simple pore model, in which unimodal cylindrical pores are flooded with
electrolyte, was described by Brown and Rockett (1966) and by Srinivasan e af (1967). In
another model using porous elecirode theory, described by Newman and Tiedemann (1975), the
reactant gas diffuses through gas-filled pores, dissolves in the electrolyte at the gas-electrolyte
interface, and then the dissolved gas diffuses in the liquid phase to catalytic sites on the solid
electrode. According to the thin-film model, described by Will (1963), unimodal cylindrical pores
are largely gas-filled and covered with a thin electrolyte film on the pore walls. Electrodes with
bimodal pore sizes have been modeled in two ways; (i) with all pores flooded with electrolyte,
regardless of their dimensions (Austin and Lerner, 1964) and (ii) with only the small pores filled
with electrolyte and the larger pores filled with gas (Burshtein ef a/, 1964, Grens, 1966). The
thin-film model! and the simple-pore model were compared by Austin et al (1965). They preferred
the thin film model because its prediction of the limiting current being proportional to the square-

root of the gas pressure was consistent with experimental observations.

The flooded agglomerate model of the catalyst layer, proposed by Giner and Hunter (1969),
assumes a more complex electrode geometry than the above cylindrical pore models. In this
model, porous catalyst particles are bonded together with poly-tetra-fluoro-ethylene (PTFE)
particles to form agglomerates. The catalyst particles are electrically conductive and contain
small pores that are flooded with electrolyte. The PTFE particles cause the spaces between the
agglomerates to be hydrophobic, thereby creating gas channels in the form of larger pores. The
reactant gas is assumed to diffuse through the hydrophobic larger pores, dissolves in the
electrolyte contained in the small pores in the agglomerates and diffuses through it towards the

catalytic sites on the surface of the catalyst particles.

The flooded agglomerate model has been used by several researchers to model phosphoric acid
fuel cell cathodes. Some of the models can be solved analytically. Cutlip (1975) included the
following processes in the electrode: (i) the diffusion of oxygen in the gas-filled pores (ii) the
diffusion of dissolved oxygen across a thin film of electrolyte on the exterior of the agglomerates
(iii) the combined diffusion and reaction of the dissolved oxygen in electrolyte-filled agglomerate
pores. Maggio (1999) used a similar model and found that it compared favourably with
experimental data (Kunz and Gruver, 1975) that was not available when Cutlip’s work was
performed. It successfully predicted the effects of oxygen partial pressure, thickness of the
catalyst layer, platinum loading in the catalyst layer and percent of acid-occupied pore volume in

the catalyst layer.
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The more complex models require numerical solutions. Iczkowski and Cutlip (1980) developed a
comprehensive model that included: (a) Stefan-Maxwell molecular diffusion in the gas diffusion
layer, (b) a combination of Stefan-Maxwell diffusion and Knudsen diffusion in the larger gas-
filled pores of the agglomerate in the catalyst layer, (¢} equilibrium between the oxygen partial
pressure in the larger agglomerate pores and the dissolved oxygen in the outermost liquid film
surrounding the agglomerates, (d) diffusion of dissolved oxygen according to Fick’s law through
the electrolyte contained within the small agglomerate pores, (€) reaction at catalytic sites on the
pore walls, (f) hydrogen ion migration according to Ohm’s law through the electrolyte and (g)

electron conduction through the catalyst layer according to Ohm’s law.

Bjornbom (1987) developed a simpler model that did not include (a), (f) or (g). Only two
parameters were adjusted to match the results of the model to experimental data. Yang ef a/
(1989) modified the analytical model of Cutlip (1975) to include multi-component gas transport
in the gas-diffusion layer as well as in the catalyst layer. In a subsequent paper (Yang ef al,
1990)), they developed a model that combined the work of Iczkowski and Cutlip (1980) with an
optimization procedure that required six parameters to be obtained from experimental data. Perry
et al (1998) modified the model of Iczkowski and Cutlip '(1980) to include both migration and
diffusion of ions in solution. Their model did not include either (a) or (b). Their model indicated
that the experimental data obtained by Maoka (1988) exhibited double Tafel slope caused by
ionic mass transport, whereas Maoka had attributed the phenomenon to gas transport limitations.
Yang (2000) developed a model that did not consider the effect of gas-transport in the electrode
but did describe ionic conduction. The model explained changes in performance that were caused
by changes in PTFE content. Very recently, Choudhury et al (2002) developed a two-dimensional
model of a phosphoric acid fuel cell. Essentially, it was an extension of the approach of Perry et

al (1998) from one to two dimensions.
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CHAPTER 2: MATHEMATICAL MODEL DEVELOPMENT

2.1 The structure of the catalyst layer: description and model assumptions

The most important attributes of the physical structure of the catalyst layer of a phosphoric acid
fuel cell have been described by various researchers (Giordano et al, 1991, Giner and Hunter,
1969, Appleby and Foulkes, 1989, Hirschenhofer ez al, 1998). The catalyst layer of modern gas-
diffusion electrodes used in phosphoric acid fuel cells is a very thin structure painted or pressed
onto one side of the carbon paper or carbon cloth that serves as the gas diffuser. In the case of
platinum electrodes, the electrocatalyst in the catalyst layer is dispersed in the pores of a carbon
support. The carbon support particles are bonded together by particles of polytetrafluoroethylene
(PTFE or Teflon). The solid structure of the catalyst layer contains three different solids:
platinum, carbon and PTFE. PTFE is used because it is hydrophobic, so that a fraction of the
pores in the catalyst layer is available for the distribution of the reactant gases throughout the
layer and the removal of gaseous species produced by the reaction. The catalyst layer contains
interior pores formed within the carbon structure and larger pores that are formed between the
spaces at the exterior of the carbon agglomerates and between the PTFE particles. The interior
pores are more easily wetted by the electrolyte by capillary forces. Some authors (Giordano ef a/,
1991) use the terms micropores and macropores to differentiate between the smaller (interior to
the agglomerates) and larger (exterior to the agglomerates) pores in the catalyst layer of a PTFE-
bonded fuel cell electrode. Giordano et al (1991) report a minimum of 0.4pum in the bimodal

pore-size distribution of the electrocatalyst layer, obtained by porosimetric techniques.

The carbon particles within the catalyst layer stick together to form larger aggregates or
agglomerates. These agglomerates are variable in size and shape within the electrode’s catalyst
layer. However, in order to describe the phenomena in the catalyst layer mathematically, an
ordered physical structure can be assumed. In this model, the agglomerates are represented by
spheres of equal radii. The agglomerates are assumed to contain all of the carbon particles present
in the electrode and, comsequently, all of the interior pores and dispersed platinum in the
electrode. In the model, an agglomerate can be either completely filled with electrolyte or else
dry. The existence of dry agglomerates is presumably because of their close proximity to particles
of PTFE. Agglomerates that are not filled with electrolyte are not utilized because platinum
particles that are not in contact with the electrolyte do not participate in the electrochemical

reaction. These assumptions were also made by Giordano ef af (1991). In the present model, the



18

agglomerates that are filled with electrolyte are assumed to be surrounded by a very thin liquid
film. The space in the catalyst layer that is between the liguid film is assumed to be filled with the

Teflon particles and the gas-filled macropores.

The assumed physical structure of the catalyst layer is shown in Figure 2.1. The platinum
crystallites, dispersed on the carbon support, are illustrated by black dots and the brown-colored
grains represent the agglomerated carbon particles. It should be emphasized that the assumed
physical structure represents the true physical structure of the catalyst layer omly in an
approximate way but is capable of accounting for the most important of the physical phenomena
that take place in it: the diffusion of gases in gas-filled pores, the dissolution of gases in the gas-
electrolyte interphases, the diffusion of gases through thin liquid films, the diffusion of gases

through micropores and simultaneous electrochemical reaction on the surface of the dispersed

catalyst.
# H,PO,FILLED
F INTERIOR PORES
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REACTANT GAS -
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Figure 2.1: Modeled physical structure of the catalyst layer
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2.2 Estimation of some model-specific catalyst layer properties

The complete characterization of the assumed catalyst layer structure requires the estimation of
several properties, including the volume fractions of the solids, gas-filled pores and liquid
electrolyte present, the number density of agglomerates and thickness of the surrounding liquid
film as well as the fraction of agglomerates that are filled with electrolyte and therefore utilised in
the catalyst layer. These properties were estimated and used in conjunction with reaction-rate
equations to describe the performance of each electrode. The estimation of these properties is
based on the following set of input parameters that are known or can be experimentally
determined for a given electrode (all symbols used in this thesis are explained in the

Nomenclature section):

L: The thickness of the catalyst layer (cm)

Wp:  Weight fraction of platinum in catalyst (= mass of Pt / mass of (Pt+C))

Mp:  Platinum loading per unit electrode surface area (g Pt/ cm” electrode face surface area)

Fa: Fraction of acid occupation (= volume of liquid in pores / pore volume of catalyst layer)

W Weight fraction of Teflon in catalyst layer (= mass of PTFE / mass of (Pt+C+PTFE))
The fraction of total pore volume that is interior pores in catalyst layer

S: The surface area per unit mass of platinum (cm® Pt/ g Pt)

The term fraction (or percentage) of acid occupation (F,) is consistent with usual terminology in
the fuel cell literature. The platinum loading is referred to unit area of the electrode’s face surface,
in conjunction with usual fuel cell terminology. This means that the total amount of catalyst in the
catalyst layer per unit electrode catalyst layer volume is given by the Mp/L. For a particular
electrode, the fraction of total pore volume that is interior to the agglomerates f, and the fraction
of pores that are wetted by electrolyte F,, can be independently measured by experimental
methods (Giordano ef al, 1991). These parameters are dependent on the weight fractions of the
solids (platinum, PTFE and carbon) in the catalyst layer, and are also dependent on the method
and particular conditions (for example, sintering temperature) of preparation of the electrode
(Giordano et al, 1991). In simulating the characteristics of the electrodes, consistent values shouid
be used for the above parameters. From porosimetric data reported by Giordano et al (1991), for
four different electrodes of Wr=0.40 and Wp, = 0.10 sintered at 340°C, the measured values for {

were between 0.60 and 0.65, and the measured values for F, were between 0.35 and 0.40.



20

Bstimation of the volume fraction of the solids in the catalyst layer requires knowledge of the true

density of platinum, carbon and PTFE. The following values were used by Giordano et al (1991):

Pt The density of solid platinum = 21.4 g/cm’
pc The density of solid carbon = 2 g/en?’
oT The density of solid PTFE = 2.2 g/em’

The radii of the agglomerates can not be determined experimentally with a high degree of
confidence. Furthermore, it is apparent that the agglomerates’ size will be variable through the
thickness of a given electrode and can be affected by many factors such as the Teflon content of
the electrode and electrode ageing, because the agglomeration process can continue indefinitely
during fuel cell operation for long periods of time. For these reasons, the agglomerate’s radius in
some agglomerate models that appear in the literature for the oxygen cathode is taken in such a
way as to fit the experimental data or as an estimate obtained from micrographs of a specific
electrode. The order of magnitude value for the agglomerate is taken to be 1pm (Fuller et al,
1995, Choudhury et al, 2002).

Another assumption that is made in this model is that the percentage of utilised agglomerates is
linearly related to the percentage of acid occupation. At a certain F,, denoted as Famax, all of the
agglomerates are utilised. The percentage of micropores being filled with electrolyte is equal to
the agglomerates’ utilization because all micropores are within agglomerates. Justification for this
assumption is given by Giordano et af (1991), where it is also shown that F, max is approximately
equal to 0.7. The agglomerate’s radius R, and the value of F max are used as specified values in
this model. The resulting set of input parameters is sufficient to estimate all other relevant
variables required for the assumed structure of the catalyst layer, including the characteristic
thickness of the liquid film swrrounding the agglomerate. The following set of equations was
derived from mass and volume balances in the catalyst layer. The various symbols are explained
in the nomenclature section. A similar analysis, based on volume and mass balances, is presented
by Giordano et al (1991), who, however, neglected the presence of a liquid film. A similar
analysis to the one given here was presented by Yang (2000), who considered the electrocatalyst
utilization as an input parameter in the model. However, the utilization of the catalyst is a variable
that cannot be measured. The assumptions made above do not require the value of catalyst

utilization to be prescribed in advance.
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The volume fraction of platinum in the catalyst layer is given by:

_ Mpy
Vo= o @1

The mass of carbon per unit electrode area (Mc) can be calculated by:

M
Wt =
C TPt
By rearranging:

_ Mpy(1—Wpy)

2.2
W @2)

Mc

The volume fraction of carbon in the catalyst layer is given by:

.G
Vo= - (2.3)

The mass fraction of PTFE per unit electrode area (Mr) can by calculated by:

My
W, =
T My +Ma +M
7 TMe T Mpy

By rearranging:

2.4
- vir) o

My

The volume fraction of PTFE in the catalyst layer is given by:

M
_ [
Vp = Lo {2.5)

The volume fraction of solid in the catalyst layer is given by:
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Vg =Vpy+ Vo + Vi (2.6)
The volume fraction of pores in the catalyst layer is given by:
Vp =1-Vg Q.7
The volume fraction of liquid in the catalyst layer (Vi) can be calculated by:
Fp =
P

= VL =FAVP

Therefore:

The volume fraction of gas in the catalyst layer:
VG =1- VS - VL
Vg =(1-Fa ) (1-Vg) 2.9)
The volume fraction of agglomerates in the catalyst layer is given by:
VA = VPt+VC +Vm = tha—VC+fVP

Thus:

The agglomerates’ porosity is given by:

v Vm_fVP

MATV, TV,
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f{1-Va)
=V = S
ma
Va

@.11)

The agglomerates’ density (number of agglomerates per unit volume in the catalyst layer =

volume fraction of agglomerates / volume occupied by one agglomerate) is given by:

\Y
N, =7t (2.12)
A (%;;RAa

The fraction of agglomerates that is utilised (= fraction of micropores’ volume that is utilised) is

given by:

if FA < FA,MAX (2 13)

u=1 if FA > FA,MAX

Equation 2.13 suggests that if the volume of electrolyte in the catalyst layer is greater than Fj,
then all agglomerates are utilised and the rest of the electrolyte increases the thickness of the
liquid film. Based on the assumed physical structure of the catalyst layer, the non-utilization ofa
fraction of the catalyst is attributed to the fact that some of the carbon-platinum agglomerates are
dry. The situation of non-utilization of part of the catalyst because it is not in contact with
electrolyte has not been well described in the literature. However, Giordano et al (1991) have
verified experimentally the linear correlation between catalyst utilization and volume fraction of

micropores wetted by electrolyte.

The utilised agglomerates density is given by:

NUA=UNA (214)

The utilised agglomerates’ volume-fraction in the catalyst layer is given by:

VUA =UVA (2.15)
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The volume-fraction of liquid film in the catalyst layer (Vg) can be found from the following
volume balance:
{Volume-fraction of liquid films) = (Total liquid volume-fraction) — (Volume-fraction of liquid

that is within agglomerates). Therefore:

f(1-Vg)
v )

A

VE = VL~ (Va) V) =Fa (1= Vg V) €
= Vi =(1-Vg) (Fy —uf) (2.16)
The thickness of the liquid film can be found from the following volume balance:

(Volume-fraction of liquid films) = (volume-fraction of utilised agglomerates) - (volume of

film/volume of agglomerate)

%) n((RA +LF)3—RA3)

YALL I

Ve=(Vua)

3
RA+LF] »

=(V a)
uA [ RA

From which:
\ /3
Le =Ry {VF—H -1 (2.17)
uh

The total surface area of platinum per cm” electrode face area in catalyst layer is given by:
St =Mpp)(S) (2.18)

The surface area of platinum per unit volume in the catalyst layer is given by:

S
Sy JMPE)( ) (2.19)

The surface area of platinum per unit volume of agglomerate is given by:
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_ Mp)(S)
LN(Va)

(2.20)

2.3 Derivation of reaction-rate equations

In this section, the equations that are used to describe the volumetric reaction rate in the catalyst
layer are derived. Because this analysis is applicable to both the anode and cathode electrodes, the
general case is considered and the derived equations are then applied to the electrode under

consideration.

The analysis proceeds by considering reaction and diffusion equations inside the agglomerate to
derive the reaction rate per agglomerate as a function of the reactant gas partial pressure (or molar
concentration) in the gas pores surrounding the agglomerate’s liquid film. The reactant gas partial
pressure in the gas pores in the electrode is variable across the catalyst layer thickness and the
coupling between gas-phase diffusion and simultaneous reaction will be considered in the next
section. The analysis is based on considering a double distribution of reactant gas in the catalyst
layer: in the axial direction across the electrode’s thickness (z-direction) in the gas pores, and in

the radial direction inside the spherical agglomerates. The latter one is the subject of this section.

Under the assumption that the thin liquid film surrounding the agglomerate is a spherical shell
that contains only liquid, diffusion of the reactant gas in the liquid film is characterized by the
diffusion coefficient of the dissolved gas in the electrolyte. However, diffusion of the gas inside
the agglomerate is characterized by an effective diffusion coefficient that takes into account the
porosity of the agglomerate and the tortuosity of the micropores within it. The natural coordinate
system is spherical. The following boundary conditions were considered in order to solve the
equations: at the center of the spherical agglomerate, the reactant gas flux must be zero by
symmetry. At the external surface of the liquid film, the dissolved gas is considered to be in
equilibrium with the surrounding gas-filled pores, so that its concentration can be given by
Henry’s law. Because the analysis requires separate equations to be written for the agglomerate
and the liquid film surrounding it, the resulting concentration distributions should result in a

common concentration at the interphase between the liquid film and the agglomerate. Figure 2.2
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presents the agglomerate, liquid film, coordinate direction and the location of boundary

conditions. The symbols in the equations are given in the Nomenclature section.

7

Figure 2.2: Schematic representation of agglomerate and liquid film showing the boundary

conditions

The reaction-diffusion equation for the catalyst layer is derived by a mass balance for a
differential spherical shell at position r in the agglomerate. The molar flux of reactant gas in the
radial direction in the agglomerate is given by Fick’s law. If the positive direction for the molar
flux of reactant gas is defined as that in the negative radial direction in the agglomerate, then the

mass balance can be written as:

Nl 4 aryl4mtr +dr)?]=N], (4nr?)+ ® ) [(44m(r +ar)® )]

dc
=D | —
e(dr

R
(r+dr)2—D [d_cl ) (r2)=(——mJ (r+dr)3—r3)
(r+dr)] elark 3 ( )
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d{ode) 2

1 df2de)_Pya
= dr(r T (.21)

The volumetric reaction rate inside the agglomerate is given by applying the Butler-Volmer
equation. The current density per unit surface area of platinum is given by (Bockris, 1969,
Newman, 1873):

i =i o[exp( ag:ﬂ ]— exp[— %—?—ﬂ (2.22)

where:

The exchange current density, i,, is the current transferred per unit surface area of platinum for
the forward or reverse direction of the reaction at equilibrium and it is customary to refer to the
case when the electrolyte is saturated with the gas. The overpotential, 1, represents the deviation
of the electrical potential difference across the metal-solution interface from its equilibrium value.
At thermodynamic equilibrium n = 0 and no current is transferred across the interface.
Equivalently, the rate of charge transfer for the forward direction of the electrochemical reaction
is equal to that for the reverse direction of the reaction). When a potential difference across the
metal-solution interface is established, n # 0, and a charge transfer reaction proceeds at a finite
rate. When the overpotential is sufficiently high (greater than ~100 mv), the second exponential
term of the Butler-Volmer equation (2.22),which represents the contribution of the reverse
direction of the reaction to the net reaction rate, can be neglected, because its magnitude becomes
negligible compared to the first exponential term. In this case, the equation reduces to the Tafel

equation, which one of the most fundamental equations in electrochemistry:

i=-ao[exp(i";ﬂﬂ (2.22b)
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The exchange current-density, i,, and the transfer coefficient, a, are also called the Tafel
parameters for the reaction. The Tafel slope is the slope of the v versus log i curve. The Tafel
parameters determine the kinetics of an electrochemical reaction, sufficiently away from

equilibrium.

The oxygen reduction reaction is regarded as first-order with respect to dissolved oxygen
concentration (Appleby, 1974). The propane oxidation reaction is also regarded as first-order with
respect to dissolved propane concentration (Bockris and Srinivasan, 1969). If the solubility of the
gas in the electrolyte is ¢*, then for a first-order reaction, such as oxygen reduction, the current-

density for dissolved gas concentrations different from the saturation solubility value is given as:

(e aaFn aan
u=—|0[—c—;] exp T —exp - (2.24a)

For the propane oxidation reaction, the reaction rate was also assumed to be first order to the
activity of water in solution because water is a reactant in the anode. For the propane oxidation

reaction, equation 2.24 then takes the form:

i=—i o{f;} (aw ) [exp( a;:‘n J— exp{— a;in ] (2.24b)

In what follows, equation 2.24a will be used and the water activity factor will be added in the

final expression for the propane oxidation reaction.

The exchange current-density is taken to vary with temperature according to an Arrhenius-type

expression (Damjanovic and Sepa, 1989, Bockris, 1969):

Co_x  |AGT( 1 1
io=|oexp[ = [;;—:r-ﬂ (2.25)

where i, is the exchange current-density at a reference temperature T for the oxygen reduction
or the propane oxidation reaction on platinum in phosphoric acid, and AG” denotes the activation

energy for the exchange current.
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The current transferred across the metal-solution interface per unit volume inside the agglomerate
is given by the current density multiplied by the surface area of platinum per unit volume in the

agglomerate Su.

iy = —(SAC io ° )[exp( a;;n ]~exp(— a;:n H (2.26)

Subsequently, Faraday’s law can be used to relate the current to the reaction rate (in moles of

reactant consumed per unit volume per unit time) inside the agglomerate:

S,i ¢ a_Fn a.Fn
RVA={ :\FZ’* ]{exg{ ;T )—ex{ ;T H (.27

Equation 2.27 can be substituted into equation 2.21 to obtain the differential equation that

describes the reactant gas concentration distribution inside the agglomerate:

S,i.¢c a_Fn a_Fn
J.i(,zﬂc_]z___ATL exp| 21 |~ exp| - —C (2.28)
r2 dr dr nFe De BT RT

The above equation is subject to the boundary conditions:

AtI‘:RA,C:Ci
Atr=0,dc/dr=0

Equation 2.28 subject to these boundary conditions can be solved analytically (proof is given in

Appendix A). The solution is:

R .
o DA sinh{+¥r) L)
ST sinh(vV¥R ) @29

Syl F F
wo| SA0 |lol B gl T (2.30)
nEc De RT RT

c

where:
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The reaction rate per individual agglomerate can be given by the molar input of oxygen at the
interface between the agglomerate and the liguid fitm, which is given by the flux multiplied by

the spherical surface area at r =R,

Rag =N, - A )(4nR %)

=De°iRA o cozsh(ﬁr)—sinh(ﬁr) X(4"RA2)
r sinh(\/‘_i’-RA)
r=RA
=Ry =470 ;¢ 5 (VIR coth (¥R, )~ 1) 23D

The last result was also given by Perry et al (1991).
The interfacial concentration, ¢;, in equation 2.31 will be eliminated after consideration of gas
diffusion through the liquid film. A mass balance for a differential control volume for spherical

shell at position r in the liquid film is the starting point to obtain the concentration distribution
through the film:

Ny 1 gry 147+ dr?} =N, (4nr?)

(r+dr)2 =D d—cl (2
r+dr dry

= —d-(rz EE]= 0
dr dr

= D[Q—c—
dr

Cy
L. (2.32)
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C1
= =——-r--+(32

where C; and C, are constants that can be evaluated by the boundary conditions (only C1 is
useful):

Atr=R, c=g
Atr=Ru+ly c=Keg
Using the boundary conditions:

c, ¢
1,

Rpy+lg Ry

KcG -G =

_ RA(RA +LF)(KcG "Ci)

=:>C1 L

(2.33)
F

The reaction rate per agglomerate is equal to the input flux of reactant gas at the external surface
of the liquid film multiplied by the surface area at Ry + Ly. The concentration gradient in the

radial direction in the agglomerate is given by substituting equation 2.33 into equation 2.32:

dc Rp(Rp +LpXKeg -c))

dr LFr2
=-"ng - de :DRA(RA+LF)(KCG'Ci)=DRA(K°G"ci)
( A + F) dr (RA +LF) LF(RA +LF)2 LF(RA +LF)

=Raa=Ng 5 +L) A L)

B 41cDRA(FlA +LF)(KcG —ci)

SR - : (2:34)

F
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Elimination of the boundary concentration ¢; can be achieved by equating the two independent

expressions for the reaction rate, equations 2.31 and 2.34:

4nDRA(HA +I_F)(KcGl “Ci}
Le

= 41D R, (V¥R , coth (V¥R 4 )-1)

=D(R, +Lp)Kog -D(R, +Lg)e; =LD eci(ﬁﬂ A coth(v¥R A)-D

D(R, +Le)Keg
= Ci =
D(R, +Le)+LD e(ﬁﬂ A coth(+/¥R a)-1)

(2.35)

(As a check: As L¢— 0, ci — Kcg, as expected)

Therefore the reaction rate per agglomerate is given by substituting equation 2.35 into equation
2.31:
~ D(R, +Lp)Keg
R AG™ 47D e
D(R, +Lp)+LeD (V¥R  coth (V¥R )~ 1)

R, (V¥R , coth(¥R,)-1)

4nD D(R +Lg)KegR AR, coth (R )-1)

SRyg= (2.36)

D(Rp +Lp)+LeD, (V¥R , coth (V¥R 4 )-1)

The above is the reaction rate per agglomerate. Therefore, for the reaction rate per unit volume in

the catalyst layer, it has to be multiplied by the density of utilised agglomerates. Thus,

4D D(R,, +Lp)KegR AR, coth(/ ¥R, )~ 1)

Ry =N
V7 UAT DR, +LE M LED (¥R  coth(v¥R, ) 1)

(237

where, for the cathode:
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S, a_Fn a_n
- -Ag a i _€
y [4Fc*De }[iexo( o7 } exp( T ﬂ {2.38a)

and for the anode:

S,ia a_Fn a . Fn
= AOW Hoxy -2 " | exp| -—S— 2.38b)
[4FcDe ][ F{RT ] RT (

Equations 2.37, 2.38a and 2.38b are the final expressions derived for the volumetric reaction rate
in the catalyst layer as a function of the molar concentration of reactant gas in the gas-filled pores
and the overpotential at a certain location in the catalyst layer. Both these quantities are variable
through the catalyst layer and their variation is considered in the direction z in this model. The
developed equations are different from those reported in the literature because other researchers
(Cutlip, 1991) usually consider planar (and not spherical) diffusion for the liquid film because of
its small thickness and the assumption is made that the effective diffusivities of the reactant in the
liquid film and the agglomerate are the same. These assumptions were relaxed in the present
model. Some researchers (Perry et al, 1998) do not consider the presence of the liquid film. In

this case, the equations derived here agree with those given in the literature in the limit L= 0.

However, the reaction rate in fuel cells is expressed as the current-density delivered from the fuel
cell per unit area of electrode face area. The reaction rate in equation 2.37 is expressed in moles
of reactant consumed per unit volume per unit time. The conversion to the current produced (or
transferred) per unit volume requires the use of Faraday’s law. The current produced per unit
electrode face area is obtained by integrating the current produced per unit volume across the
thickness of the catalyst layer.
Z2
I=nF zj R,% (2.39)

1

where z; and z, are z-coordinates of the catalyst layer-gas diffusion layer boundary and catalyst

layer- electrolyte layer boundary, respectively.
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24 Transport of gas-phase species

The flow of gases inside the porous gas-diffusion layer and the porous catalyst layer, in the z-
direction, is considered to be due to molecular and Knudsen diffusion. Molecular diffusion is the
transport mechanism in which the molecules of the gas exchange momentum by colliding with
each other. In a porous medium, the molecules are also colliding with the walls of the pores,
which gives rise to the Knudsen diffusion mechanism. If the mean free-path traveled by a
molecule between two molecule-molecule collisions is much smaller than the mean-free path
between two molecule-wall collisions, then molecular diffusion predominates. However, if the
size of the pores is small, the frequency of molecule-pore wall collision can be quite high.
Furthermore, at low pressures the frequency of molecular collisions will be low. Therefore, under
certain circumstances (small pores, low pressure), Knudsen diffusion can contribute much to the

total gas diffusion rate.

The gas-filled pores in the anode and cathode electrodes during fuel cell operation contain ternary
gas systems. In the anode, the pores are filled with propane reactant gas, carbon dioxide produced
by the reaction and water vapour. In the cathode, the exterior pores are filled with the air mixture
consisting of oxygen and nitrogen, and water vapour. If pure oxygen is supplied to the cathode,
there is no nitrogen and the diffusion equations are simplified. The water vapour present in the
pores may be supplied to the electrode, if humidified reactants are used. However, even in the
cases when the reactant gases are not humidified, there will be water vapour in the pores caused
by evaporation of the liquid electrolyte. In this model, the water partial pressure in the gas-filled
pores is assumed to be the equilibrium partial water vapour pressure of the electrolyte and

depends on the temperature and the electrolyte concentration.

The equations that are used to describe multi-component gas diffusion in the gas phase are the
Stefan-Maxwell equations (Geankoplis, 1972). These equations reduce to Fick’s law of diffusion
when a binary gas system is considered. In the case of multi-component gas diffusion, Fick’s law
is not used because the available diffusion coefficients refer to binary gas mixtures. By using the
Stefan-Maxwell equations, we assume that there is no bulk motion by convection in the z-
direction. However, there are two modes of diffusion in these layers: multi-component molecular
diffusion and Knudsen diffusion. In the transition regime, the concentration gradients resulting

from the two modes of diffusion are additive (Geankoplis, 1972, Rothfeld, 1963).The appropriate
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formulation of the Stefan-Maxwell equations, which takes into account both of the above
mechanisms, is also used by various researchers to describe gas diffusion in the electrodes (Cutlip
et al, 1989, Iczkowski and Cutlip, 1980, Kulikovsky et a/, 2000):

N Ko Ny =% N dx
Kk + m Dk K m ~cp dk (2.40)
Die mm=k km,e z

According to the Stefan — Maxwell equation in the form written here, the concentration gradient
of a component k in the multi-component mixture is the superposition of a Knudsen diffusion
term ( the first term in equation 2.40) and a molecular diffusion term (the second term). The
concentration gradient of any component in the system required for molecular diffusion depends
on the molar fluxes of all other components. The binary diffusion coefficients used in this
equation are the binary diffusion coefficients that are used in application of Fick’s law for binary
diffusion of gases. When this equation is applied to a porous medium, the Knudsen diffusion
coefficients and binary diffusion coefficients require correction for the porosity (because only a
fraction of the total volume is available for diffusion) and the tortuosity (increased diffusion path
due to tortuous shape of the pores) of the medium. The subscript ¢ is used to denote the effective

value of the diffusion coefficients.

Equation 2.40 can be written in the following equivalent form (using X« = ¢ / ¢y, where molar

concentrations of the gases are used instead of mole fractions:

_—

cme ——ckNm o dck
dz

Ny 2.41)

KT )
Dke mmzk T kme

Equation 3.41 will be applied to the porous gas-diffusion layer and catalyst layer of the fuel cell.
With a positive flux defined in the positive z-direction as in Figure 1.2, equation 2.41 can be

written in scalar form instead of vectorial form:

Ny

K D
Dke mm=k “TYkm,e

SN~ N _ dey

- (2.42)
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In this formulation, the vector fluxes that are pointing in the negative z-direction are negative

scalar fluxes.

In applying equation 2.42 to the anode and cathode electrodes, some terms can be simplified. The
concentration of water vapour in the pores has been assumed to be constant and equal fo the
equilibrium vapour pressure of the electrolyte. The molar flux of nitrogen in the cathode is zero
because nitrogen is neither produced nor consumed by the electrochemical reaction. Similarly, the
molar flux of water vapour in the anode electrode is zero because it has been assumed that the
product water required to be removed from the cell for steady — state is removed from the cathode
of the cell. Taking these into account, the concentration gradients for propane and carbon dioxide

in the anode are given by:

_%p _ No  ScodNp—%PNeoo , _ CwMe @2.43)
% pg,  °Ppicoze  “TPpiwie

_%cop _ Neop |, %eNco2~CcoMe ,  SwiNcoo (2.44)
@  pfy,. °Ppicoze  CTPco2/w.e

where

Cy =Cp +Cpgo + Oy (2.45)

The fluxes of propane and carbon dioxide in the gas phase are related by the reaction’s

stoichiometry:

N =_3N 2.46
co2 ( )
Similarly, the concentration gradients for oxygen and nitrogen in the cathode are given by:

_%0p _ Nop , CwNop—CoMw , SnoNop 2.47)

oz Dgz,e cPoz/w,e  “TPoz/Nze
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Cnp __ OnoMNoz |, ngMw (2.48)
@ oDog/nze STPN2/W.e

where:

Cp =Cyp +Cpp *+Cyy (2.49;
The oxygen and water vapour flux in the cathode are related by the reaction’s stoichiometry:

N =-2N (2.50)
W 02

Because the effect of Knudsen diffusion depends on the pore radius, it is expected that Knudsen
diffusion will not contribute much to the total diffusion in the gas-diffusion layers, where the
pores are larger than in the catalyst layers. Cutlip ef al (1991) report that for pores greater than
~107%cm diffusion would be completely molecular. Pores in the gas-diffusion layer are larger
(Hirschenhofer, 1998). Nevertheless, this can be taken into account by the above equations by

using different Knudsen diffusion coefficients for the catalyst and diffusion layers.

The molar fluxes of propane in the anode and of oxygen in the cathode of the fuel cell are related
to their volumetric rates of consumption (reaction rates) by the following relations accounting for

mass-balance between the reactant gas molar-flux and consumption rate:

dNP
=-R 2.51
dz V, AN ( )
dNO2
=-R .
dz V,CAT (2:52)

The reaction-rate equation, diffusion equation and mass-balance equation in the catalyst layers
are coupled. For example, in the anode, the propane concentration gradient is related to the
propane flux by equation 2.43. The propane flux gradient is related to the reaction rate by
equation 2.51. The reaction rate is related to the propane concentration by equation 2.37.

Therefore these equations have to be solved simultaneously.
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The rates of consumption of propane and oxygen in the gas-diffusion layers are zero (no reaction)

and therefore, for the gas-diffusion layers, the reactant gas flux is constant:

dN
—P_g (2.53)
dz
dN
02 -¢ (2.54)
dz

2.5 Jonic conduction

Flectrical conduction of ions is considered the main mechanism of transfer of positive charge
within the liquid electrolyte phase from the anode to the cathode of the cell. In the phosphoric
acid electrolyte, the principal charge-carrying species is the proton. However, other ionic species,
such as anions, also contribute to the electrical current in the electrolyte, determined by their
transport numbers. In this model, the net ionic flux is only considered, referring to the moles of
protons transferred per unit area perpendicular to the z-direction per unit time. Ionic conduction
can be described by Ohm’s law (Cutlip ez al, 1991, Iczkowski and Cutlip, 1980), which states that
the net ionic current density (N (amp/cm?)) is proportional to the electrical potential gradient in
the electrolyte:

dCDE
€ dz

N, =k (2.54)

The proportionality constant is the effective specific conductivity in the relevant layer. Ohm’s law
is applicable to the layers of the fuel cells where there is electrolyte: the catalyst layers and the
electrolyte compartment (layer) of the cell. The electrolyte layer is very porous and is completely
filled with electrolyte. The effective specific conductivity can be considered to be the same as the
specific conductivity of the electrolyte. However, in the catalyst layer, only a fraction of the pores
are filled with liquid. Furthermore, the ions have to conduct through the tortuous path of the
connected network of liquid-filled micropores. Thus, the specific conductivity of the electrolyte

in the catalyst layers requires correction for the porosity and tortuosity of the layer.
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The rate of production of protons in the anode and the rate of consumption of protons in the

cathode are related to the reaction rate by the reaction stoichiometry.

Thus, in the anode, the reaction is:
CiH; + 6H,0 — 3CO, + 20H" +20¢ (Reaction 2)

The volumetric rate of production of ionic charge (R.) is related to the rate of propane

consumption (reaction rate) by:

R, AN =20 FRy A (2.55)

The ionic current-density is related to the rate of proton production by the mass balance equation:

dN

+ AN _
— " Ry AN (2.56)
From the reaction stoichiometry for the cathode reaction,
50, + 20H + 20¢ — 10H,O (Reaction 3)

the rate of jonic charge consumed is related to the rate of oxygen consumption (reaction rate) by:

The ionic current-density is related to the rate of proton consumption by the mass balance

equation:

dN, cAT _

AL <R, car (2.58)

In the electrolyte layer, there is no production or consumption of protons. The gradient of the net

ionic current density must be zero:

dN
+ CAT _
—=AL -0 (2.59)
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Moreover, the reaction rates in the anode and cathode catalyst layers depend on the distribution of
electrical potential in the electrolyte-filled pores across the catalyst layer, because the latter has an
effect on the local overpotential. Thus the equations describing the reactic i rate and ionic
conduction are coupled. The interconnection between the equations that describe gas diffusion,

electrochemical reaction and ionic conduction will become apparent in Chapter 3.
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CHAPTER 3: DESCRIPTION OF COMPUTATIONAL METHOD

In this chapter, a summary of the main model equations is first presented in order to pose the
problem mathematically. The coupling between the variables of the differential equations is
shown and the boundary conditions that have to be satisfied are listed. The solution procedure is
outlined, and the technique used to predict the polarization curves of the cathode and the whole

propane fuel cell are presented.
3.1 Summary of model equations
The equations that are relevant in the anode gas-diffusion layer are:

dN
P_.o (3.1
dz

_Gop _ Np | ScooNe-%Ncop ,  Cwhe (3.2)

% pf, °tPricoze  °1PPiw,e

_9%c02 _ Neop
gz

cN - N Cia N
% > PCO2 ~“CO2'P + W 'CO2 (3'3)
Dgose  CTPP/cO2e  °TPco2/W,e

Cp =Cp +Crp +Cyy (3.4
Noge =-3Np (3.5

The equations that are relevant in the anode catalyst layer are:

dN
P _
= = Fv,an -9
_%p _Np  CcooMp ~%pNeor ,  CwMNe (3.7)

 pf.  °Ppicoze  °TPPiw,e
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_%ocop _ Neop |, SeNeor—%codMe ,  SwMNcoz (3.8)
2 ol °Ppicoze  C1Pcoziwe

Cr =% +Coop tOw (3.9

il
|
[
=

N 3.10
coz (3.10)

4D, Dp(Rp +LE)KpeaR A (VR 4 coth W¥R,)-1)

R =N 3B.11)
VAN TTUA T Do (R, +L+LEDp o (¥R, coth (¥R ) 1)
8,1 a Fn a Fn
y=|—Ad {exp( a’é\? ]— exp[——‘i’-%i—ﬂ (3.12)
4F°PDP,e
n=0g - P —Egq an {(3.13)
do N
—E.__hAN (3.14)
dz k
e
dN
+ AN _
T‘R+,AN (3.15)
R+,AN =20FRV,AN (3.16)
The equations that apply to the cathode gas-diffusion layer are:
MNoz g (G.17)
dz
d N Nys —CniN N
%o Mop  “wloz%co™w , N2To2 (3.18)

dz D&,,e °Po2/we  °TPo2/N2e
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dz

SNz, Cndw

¢tPoz/nze ©TPNn2/W,e

CT = 002 +CN2 +CW

The equations that apply to the cathode catalyst layer are:

dNs,

o~ TW,CAT

_Gogp _ Nop |, SwhNop—CoMw ,  “ndMNo2

“Po/we  °1Poz/Nge

47D 55 ¢Dog(Ra +Lp)Kgato2Ra (ﬁHA coth (V¥R 5 )-1)

SnoMNop . SnoMw

C1 =00 tOoN2 T O

NW = ——ZNO2

¢tDoz/nze STPN2/w,e

dz K
DO2,e
ch2 _
dz
Ry, cat =Nua

Vi

SA io

4Fenoloo e

a n
I:exp(_gig%rw ]_ exp(.—

n=0g-®~Egq car

85,CAT !

RT

Doo(Ra +LF)+LFDOZe(ﬁRA coth (/¥R ) -1)

H

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

3.28)

(3.29)
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doe _ Nycar

- & (3.30)
aN
4+, CAT _
——="R, car (3.3
R,.cat =4FRy cat (3.32)

3.2 Boundary conditions

The coupling of the equations listed in the previous section will be described here, followed by

the set of boundary conditions applying to the differential equations. For example, in the system

that describes the catalyst layer in the anode (equations 3.6-3.16), the differential equations

describe the variation of the following variables: Np, Cp, Ccop, @ and N.. The interrelation

between these variables can be seen by considering the functional dependencies between them:

For the anode gas-diffusion layer:

dN

—2 = ty(cp. 0g) from (3.6, 3.11, 3.12 and 3.13)

ch
—d‘z——' = fz(NP,CP, CCO2) from (3.7)
oo
e faNp.Cp.Cop) from (3.8)
ad
__dZE =T4(N, cat) from (3.14)

dN+, CAT _

o= 5(Cp. Pg) from (3.15, 3.16, 3.11, 3.12 and 3.13)
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e _o from (3.1
ke rom {3.1)
ch
—EZ——: G(NP,CP,CCOQ) ﬁ"()m (3.2)
%cop ¢ from (3.3
o= 7MNp:CpiCiog) rom (3.3)

Therefore, in order to solve the system of equations for the anode electrode, three boundary
conditions are required for the gas-diffusion layer and five boundary conditions are required for
the catalyst layer. Figure 3.1 shows the nomenclature for specifying the boundary conditions and
the coordinate system. The — and + superscripts denote the left and right side of the boundary

between two successive layers.

Z
L
-t gt 22570
VAR VA 71171 2§22
Gas Gas Diffusion Catalyst Electrolyte
Channel Layer Layer Layer

(Np, Cp, Ccon) '(Np, Cp, Ccoz, Pe, N+)

Figure 3.1: Boundaries nomenclature and system variables (anode)

The electrical potential in the electrolyte can be specified arbitrarily at a certain position in the

catalyst layer because it is a relative quantity. We can then specify:

@(z])=0 BC)
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The concentrations of the gases in the gas channel are calculated for this one-dimensional model
by specifying the total gas pressure and composition (mole fractions) in the gas channel

Therefore:

cP(zg) =Cp(GC) (3.33)

¢co2y ) =Ccoz(ac) (3:34)

Furthermore, at the boundaries z;, and z,, the gas concentrations and fluxes are required to be

continuous. Therefore:

oplzg) = °p(GO) (BC2)
cco2(%0) =Ccoz(ae) (BC3)
cplzy) =cplzy) (BC4)
ccon(z) ) =Ccoalzy) (BCS)
Np(zy) =Np(z) (BC6)

Also, at the boundary between the catalyst layer and the gas-diffusion layer, the ionic flux must

be zero because liquid pores terminate at this position:
N, an(z)=0 (BCT)

At the boundary between the catalyst layer and the electrolyte layer the propane flux in the gas

pores is required to be zero, because gas pores terminate at this boundary:

Np(z5)=0 (BC3)
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The right number of boundary conditions has been specified to properly define the solution of the
system of differential equations, but special care is needed to solve the system numerically as
some boundary conditions are given at the right boundary, while some are given are the left, so
that the system is not a standard initial value problem. The subject will be discussed in detail in

section 3.5.

The system of differential equations describing the processes in the cathode is completely

analogous. The functional dependencies between the variables are:

dN
__._._d(Z)Q =0,(C 0 Pg) from (3.22, 3.27, 3.28 and 3.29)
d002
i 95(Noo Sz ) from (3.23)
ch2
Ep 93(Ng2: € o0: Cno) from (3.24)
do,
.__..dZE = 94N, cat) from (3.30)
dN, car
éz =95(C Pg) from (3.31, 3.32, 3.27, 3.28 and 3.29)

With the coordinate system specified in the direction from the gas channel towards the electrolyte
layer, Figure 3.2 shows the nomenclature for specification of boundary conditions and the

relevant variables in the differential equations.
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b
Zo'y zZo' 71321
Gas Gas Diffusion Catalyst Electrolyte
Channel Layer ’ Layer Layer

(Noz, Coz, Crz) ' (Noz, Coz, Cr, @5, NJ)

Figure 3.2: Boundaries nomenclature and system variables (cathode)

The boundary conditions are listed below:

c02(Z) =CozaC) (BC9)
°Np(Z9) =Cnz(a) (BC10)
@(zy)=0 (BC1
Coplzi ) =Coo(z3) (BC12)
Cpnolzi ) =Cpp(2]) (BC13)
N02(21+) =Npo(z) (BC14)
N, an(z)=0 (BC15)

Ngp(z5)=0 (BC16)
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33 Simulation of half-cell polarization curves: strategy

The differential-algebraic system of equations described in the previous section can be solved
numerically under the specified boundary conditions. In this model, the two systems of equations
describing the anode and the cathode of the cell are solved separately to obtain the half-cell
potential versus current density (polarization) curves for the anode and the cathode electrodes.
Simulation of the cell polarization curve can be obtained from these two curves as will be shown

in the next section.

In the polarization curve describing the performance of a single electrode, the measured half-cell
potential (experimental) corresponds to the difference between the solid phase potential @g,
measured at a convenient location in the electrode (usually at z = z, in Figures 3.1, 3.2), and the
electrolyte potential @ at the electrolyte side of the electrode (boundary z = z, in Figures 3.1 and
3.2). This definition of electrode potential is also used by other researchers in simulating half cell
electrodes (Maja et al, 2001, Cutlip ef al, 2001). In this model it has been assumed that the
electronic conduction in the solid is infinitely fast (much faster than ionic conduction). Therefore,
the potential in the solid will be the same throughout the catalyst layer. The electrical potential
difference ®s-®; at the catalyst layer—electrolyte layer boundary (z) coincides with the
measurable electrode potential of a half-cell, shown as the y-axis of the polarization curve. The x-
axis of the polarization curve is the current-density per unit electrode face area. This quantity can
be found by numerically integrating the current produced in the catalyst layer with respect to the

coordinate z, from z; to z,. Thus, the simulated polarization curve is the following:

Z
2
E= [‘DS —(@E l z=2, H versus I=nF J.Rvdz (Definition of half-cell polarization curve}
Z
1

In order to simulate one point in the polarization curve for one electrode, one can start by
specifying the electrode potential and solve the system of differential equations described in the
previous section. Because the electrolyte potential has been specified as a boundary condition, the
solid potential has to be specified at the start of the simulation. In order to simulate the whole
polarization curve the following approach is followed: The solid potential (®s) is first set to a
value close to the equilibrium potential (Egq) of the half-cell reaction and the equation system

describing the electrode is solved numerically. The quantities required to obtain one point of the
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polarization curve are then computed. Subsequently, the solid potential (@) is stepped up or
down (depending on the electrode) to a new value and the procedure is repeated to obtain a new
point in the polarization curve. The set values for @5 are closely spaced together in order to
increase the number of simulated points. In this manner, the whole half-cell polarization curve
can be simulated. The values for the various electrochemical and physico-chemical properties

required by the model will be examined in Chapter 4.
3.4 Simulation of cell polarization curves: strategy

When the polarization curves for each electrode (anode and cathode) have been obtained, the
polarization curve for the unit cell can be obtained as the difference between the cathode and
anode half-cell potentials, diminished by the potential drop through the electrolyte layer. It is
important to note that the quantity often referred to as the iR-drop (ionic conduction loss) in the
cell, includes components in the electrodes themselves and the electrolyte compartment between
them. However, the potential loss in the electrodes’ catalyst layers, caused by ionic conduction
limitations (the electrode iR-drop), is a distributed quantity and has been included into the
equation systems describing each electrode. Hence, in simulating the cell polarization curve, only
the potential loss across the electrolyte has to be subtracted from the potential difference between

the anode and the cathode.

At any point in the polarization curve, in order for the system to maintain conservation of charge,
the ionic current density at any position in the electrolyte layer must be equal to the total current
produced per unit electrode surface area (I). Therefore, for each current-density the potential loss

through the electrolyte layer can be given by:

L
__EL
sog =—EL (3.35)

where Ly is the thickness of the electrolyte layer and I the produced current-density. No
adjustment has been made for the electrolyte specific conductivity in the electrolyte 1ayer for

porosity and tortuosity under the assumption that the electrolyte matrix is a very porous structure.

The cell polarization curve can then be defined as the following curve:
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Boprr =Boar Ban—4%g  versus I | (Definition of cell polarization curve)

where I is the current density per unit face surface area of either the cathode or the anode

electrodes and Ecar, Eay are the half-cell potentials for the anode and the cathode respectively.

The subtraction between the anode and cathode half-cell potentials has to be done at the same
current density I, in order to obtain one point in the cell polarization curve. When the half-cell
polarization curves are simulated for the anode and the cathode, the simulated points do not
necessarily correspond to the same current-densities because the current-densities can not be set
prior to solution of the system (they are obtained by integrating the volumetric current production
rate in the catalyst layers). Therefore to perform the subtraction at the same current-densities the
simulated data for the two half-cell polarization curves must be interpolated to the same current-
densities 1. In this simulation, the half-cell potentials obtained from the two half-cell polarization
curves were converted to data at the same current-densities by utilizing a numerical interpolation
algorithm. The values for the various electrochemical and physico-chemical properties required

by the model will be examined in Chapter 4.
3.5 Solution of the differential-algebraic equation system: the Shooting method

After the strategy for obtaining the anode, cathode and cell polarization curve had been set, an
efficient solution procedure was required for the differential-algebraic equation systems for the
anode and the cathode electrodes. The set of equations consists of equations 3.1-3.16 for the
anode electrode (gas diffusion layer and catalyst layer) and 3.17-3.32 for the cathode electrode
(gas diffusion layer and catalyst layer) under the boundary conditions BC1-BC8 for the anode
electrode and BC9-BC16 for the cathode electrode. Separate solutions were obtained for each
electrode by specifying the electrical potential in the solid phase @, appearing in equations 3.13
and 3.29, in the anode and cathode systems respectively. This results in one point of the half-cell
polarization curve. The two systems of equations (anode and cathode) are completely analogous
hence discussion of the solution of only one will suffice. In this section, the discussion will be

referring to the cathode electrode.

There exists a numerical difficulty in solving the set of differential equations 3.17-3.32 because
the boundary conditions are specified at the opposite ends of the electrode. In particular the

oxygen and nitrogen gas concentrations can only be specified at the boundary between the gas
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channel and the gas-diffusion layer z,” (BC10 and BC11) while the oxygen gas flux must satisfy
the zero flux conditions at the boundary between the catalyst layer and the electrolyte layer z’
(BC16). Alternatively, it can be said that Equation 3.17 comes with a final condition at z = 2,
while Equations 3.18 and 3.19 have an initial condition at z = z, if the differential equations are
solved in the forward direction from 7y to ;. Solving in the backward direction, from z, to z,
does not help either (two final conditions would arise in that case). This complication prohibits
the numerical solution by a one-shot method proceeding in one direction through the electrode. If
the system of equations is solved sequentially for the gas diffusion and catalyst layer proceeding
from boundary z, to z, by arbitrarily choosing a boundary value for Ng; at z,". BC16 will not
necessarily be satisfied. Also, if the system is solved in the opposite direction by arbitrarily
selecting coy and oy at zy’, BCY and BC10 will not be necessarily satisfied. Therefore an iterative

method is required to satisfy the boundary conditions.

The iterative procedure used in this simulation to overcome this difficulty is referred to as the
‘shooting” method. Application of this method can be described as follows: the missing condition
at one end of the system boundary (No; at zo) is used as a control variable in order to satisfy the
target condition at the other end of the system boundary (No, = 0 at zy). Initially, the control
variable Noy(zo) is set to an arbitrary value and the system of equations is solved for the gas
diffusion and catalyst layers proceeding in the positive z-direction (in which case all equations
have specified initial conditions). When the system is solved, the target condition Noxz2") = 0
will probably not be satisfied, i.e. No2(z2") # 0. In the next iteration the value of the control

variable is updated according to the Newton-Raphson formula:

Nt
N oont L 9F%) (3.36)
02(26) 02(26) ani—1
oz(z;)
N
02(26)

(superscript i refers to the iteration number)

dNOz( i
. z
The derivative EF;\T_Z_

02(z

was evaluated numerically by introducing a small perturbation
o)

ANeo(z) to Noa(z,) and resolving the system. A new value of Noo(z;") is obtained and the value



53

dN

O2(z%
Eﬁ—(izl' It was found by trial and
O2(zg)

ANoy(z, V/ANea(z,) is an approximation to the derivative

error that by taking the value for the perturbation ANpy(z,) = 10”° Noa(zo), the convergence rate
is fast. The procedure was repeated using the updated value of Nga(2,) as the boundary condition
for equation 3.17 and the system of equation was re-solved. This method resulted in satisfying the
target condition No, (z27) = 0 to within the specified tolerance after very few iterations. The
tolerance specified in this simulation was normalized with respect to the inlet flux at z, . The

condition required to be satisfied for convergence was:

Nop(z3)

<107 (3.37)
+
Noz(zg)

Within each iteration, the sets of differential-algebraic equations in the gas diffusion and catalyst
layers were solved by utilizing standard differential equation solvers provided in the software
package MATLAB. The solver used is an implementation of the Runge-Kutta (2, 3) method. The
code was written in MATLAB. A sample program for a cathode electrode and a sample program
for an anode electrode are attached in Appendix B (Bl and B2, respectively). A sample program
for the calculation of potential losses in the electrolyte layer is attached (Appendix B3). It should
be noted that the algorithm is not computationally expensive. A program that simulates a half-cell
polarization curve for a given set of conditions (for either the anode or the cathode) runs in less

than 2 minutes.

After convergence, a point in the polarization was obtained, as described in the previous section.
The solid potential is then stepped down by 0.01V to obtain a different point in the polarization
curve, until the cathode polarization curve is simulated. The procedure is completely analogous
for simulating the anode polarization curve. A few variations and extensions of the techniques
described here, such as the procedure used to obtain contour plots of constant potential loss, are

described in Chapter 5.

Figure 3.3 shows the various solution variables along z at convergence for the cathode electrode
obtained from the shooting method, for a particular current density, particular electrode

characteristics and operating conditions. The distributions are included here, not for the purpose
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of showing resulis (which will be described in Chapters 5 and 6), but rather to illustrate the fact
that the specified boundary conditions are satisfied by the solution of the model.

GAS DIFFUSER CATALYST
LAYER

—— | N |

1 =

Co2

AN
PN

v

Figure 3.3: Normalised solution variables across the cathode electrode’s catalyst layer and

gas diffusion layer at convergence
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PTER 4: ELECTROCHEMICAL AND PHYSICOCHEMICAL PROPERTIES

4.1 Introduction

Application of the mathematical model that has been developed in the previous chapters requires
the use of many electrochemical and physicochemical properties. Experimental data for many of
these properties have been found in the literature. In some cases, experimental data are either
absent in the literature searched or cannot be measured, so that estimation methods were
employed. The variation of many of these properties with operating conditions, such as
temperature, pressure and phosphoric acid concentration, has been considered. In most cases, the
experimental data describing these dependencies were fitted into simple models, such as
polynomial or exponential models. The advantage of taking this approach, instead of simply
using tabulated data, is that it allows simulations with more operating / input values. In some
cases, extrapolation of experimental data to values of the independent variable slightly outside of
the range reported is required. In these cases, care has been taken to use model forms that do not
present extreme changes in slope in the extrapolated region compared to the range in which the

fitting has been done.

The quantities that were estimated in order to be used in the model include the following: the
exchange current-densities, transfer coefficients and standard activation energies for the propane
oxidation reaction and the oxygen reduction reaction, the effective surface area of platinum in the
electrode, binary gas diffusion coefficients and Knudsen diffusion coefficients for the gases, the
diffusivity and solubility of propane and oxygen in phosphoric acid, the specific conductivity of
the electrolyte, porosity and tortuosity corrections for all diffusivities and conductivities, the
vapour pressure and boiling point of phosphoric acid, the activity of water in phosphoric acid, the
equilibrium potentials for the anode and cathode. Correlations were developed for each of the
required properties that account for its variation with the operating variables that have an effect
on them (temperature, pressure, phosphoric acid concentration etc.).Unless stated otherwise, the

correlations were obtained using linear regression provided by the Excel program.

In estimating these parameters, it has been taken into account that the temperature range of
interest in this study is 120-230°C, the acid concentration range of interest in this study is 75-110

wt % phosphoric acid and the pressure range of interest is 1-10 atm. Normally, a PAFC operates
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at temperatures 150-220°C and acid concentration close to 100%IH;PO, (Hirschenhofer et al,
1998). Hirschenhofer ef al (1998) reports the construction of PAFC’s operating from 1 atm to 8.2
atm gas pressure. It should be noted that phosphoric acid concentration that exceeds 100% is
common terminology in the literature. Phosphoric acids forms acid dimers by condensation (2
H;PO, = P,Os + 3H,0). Thus, 100% H;PO, contains water molecules within the liquid structure.
The weight percentage of P,Os in 100% phosphoric acid is 72.43%. Therefore, if more water is
removed from 100% phosphoric acid, the nominal concentration of the H;PO, acid exceeds

100%, whereas the P,Os content remains less than 100%.

Moreover, there is some uncertainty in all of the parameters that are reported in this study. In
most cases, this uncertainty cannot be easily quantified. Thus, the estimated parameters should
not be considered the true values but the most plausible values according to existing information.
In a later chapter, the effect of using different values for these parameters will be considered, in

the form of a sensitivity analysis, to determine those that have a significant effect on the results.

The quantities that are most uncertain in this model are the electrochemical parameters pertaining
to the propane oxidation reaction. The reason is twofold: the propane oxidation reaction has not
been sufficiently studied in the literature. Furthermore, the quantities required in the Butler-
Volmer equation are empirical quantities that can only be derived from experiments because the
details of the reaction mechanism are unknown. Thus, the exchange current-density and standard
activation energy for the propane oxidation reaction have been estimated on the basis of available

experimental data, using the presently developed model.
4.2 Electrochemical parameters

The electrochemical parameters required in this model are the values for the exchange current-
density i,* at some reference temperature T* for the oxygen reduction reaction and the propane
oxidation reaction, the activation energy AG” for the exchange current demsity for the two
reactions and the anodic and cathodic transfer coefficients o, and a,, to be used in conjunction
with equations 2.22 and 2.25 (reaction rate equations). The transfer coefficients that are more
important are the cathodic transfer coefficient for the oxygen reduction reaction and the anodic
transfer coefficient for the anodic propane oxidation reaction. This is because the two reactions
are very irreversible and the exponential term in the Butler-Volmer equation (2.24) that pertains

to the opposite direction of the reaction can be ignored for practically all but the extremely
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smallest current densities (this means that the Tafel equation can also be used instead of the
Butler- Volmer equation for both reactions). Nevertheless, both transfer coefficients are

considered here.

The reaction orders with respect to the propane concentration, oxygen concentration and activity
of water in solution have already been mentioned in Chapter 2 in conjunction with the
development of the mathematical model. The oxygen reduction reaction was taken to be first-
order with respect to the dissolved oxygen concentration (Appleby, 1974), and the propane
oxidation reaction was taken to be first-order with respect to both the dissolved propane
concentration (Bockris and Srinivasan, 1969) and the activity of water in phosphoric acid because
water is a reactant in the anode. Also, from the reactions’ stoichiometry, the number of moles of
electrons (equivalents) transferred per mole of reactant consumed is n = 4 for oxygen reduction

and n = 20 for propane oxidation.

The exchange current-density for the oxygen reduction reaction on platinum in phosphoric acid
electrolyte is reported by Appleby (1970) to be i,* = 3.8x10"° amp/em® at T* = 25°C. The
standard activation energy for the exchange current is reported by Kunz and Gruver (1978) and
by Appleby (1970) to be 92 kJ/mole. Damjanovic and Sepa (1989) suggested that the Gibbs
energy of activation also depends slightly on the pH of the solution. For the relatively small range
of pH values considered here, this dependence can be ignored. The cathodic transfer coefficient
for the oxygen reduction reaction on platinum is reported by Kunz and Gruver (1975) to be o,
=1.The transfer coefficient has been found to be independent of electrolyte concentration (Kunz
and Gruver, 1978). It should be noted that other results in the literature indicate a change in the
transfer coefficient at very concentrated solutions (Glass ez al, 1989). Other researchers note the
effect of possible impurities in the phosphoric acid electrolyte, such as phosphorous acid
(Sugishima et al, 1994). In this model, it is considered that the acid concentration does not affect
the transfer coefficient for the oxygen reduction reaction. The anodic transfer coefficient for the
reaction, which corresponds to the transfer coefficient for the reverse reaction (the oxygen
evolution reaction) is reported by Bockris and Srinivasan (1969) to be o, =1. Fundamental aspects
of the oxygen reduction reaction have been discussed by various authors (Damjanovic, 1969,
Tarasevich et al, 1983, Markovic et af, 2001).

The anodic transfer coefficient for the propane oxidation reaction on platinum in acid electrolyte

is reported by Bockris and Srinivasan (1969) to be @, =1. The cathodic transfer coefficient for the
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reaction is also considered here to be o, =1.For the exchange current density i, and the activation
energy AG’, the following values were found to be consistent with the experimental data reported
in Grubb and Michalske (1964): i, =10 amp/em’ at 150°C and AG” = 90 kJ/mole for the
temperature range 120-230 °C. The exchange current for propane oxidation and iis activation
energy were chosen such that the results of the model can predict the given sets of experimental
data. More fundamental aspects of the reaction relate to adsorption phenomena on the catalyst
surface and the reaction mechanism (which has not yet been clarified) that are not accounted for
in this model. It should be noted that the value used for the activation energy for the exchange
current corresponds to ~15 kcal / mole (= -AG" + onF) at anodic overpotential of 280mv, which is
reported by Cairns (1971) as the activation energy for propane adsorption on platinum. Also, the
values used for the exchange current-density and its activation energy result in a value of 3.5x10
1 amp/em’ at 80°C (from equation 2.25), which is of the same order of magnitude as the
exchange current-density for ethylene oxidation at the same temperature on platinum metal in
acid electrolyte (~10° amp/cm2 (Bockris and Srinivasan (1969)). Therefore, the values used for

these parameters are clearly realistic.

It should be noted that the exchange current-density and activation energies for electrochemical
reactions such as the oxygen reduction and propane oxidation reaction, can not be regarded as
physical constants. For example, platinum has been found to exhibit different intrinsic activities
with respect to the oxygen reduction reaction at different electrodes or for different catalyst
surface preparation conditions. Several variables, the effects of which are difficult to quantify,
such as the physical state of the platinum surface or catalyst ageing effects, are responsible for the
variability of electrochemical parameters on different electrodes. The values used in this model

should therefore be considered as approximate.
4.3 The diffusivity of oxygen in phosphoric acid

Experimental data on the diffusivity of oxygen in 98% phosphoric acid at various temperatures in
the temperature range 25 — 150 °C are reported by Scharifker et al (1987). The data are presented
graphically in Figure 4.1. The equation of the fitting line is:

In(Dyp ggo,) =31 00(%) ~3.04 @.n

Therefore, the diffusion coefficient (cm?/s) of oxygen in 98% H3PO, depends on the temperature

according to:
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Figure 4.1: Temperature dependence of oxygen diffusivity in phosphoric acid

Experimental data on the variation of oxygen diffusivity with phosphoric acid concentration were
not found in the literature. The variation can be approximated using the Stokes-Einstein relation,
which states that at the same temperature the diffusivity is inversely proportional to the solution

viscosity (Newman, 1973).

0,

_ Uggo,
Poz =Dozess =, (4.3)

Data for the viscosity of phosphoric acid solutions at 140°C were found in the literature (Gard,

1991) and are presented graphically in Figure 4.2. The equation of the best-fit line is:
i =0.182 exp(0.034 W) 4.4
Therefore, from equations 4.3 and 4.4:

Dos =Pz gge, &XP [0.034 (98- wW)] (4.5)
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and from equations 4.5 and 4.2:

25770
D02 =0.048 exp{— a7

+0.034 (98—W)} (4.6)
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Figure 4.2: Viscosity of phosphoric acid as a function of concentration

4.4 The solubility of oxygen in phosphoric acid

The solubility of oxygen in the phosphoric acid medium is of considerable importance as it
determines the cathode reagent concentration in the relevant reaction rate equation. Experimental
data on the solubility of oxygen in 98% phosphoric acid for the temperature range 25-150 °Catl
atm oxygen partial pressure were reported by Scharifker ef al (1987) and are presented in Figure
4.3. For temperatures greater than 100°C, that are of interest in this study, the solubility of oxygen
in the electrolyte remains approximately constant. In this study, the solubility of oxygen in
phosphoric acid for temperatures greater than 100°C is taken to be constant and equal to that at

100°C, which is ¢*g, = 107 moles / cm’atm.
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Figure 4.3: Temperature dependence of oxygen solubility in phosphoric acid

Fxperimental data on the variation of the solubility of oxygen with phosphoric acid concentration

are reported by Gubbins and Walker (1965) and presented in Figure 4.4.
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Figure 4.4: Solubility of oxygen in phospheric acid as a function of concentration

From the equation of the linear best-fit line:
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¥

G
—02 . 5.87-0.062W (4.7)
Co298%

Therefore, the solubility of oxygen (moles / cm’atm) in W wt% H3PO, can be given by:

Cno = 1077 (6.87 - 0.062W) (4.8)
02

4.5 The diffusivity and solubility of propane in phosphoric acid

The solubility of propane in phosphoric acid determines the concentration of the anode reagent in
the reaction rate expression. On the basis of data reported by Bockris and Srinivasan (1969), the
solubility of propane in concentrated phosphoric acid is virtually independent of temperature and
electrolyte concentration for temperatures higher than 100°C in the concentration range 70-110
wt% H;PO,, which is of interest in this study. The solubility reported is ¢* = 0.175 mmoles/l atm

(Bockris and Srinivasan, 1969), which is equal to ¢* = 1.75 x 107 moles / cm’atm.

The diffusivity of propane in the electrolyte has not been determined but was estimated using the
Wilke-Chang correlation (Poling ez al, 2001). According to the correlation, the ratio of diffusion
coefficients for two different dissolved gases, Dy and D, in the same solvent at a given

temperature, is related to the molar volumes of the gases as:

- 0.6
D V.
1.2 (4.9)
Dy, |V

On the basis of molar volumes reported by the same authors, the diffusivities of propane and
oxygen in the same electrolyte are related by: Dp = 0.38Dq,, which was used to estimate the
diffusivity of propane for different concentrations of phosphoric acid and temperatures using

equation 4.6:

25770
Dp =0.38x0.048 exp| -
P xp[ RT

+0.034 (98—W)] (4.10)
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4.6 Binary gas diffusion coefficients

The following relation, known as Fuller’s corrclation, can be used for predicting binary

diffusivities of gases at various temperatures and pressures (Poling ef a/, 2001). For two gaseous

species A and B:
- 0.001437"7°
AB™
0.5 ))/
PMag [(zu AR (Eu)gi]z
where:

-1

o) 5

In equations 4.11 and 4.12, the variables represent:

Dz The binary diffusion coefficient between A and B (cm2 /s)
P: Pressure (bar)

T: Temperature (K}

Ma, Mp: Molecular weights of A and B (g/mole)

I Sum of atomic diffusion volumes, a tabulated parameter.

The following molecular diffusion volumes were reported by Poling et a/ (2001):

Ny: 18.5
On: 16.3
CO,: 269
H,O: 13.1

CiHe:  (3)(15.9) + (8) (2.31) = 66.2

@.11)

(4.12)

Usmg this correlation, all binary diffusion coefficients (Dp/c()z, Dp/w, DW/CQz, D021N2, Doz/w and

Dow) can be estimated as a function of the temperature and gas pressure.
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4.7 Knudsen diffusion coefficients

The Knudsen diffusion coefficient of a gaseous species is related to the mean gas pore radii in the
gas diffusion and catalyst layers (Geankoplis, 1972):

0.5
K T
= 97 — .
D 9700 rP[M) (4.13)

where D* is the Knudsen diffusion coefficient (cm2/ s), rp the mean radiué of the pores (cm), T the
temperature (K) and M the molecular weight of the gas (g/mole). The same equation has been
used by Cutlip ez af (1991).

For the mean gas-pore radii in the gas-diffusion and catalyst layers the following values are used
by Fuller et al (1995):
rp =5 x 10™ cm for the gas-diffusion layer

rp=5 x 107 cm for the catalyst layer

4.8 The available specific surface area of platinum

The available active surface area of platinum is reduced as the platinum loading on a carbon
support increases because the platinum particles grow thicker (agglomerate). This phenomenoﬁ is
called sintering and has the effect of reducing the specific activity of the catalyst (Stonehart,
1972, Watanabe ef al, 1989, Honji ef al, 1988).The data in Table 4.1 are provided by an electrode
manufacturer (E-TEK corporation, 2003), for Pt on Vulcan XC-72. For a different type of
electrode, different values are also reported in the literature (Ralph and Hogarth, 2002).
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Table 4.1: Platinum surface area for different platinum / carbon catalyst concentrations

{Data provided by E-TEK Corporation)

Wa S (m’/g)
0.1 140
0.2 112
0.3 88
0.4 72
0.6 32

The data are presented graphically in Figure 4.5:
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Figure 4.5: Platinum surface area as a function of the weight fraction of platinum in P¢/C

catalyst

The data have been plotted and fitted to a linear model. The equation for the best-fit line is:

S(m?/g) = 131x Wp,% ~302.2x Wp,, +168.3

Therefore, the surface area of Pt in cm/g is given by:

(4.14)
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S=10%x(131x Wp, 2 ~302.2x Wp, +168.3) (4.15)

4.9 The activity of water in phosphoric acid

The activity of water for different molalities and wt% concentrations of up to 85% phosphoric
acid is reported by Gordon and Ford (1970). Data in the concentration range 65 — 85 wi%
phosphoric acid are of interest in this study (values for higher concentrations are not reported).

Table 4.2 presents the available data:

Table 4.2: Molality, mole fraction and activity of water in phosphoric acid of different

concentrations
wt % H;PO, | Molality Mole fraction Activity
of solution of H,O of H,O
65 18.95 0.746 0.443
70 23.8 0.700 0.344
75 30.6 0.644 0.246
80 40.8 0.577 0.16
85 57.9 0.490 0.095

The data in the above table show that the activity of water in the solution is much lower than the
mole fraction of water, because much of the water molecules in solution are bound by interaction

with phosphoric acid species and are not available to 