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Abstract

In this thesis the design, manufacture and testing of an Alkaline Fuel Cell (AFC) that
provide electrical power to a deep sea measurement probe is described. The fuel cell
was designed to operate in a long-term mode at low temperatures. The power
required for the measurement probe was in the order of 5 Watts. The measurement
probe was designed to operate at a depth of 3000 m in sea water at a temperature of
approximately 5 °C and at 300 bar pressure.

The main design issues included;

The design of a Fuel Cell to operate at these conditions and produce enough energy
for at least one full year without maintenance or repair. The flow of the ions,
electrolyte and water were also critical for this project and the analysis and
understanding of how they interact with each other was of particular importance for
the Fuel Cell. Attempting to emit the waste water from the chemical reactions was
also a difficult task to achieve. This component of the fuel cell had to be designed
and tested also. One other key element of the design was to remove the pumping
system for the electrolyte as this was not feasible for the operating conditions
specified.

Testing was carried out in a simulated environment at a Fuel Cell and Membrane
Research and Development company in Germany®*. Testing consisted of low
temperature tests. A number of tests without the use of a pumping system were also
undertaken. An analysis and investigation of the transport of ions and water within
the fuel cell was undertaken. One of the main outcomes was to determine which
electrode the reaction water leaves the fuel cell. As the Fuel cell will be incorporated
in a specially designed pressurised container, the 300 bar operating pressure was not
tested as the fuel cell will operate at room pressure.

Testing and results showed that the Alkaline Fuel Cell has the ability to operate in

this environment as reported in the thesis.
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1 Introduction

1.1 Fuel Cell Engineering

The main objectives of this research work were to design, develop and test a fuel cell
that operates at low temperature conditions in a hostile environment. The fuel cell
developed is to be used as an energy source for a deep sea measurement probe, used
for investigating the properties and conditions of deep sea gas hydrate deposits. The
probe is currently been developed by a research team in Germany.

The fuel cell was designed to have an operating life of at least one year without any
maintenance or inspection,

The research was funded by the TTZ-Umweltinstitut (Technology Transfer Centre —

Environmental Department) in Bremerhaven, Germany.

The measurement instruments are to be supplied with energy from the fuet cell.

The fuel cell is rated with 5 V at 1 A. The operating time is one year during which
the fuel cell can neither be serviced nor be refuelled. Due to the high water pressure
at an operational depth of up to 3000 metres the measurement probe cannot release
exhaust gases into the water. At those depths the ambient water temperature is
approximately 5 °C. After completion of the operation the measurement probe will
remain in the ocean.

The optimal operational temperatures of so-called “low temperature” fuet cells are
between 50 °C and 100 °C. The required power delivery of 5 W in this application is
relatively low. In conjunction with the usually high efficiency, the heat dissipation of
the cell will be too low to reach the optimal operational temperature of the cell. Even
with good thermal insulation the fuel cell temperature will only marginally differ
from the ambient temperature. This is a key design parameter of the fuel cell to be
addressed.
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Firstly, various types of fuel cell systems were analysed with regards to their

suitability for the deep sea application. Due to its high efficiency and the ability to

operate at low temperature the alkaline fuel cell (AFC) was chosen for this project.

1.2 Research Areas Investigated and Outcomes for this Thesis

As part of this research work, the following main topics were investigated:

i)

Various fuel cells were examined with regards to their suitability for a run-time
of one year at an ambient temperature of 5 °C.

The electrolyte dilution was investigated and the necessary supply of potassium
hydroxide solution was calculated.

Possibilities for storing the reaction gases are discussed and the storage of
pressurised gas is described in detail.

The potassium hydroxide supply cycle for the cell was investigated and a gas
pump developed during the project is outlined and described.

A system for solely employing diffusion for the electrolyte transport was
considered. For this research work the aim was to eliminate the pump.

During the experiments on diffusion it was found that the reaction product water
of the fuel cell did not leave the cell via the hydrogen electrode but via the
oxygen electrode. For this, various electrodes and separators were examined

with respect to their diffusion properties.
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1.3 Structure of the Thesis

This section describes the structure of this thesis and the contents of the individual
chapters. Chapter 2 describes the aims of the TIGER project. It provides information
about gas hydrates and their situation at the continental shelf. Furthermore the
theoretical fundamentals of fuel cells are described. There an overview is given about
the different types of alkaline fuel cells. The construction and function of the
EloFlux-AFC is described in detail. A variety of different mass transport
mechanisms in an AFC are presented. Finally different types of fuel cells and
primary energy storages are compared. Chapter 3 describes the experimental set-up.
A variety of different pump mechanisms for circulating the electrolyte are described
and compared. Further on different test methods for measuring characteristic
parameters of electrodes and separators are described. In the end the test rig for the
tests with the EloFlux-AFC is described. Chapter 4 shows the results of the
experiments. For each test some short information is given. In Chapter 5 the results
of chapter 4 are discussed. These are the results on the test on electrodes and
separators. Furthermore the results of the increase of volume and the transport of
substances are discussed. Finally the results of a calculation about the transport of

water and KOH solution in an EloFlux-AFC are shown.
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1.4 Fuel Cell Systems

Typical fuel cells consume hydrogen and oxygen producing water, electrical energy
and heat. The different types of fuel cells are distinguished by the operating
temperature, by the electrolyte used and in some cases by the fuel used. All fuel cells
need a somewhat complicated supply system that can be divided into a fuel and an
oxidant system. Furthermore it is necessary to control the temperature of the fuel cell
and to get rid of the water formed during the reaction.

In the following section, some different types of fuel cells are described.

Figure 1.1: Schematic representation of a fuel cell

Hydrogen reacts with oxygen and forms water. The

clectrons have to move from the hydrogen electrode
(anode) to the oxygen electrode (cathode). They
take the way over an external circuit. There they can

power an electrical consumer (load)
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1.4.1 Alkaline Fuel Cell (AFC)

The AFC is a low temperature fuel cell with a typical operating temperature of 50 °C
to 100 °C. Some AFC run at higher temperature, up to 200 °C. The electrolyte is a
liquid potassium hydroxide solution (KOH) with a typical concentration of about
7 M. Potassium hydroxide solution has one of the best conductivities of all hydroxide
solutions. In some cases, it is possible to use sodium hydroxide for the electrolyte.
The conductivity of sodium hydroxide solution is not as well as the conductivity of
potassium hydroxide solution but it is cheaper. The transport of charge inside the
AFC is done by OH" ions. The AFC uses hydrogen and oxygen. It is also possible to
use methanol for fuel instead of hydrogen.

1.4.2 Polymer Electrolyte Membrane Fuel Cell (PEMFC)

The PEMEFC is also a low temperature fuel cell. The typical operating temperature is
about 50 °C to 100 °C. The electrolyte is an ion-selective polymer membrane. In
comparison to the separator of an AFC the polymer membrane is much more
expensive. The membrane is able to transport H' ions but no hydrogen molecules. So
the transport of charge is done by the H' ions. The catalyst used in an PEMFC is
platinum, The PEMFC uses hydrogen and oxygen. Air can be used as a source for

the oxygen.

1.4.3 Direct Methanol Fuel Cell (DMFC)
The DMFC is similar to the PEMFC. The only difference is that it uses a mixture of

methanol and water for fuel instead of hydrogen.

1.4.4 Phosphoric Acid Fuel Cell (PAFC)

The PAFC is a high temperature fuel cell. The normal operating temperature is about
160 °C to 200 °C. The electrolyte of a PAFC is high concentrated phosphoric acid. It
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is fixed in a membrane between the anode and the cathode. The charge is transported

by H' ions. It uses hydrogen and oxygen. Oxygen also can be used from the air.

1.4.5 Molten Carbonate Fuel Cell (MCFC)

The MCFC is a high temperature fuel cell. Its operating temperature is about 500 °C
to 650 °C. The electrolyte is a molten mass of potassium carbonate (K,CQOs). The
charge is transported by the CO5” ions. The fuel for the MCFC is hydrogen, biogas
or natural gas.

1.4.6 Solid Oxide Fuel Cell (SOFC)

The SOFC is a high temperature fuel cell. The operating temperature is about 750 °C
to 1000 °C. The electrolyte is solid zirconium dioxide (ZrO;). The charge is
transported by O ions. The fuel for the SOFC is hydrogen, biogas or natural gas.

1.5 Different Storage Systems for Hydrogen and Oxygen

Hydrogen and oxygen are the primary energy sources.
Hydrogen can be stored as a compressed gas, as a liquid, in a metal hydrate storage
or in combination with other chemical substances.

Oxygen can only be stored as a compressed gas or as a liquid.

1.6 Design of the EloFlux-AFC and its System

The hydrogen electrode {anode) of an AFC consists of Raney-nickel and the oxygen
electrode (cathode) consists of silver. The anode and the cathode are separated by a
porous plastic foil called separator. The housing of the AFC consists of epoxy. In
general an AFC consists of one to six single cells, perhaps more. The single cells can
be connected in series or parallel. This belongs to the application.

The electrolyte in an AFC is an aqueous potassium hydroxide (KOH) solution. The

reaction water is absorbed in the electrolyte and dilutes the latter. The convective
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water extraction is carried out with an electrical pump. The KOH is stored in a
reservoir. The pump circulates the KOH from the tank to the fuel cell and back.
The pressurised reactant gases hydrogen and oxygen are carried in high-pressure gas

cylinders. The pressure has to be reduced on the operating pressure of the fuel cell.

1.7 Aims and Objectives

In this project, the fuel cells described in the section above were compared
concerning use in the deep sea project. The AFC seemed to be the most suitable for
the deep sea application. Several tests were started to see what has to be done to run
the AFC under the conditions in a deep sea probe. The most important questions
were if it is possible to run an AFC at a temperature of 5 °C and without a convective
electrolyte circulation. The hitherto used electric pumps had relatively high energy
consumption. It was necessary to find another process to take out the reaction water
of the fuel cell. The transport of water caused by diffusion seemed to be an
alternative in comparison to the convective KOH flow.

During the test of reaction water extraction by diffusion it was figured out, that the
increase of volume caused by the reaction water happens on the electrolyte
distributor at the oxygen electrode. Because of the chemical reactions at the
electrodes it was guessed that the reaction water leaves the AFC over the hydrogen
electrode. A number of tests and calculations were made about the transport of K*
ions, OH  ions and water molecules.

The size of the fuel cell system is affected by the storage system for the reactant
gases. The required amounts of reactant gases were calculated and the most suitable
storage system was figured out.

The reaction water of an AFC dilutes the potassium hydroxide solution. An AFC can
only operate within a certain electrolyte concentration range. It was necessary to
extract the reaction water or to have enough KOH solution so that the KOH solution
can carry the reaction water. Therefore the supply of potassium hydroxide has to be

determined.
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1.8 Results

It was demonstrated that an AFC can operate at low temperature. The inherent
exothermic of the AFC are big enough to heat up the cell from 5 °C to 10 °C.

The demand of KOH solution, hydrogen and oxygen were calculated.

It was figured out that hydrogen and oxygen can be stored in high pressure gas
cylinders best.

The electrical pump was replaced by a gas-driven pump first. So the energy
consumption was reduced. Later a system was tested without a pump. The water
transport was done by diffusion.

For the diffusive variation it could be shown that the transport of molecules and ions
at a temperature of 5 °C is sufficient for the operation of a fuel cell. This solution
was preferred since it can operate without an external energy supply and does not
require additional mechanical or ¢lectrical components.

As part of the tests the transport of molecules and ions inside the fuel cell was
examined closely. In order to maintain the chemical reaction a balanced transport
cycle of K* ions, OH™ ions and water molecules has to take place.

A part of the water produced at the hydrogen electrode dilutes the electrolyte as
reaction water. This lead to the assumption, that the reaction water leaves the cell via
the hydrogen electrode. However, it became apparent that for the most part the
reaction water leaves the cell via the oxygen electrode. To explore this unexpected
behaviour in greater detail the electrodes and separators were examined with regards
to their diffusion properties. This resulted in very different behaviours; some
components behaved like semipermeable membranes. Such properties can strongly
influence the transport of molecules and ions in the fuel cell which can also influence
the cell performance. In order to explain this behaviour the composition of the
electrodes and separators as well as pressure-related permeability, wetting and pore
size were considered. The diffusion properties of the utilised components constitute
one of the most important parameter characterising electrodes and separators. It will
be the aim to adapt the diffusion properties of the electrodes and the separators with
regards to their application in the fuel cell.




Chapter 1: Introduction

Furthermore tests were made with an alkaline electrolyser to get more information
about the transport of KOH solution inside the cell. It was found that the liquid

electrolyte moves in direction of the cathode.




2 Background

This chapter provides a background to the research undertaken in this project. It also
provides further information about gas hydrate and about deep sea probes.
Furthermore, a retrospect of the development of the alkaline fuel cell (AFC) is
presented. The theoretical fundamentals and the construction of the EloFlux-AFC are
explained. This is followed by a discussion on the suitability of other fuel cell
systems for deep sea applications. Finally, various storage systems for hydrogen and

oxygen are compared and the problem of electrolyte dilution is elaborated.

2.1 Introductory Considerations

The available reserves of fossil fuels are being depleted an ever increasing rates. As a
consequence of this, obtaining energy from fossil sources will become increasingly
expensive.

In recent years, massive quantities of gas hydrates have discovered along the
continental shelves. This substance could become major energy source for the future,
however, the mining of this substance is not only difficult due to its location. On the
other hand it also involves some risks. They are discussed below.

Gas hydrate is a crystalline form of methane and water that exists only at higher
pressure. The gas molecules are enclosed in a cage-like structure formed by water
molecules (as seen in Figure 2-2). This particular molecular arrangement that only
exists in a frozen state has an outer appearance that can be compared with snow (see
Figure 2-1). Gas hydrate can only exist at a lower temperature such as 0 °C and at a
pressure of at least 30 bar [2-1]. Such conditions are found in the ocean depth,
especially at the continental slopes, deeper than 2000 m.

Some of the risks associated with mining hydrate materials include inducing under
water landslides, sinking ships and increasing global warming.

Gas hydrates are very unstable and small changes or perturbations in pressure or
temperature cause a release of the methane gas. Such a release might cause an
increase in volume (dependent on the ambient pressure, i.e. water depth) of up to

three times of the original volume [2-1].
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Figure 2-1; Buming gas hydrate Figure 2-2; Schematic representation
of gas hydrate

Researchers found out that the frozen gas hydrate stabilises the ocean ground and the
continental slopes [2-1]. If gas hydrate were mined some slope regions could become
unstable with the danger of underwater landslides. This could cause flood waves
such as tsunamis which could in return cause severe damage in case they reach costal
areas.

If large amounts of gas are released from gas hydrate, large gas bubbles can form
which rise to the surface all at once. These gas bubbles present a danger for all kinds
of floating objects such as ships drilling rigs. They can dramatically reduce the
buoyancy of the objects, so that they sink.

Additionally, when the gas reaches the ocean surface, it can mix with air and can
form an explosive mixture of methane and air. The explosion limit of methane in air
is between 4.4 % and 16.5 % (volume) [2-15). (The explosion limit is the specific
range of concentration where the gas mixture can ignite)

Like CO,, methane is known to amplify global warming due to the greenhouse
effect. However, for methane this effect is approximately 30 times stronger than for
CO; [2-1].

11
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2.2 Why Fuel Cells? -The TIGER Project

To begin to address the potential of using these gas hydrates as a source of energy
the TTZ-Umweltinstitut (Technology Transfer Centre — Environmental Department)
in Bremerhaven, Germany, initiated a research project.
The TIGER project which is the abbreviation for
Techniques and Instruments for Gas hydrates Exploration and Research
The project has as its aim the construction of a deep sea probe. The main focus is the
gathering of long-term data about the release and the behaviour of methane at the
continental shelves under natural environmental conditions.
Several partners co-operate in the project:

e Capsum company, methane sensor

e JHK, construction of a pressure proof housing

¢ iSiTec company, data acquisition

e ttz Umweltinstitut, project management

The task of the Gaskatel Company was to assess the possibility of using a fuel cell
system as an electricity supply for the measurement and data storage systems of the

probe. In addition to theoretical development and analysis practical laboratory tests

were to be carried out as well.

Figure 2-3: Deep sea probe "Urashima", JAMSTEC

Figure 2-4: Deep sea probe, [FM Geomar

12
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The specifications set by TTZ-Umweltinstitut for the power supply of the deep sea
probe are that it run at 5V and 1 A with a run-time of one year and an operational
temperature of approximately 5 °C.

Figure 2-3 shows an autonomous deep sea probe of the research institute JAMSTEC
(Japan Agency for Marine-Earth Science and Technology). Figure 2-4 shows a deep
sea probe of IFM-Geomar from Kiel, Germany. This device is connected to a ship

via a cable for energy supply and data transmission.

13
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2.3 The Fuel Cell

The phenomenon of electro-chemical energy conversion in a fuel cell was first
observed in 1839 by Sir William Robert Grove [2-2].

In a fuel cell, the reaction of hydrogen and oxygen produces water while generating
electric epergy and, to a small extent, heat. Contrary to thermal engines {e.g. internal
combustion engines, gas turbines) a fuel cell converts the energy directly into electric
energy and not via thermal energy (e.g. steam) into electric or mechanical energy.
The main components of a H,/O; fuel cell are the hydrogen electrode, the oxygen

electrode, a membrane or a separator and the electrolyte.

Figure 2-5: Schematic representation of a fuel cell

Hydrogen reacts with oxygen and forms water. The

electrons have to move from the hydrogen electrode
(anode) to the oxygen electrode (cathode). They
take the way over an external circuit. There they can

power an electrical consumer (load)

14
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2.3.1 Efficiency Comparison

When comparing energy sources like fossil and nuclear fuels as well as fuel cells, it
is important to have a measure of energy conversion efficiency. However, the
thermodynamic considerations discussed below must be balanced by consideration of
the transport properties within a fuel cell. Transport properties are also discussed
below.

The most commonly used energy conversion systems are steam turbines, gas turbines
or internal combustion engines. They convert chemical energy (usually from fossil
sources) or nuclear energy into mechanical or electrical energy using a cyclic
thermodynamic process. The energy conversion into mechanical or electrical energy
is not direct and thermal energy is always pecessary as an interim step. This
additional conversion step results in significant energy losses and process
engineering plays an important role in controlling these losses.

Of all cyclic thermodynamic processes the Carnot process [2-3] has the highest
efficiency. The efficiency is only determined by the temperature difference between

the inlet temperature (T,) and the outlet temperature (T>).

n.=0=h (Eq.: 2-1)
N

The efficiency of a Carnot process (7] ¢) can only be equal to 1 if T, =0 K. Since it is

impossible to operate at 0 K, the aim is to maximise the value of T;. T, is limited by
the properties of the utilised materials in the thermal engine such as metals and
Ceramics.

The efficiency of a fuel cell is not limited by the Carnot efficiency as it does not
convert the chemical energy via thermal energy into electrical energy. Since the
reaction already takes place at relatively low temperatures, fuel cell operation is often

referred as cold combustion.
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The maximum work that can be gained from a chemical reaction is given by Gibbs
free energy, AG [2-4)]. It is determined from the enthalpy or heat of reaction, AH
and the reaction entropy, AS.

AG =AH-T- AS (Eq.: 2-2)

Because of the chemical reaction and the number of moles from the reactant and the

product, it holds that in a Hy/Oz-cell A S<0.

H, +%02 — H,0 (Eq.: 2-2)

One mole of hydrogen gas reacts with half a mole of oxygen gas and forms one mole
of water. The number of moles are reduced from 1.5 moles to one mole and so
A S<0. The water can be liquid (AS =-163.29 J/mol/K) or gasecus (A S =-44.38
J/mol/K). It follows that AG<AH.

For the partial reaction of carbon to carbon monoxide the number of moles decrease
and further more the phase change from solid to gaseous (A S = 89.6 J/mol/K).

C+ —;—02 — CO (Eq.: 2-2)

It holds that A S>0 and hence AG>AH.
When calculating the ideal efficiency n,,,, of a fuel cell using Equation: 2-3, it

follows that the efficiency is larger than one (only for the reaction C+ %2 O, 2 CO).
It has to be noted that the sign of AH is negative (since energy is released).

AG AS
) — -1-T7 (Eq.: 2-3)
nuieal AH (AH ]

According to the first law of thermodynamics this is not possible. The equation to

calculate the efficiency of a fuel cell is, nevertheless, correct. In fact, the fuel cell can
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absorb ambient thermal energy during the reaction of Cto CO and convert the

thermal energy into electric energy on top of the free reaction enthalpy.

Efficlency Comparison
1.0+
09 ——— Fuel Cell, H,O (g)] |
/
08 ] Fuel Cell, H,0 ()] b
0.7 \ L-'-.‘---_______‘_,____.—o----"""".—-—-
E 0.6 / \.—-—""-f-—-—""—""
g 05 Camot, T,=0°C | / ] \
g. \_ / —
£ o4 C ] |Camot, T, = 100 °C
0.3 74 / (
0.2 { /
0.1 /
. !
[+ 100 200 300 400 500 T00 800
Temperature [°C]

Diagram 2-1: Efficiency comparison, fuel cell — Carnot process

Diagram 2-1 shows an efficiency comparison of a Hy/O,-fuel cell and a cyclic Carnot
process. For the fuel cell it is clearly visible that, from a thermodynamic viewpoint, a
H,/O;-element should be operated at low temperatures. In practice, it is found that
the reaction kinetics of a fuel cell also has an influence on the operation and
improves with increasing temperature. As a consequence the optimal operating
temperature—taking both factors into consideration—has to be found. The two
characteristic curves differ in whether the reaction water is generated as a gas or as a
liquid.

The characteristic curve for liquid reaction water ends at 374 °C which is the critical
point of water. Above this temperature water cannot exist as a liquid.

The two characteristic curves of the Carnot process differ in that the outlet
temperature is 0 °C in one case and 100 °C in the other case. It can be clearly seen

that the efficiency of the Carnot process increases with increasing AT.
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2.3.2 Electromotive Force (EMF)

The EMF or no-load voltage V, is the electric voltage between the anode and
cathode provided that no current is drawn from the cell.

The electric energy of a fuel cell can be calculated as follows [2-5]:

Ee,=—N-e-n-Vo=—F-n-V0=AG (Eq.: 24)

n is the number of electrons transferred per reaction step. N = 6x10% is the number
of n-valued molecules of one mole fuel. Each electron carries an electric charge of e
= 1.6x10"'® As (As, Ampere second is convenient instead of Coulomb because it is a
SI-unit). Multiplying these three factors with the no-load voltage V, yields the total
transferable energy. The product of the number of molecules N and the elementary
charge e is also known as Faraday-constant (F = 96485 As) [2-5].

Equating the electric energy E. with the free reaction enthalpy AG according to
Equation 2-4 and solving the equation for V, yields:

_T-AS-AH _-AG

V0 =
F-n F-n

(Eq.: 2-5)

From Equation 2-2 can be seen that AG is temperature dependent. In a Hy/O,-cell
the change of entropy has a negative sign. From this, using
AG=AH-T -AS follows that the EMF of the cell decreases with increasing

temperature.
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Temperature dependence of the EMF of an H./O.- fuel cell, p =1.013 bar

T 7] ] r
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/
/
5 080 EMF, H0 ()
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| 1
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Diagram 2-2: Temperature dependence of the EMF of a Hx/O; fuel cell

Diagram 2-2 shows the temperature dependence of a Hy/O;-cell at atmospheric
pressure (p = 1.013 bar) for the two cases that the reaction water is generated as a gas
and as a liquid respectively.

The different EMFs at 0 °C result from the different enthalpies for liquid and gaseous
reaction water ( A Hyquia = 285.29 kJ/mol and A Hggeeous = 242.16 kJ/mol) [2-6]. The
different gradients can be explained with the different rates of change of the entropy
of liquid and gaseous reaction water ( A Sgiquia = 163.29 J/mol/K and A Sgeequs = 44.38
J/mol/K) [2-6].

Some fuel cells operate at high temperatures and above a temperature of
approximately 374 °C (i.e. the critical point of water) [2-7] water can under no

circumstances exist in a liquid form.

In addition to the temperature the free energy AG also depends on the gas pressure
according to Equation 2-6 that is plotted below

AG(p)=AG(p™ )+ R-T - In( p{’m ) (Eq:2-6)
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Pressure dependence of the EMF, T = 25 °C
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Diagram 2-3: Pressure dependence of the EMF of a Hy/O, fuel cell

As can be seen in Diagram 2-3, the EMF is pressure dependent. However, in the
operating range of the EloFlux-AFC (pH; = pO; = 0.5 bar) the changes are very

small and in this work we can neglect this pressure dependence.

To a good approximation, the EMF (Vg) can also be determined using the lower
calorific value AHjcv of the used fuel. However, this procedure neglects the fact

that not the entire reaction heat AH can be converted into electric energy [2-5].

In the limit of small entropy change, equation 2-5 becomes:

AH, .,

V. =
0 F -n

(Eq.: 2-7)

AHj cv is called the lower calorific value.

0
AG=AH—yﬁ'=—-n-F-VO (Bq.: 247
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2.4 Construction and Function of an AFC

The electrolyte in an alkaline fuel cell is a potassium hydroxide solution, hence the
name “alkaline“. The reactant gases used are hydrogen and oxygen. The use of air
oxygen is limited due to the CO, contained in the air [2-14]. Alkaline fuel cells are
mainly low-temperature fuel cells. With operational temperatures normally between
50 °C and 80 °C. Some cells have been operated at 200 °C (Bacon-cell) and more.

For alkaline H,/O;-fuel cells three construction types are possible. These are the
conventional AFC, the matrix AFC and the EloFlux-AFC. They are distinguished
individually below. The main distinguishing feature is the position of the electrolyte

within the cell.

¢ Conventional AFC
In a conventional AFC the liquid electrolyte is located in a separate
electrolyte compartment between the two electrodes and is moved by a pump
[2-8].

L L

0O, & KOH H,
Cathode / l \ Anode
Separator Separator

Figure 2-6: Construction of a conventional AFC
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e Matrix-AFC
In a matrix-AFC the electrolyte is positioned in a solid, non circulating matrix
between the two electrodes [2-9].

Separator/
Elektrolyte-Matrix

I_IL\ !

Cooling Agent
O
.

/1

Cathode
l Anode l

Figure 2-7: Construction of a matrix-AFC

¢ EloFlux-AFC
In the EloFlux-AFC a pressure-dependent cross-flow is generated through the
electrode package. The electrodes have two pore systems. The electrolyte

moves through the lyophilic pore system while the gases use the lyophobic

pore system.

All experiments, tests and developments of this research work were carmied out using
the EloFlux-fuel cell. Therefore, the following description of the construction and
functionality is focused on this type of AFC.

The development of this type of alkaline fuel cell began around 1960 by A. Winsel
and R. Wendtland at the University of Braunschweig, Germany [2-16]). In the 1970s
the research and development was carried further by the Varta Battery Company
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(Varta Batterien AG) in Kelkheim, Germany. Following this, the University of
Kassel, Germany, worked in co-operation with Varta on further developments.

Since 1997, the Gaskatel Company has continued work on further developments and
enhancements of the EloFlux-AFC and alkaline EloFlux-electrolyser system.

Separator

l O Electrodes H,-Electrodes I

KOH £

Electrode pack

|

Figure 2-8: Construction of an EloFlux-AFC
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2.4.1 Components of an EloFlux- Alkaline Fuel Cell (AFC)

An EloFlux-AFC consists of the following components:

¢ an electrode for the fuel (hydrogen),

¢ an electrode for the oxidant (oxygen),

e an electrolyte (aqueous potassium hydroxide solution),
e aseparator (porous plastic film),

e 3 housing (epoxy resin).

Nickel H: 0,

mesh
Passive l
separator

¥ '

Passive
separator

Endplate Endplate

Electrolyte
room

Electrolyte
room

Hydrogen Oxygen
electrodes electrodes

Active separator

Figure 2-9: Component arrangement of an EloFlux- AFC {one cell unit)
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Gas Diffusion Electrode (GDE)

The electrodes are the most important components of an EloFlux-AFC. They mainly
consist of a catalytic material, At the hydrogen electrode, Raney nickel is used while
silver is used for the oxygen electrode.

The deactivated (passivated) catalyst powder is mixed with a certain weight
percentage PTFE. This mixture is ground and then rolled out to a 10 cm wide band
using a roller mill (pair of rollers). In a second step, the band is rolled into a 10 cm

wide nickel lattice.

i

- . st PRI

Figure 2-10: Electrode pair, nickel grid with Raney-nickel layer

The Raney-nickel catalyst consists of porous grains. The catalyst has therefore a fine
pore system which is lyophilic (has an affinity to KOH). During the mixing process
the PTFE forms a fine PTFE web (as can be seen in Figure 2-11) between the nickel
grains and thus creates the lyophobic pore system. For the electrode, this means the

existence of two intersecting pore systems with different properties.
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Figure 2-10 shows a pair of hydrogen electrodes. The black material is the nickel
layer. In this stadiumn the electrodes are ready for assembly. The two electrodes are
mounted nickel layer facing nickel layer.

The electro-chemical reactions occur at the phase boundaries of the reaction partners
inside the electrode. In case of the anodic hydrogen consumption this is a triple phase
boundary between the hydrogen, the electrolyte and the nickel as catalyst. Hereby,
the electrolyte is transported through the lyophilic pore system and the hydrogen is
transported through the lyophobic pore system.

Figure 2-11: SEM-picture of a Raney nickel layer

Figure 2-11 shows a SEM-picture of a Raney nickel layer. The PTFE web is clearly
visible. The large spaces in between the catalyst grains are the gas pores. The pores
filled with liquid are located inside the catalyst grains. The construction and
manufacturing of the oxygen electrode is similar to the hydrogen electrode [2-10].
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The Separator

The separator consists of a porous plastic film. In case of an EloFlux-AFC, a
distinction is made between active and passive separators. The active separator is
placed in between the anode and the cathode. It is denoted active because it
facilitates the electric charge transport between the electrodes. The passive separator
only isolates the gas compartment from the electrolyte compartment.

The purpose of the separator is:

¢ to isolate the hydrogen and the oxygen electrode against each other
¢ to facilitate ionic conduction

¢ to enable the transport of hydroxide solution and water

¢ to separate the reaction gases

e to separate the reaction gases from the electrolyte (only the passive separator)

Figure 2-12; Separator of an EloFlux-AFC
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When the AFC is filled with potassium hydroxide for the first time the pores of the
separator have to be filled with liquid potassium hydroxide to make the separator
gas-tight. The completely filled pores enable the transport of ions through the
separator. With a pressure difference a liquid flow through the pores can be achieved.
In order to prevent the pores from letting bubbles pass, the pore radius and the
wetting properties have to be matched. To quantify this, the so-called “bubble point*
is used. For this, the differential gas pressure necessary to press a bubble through the
first pore is determined via the separator. In order to be certain to prevent a mixing of
the reaction gases, the bubble point should always be higher than the highest possible
pressure difference of the reaction gases. Figure 2-12 shows a separator ready for
assemnbly (0.25 mm thickness). The cuttings are to allow an unobstructed gas and
hydroxide solution transport through the supply channels. Furthermore, the separator
is positioned with the individual components of an EloFlux-AFC using the holes on

the top and bottomn. They are used in all components.
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The Electrolyte

The function of the electrolyte is to transport the OH -ions and the water molecules
respectively between the electrodes and to absorb the reaction water. Since
potassium hydroxide solution has one of the best conductivities of all hydroxide
solutions it is preferentially used as electrolyte. Depending on the kind of application
it 1s also possible to use other hydroxide solutions, e.g. sodium hydroxide.

The conductivity of a hydroxide solution changes with the concentration (see
Diagram 2-4). Potassium hydroxide has the highest conductivity at a concentration of
approximately 7 M and therefore it is used in EloFlux-AFCs with this concentration.
Apart from these purposes the liquid electrolyte is also used to maintain the cell

temperature and to extract the reaction water from the cell.

Conductlivity KOH
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l |
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Diagram 2-4: Conductivity of KOH solution, following Varta [2-19]
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The Housing

The housing of an EloFlux-AFC consists of two end plates which are epoxy resin
castings. The fluid tubing fittings are integrated into the cell (G 1/8 inch) and the
Nickel foam electrolyte distributor and also provide the necessary stability to the cell.
In order to improve the mechanical stability, the end plates are enforced with a fibre
glass fleece and a fibre glass mat.

Figure 2-13 shows the inward side of an end plate. The areas marked in black are
circa | mm higher than the remaining area. They form a frame which accommodates
the electrolyte distributor. The latter consists of nickel foam of circa 1.2 mm
thickness (grey rectangle). The electrolyte distributor is connected to the KOH
supply threads (left: third thread from the top, right: second thread from the top).

The remaining housing is formed by the epoxy resin which is used to seal the

components and to glue the individual parts together.

Figure 2-13: End piate of an EloFlux-AFC
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2.4.2 Component Arrangement in an EloFlux-AFC
The simplest EloFlux-AFC, a so-called mono cell, consists of nine components (see
Figure 2-14). These are:

¢ a pair of hydrogen electrodes,

* a pair of oxygen electrodes,

¢ three separators (one active, two passive),

* two end plates

Nickel H: 0,

mesh
Passive Passive
separator separator
0T
¥ f .

Endplate
™~

—~ Endplate
1

ATATANELT S
N T

Electrolyte [}
room

Electrolyte
room

R AAATATAY
Sany s T

Hydrogen Oxygen
electrodes electrodes

Active separator

Figure 2-14: Component arrangement of an EloFlux-AFC
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2.4.3 The electro-chemical Reactions in an AFC

The overall reaction in a H,/O;, fuel cell is as follows:

H,+1/2 0,—-> H,O (Eq.: 2-8)

Hydrogen and oxygen react to form water while releasing energy. The overall
reaction can now be split into the two half reactions taking place at the anode and the
cathode.

The electrode reaction of an AFC at the hydrogen side (anode) is:

H,+20H -5 2H,0+2e” (Eq.: 2-9)

During the reaction, the hydrogen molecule is oxidised. Each H atom releases its
electron and reacts with an OH -ion to form a water molecule. The electrons are
conducted out of the cell via the electrode. In the event that an electric load is
present, the electrons can perform electric work before being conducted back to the
cathode. Since the electrons are released here, an electron excess results and the

hydrogen electrode of the fuel cell is the negative pole.

The electrode reaction of an AFC at the oxygen side (cathode) is:

1/2 0,+H,0+2e” - 20H" (Eq.: 2-10)

At the oxygen electrode the oxygen is reduced and reacts with a water molecule to
form two OH -ions. For this, the two electrons of the anode are required. This causes
a lack of electrons at the oxygen side. Consequently, the cathode is the positive pole
of the fuel cell.
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Anode (-) Electrolyte Cathode (+)

Figure 2-15: Mass transport in an AFC [2-20]

From a mass transport standpoint in an AFC, this means that OH -ions have to get
from the cathode to the anode while water molecules have to migrate in the opposite
direction. These transport processes occur mainly through diffusion or are, in case of
an EloFlux-AFC, supported by a pressure-dependent flow. Figure 2-15 shows the

mass transport cycle inside an alkaline fuel cell.
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2.4.4 Reaction Kinetics in the Electrode

The chemical reactions of a fuel cell take place at the triple phase boundary (reaction
gas, catalyst grain and electrolyte) in the pores. The reaction gas moves into the
pores by diffusion and convection. The molecular connection of the hydrogen
molecule is broken at the triple phase boundary. Then the actual reactions take place.
Each hydrogen atom looses one electron. The electrons leave the fuel cell via the
electrodes. The hydrogen reacts with the OH -ions to form water. The reactions can
only take place, if there is gas electrolyte and catalyst. If one of the three
participating reaction partners is missing the reaction stops [2-11]. Figure 2-16 shows
the situation in the pores of the hydrogen electrodes.

Nickel Grain

|

Figure 2-16: Reaction kinetics in a pore (hydrogen clectrode)
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The situation on the oxygen electrode is similar to the situation at the hydrogen
electrode. The reaction gas moves into the pore. The oxygen molecule is divided into
two oxygen atoms. For each oxygen atom are two electrons needed. They enter the
cell via the oxygen electrode. The oxygen atom reacts with a water molecule and
forms two OH -1ons. Figure 2-17 shows the situation in the pores of the oxygen

electrode.

Silber Grain

"~ 0.0

Reaction Gas

[ Triple Phase Boundary | /{J

Silber Grain

Figure 2-17: Reaction kinetics in a pore (oxygen electrode)
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2.5 Mass Transport Mechanisms in an AFC

The transport of K*, OH™ and water can take place through different mechanisms

which are:

¢ diffusion,

¢ apressure-dependent flow
e electroosmotic flow

e osmotic flow

e proton transfer reactions (Grotthus mechanism).

In the following, these mechanisms are explained in more detail.

2.5.1 Diffusion

Diffusion is an equalisation process between two different concentrations. lons or
particles migrate from a location with a higher concentration to a location with a
lower concentration. If considered from a macroscopic point of view, the
concentration gradient is a driving force for particle transport and is suitable to
describe and calculate this behaviour. Microscopically it is Brownian motion that is
actually responsible for the mass transport, a fact that also explains the temperature
dependence of diffusion. The particle movement is inhibited by the friction between
the ions and the solvent. This property is expressed by the diffusion coefficient. In
case of the alkaline fuel cell this is the mobility of K™-ions, OH -ions and water
molecules in potassium hydroxide solution. In addition to these parameters the mass
transport is also influenced by the components through which the particles have to
pass.

For all these considerations it is essential to become familiar with the charactensties
of the electrolyte. The simple consideration that a particle migrates from one
electrode to another cannot sufficiently describe the observations. There are strong
interactions between the ions and the water and the electrodes respectively which

necessarily have to be included in the considerations. The interactions are of an
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electrostatic nature. Since water exhibits dipole properties this causes the ions to
surround themselves with water molecules; they form so-called hydrate shells.

The dimension of the hydrate shell and the number of water molecules around an ion
respectively does not only depend on the ion’s electrostatic attraction, but also
depends on the concentration of the electrolyte. The concentration determines how

many water molecules are actually available to form hydrate shells.

Molar Ratio Water-KOH
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Diagram 2-5: Ratio of water and KOH molecules as a function of the concentration

The water molecules also interact with each other. This becomes apparent when
considering the formation of the so-called secondary hydrate shell. Here, a second
hydrate shell is formed around the first one.

Diagram 2.5 shows the calculated ratio of water and KOH molecules as a function of
the concentration. The number of available water molecules quickly decreases with
increasing concentration. At a concentration of 7.0 M the ratio is 7. Then only 7
water molecules are available for 1 KOH unit. Since KOH consists of one K '-ion and

one OH -ion only 3.5 molecules are available for each ion.
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These conditions indicate that a simple particle migration is not possible. The water
molecules and the ions are interacting very intensive because of there charge and the
dipole character of water. Here, the model of mass transport through a permanent
transfer of molecules, the ongoing dismtegration and new formation of hydrate shells

or parts thereof, appears more plausible.

In a fuel cell the motion of water and ions is influenced by the electrodes and the
separators. In case of the ions it is apparent that the electrical field between the
electrodes has an influence on the motion of the ions.

In case of fuel cells the following possibilities of transport behaviour of the

electrodes and separators can be considered:

1. the mass transport is not influenced by the component,
2. water can pass through the component, but KOH cannot pass,

3. KOH can pass through the component, but water cannot pass.

Points 2. and 3. are not to be seen as absolute statements. Interim stages are possible,

for instance, if more water is transported than KOH, or vice versa.

2.5.2 Pressure-Dependent Cross-flow, EloFlux

Another possibility to provide the mass transport is the so-called EloFlux-principle.
Here, a forced flow through the entire cell is generated. This convective flow
supports the already existing flow caused by the volume increase through the
formation of OH -ions at the oxygen side. This non-directional flow is converted to a
directed flow with the aid of a pressure difference. The EloFlux-flow is generated by
a pressure difference of the electrolyte between the two electrolyte distributors. The
flow moves from the high pressure to the low pressure and causes a flow through the
electrolyte-filled pore system and the porous separators. The flow dimension depends
on the extent of the pressure difference and the pressure loss and the permeability of

the components respectively.
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The EloFlux-flow offers various advantages over the mass transport caused by
diffusion. The diffusion properties of the components do not have a significant
influence any more since they are superseded by the EloFlux flow. In this, it is
assumed that diffusive mass transport is important at the various pores at the triple
phase boundary.

2.5.3 Electroosmotic Flow (EOF)

Electroosmosis is a flow of ions through a pore caused by an electrical field and the
interaction of the ions and the walls of the pores. The liquid must be an electrolyte
solution like KOH solution. The type of ions who are adsorbed at the wall or what
type of ions are free to move depends on the material properties of the wall of the
pores.

Figure 2-18 shows the situation in a pore. The positive charged ions are adsorbed at
the wall of the pores. The negative charged ions are free to move. At the beginning
and at the end of the pores are the electrodes. They can produce the electrical field.
The negative ions move in direction of the positive charged electrode. The ions are

surrounded by a hydrate shell. The hydrate shell also moves with the ions. [2-17]

Possitive Charged lons,
Fixed at the Wall of the Pore

Negative © | | @ Positive
Electrode Electrode

Negative
Charged lons, .
B Charged lons

Figure 2-18: Electroosmotic flow through a pore caused by an electrical field
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2.5.4 Osmotic Flow

Osmosts is the passage of water from a region of high water concentration through a
semi-permeable membrane to a region of low water concentration. In Figure 2-19 the
concentration of water is higher at the right side of the membrane than at the left side
of the membrane. The semipermeable membrane is permeable for water but not for
the solved substance. The water molecules move from the right side of the membrane
to the left side.

If the solution can not leave the compartment on the left side the flow of water
molecules will cause an increase of pressure. That pressure is called osmotic

pressure. It can calculated by the following equation.
p=c-R-T (Eq.: 2-11)

Where ¢ is the molar solute concentration, R is the gas constant, and T is the absolute

temperature. [2-18]
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Figure 2-19: Osmotic flow through a semipermeable membrane.
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2.5.5 Grotthus-Mechanism

As is shown in Diagram 2.4, in alkaline fuel cells potassium hydroxide is used as
electrolyte because of its high conductivity. Compared to other ions the conductivity
of H" and OH -ions is significantly higher. This property is commonly attributed to a
different transport mechanism of these jons. While all other ions actually have to
migrate to the other electrode in order to transport electric charges, H' and OH -ions
use a different mechanism. In the presence of water molecules only the hydrogen
binding connections “hop and tum”. Figure 2-20 shows a schematic representation of
this process. While on one side an OH -ion becomes a water molecule the opposite
process occurs at the other side. While there is a net transport of water molecules
from left to right the OH -ions move in the opposite direction. Since the ion does not
move from one electrode to the other but probably only assumes another orientation
the effort necessary for transporting a charge is considerably lower. This can result in

a high conductivity.

Applying this mechanism to a fuel cell would mean that the reaction water is formed
at the hydrogen electrode, but that it is transported to the oxygen electrode due to this
mechanism. Reciprocally, the same holds for OH -ions. [2-21]

H H H Pl-l

| | l

O e O > O U O

Figure 2-20: Schematic representation of the Grotthus-mechanism
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2.6 Comparison of Various Fuel Cell Systems

A large variety of different fuel cells is available on the market. Unfortunately, all
fuel cells are still more or less prototypes. They are usually distinguished by the
electrolyte, the operating temperature and the used fuel.

For this project only the low temperature fuel cells were considered.

The so-called high-temperature fuel cell with operating temperatures of 400 °C to
1000 °C will not be included in the considerations. At a low power rating of only
5 W it is not possible to heat up those cells to their operational temperature using
their own heat dissipation. The reactions in high temperature fuel cells only happen
at the operating temperature. So it is not possible to use them at 5 °C.

Additionally, systems not using pure hydrogen as fuel are also not considered here. If
hydrogen is bound to other chemical substances the latter will remain in the fuel cell
after the reaction. Since they cannot be conducted outside the cell they would cause
an undesired pressure increase inside the probe and they would clog the electrode

surface respectively.

For this effort (Deep Sea Probe) the fuel cell types SOFC, MCFC and DMFC were
deemed unsuitable. The SOFC and MCFC are only running at high temperature. The
DMFC uses methanol for fuel. The latter of this fuel is CO,. It is not possible for the
CO; to leave the deep sea probe because of the high water pressure outside the probe
and the fuel electrode will clog.

Three fuel cells remain, to be considered: These are the PEMFC, the PAFC and the
AFC. The suitability of these fuel cells is discussed in the following.

2.6.1 Polymer Exchange Membrane Fuel Cell (PEMFC)

In a PEMFC the electrolyte is replaced by proton-conducting membrane. In order to
work properly the membrane has to be moistened with water. The more hydration
there is the better the ion conductivity and the gas impermeability of the membrane.
Since a PEMFC does not contain a liquid electrolyte the reaction water cannot be

transported off in this way. It would have to be extracted via the gas compartments of
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the cell and is often removed through gravitational dripping. There are strong doubts

that the water extraction can be achieved in this manner.

Figure 2-21: PEMFC by ZSW Figure 2-22: PAFC by Sartorius

The normal operating temperature of a PEMFC is 60 to 80 °C. The cell would have
to be largely over-dimensioned in order to supply the required electric power at a

temperature of 5 °C.

2.6.2 Phosphoric Acid Fuel Cell (PAFC)

The electrolyte of a PAFC is highly concentrated phosphoric acid. To achieve
acceptable reaction kinetics these cells are usually operated at 160 °C to 200 °C. In
the deep ocean it is not possible to heat the cell also the power density of the cell is
not sufficient to heat the cell with its generated heat. The PAFC is therefore also not

suitable for a deep sea application.
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2.6.3 Alkaline Fuel Cell (AFC)

The electrolyte of an AFC is, as already mentioned, a potassium hydroxide solution
of approximately 30 % concentration (equivalent to 7 M). The reaction water is
absorbed by the electrolyte thus diluting the latter. The water extraction would in this
case happen by diffusion. This process could be supported through the concentration

dependency of the hydroxide solution density. With increasing concentration the

density increases as well,

Figure 2-23: EloFlux-AFC by Gaskatel Figure 2-24: AFC by Siemens

Positioning the hydroxide storage container above the fuel cell effects an exchange
of the hydroxide caused by the different densities in conjunction with gravity. The
usual operating temperature of an AFC is between 50 °C and 80 °C. At a potassium
hydroxide concentration of approximately 30 % it can also be operated well below
the freezing point of water.

At an operating temperature of 5 °C the AFC would also have to be largely over-

dimensioned because the chemical reactions also become slower.
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2.7 Primary Energy Storage

To provide electric energy, an alkaline fuel cell requires hydrogen and oxygen gas as

a primary energy source. The electric energy is calculated as:
Eg =V -I-t (Eq.: 2-12)

This yields an electric energy of 43.8 kWh. The required amount of primary energy
and the size of the measurement probe (see below) depend on the efficiency of the
fuel cell and on the kind of storage for the primary energy.

In the following, the amount of hydrogen and oxygen are calculated and various

storage possibilities are discussed.

2.7.1 Primary Energy Amount

The amount of required reaction gases results from the electrical energy to be
supplied while considering the efficiency of the fuel cell. The efficiency of a fuel cell

becomes apparent when the cell voltage is at the operating point.

EloFlux Fuel Cell 0098, T = 55 °C, pH2~-p02-~0.5 bar, pKOH = 0 bar
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Diagram 2-6: Characteristic of an EloFlux-AFC at standard conditions
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Based on the characteristic curve of an EloFlux-AFC (see Diagram 2-6) at normal
operating temperature five cells would be sufficient to achieve a stack voltage of 5V
(at 1 A).
Due to the low operating temperature and the resulting lower power capacity the
number of cells is increased by two to seven cells. This yields a minimum individual
cell voltage of 720 mV.
Using Faraday’s law the hydrogen volume required to convert the electrical energy
can be calculated:

Ve, = n—zIT-t— I (Eq.: 2-12)
(where n is the number of individual cells, T is the current, t is the time, z is the

number of electrons, F is the Faraday constant and Vy,, is the volume of one mol H»)

Ve = 7'1“"315362005 C 24—l - 256400 (Bq:2-13)
2.96485 —— mol
mol

Applying the corresponding figures yields:

The oxygen volume is accordingly calculated (with z=4) and is 12820 1. Considering
the safety reserves 30000 | hydrogen and 15000 | oxygen have to be supplied.
Converted to weight this corresponds to approximately 2.7 kg hydrogen and
approximately 21.4 kg oxygen.

2.7.2 High Pressure Gas (300 bar)

The storage of the reaction gases as high pressure gas is an established method for
terrestrial applications. High pressure steel containers are available with 101, 201
and 50 1 volume and they can be filled at a pressure of 200 bar or 300 bar (see Figure
2-17). An empty 50 1 cylinder weighs approximately 70 kg. For the storage of the
hydrogen two 501 cylinders (300 bar) are required. For the oxygen one cylinder is
sufficient (300 bar). The total weight is then approximately 210 kg. Another 2.7 kg
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of hydrogen and 21.4 kg of oxygen have to be added to that. It became apparent that
the gas storage system has the highest weight and the largest dimensions in relation
to the remaining fuel cell system. As an alternative, high pressure containers made
from composite materials are currently being tested. They are designed for a pressure
of up to 1000 bar and have a lower weight. Unfortunately, these containers are not

yet commercially available. A statement about the costs and the durability is not yet

possible.

Figure 2-25: High pressure gas cylinder, steel, Figure 2-26: 50 | Cryo-tank by
501, 200 bar AIR LIQUIDE
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2.7.3 Chemical Storage

Hydrogen can also be stored with other substances as a chemical compound which
could be, for example, hydrocarbons, methanol or hydrazine. In order to make the
hydrogen usable for a fuel cell these compounds have to be broken up. Thereby the
carrier substances remain as carbon dioxide or nitrogen. Since these substances
cannot be released into the environment the pressure inside the probe would increase.
Furthermore, it has to be ensured that the CO, or the nitrogen do not clog the
electrode surface which would prevent the hydrogen from reacting.

With this method only the hydrogen could be stored, oxygen cannot be stored in this
manner.

Chemical storage is hence unsuitable for the application.

2.7.4 Metal Hydride Storage
Another possibility of storing hydrogen is the use of metal hydrides. For this, the

hydrogen can be stored within the crystal lattice of various metal alloys. The
charging process is an exothermic reaction while the discharging process is
endothermic. The storage capacity for hydrogen is approximately 1.3 to 3.6 % of
weight. Table 2-1 shows an overview of various metal alloys, their storage capacity

as well as pressures and temperatures.

Typical alloy % of weight Pressure (bar) Temp. (°C)
LaNis 1.38 4.0 50
L TiMn, 2.0 9.0 20
TiFe 1.8 10.0 50
Mg, Ni 3.6 1.0 250

Table 2-1: Comparison of various metal hydride storage alloys {2-22]

This kind of hydrogen storage is still in a prototype state. A definitive statement

about the costs and the durability is not yet possible. Since this storage method can
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only be applied to hydrogen and not to oxygen it is not suited for a deep sea
application. Figure 2-21 shows a metal hydride storage device for 20 Nl hydrogen.

Figure 2-27: Metal hydride storage device by H,-Interpower

2.7.5 Liquid Gas

At low temperatures, hydrogen and oxygen can also be stored as liquids. Hydrogen
only turns liquid below —253 °C while oxygen is already liquid below —183 °C. For
the storage of liquid gases so-called cryo tanks are used (see Figure 2-20). They are
characterised by their good thermal insulation. The absorption of heat from the
ambient environment is minimal. However, the warming of the tank cannot be totally
eliminated and hence, over time, the tank will indeed warm up. Through the
evaporation of parts of the liquid gas the temperature inside the tank can be
stabilised. The evaporation enthalpy is 454 kJ/kg for hydrogen and 213 kJ/kg for
oxygen [2-7]. Provided the hydrogen consumption of a fuel cell system is equal to
the evaporated gas required to stabilise the tank temperature then the system could be
operated without a loss of reaction gas. If the hydrogen consumption is lower then a
part of the evaporated hydrogen would have to be released into the environment and
would thus be lost. Liquid hydrogen has a density of 70.79 g/l. In relation to high
pressure gas a density equilibrium would be achieved at 788 bar. Above this pressure

the use of liquid gas does not yield an advantage with respect to the storage volume.
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The question arises which method is more energetically advantageous or rather better
manageable.
It can be stated that the storage as liquid gas is not suitable for a deep sea application

since the gas consumnption of the fuel cell is too low.

2.7.6 Energy Generation from Methane

Another possibility to generate energy is the use of bacteria which convert methane
in several oxidation steps to CO, and H,O. If it were possible to directly intervene in
these oxidation steps, to tap into the electron flow and conduct it to an external
circuit without affecting the work of the bacteria, then they could be used for direct
energy generation. However, that is exactly where the problem lies. The hydrogen is
always bound to other elements and is hence initially not available. In order to prove
the feasibility of this method corresponding investigations would have to be initiated.
Suitable bacteria genus’s are methylomonas, methylococcus and methylosinus.
However, they still require oxygen. Furthermore, it needs to be clarified if bacteria
can be used at 5 °C and how it can be achieved to make the gas hydrate available to
the bacteria. In case adequate bacteria are available they need to be in contact with an
electrode to catch the electrons [2-12). It is not possible to give a statement here if

and in which timeframe this could be realised.

2.7.7 Energy Generation from Plankton

The plankton of the oceans could also be used as an energy carrier. According to
reports of U.S. scientists dead plankton which accumulates at the ocean ground can
be used in conjunction with the oxygen solved in the sea water to generate energy in
a fuel cell. The sea water would act as the electrolyte. The first experimental fuel
cells of the OSCAR project (Ocean Sediment Carbon Aerobic Reactor) achieved a
power density of approximately 50 mW/m? at a voltage of 0.7 V. The electrode area
required for the supply of the Tiger probe would hence be approximately 100 m?
[2-13).
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2.8 Electrolyte Dilution

The reaction water produced during the operation of the fuel cell dilutes the
electrolyte. The ionic conductivity depends on the concentration of the potassium

hydroxide (see Diagram 2-4).

Diagram 2-5: KOH-requirement when adding 24.1 kg of water to 7 M KOH
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To ensure that, at the end of the run-time, the capacity of the fuel cell is still
sufficient to supply the measurement system with electricity the amount of potassium
hydroxide has to be calculated which is required to prevent the hydroxide
concentration from decreasing below 3.5 M (16.78 % by weight).

The initial concentration is specified with 7.0 M (30.68 % by weight). As calculated
in Section 2.5.1, approximately 2.7 kg of hydrogen and 21.4 kg of oxygen are
required. This means that, in total, the potassium hydroxide has to absorb 24.1 kg of
water. With an initial amount of substance of approximately 30 kg 7.0 M KOH the

specified final concentration can be met (see Diagram 2-7).
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In this section the different experimental set-ups are illustrated. Firstly, the
electrolyte circulation of an EloFlux-AFC is described. A special focus is put on the
pump. Following the description of electrically operated pumps the functionality of a
self-developed gas pump is elaborated. Eventually, a system is presented where the
mass transport takes place through diffusion.

The experimental set-ups for testing the fuel cell as well as characterising the
electrodes are described. This includes the pressure-dependent flow rate
measurement as well as the mass transport through diffusion. The measurements of
the gas permeability (permeation) and the construction of a half cell is also
described.

Furthermore, the concentration measurement probe Densoflex as used in the fuel cell

is elaborated in detail.

3.1 KOH Circulation in an Alkaline Fuel Cell

The hydroxide circulation through an alkaline fuel cell has several functions. It has to
regulate the temperature, transport the produced reaction water from the cell and
supply fresh hydrate solution to the cell respectively. Consequently, the flow rate
(circa 5 Vh) has to be controlled. Additionally, the hydroxide pressure has to be
adjustable. Depending on the used electrodes and separators pressures differences of
merely 50 mbar to 500 mbar with respect to the gas pressures can be permitted. In
order to facilitate the required potassium hydroxide flow a pump is necessary.

The majority of pumps can be divided into positive displacement pumps and flow
pumps. They are distingnished by their operating principle.

In a positive displacement pump the fluid to be pumped is displaced by e.g. a
diaphragm or a piston. The pump cycle consists of a suction stroke and a discharge
stroke, which normally causes a pulsating flow. In order to prevent the fluid from re-
entering the pump from the discharge side during the suction stroke, and to prevent
the fluid from re-entering the suction side during the discharge stroke respectively,

this type of pump requires some sort of check valve. Figure 3-1 shows the schematic
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construction of a positive displacement pump. When the piston moves up the check
valve at the discharge side is closed. The fluid is drawn into the chamber through the
check valve at the suction side. When the piston moves down the check valve at the
suction side is closed and the fluid leaves the chamber through the check valve at the

discharge side.

Displacement
Piston

Housing

Chamber

Discharge Check Suction Check
L Valve Valve

Figure 3-1: Schematic cross-section of a positive displacement pump (piston pump)

Flow pumps have a different working principle than positive displacement pumps.
Here, the fluid to be pumped is accelerated by a rotating impeller. Inside the pump
the fluid velocity energy is converted into pressure energy using a suitable changing

profile. This is a continuous process.
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Figure 3-2 shows the schematic construction of a flow pump. Via the intake socket
the fluid reaches the impeller and is accelerated by the blades of the rotating
impeller. The intake socket is not shown in the drawing. The direction of the inlet is
perpendicular to the plane of the drawing. From the impeller the fluid gets into the
pump housing and leaves the pump via the pressure socket.

The volume flow is steady. The achtevable pressure depends on the circumferential
velocity of the impeller wheel. The circumferential velocity depends on the rotation
speed and the diameter/radius respectively. With an increase of these two

parameters the volume flow increases as well.

Pressure Socket

Pump Housing

Pump Impeller Position of
Inlet Socket
(not shown)

Impeller Blade

Figure 3-2: Schematic cross-section of a flow pump (radial flow pump)

For a fuel cell, the ratio of volume flow rate (5 /h) and pressure (0.5 bar) is so

disadvantageous, that a flow pump cannot be used for it. With a diameter of circa
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20 mm the impeller wheel would have to be very small resulting in a required
rotation speed of several ten thousand rounds per minute.

Consequently, only positive displacement pumps can be used for the supply of an
AFC. They can pump small volumes at relatively high pressures.

In the following section a previously used solution is presented, followed by a
description of a newly developed pump. Concluding, a concept is presented that
works without a pump. The mass transport takes place through diffusion and does
not require any additional energy. This is the system to be used for the deep sea

probe.

3.1.1 Previous KOH Solution Circulation System

The hydroxide was taken from an unpressurised storage tank and led to an electric
gear pump (by Ismatec) or an electric diaphragm pump (by Prominent). 1t delivered
the hydroxide through the fuel cell and, through a choke valve, back to the storage

tank. The build-up of the pressure was achieved with a pump and a choke valve.

Figure 3-3: Diaphragm pump (IWAKI) Figure 3-4: Gear pump (Ismatec)
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This set-up had various disadvantages. These were:

Blockage of the needle valve / the pump

Due to the small flow volume of circa 0.5 to 5 l'h at relatively high pressures,
the occurring diameters are very small. The valve and the pump are prone to
contaminations or gas bubbles. In particular gear pumps with their small

clearance could also be damaged by crystallising KOH.

Power consumption

The pumps available by Ismatec, IWAKI or Prominent are mostly oversized
for this application and hence require an electric power of up to 20 W and a
DC supply voltage of 12 V or 24 V. For a practical fuel cell application this
energy would have to be supplied by the fuel cell. In particular in the low-
power range of up to 500 W, the system’s efficiency is strongly reduced as a
consequence.

With regards to the deep sea application, this means that such a pump cannot
be used since the fuel cell can neither supply the required power nor the

appropriate voltage (the fuel cell for TIGER is rated for 5 W at 5 V).

Pressure regulation

The above set-up requires a pressure-dependent pressure regulation for the
gas. This component makes the system more complicated, causes additional
costs and also requires extra energy. Furthermore, the operational reliability is

further reduced by the added component.

Figure 3-5 shows the schematic construction of a gear pump. Gear pumps are

positive displacement pumps. The pump mainly consists of two gears and a housing.

The gears are meshing, making it sufficient to drive one of the two gears. The fluid

flows from the suction side into the pump housing where it is moved by the gears.

The fluid is transported to the discharge side in the gaps between the housing wall
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and the gear. Due to the meshing of the gears the fluid is displaced from the gaps of
the gears thus enabling the fluid transport.

In order to minimise a reflow between gear and housing wall from the discharge side
to the suction side due to the pressure difference the mechanical clearances have to
be kept small.

This holds similarly for the meshing of the gears. This should preferably be free of

clearance, because too large gaps could result in a reflow.

Housing Discharge Side

Gear

Suction Side

Figure 3-5: Schematic cross-section of a gear pump
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3.1.2 Compressed Gas-driven Diaphragm Pump

When compressed gas storage systems are used, the pressure energy released when
the gas is relaxed to operating pressure can be used to pump the hydroxide solution.
For this, a gas-driven diaphragm pump type CX 10 by Almatec was tested

(see Figure 3-6). It became clear, that this type of pump is in principle suitable, but
could not be used in this specific application. The pump was enormously over-
dimensioned with regards to its flow rate, even though it was the smallest model
available.

Figure 3-8 shows the schematic construction of a gas diaphragm pump by Almatec.

Figure 3-6: Gas diaphragm pump (Almatec) Fig. 3-7: Diaphragms and control unit

The function is identical to the above described piston pump. Instead of a
displacement piston here flexible diaphragms are used. The two diaphragms are
connected via the control piston. When both diaphragms reach their maximum
amplitude (dead point) then one diaphragm has completely filled the fluid space and
the other one has completely filled the gas volume. In this case, the pressure of the
compressed gas works on the diaphragm that has just displaced the fluid. The gas
volume of the other diaphragm is meanwhile discharged into the surroundings. Since
both diaphragms are fast connected to each other the diaphragm just displacing fluid
moves the other diaphragm as well, so the latter can draw fluid in. When both
diaphragms reach their dead points, the control unit toggles the direction. The
pressurised gas behind the diaphragm that had just pumped is discharged into the

58



Chapter 3: Experimental Set-Up

surroundings and fresh compressed gas is conducted behind the diaphragm which
had just drawn in fluid. When both diaphragms reach their dead points, the control
unit reverses again and the cycle starts over. The control unit works completely
mechanical.

Figure 3-7 shows the diaphragms, the control piston as well as the control unit for the

compressed gas.

Qutlet
Compressed

Discharge Side Gas

Check Valve
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Compartment Fluid
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Diaphragm Diaphragm
Gas _—T.! K Gas
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Inlet
Compressed Control Piston
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Figure 3-8: Schematic cross-section of a gas diaphragm pump by Almatec
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During the first tests, soon different problems arose with regards to the application
for supplying a fuel cell. The large pressure difference (Ap =~ 1.0 bar) between the gas
inlet and the gas outlet, which was necessary in order to operate the pump, was a
problem. This was caused by the friction between the control piston and the seals, as
well as the force necessary to flex the EPDM diaphragm. It was tried to reduce the
friction by modifying the fit between control piston and seals. The control piston was
modified and its diameter reduced. The required pressure difference could be slightly
reduced (Ap = (.8 bar). However, the alteration of the control piston resulted in a
degradation of the seal function and leakages in the area of the compressed gas.
Furthermore, it became apparent that the ball check valves used in the pump were not
completely tight, thus causing a reflow. Exchanging the steel balls for EPDM balls
clearly reduced the reflow, but could not totally eliminate it. For a nominal flow rate
of 10 V/min a reflow rate of 0.0008 1/min is quite small. However, for the low volume
flow rate of a fuel cell with 0.5 to 5 Vh, the reflow rate is in a similar range.

Smaller pumps that were operated with compressed gas could not be sourced. For a
fuel cell application such a pump would have to be adapted to the small volume flow
and to be newly built. However, since the TIGER project is a singular application the

effort seemed too large and other solutions were investigated.

3.1.3 Compressed Gas-Operated Tank Pump (Own Development)

This pump is self-regulating and has a low power consumption. The energy required
for pumping is obtained by relaxing one of the reaction gases.

Based upon the insights obtained above it appeared sensible to develop and build a
pump for a fuel cell system. Initially, a system working with two tanks was
developed. This was then further developed into a system with one pump tank and
one storage tank.

The principle of the pump is based on the effect that a gas pressure displaces a fluid,
against a lower pressure, from the tank. While displacing the fluid, the gas becomes

relaxed thus delivering the energy required for pumping.
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For the pump system the following general specifications resulted:

1.

The hydroxide flow has to be depended on the drained current and the gas
consumption of the cell respectively; this allows to also regulate the
temperature more easily.

The compressed gas relaxed during the pumping process has to be supplied to

the fuel cell in order to lower the energy consumption.

. The compressed gas has to be relaxed through the pumping process to the

level of the supply pressure of the fuel cell. The pressure difference during
the relaxation has to be smaller than the bubble point of the electrodes in
order to prevent an overflowing of the pores (magnitude of 50 mbar to
100 mbar).

The hydroxide pressure has to be dependent on the gas pressure; the
advantage of this is that the hydroxide pressure follows any changes of the

gas pressure automatically.

The following additional detailed specifications were made:

a)

b)

The energy required to pump the hydrogen solution has to be generated
through the relaxation of one of the reaction gases, preferably oxygen.

The system has to consume significantly less than 20 W external electric
energy, if possible none at all.

No moving parts are to be used whose performance could suffer through
contaminations or crystallisation of the potassium hydroxide.

If possible, a storage tank for the hydroxide is to be integrated.

The system has to be constructed as simple as possible and the components

have to be easy to manufacture.
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3.1.3.1 System with two Pump Tanks

The first approach was a pump system working with two pressure tanks made of
plastic and one magnetic valve. To pilot the magnetic valve a float switch was used,
which was mounted in one of the two tanks. The two tanks were connected to each
other via the electrolyte distributors of the fuel cell. The gas pressure is adjusted to
the operating pressure level of the fuel cell using a pressure reducer. Furthermore, the
gas is led into either one or the other tank via a 5/2 valve, depending on the current
state of the float switch. The tank not currently being pressurised supplies its
pressure gas to the fuel cell. The potassium hydroxide is hence pumped altemately
from one tank to the other. Hereby, the tanks function alternately as pressure and
return tanks respectively. The flow direction of the hydroxide altemnates between two
pump cycles. This means that the cell flow is altemately forwards and then
backwards. The hydroxide is only pumped when the fuel cell consumes gas.

The tanks were made of polypropylene and are welded or assembled with screws.
The position of the tanks can be chosen almost completely arbitrarily. It has to be
ensured that the float switch is mounted in its specified position, that the gas
connectors are in touch with the gas and the hydroxide connectors are in touch with
hydroxide in order to prevent the mixing of hydroxide and gas. The two tanks can
also be combined to one tank. They have to be specified to match the operating
pressure of the fuel cell and hold the produced reaction water.

Since it is difficult to obtain hydroxide-resistant 5/2 valves, the latter was replaced
with two 3/2 valves. With 1.5 W and 0.65 W respectively per valve the power
consumption of the magnetic valves was very low. Furthermore, the valves do not
work continuously like an electric pump. To further reduce the power consumption

so-called piezo valves could be used, which have a power consumption of 0.007 W.
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Figure 3-9: Schematic cross-section of a gas pump with two tanks
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The experiment was carried out with a fuel cell. The pressures in the two tanks and
the inlet pressure were recorded (in bar). The measurement values were plotted
against the time (in seconds).

In Diagram 3-1, the switching points of the magnetic valve can be seen. The inlet
pressure is alternately conducted to the two tanks.
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Diagram 3-1: Characteristic of the gas pump, alternating pressurisation of the tanks
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3.1.3.2 System with one Pump Tank and one Storage Tank

In parallel to the development of a pump system with two tanks, another system with
one pump tank and one storage tank was developed as well. Here, the purpose of the
two tanks are clear. One tank always acts as a pump tank, while the other acts
alternately as storage tank and return tank respectively. The hydroxide flow always
takes place in one direction and there is no backwards flow through the cell.

The system operates as follows:

Initially the pump tank is filled up to the upper level with the liquid electrolyte. The
level indicator is in an open state. The current-less position of the 3/2 valve allows
the compressed gas to flow into the pump tank from the pressure cylinder. The
compressed gas is stored in a high-pressure gas cylinder (200 bar or 300 bar). A
pressure reducer lowers the pressure down to the operating pressure of the fuel cell.
The pressure-reduced gas continues to flow into the pump tank via the 3/2 valve thus
displacing the hydroxide contained in the tank. The check valve at the suction side
prevents the fluid from flowing back into the storage tank. The check valve on the
pressure side opens and the liquid electrolyte to be pumped can leave the pump tank
and flow through the fuel cell. The reflow is directed into the storage tank.

With the liquid electrolyte flowing out, the fluid level in the pump tank is lowered
until at a lower level the level indicator switches and supplies the 3/2 valve with
current, thus interrupting the inflow of the compressed gas. Simultaneously a
pressure equalisation between the pump tank and the storage tank takes place. Due to
the height difference between storage tank and pump tank the check valve on the
suction side opens. Liquid electrolyte flows from the storage tank into the pump tank,
thus displacing the gas from the pump tank into the storage tank. The check valve at
the pressure side is closed and meanwhile prevents the reflow of fluid from the fuel

cell into the storage tank.
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Figure 3-10: Schematic cross-section of the gas pump with separate pump and storage

The storage tank is connected to the gas inlet of the fuel cell. Hence, the gas from the
pump tank can flow into the fuel cell via the storage tank. In case the cell does not
consume any gas, the pumping continues until the pressure after the pressure reducer
and the pressure in the storage tank are equal. In case the cell consumes gas a small
difference results between the two pressures. The pressure after the pressure reducer
is slightly higher than the pressure in the storage tank. This pressure difference is

sufficient to pump the hydroxide solution.
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When current flows through the magnetic valve, hydroxide solution flows from the
storage tank into the pump tank, thus causing the fluid level to rise. In case the upper
switching level is reached, the valve is toggled into the current-less state and the
pump tank is again exposed to the gas pressure after the pressure reducer; the
pumping cycle starts again

(see also Figure 3-10).

The specifications for the tanks are the same as for the system with two pump tanks.
In addition to that, the position of the check valves is fixed. Since they have to open
at low pressures they are designed in such a way that they close solely due to gravity,
which means that their mounting position is determined.

The gas pump described above was tested in an electrolyser system. During
electrolysis, water or water contained in the potassium hydroxide solution
respectively is separated into hydrogen and oxygen. For this an electric DC current is
required. The electrolysis process is the reverse process of the fuel cell process. For
the function of the pump it is irrelevant whether the tests are carried out with an

electrolyser or a fuel cell system.
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3.1.4 System without Pump, Diffusion Processes

The gas pumps described in Section 3.1.3 work very reliably and have low energy
requirements. They are, however, electromechanical systems with the possibility to
fail. Even though the probability is low, the risk still exists. It was considered to find

an alternative and manage completely without a pump.

Figure 3-11: Open electrolyser

Since the mass transport in the fuel cell mainly takes place through diffusion
processes it séemed reasonable to resort to diffusion processes as well for the mass
transport outside the cell (see also Section 3.4).

During the operation of a fuel cell, concentration differences occur. They are found
inside between the hydrogen and the oxygen electrode, but they also occur between
the fuel cell and the tank.

In a system driven by diffusion the KOH circulation system would only consist of

the fuel cell and the storage tank, which is connected to the fuel cell via conduits.
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The distance between the fuel cell and the storage tank is to be kept as small as
possible as thus promoting the mass transport. During operation, for such a system
the concentration in the tank is always higher than in the fuel cell. Since the system
operates completely without any electrical or mechanical components the failure
probability is extremely low.

In order to further improve the mass exchange, the cell could be mounted directly
inside the KOH storage tank. Openings in the fuel cell housing connecting the
storage tank with the electrolyte distrtbutor would reduce the paths to a minimum
and would considerably enlarge the contact area of the hydroxide. An electrolysis

system was successfully operated in that manner (see Figure 3-11).
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3.2 Flow Rate and Tightness Test Stand

Before being used, each manufactured fuel cell is tested for the flow of gases and
fluids as well as for its tightness. This is to ensure that from the beginning the cell
will not have any supply problems with gases or potassium hydroxide, and that there
are no damages at the separator and no failures in the casting. The test is carried out
with compressed air and distilled water.

The test stand features a tank for the water; a pump is used to move the water. At the
water side, pressure and flow rate are measured. At the air side, for the oxygen
electrode and for the hydrogen electrode pressure and flow rate are measured
respectively. The pressures are measured with tube spring-manometers while the
water flow rate is measured by volume per time. In order to measure the flow rate of

the air, a mass flow rate meter and regulator of the Manger & Wittmann company is

installed in the supply conduit to the cell.

Figure 3-12: Flow rate and
tightness test stand

The following values were measured:
- flow rate air in dry state
- flow rate air in wet state
- permeation (water) of the separator
- pressure loss at the electrodes
- EloFlux flow
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3.3 Pressure-Dependent Flow Measurement

Mass transport processes play an important role in a fuel cell. Water and potassium
hydroxide have to be transported through the electrodes and the separators. Hence,
the pressure-dependent flow of water and potassium hydroxide through the
electrodes and separators is a very important factor. Here, the pressure gradient is the

driving force. With the use of a suitable experimental set-up the properties can be

determined.
Liquid
Electrode
Housing or
Separator

Figure 3-13: Schematic cross-section of the flow measurement device

The main part is a double-walled metal pipe (stainless steel). The space in between
the two pipes can be circulated with warm water in order to heat up the test fluid.
The test fluid is filled into the inner pipe. At the upper end of the pipe a connector is
located for compressed air. At the lower end the probe support is located. Here, a

cylinder with a diameter of 25 mm can be mounted.
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The experiment starts by mounting the sample under test. Then the test fluid is filled
into the inner pipe. Now the test fluid is pressurised with circa 100 mbar. The fluid
flowing through the sample under test is collected in a measuring cylinder.
Additionally, the time required for a certain test fluid volume to flow through the
sample is measured. From this the flow rate value can be calculated; its unit is
s/ml/bar/cm?®. The flow rate depends on the pressure, the cross-sectional area, the
pore size, the number of pores and the viscosity of the test fluid. Furthermore, the
wetting properties of the sample under test are important. The test fluids used were
potassium hydroxide solution, water and octane.

The first measurements taken for the separators could hardly be reproduced. This had
various reasons. One of them was that the seal for mounting the samples caused
problems. Initially, an elastic O-ring of EPDM was inserted into the device, which
was inserted between the gland nut and the sample. There was no seal used in
between the sample and the thread. In this variant, the O-ring can be displaced from
its position when fastening the gland nut, so it cannot seal reliably any more. The
rotational movement of the gland nut caused damage to the test samples or deformed
it. Furthermore, the tightness between the sample and the thread was not guaranteed.
Leakages at these locations introduce errors into the measurements. Since the fluid

volumes are very small even small leakages lead to significant measurement errors.

Figore 3-14: Faulty O-ring seal Figure 3-15: Deformations of the sample

The O-ring seal was replaced with a flat gasket made of EPDM. Thus it could be

achieve that the gasket was held in its position. The deformation problem has to be
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seen in the context of the turning movement, the elastic seal and the good friction
properties of EPDM on metal and the sample respectively. Before the gasket is
pressed sufficiently strongly against the sample the gasket is initially deformed.
Here, the gland nut has to be turned further, causing deformations of the sample. The
elastic EPDM seal rings were replaced with plastic seal rings. Compared to EPDM
they are not elastic and exhibit a lower friction so that the above mentioned effects
do not occur any more. The mounting of the sample is now done between two plastic
rings. After implementing these modifications the functionality of the set-up was
tested. For this, a porous plastic foil of polyethersulfone (PESU) was used as sample.
The pore radius was 0.1 um. Three times consecutively 20 ml distilled water were
pressed through the probe at a detected pressure of 100 mbar. For each repetition, the
flow times became longer from circa 7 min to 14 and finally to over 20 min. After
the sample was taken out of the device contaminations could be seen on the sample,
probably blocking the pores successively. A contamination of the water could be
excluded as a cause. To investigate this, a different sample support of PESU was
used. However, contaminations could not be detected. Further examinations of the
storage tank showed that the stainless steel exhibited abrasion, presumably especially

in the area of the welding seams.

Figure 3-16: Flow rate measurement device of polypropylene for water, not heated
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The device was partly used in change with water, KOH and octane, which can lead to
increased abrasion. This led to the decision to manufacture such a device from
polypropylene. The threaded part was still manufactured from stainless steel. This
should not present a problem since no welding seam is needed and for each of the
three fluids a dedicated set-up was manufactured. The initial measurements with the
above described probe made from PESU produced satisfactory results. The flow
times were between 6:50 and 7:08 minutes.

After the functionality of this set-up had been confirned another set-up was made.
The latter featured the possibility to heat up the fluid in order to be able to take

measurements at the same temperatures as they occur inside the fuel cell.

3.4 Diffusion-Dependent Mass Transport

Next to the mass transport through a pressure-dependent flow there is also a mass
transport through diffusion. Here, the concentration gradient is the driving force for
the transport. Diffusion processes are temperature-dependent; with decreasing
temperature the diffusion slows down.

The main part of the experimental set-up is made of three Perspex parts. It can hold
cylindrical parts with a diameter of 40 mm. Both sides of the device hold a chamber
that can be filled with fluids. Changes in the fluid volumes can be caught with one
conduit per chamber. Electrodes as well as separators can be tested. In order to
achieve a more accurate measurement of the change of volume the individual
chambers were connected to measurement pipettes. This permitted to accurately read
the fluid level. The temporal progression was recorded with a stopwatch. The height
difference between the upper and the lower level of the pipette was limited to circa
I cm in order to minimise the influence of gravitational pressure as much as possible.
During the measurements various smaller problems of the set-up became apparent,
which complicated carrying out the experiments. These problems are elaborated in

the following and solutions to the problems are shown as well.

74



Chapter 3: Experimental Set-Up

The experimental set-up is in principle well suited for the diffusion measurements.
Merely the handling of the set-up and the carrying out of the experiments had
potential for improvements.

Caused by the position of the fluid inlet and the outlet towards the measurement
pipette air bubbles are formed in the fluid chambers when the cell is being filled.

These air bubbles are very difficult to eliminate. They influence the fluid volume

thus introducing errors into the analysis of the results.

Fig. 3-17: PTFE measuring cell with heating Fig. 3-18: Measuring cell in a vice

Furthermore, the two fluid compartments are different in size. This can be taken into
consideration for the calculations, but it could also cause measurement errors due to
mix-ups.

Another disadvantage of this set-up are the screw joints of the housing. The sample is
placed between two EPDM seal rings. By means of four screws the two housing
halves are pressed against each other with the samples and the seals placed in
between. In order to evenly distribute the pressure across the seal face the four
screws would have to be tightened with equal force. This requires some effort and
thus makes the handling difficult.

Another problem is the material for the housing, i.e. Perspex. In the long run it is not
persistent against potassium hydroxide, especially if hydroxide and water are filled in
alternately. Furthermore, the absorption and emission of hydroxide and water could

falsify the concentration measurement.
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The diffusive mass transport is also temperature dependent and the fuel cell is
usually operated at ¢. 50 to 60 °C. Since the measurements of the test cell can only
be carried out at room temperature a heating should be provided.

The above mentioned disadvantages of the hitherto used measurement set-up led to
the construction of a new measurement set-up.

The problem of air bubble inclusion was solved by a suitable choice of the position
of the inlet and outlet borings. Potentially developing air bubbles are now flushed out
through the exit during the filling process.

The fluid chambers were manufactured in such a way that they have the same
dimensions. The two housing halves are now pressed together in a vice which makes
the handling significantly easier. The material chosen for the housing was
polytetrafluoroethylene (PTFE) which has the advantage that it does not interact with
the measurement fluids. For the heating of the test cell electric heating elements
(PTC elements) were used.

Concluding it can be noted, that measurement pipettes with a volume of 5 cm?® are
best suited for the presently used samples (materials). This volume is usually
sufficient. For probes causing only a minor change of volume, occasionally pipettes
with a volume of 1 cm? were also used which can be read more easily. However, this
has the disadvantage that the overall volume is changed. Hence, the measurement
time (standard 50 minutes) should preferably be modified. This can be taken into

consideration more easily in the interpretation.
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3.5 Half Cell Measurement Set-Up

Half cell measurements are to measure the characteristics of the gas diffusion
electrodes. Hereby, the capacity of the electrodes can be tested individually. The
probes have a diameter of 39 mm. The advantage of this set-up is that the
electrochemical properties of the electrodes can be tested initially without the

necessity to build a full cell, thus saving time and costs.
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Figure 3-19: Schematic construction of a half cell

The measurement set-up is suitable for electrodes used in fuel cells, as well as for
electrodes used in electrolysers. This means, that the electrodes are operated
consuming gas or producing gas, provided their electrochemical properties permit
this.

Figure 3-19 schematically shows the construction of a half cell. The reference
electrode (RE) is placed in between the counter electrode (CE) and the working
electrode (WE). Working electrode is the name for the electrode under test; it is
placed next to the gas compartment.

Since only the results of the half cell measurements are relevant for this research a

detailed elaboration of the tests is omitted here.
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3.6 Gas Permeability (Permeation)

For the operation of a fuel cell the proper supply with the reaction gases is of great
importance. For the gases to be able to react at the electrode they have to reach the
triple phase boundary. The gas permeability as a quantity allows to compare different
electrodes and to have an influence on this property during the manufacturing

process.
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Figure 3-20: Construction for gas flow rate measurement

Figure 3-20 shows the experimental set-up for the gas permeability measurement.
Samples with a diameter of circa 39 mm can be mounted into the set-up. If necessary
(i.e. if the mechanical stability is too low) a support shell can be mounted
additionally with the sample. The gas under test then flows from the gas inlet into the
housing, permeates the sample and, if present, the support shell and then leaves the

housing via the gas outlet. Before the gas inlet the gas flow rate is measured.
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Immediately before the sample the gas pressure is recorded. At the gas outlet the gas
is discharged against the ambient pressure. The seal rings prevent leakages and make
certain that no gas can flow around the sample.

After inserting the sample and the support shell into the two housing halves the latter
are mounted against each other under pressure in a vice.

The measured values for the flow rate and the pressure are recorded with a PC. The

latter then calculates the characteristic gas permeation (GP) value as a function of the

pressure (p), the area (A) and the gas flow (V).

14 l
GP = = 232
p-A bar-cm’-min (Fa:3-2)
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3.7 Concentration Sensor for KOH, Densoflex

For a continuous measurement of the potassium hydroxide concentration of a fuel
cell in operation the concentration sensor Densoflex is used. The sensor was
originally developed to measure the acid concentration in lead-acid batteries. Since
the sensor does not measure the acid portion of the solution but the water portion, it
can as well be used with potassium hydroxide.

The measurement probe is a plastic thread which experiences an elongation in the
aqueous potassium hydrate solution. The elongation is stronger the weaker the
concentration of the potassium hydrate solution. The plastic thread is fixed at the
lower end of a ceramic dip pipe and is put under tension via a strain-gauge in the
sensor housing. An electric displacement sensor inside the housing measures the
elongation and converts it into an electric signal. Since the elongation is directly
proportional to the hydroxide density the output signal corresponds to the hydroxide
concentration in the electrolyte distributors of the fuel cell.

The length of the measurement probe is not only changed with the hydroxide density
but also with the temperature. Therefore, a temperature sensor is included in the
ceramic pipe. An electronic circuit corrects the electric output signal accordingly.
Consequently, the Densoflex sensor provides the possibility to continucusly
determine the density of the hydroxide solution and hence the concentration of the

potassium hydroxide, with a temperature compensation.
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Figure 3-21: Schematic construction of a concentration sensor Densoflex
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3.8 Low Temperature Tests with Diffusion

This section describes the test stand where the diffusion tests were conducted at 5 °C.
Firstly, the mass flows and the utilised instruments are illustrated. Furthermore, some

special parts of the test stand are described.

3.8.1 Mass Flows of the Test Stand

The test stand to carry out experiments with regards to deep sea applications is
different to the standard test stand. Two tanks, two condensate traps, two needle
valves, two manometers, two heat exchange plates and one fuel cell were used. In
order to load the cell an electronic load is required, which converts the electric
energy of the fuel cell into heat.

In order to control the cell temperature an electrically operated thermostat is used.
Two heat exchange plates are mounted to the fuel cell. The heat transfer fluid of the
thermostat flows through the heat exchange plates. The fluid subsequently flows
back to the thermostat.

The reaction gases are supplied from gas cylinders or an electrolyser. The hydrogen
gas is conducted into the fuel cell via a purification stage. In the purification stage
the remaining oxygen in the hydrogen reacts with the hydrogen to form water
(purification stage only for electrolytically produced hydrogen). Connected to the
hydrogen outlet of the cell are a manometer as well as a condensate trap and a needle
valve.

The oxygen gas is directly conducted into the cell. A manometer, a condensate trap
and a needle valve are also connected to the outlet.

The KOH supply could be provided using two different methods. For the first
method, only the two electrolyte compartments were filled with hydroxide solution.
The hydrogen electrode as well as the oxygen electrode have their own electrolyte
compartment. Two ball valves are connected to the KOH inlets of the cell (at the
bottom), via which the cell can be filled. Conduits are connected to the KOH outlets

(at the top) to conduct the reaction water from the respective electrode.
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Fig. 3-22: Test stand: experiments at circa 5 °C; left: load; middle: AFC; right:
thermostat

The second possibility was to connect both lower KOH sockets to a reservoir filled
with KOH. The upper KOH sockets were connected to a catch tank for the reaction
water.

Various parameters were recorded, which were the load current, the cell voltage, the

gas pressures for hydrogen and oxygen and the cell temperature.
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The acquisition of voltage, current and temperature was computer aided. A
multimeter from Keithley and an electronic load from Hocherl & Hackl were
connected to the computer via an IEEE-bus. The current could be adjusted by
software. The measured values were represented in a table and a diagram. The

pressures were displayed on tube spring-manometers.

3.8.2 Plastic Tanks

In order to operate an AFC for an extended period of time a certain supply of KOH is
required, because the electrolyte is diluted by the reaction water. The size of the
storage tank is determined by the operating time, the current extent, the number of
cells and the acceptable hydroxide concentration.

The tank consists of a plastic pipe with seal rings, a lid and a bottom. The parts are
held together by a threaded rod and two lathed parts with inside threads and
integrated seals. The plastic pipe has an inner diameter of circa 80 mm and an outer
diameter of 110 mm and consists of fibre-reinforced polypropylene. The two lids
have a diameter of also 110 mm and a thickness of 20 mm. The lids also consist of
polypropylene and they carry the conduit connection as well. Polypropylene was
chosen, because it is resistant to potassium hydroxide. The threaded parts are lathed
from stainless steel. They carry the seals and the threads (M6). The threaded rod is
also made from stainless steel.

Additionally, condensate traps (EM-Technik company, Germany) are used before the
needle valve. They protect the needle valves from fluid, which prevents a
malfunctioning of the valves. The tanks consist of polypropylene and are welded.
Their volume is circa 0.1 dm’.

The tanks are to collect the condensate. The actual separator is lathed from plastic
and a special feed-through enables the separation of the fluid. The fluid drops fall
into the tank due to gravity.
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3.8.3 Valves

For longer test durations, it is from time to time required to discharge inert gases.

This is achieved with the aid of needle valves at the hydrogen and oxygen outlets of

the cell.

Figure 3-23: Needle valve (PP) Figure 3-24: Ball valve (PP)

An even gas flow through the cell is adjusted easily. It is useful to insert a fluid
separator before the valves since small fluid drops carried along in the gas flow could
block the small diameters of the valve thus preventing the gas flow. The valves also
consist of polypropylene.

Furthermore, ball valves made of polypropylene were used. They make it possible to

quickly open and close ducts.
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3.8.4 Screw Joints and Conduits

In order to conduct gases and fluids and to connect the individual parts, fittings
consisting of PA and PP are used (EM-Technik). The fittings are available in many
different variations. The conduits can be mounted by hand. They are inexpensive and

can withstand potassium hydroxide. The PA screw joints can be used at a

temperature range of —20°C to +60 °C, while the PP screw joints can be used
between +5 °C and +90 °C.

Figure 3-25: Clamping ring screw joint (PP) Fig. 3-26: Various fittings (PP)

The conduits consist of transparent PVC or coloured PA. Over time, PVC is not
resistant to KOH; it changes its colour to brown and also hardens. The advantage of
these conduits is in their high flexibility also providing for the realisation of small

bending radiuses. Conduits with the dimensions 6x4 and 8x6 mm were used.

3.8.5 Framework and Cell Support

The fuel cell and the individual components were mounted to a framework of
stainless steel. The framework was fitted with a PVC drip pan.

The fuel cell was mounted under pressure with two threaded bolts and two yokes.
Within the pressure mounting two heat exchanger plates made of PP were integrated,

which could be circulated with fluid to condition the cell temperature.
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3.8.6 Electronic Load

The fuel cell can only be tested when current is draw from it, i.e. if the cell is loaded.
For this two different loads were used. One of them was a type DS4806 by the
company Hocherl & Hackl. A disadvantage of this load is that the current can only
be adjusted in steps of 1 A. Furthermore, a minimum cell voltage of 450 mV is
required under which the load does not operate.

In order to also be able to adjust the load current in steps of 0.1 A another electronic

load was used which was developed and built by FH Darmstadt, Germany.
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3.9 Experiments on the Mass Transport in the AFC

In order to obtain further information on the mass transport in the fuel cell the
concentrations in both electrolyte distributors were measured. The set-up of the test
stand was essentially identical to the set-up described in Section 3.7. Only the KOH
reservoirs were removed, since the duration of the experiment was very short.

Furthermore, a modified fuel cell had to be build for this experiment. The end plates
needed to be modified in order to integrate the concentration sensor. A Perspex pipe
was cast into the end plate. The Perspex pipe had ten small holes through which it
was comnected with the electrolyte distributor. The concentration sensor could be

inserted into the Perspex pipe.

Densoflex

End Plate

-\

Electrolyte Electrode/ Electrolyte
Compartment sesptz ra:or Compartment
c

Figure 3-27: Schematic construction: fuel cell with integrated concentration sensor
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4 Experiment Results

In this chapter the results of the experiments are presented. Firstly, the results of the
electrode characterisation experiments are discussed.

In detail these are:

* experiments on diffusion behaviour

e determination of the density and area density

e experiments on gas permeation

e experiments on pressure-dependent flow rate measurement
s experiments on the bubble point

» absorption of liquids

Then the results of the fuel cell experiments are elaborated in detail. Here, a spectal

focus is put on the experiments on diffusion and matter transport in the fuel cell.
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4.1 Tests on Electrodes and Separators

Before electrodes and separators are used in a fuel cell they are tested and the
characteristic features of the electrode and the separators respectively are measured.
In the following the results of the tests are explained in more detail.

Table 4-1 below presents a list of the electrodes used in fuel cells. Electrodes #130
and #314 were used on the hydrogen side and consist of Raney nickel. Electrodes
#249, #366 and Oxag were used on the oxygen side. The Oxag electrode is made
from silver oxide. Before the electrode can be used in the fuel cell the silver oxide
has to be reduced to silver. The material used for the other two oxygen electrodes

was Silflon which consists of silver and does not need to be reduced.

Electrode #314 #130 #366 #249 Oxag
. . 85 % 100 %
0 0, 0,
Catalyst | 90 % Nickel | 90 % Nickel Silflon Silflon 90 % Ag20
PTFE 7% 7% in catalyst | in catalyst 5%
Activated . . 10 % _ 5%,
carbon
Graphite 3% 3% 5% - -
Pore builder - - - 80 % -

Tabie 4-1: Composition of the used electrodes

The nickel catalyst used is Raney nickel. The Silflon catalyst consists of a mixture of
silver and PTFE. Electrode #249 was the only one which was manufactured using a

pore builder.
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4.1.1 Diffusion Experiments

The charge transport inside an AFC is effected by OH -ions. At the same time water
is produced as well as consumed (see also Section 2.4.3). In order to maintain the
power delivery of an AFC the internal matter transport has to be provided for. The

matter circulation of OH ™, K' and H,O is influenced by the components (electrodes,

separators).
Pipette for Volume Measurment
'—\F\{ FX———*—’—"'

Injection Injection

Housing

L Compariment 1 Compartment 2

Figure 4-1: Test cell for diffusion measurement

A concentration gradient is the driving force for a matter transport by diffusion. As
will be explained further down at least the water transport takes place mainly by
diffusion.

The KOH transport is only partially effected by diffusion. As will become clear later
in particular the transport of OH - and K'-ions has to be caused by the electric field.
The diffusive matter transport would not suffice to enable the high load currents. The
water is in most part uneffected by the electric field. A water transport due to the
electric field is not possible since a water molecule is not electrically charged. In
order to investigate the water transport tests were carried out to test the diffusion

behaviour of the electrodes and separators individually.
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The test cell (see Figure 4-1) used for the experiments consists of two chambers
separated by the component under test. At the beginning of the experiment one
compartment (also called compartment 1 in the following) contains distilled water.
The other chamber (also called compartment 2 in the following) contains 7.0 M
KOH. The fluid levels were measured in appropriate intervals. At the end of the
experiment the KOH concentrations were measured additionally.

Theoretical considerations lead to the conclusion that there are five possibilities in
which the transport behaviour of a component can be explained. These possibilities
are elaborated in the following.

The following figures show a schematic representation of the test cell.
Compartment 2 is on the left hand side and is initially filled with 7.0 M KOH. The
dashed line represents the device or sample to be tested. Compartment 1 is on the
right hand side and initially contains distilled water. At the origin of the arrow the

substance is denoted which is being transported in the direction of the arrow.

[ | I
! My "
KOH | KOH | KOH |
H,0 H,0 | H,0
HO | HO | H,O
2 H,0 2 H,0 2 H,0
|
| | [
Figure 4-2: Water is Figure 4-3: KOH Figure 4-4: KOH from
transporied exclusively moves exclusively compartment 1 is moved to
from compartment 1 to from compartment 2 compartment 2 and water
compartment 2. to compartment 1. moves from compartment 1

to compartment 2.
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water moves from compartment 1
HZO to compartment 2.

] Figure 4-6: KOH and water move

from compartment 2 to
| l compartment 1. At the same time
I

I V
Figure 4-5: KOH and water

move from compartment2 to
compartment 1.

The potassium hydroxide solution consists of a mixture of KOH and water. The
K'-ions and the OH -ions are enclosed in a hydrate shell.

Figure 4-2 shows the situation when only water moves from compartment 1 to
compartment 2. In Figure 4-3 only the K- and OH -ions would move to the other
side, without their hydrate shell. In Figure 4-5 the ions would migrate with their
hydrate shells. Since a hydrate shell consists of several water molecules it is possible
that only a part of it is taken along while the rest remains behind.

In Figure 4-6 KOH as well as water is transported from compartment2 to
compartment 1. At the same time water is transported from compartment ! to
compartment 2. However, this cannot be illustrated with the experimental set-up as

described above. Only the net amount of the transported water can be determined.
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Comparison Electrode #314, Electrode Silflon and Separator AMS,
Volume Change Water Side
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Diagram 4-1: Comparison of the volume change at the water side

Diagram 4-1 shows the temporal progression of the volume changes in ml in
compartment 1 for electrode #314, electrode #130, the Silflon electrode and the
separator AMS. The volume measurements alone do not allow to make detailed
statements about the matter transport. This is only possible when also considering the
concentration values, which is elaborated later. The volume measurements allow,
however, an estimation of the tendencies.

It is noteworthy that the volume in compartment | increases for electrode #314. This
indicates that water does not move towards the KOH, but KOH moves towards the
water.

Contrary to this, the behaviour of the Silflon electrode and the separator AMS was
different. Here, more or less water moved towards the KOH.

The experiments were carried out with all samples for a minimum of three times.
Even though quantitative deviations of the magnitudes were detected, the basic

qualitative behaviour was the same.
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Comparison Electrode #314, Electrode Silflon and Separator AMS,
Volume Change KOH Side
4.5 o ]
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Diagram 4-2: Comparison of the volume change at the KOH side

Diagram 4-2 shows the temporal progression of the volume change in ml in
compartment 2 for electrode #314, electrode #130, the Silflon electrode and the
separator AMS. Here, the behaviour is similar to the one on the water side, only the
other way around. While the volume increases continuously for electrode #130, the

Silflon electrode and the separator AMS the volume decreases for electrode #314.
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Matter Flow Rate at the Water Slde {Compartment 1) for KOH and Water
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Diagram 4-3: Matter flow rate at the water side (compartment 1) for KOH and water

Diagram 4-3 shows the matter flow rate in mmol/h for KOH and water for
compartment | for the experimental set-up. The results of the concentration
measurement at the end of each experiment are included. From this the number of
particles and the particle flow respectively can be calculated. A positive sign
indicates matter moving into compartment | while a negative sign indicates matter
leaving compartment 1.

Similar to the above diagrams it stands out that electrode #314 behaves differently
for water transport than the other electrodes and separators. KOH and water move
from compartment 1 to compartment 2. This corresponds to a matter transport
behaviour as presented in Figure 4-5.

For the other electrodes KOH moves with or without water into compartment 1 and
water moves from compartment 1 into compartment 2. The amount of transported
water is significantly larger than the amount of KOH. This behaviour would

correspond to Figure 4-4 and 4-6 respectively.
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The measured values for compartment2 can be compared to the ones from
compartment 1 with inverted signs. Matter leaving compartment 1 has to arrive in

compartment 2 and vice versa.

Vs Ve Cs Cg An An

(KOH) | (KOH) | (KOH) | (H:0)

| [ml] { [ml] | [M] (M] | {mmol/h] | [mmol/h]
AMS C2 |KOH| 21.0 | 229 | 7.000 | 5.081 -23 104
L— Cl | HO | 27.0 | 248 | 0.000 | 1.148 21 -102
4314 C2 |KOH| 22.0 | 18.0 | 6.907 | 6.704 -38 -238
Cl | HO | 25.0 [ 28.7 | 0.000 | 1.161 40 227
#130 C2 |KOH| 200 | 20.8 | 7.180 | 6.126 -6 29
| Cl | H,O | 239 | 23.0 | 0.000 | 0.447 4 =21
#249 C2 |KOH| 230 | 246 | 7.180 | 6.355 -6 77
LSBﬂon Cl | H,O | 28,0 | 26.3 } 0.000 | 0.195 3 -67
#366 C2 |KOH | 23.0 ; 267 | 7.180 | 5.369 -22 246
\jﬂﬂon Cl | H,O | 28.0 | 24.0 | 0.000 | 0.168 4 -224
Oxag C2 |KOH | 22,0 260 | 7.793 | 6.550 -2 464
Cl | H,O[ 2501209 | 0.000 ¢ 0.375 16 -462

Table 4-2: Overview of the most important diffusion values

Table 4-2 shows the measured values of the diffusion measurement and the
calculated values for the amount of particles. The measured values are the starting
volume Vg, the final volume Vg, the starting concentration cg and the final
concentration cg. The change of the number of particles An for KOH and for water
are calculated values. Compartment 1 is denoted by C1 and contains distilled water
at the beginning of the experiment. Compartment 2 is denoted by C2 and contains c.
7 M KOH at the beginning of the experiment. A negative sign indicates that matter
moves out of the compartment while a positive sign indicates that matter moves into

the respective compartment.
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4,1.2 Further characteristic Electrode Parameters

In order to obtain further insights about the properties of the electrodes other values

are measured apart from the diffusion properties. Using these measured values

electrodes of different or identical consistencies can be compared with each other.

4.1.2.1 Density and Area Density

Initially the weight and the thickness of a circular piece of electrode with a diameter

of 3.9 cm (corresponding to an area of circa 12 cm?) are determined. From this the

density and the density per area (also called area density) can be calculated.

The density of the electrode is a measure for its porosity, i.e. how much hollow space

(pores) the electrode contains. It is not possible to make a statement about the

number of pores or the pore size.

. O;-Electrodes H,-Electrodes

P ters Med

arameters COUM 366 | #249 | Oxag | #314 | #130
Electrode thickness dry 430 310 380 270 465
|[um]
Weight [mg] dry 1759 | 1001 | 1670 | 1220 | 1659
Electrode density dry 3426 | 1949 | 325 | 2376 | 323
[gem?)
Area density

d 0.147 | 0.084 | 0.140 | 0.102 | 0.139

[g/em?] Y
Electrode volume [cm?] |dry 0.516 | 0.372 | 0.456 0.324 0.558

Table 4-3: Electrode thickness, weight, density, area density and volume

The results are presented in Table 4-3. Even though electrodes #314 and #130 have

the same consistency their thickness and density are quite different. This shows that

the mixing and rolling processes have a great influence on these properties. Since
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both electrodes are Raney nickel electrodes the passivating process prior to the
mixing process also has a great influence on the resulﬁng electrode.

Both silver electrodes, #366 and Oxag, are quire similar. Their difference to #249
can only be explained with the fact that this electrode was manufactured using a pore
builder.

4.1.2.2 Permeability and Bubble point

For the permeability measurement of a sample the flow rate dependent pressure loss
at a gas flow rate of 100 ml/min through the sample is measured.

In order for the AFC to have an optimal power delivery it has to be supplied
optimally with the different reaction substances. Furthermore, it is essential that the
reaction products can be removed efficiently. These conditions pose certain
constraints for the electrodes.

For the reactions to be able to take place optimally and numerously a sufficient
number of triple phase boundaries have to exist. The triple phase boundary denotes
the boundary formed by the reaction gas, the electrolyte and the catalyst. If one
component is not available the reaction cannot take place.

The electrode must not be wetted to the extent that all pores are filled with the
electrolyte. On the other hand it must not be wetted so sparsely that all pores are
filled with gas. In order to obtain further insights about the pore structure further
values are determined.

The permeability measurement allows to make statements about how well gases can
penetrate the electrode. Again, air flows through a circular sample with a diameter of
3.9 cm. Initially, the experiment is carried out with a dry electrode and then with
electrodes wetted with octane, water and KOH. In an AFC the electrode also has to
distribute the reaction gas over the entire electrode area. In order to fulfil this task the
electrode has to feature pores for the gas transport. This experiment allows to
measure the change of gas permeability when the electrode is partially filled with

fluid, as is the case in an AFC.
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Tarame tor Meditm O;%Electrodes H,-Electrodes
#366 | #249| Oxag | #314 | #130
dry 32 13780 1545 | 2059 [ 1275
Permeability  |Qctane 21 2191 1679 231.8 -
[mlbar/em*/min]  \gypper 279 |2750| 21.7 726 | 245
TMKOH | 114 [1396] 133 156 | 15.86 |

Table 4-4: Permeability for gases

Table 4-4 shows the results of the permeability measurement which partly show
some quite large differences. Electrode #249 exhibits the highest flow rate values.
This is because this electrode was manufactured using pore builder which makes the
electrode very porous.

The permeability is a measure of how well fluids can permeate the electrode. The
flow rate is measured at a pressure difference of 100 mbar. This value is important
for the electrolyte transport in the cell, in particular for removing the reaction water
from the cell. The reaction water has to pass at least two electrodes and one separator

before it reaches the electrolyte compartment.

Parameter Me diumjr Or-Electrodes Hj-Electrodes
#366 #249 Oxag #314 #130
N Octane 0.6 5 0.2 2.4 0
fn‘:/';‘i*;’l‘]"““y Water 0 0 0.8 2.0 0.1
7M KOH 0.06 5.3 0.7 1.7 03 |

Table 4-5: Permeability for liquids

Table 4-5 shows the measured values of the permeability measurement. Electrode
#249 delivers the best results which is due to its large porosity (it was manufactured
with a pore builder). Of the electrodes manufactured without a pore builder electrode
#314 had the best permeability values.

The bubble point indicates the pressure necessary to force a gas bubble through the
largest pore of a porous material wetted with a fluid. This allows to assess the

suitability of an electrode for use in a fuel cell.
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If an electrode has a high bubble point it is difficult or even impossible to clear the
pores of the electrolyte once the electrodes is wetted with it. The required pressure
difference is difficult to achieve. If the bubble point is low the electrolyte is easily
displaced from the pores by the gas.

Parameter Medium O,-Elektrodes H;-Elektrodes
T #366 |#249] Oxag | #314 | #130
_ Octane 214 I 550 232 200
Bubble point Ty, per 20 10 | 250 87 210
[mbar] 7MKOH | 415 20 600 130 770

Table 4-6: Bubble point measurement

Table 4-6 shows the results of the bubble point measurement. Electrode #249 has the
lowest bubble point. This leads to the conclusion that the pores are relatively large.
According to the different surface tensions of the measurement fluids the bubble
point has to be smallest for octane, medium for water and highest for KOH.

The deviations could be related to the different wetting properties of the
measurement fluids. Octane has the best wetting properties of the three measurement
fluids. As a consequence, also smaller pores can be filled which in return require a

higher pressure to be cleared resulting in a higher bubble point.

4.1.2.3 Fluid Abserption

The fluid absorption allows to draw conclusions about the wetting properties. For
this the electrode is first weighed in a dry state. Then the sample is placed in the
according test fluid for a certain time. The electrode is then removed from the fluid,
slightly dried and reweighed.

Due to the different densities of the used test fluids the absorbed amount of fluid in
grams is not very meaningful. The conversion into the absorbed fluid volume allows
to better compare the results. The three test fluids have different wetting properties,
octane wets very well while KOH has the worst wetting properties.
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Parameters Medium Oz-Elect%'odes H;-Electrodes

#366 #249 Oxag #314 #130

Net weight Octane 128 147 116 47 25

[mg] | Water 83 13 156 59 46
7 M KOH 203 82 279 80 105

Volume Octane 182 210 165 67 35

[ul] | Water 83 13 156 59 46

L 7 M KOH 156 63 214 61 80

Table 4-7: Net weight and recorded volume

Table 4-7 shows the results of the wetting measurement. The results are very
inconsistent. None of the electrodes behaves in a way that could be expected.
Electrode #314 absorbs all three measurement fluids to the same extent. Electrode

#130 behaves contrary as expected as KOH wets it best and octane least.

4.1.3 Characteristic Measurement Values Separator

The separator consists of a porous plastic film and in a fuel cell one of its functions is
to keep the two reaction gases separate. In order to achieve this the pores have to be
filled with liquid KOH. The bubble point should be as high as possible. At Gaskatel
pressure differences larger than 1 bar were rated suitable. The separator materials
listed below all have a bubble point larger than 1 bar.

The separator should furthermore electrically isolate (for electron flow) the two
electrodes from each other. On the one hand this is achieved by the separator which
acts as a spacer preventing the electrodes from getting in touch with each other. On
the other hand the separator material has to consist of an electrically isolating
material, such as plastic.

Some separator materials contain fillers. Here care has to be taken that the fillers are
not electrically conducting and remain that way when used in a fuel cell.

The third important criterion is that the separator inhibits the charge transport
through the electrolyte, which is effected by OH -ions, as little as possible. This
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property is also called diaphragm resistance. The pressure-dependent hydroxide flow
rate through the separator is a first orientation point. If the flow rate is high the
charge transport via the electrolyte is good as well. Filled separators are an exception
here as the flow rate is usually very low due to the absence of actual pores. However,
the filler enhances the ion transport which takes place through diffusion. In order to
produce the cross flow EloFlux electrodes as well as separators require a very good
permeability while the pressure loss needs to be as low as possible.

In order to determine the flow rate values circular samples (diameter 3.9 cm) are first
soaked in the fluid to be measured to completely wet them. Then they are mounted
into the appropriate sample mount. Finally, the respective measurement fluid is
pressed through the sample with a pressure difference of 0.1 bar. The time required

for 20 ml measurement fluid to pass the sample is measured and used to calculate the

flow rate.

AMS .
Separator Fas 1000 Zirfon | Supor 45 | Supor 80
Weight cylinder
(dry) [mg] 489 604 83 93
J=39.5mm
Thickness (pm] 200 212 234 230
Flow rate H,O )
0.1 bar, 20 °C [ml/min] 0.03 5.5 20 60
Flow rate 7M KOH )
0.1bar, 70 °C [ml/min] 0.3 4 20 43
|
Flow rate 7 M KOH
0.1 bar, 70 °C [ml/min] 0.2 4 20 26
|over night

Table 4-8: Characteristic measurement values for different separators

Table 4-8 shows the measurement results of selected separators. The separators AMS
and Zirfon are separators with fillers. Accordingly, they exhibit the worst flow rates.
The separator AMS was used in the fuel cells where it became apparent that the good

diffusion properties are sufficient to ensure the charge transport. The separators
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Supor 45 (pore size 0.45 pm) and Supor 80 (pore size 0.80 pm) are porous plastic

films and hence they exhibit comparatively good flow rates.

4.2 Experiments with Alkaline Fuel Cells

In the following the results of the experiments are presented which are in a direct
connection to the deep see project. The experimental conditions were comparable to
the conditions in the deep sea. The obtained measurement data provide insights into
the application under optimal conditions.

The following experiments showed that the increase in volume due to the reaction
water almost exclusively occurred at the oxygen side. The reaction equations for the
AFC lead to the expectation that this would happen at the hydrogen side. This

behaviour is examined in greater detail in Section 4.3.

4.2.1 Experiments at Room Temperature

The objective of this experiment was to show if it is possible to operate an AFC
without a stimulated electrolyte circulation at a lower temperature of ¢. 25 °C. This
was the first time that an AFC was operated under such conditions at the Gaskatel
company and it hence was the first experience of that kind.

Decreasing the operating temperature from c. 5060 °C to c. 25°C yielded the
advantage that no cooling device was required. Apart from the temperature the
operating parameters are quite close to the conditions in the deep sea probe.

The experiment was carried out using the test stand as described in Section 3.2. A
KOH tank was not connected during the experiment. The KOH supply available was
only the volume in the electrolyte distributors and the conduits. The potassium
hydroxide solution was not pumped and not pressurized. The gas pressure for
hydrogen and oxygen were c. 0.6 bar. At the beginning of the experiment the
concentration of the potassium hydroxide solution was 7.0 M. At the end of the
experiment the concentration had fallen to 3.5 M which was due to the reaction

water,
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The temperature of the fuel cell was between 24.0 °C and 25.5 °C during the
experiment. The load current was adjusted to 2.1 A. The thermostat was not used.
The experiment duration was c. 44 hours. After this time the supply of KOH had
decreased in concentration from 7.0 M to 3.5 M.

Caracteristic for 2.1 A and 24°C, from 7.0 Mto 3.5 M

0.860 | A N S . S— j——«——-——— 10
o | rc Il Volta

Q e
0.810 - | A/ > 3

- s
va T‘T;W””

0.830

Cell Voltage [V]
B

0,810 1 —_—— -t

Temperaturs Differance [*C)

0.790 i
|

0.770 1 ————ﬁ’——-——l
0750 vL ;
0.0 50 10.0 15.0 200 25.0 300 50 40.0 45.0

Time [h]
|

Diagram 4-4: Characteristic curve at 2.1 A and 24 °C, from 7.0 Mto 3.5 M

Diagram 4-4 shows the cell voltage in volts and the temperature difference between
the room temperature and the fuel cell temperature in °C. The values are plotted
against the time in hours.

The cell voltage drops from circa 930 mV to 875 mV. This behaviour was
unexpected and several causes for it are conceivable. Due to the decrease of the KOH
concentration the conductivity of the hydroxide solution is also reduced. This decline
of conductivity leads to an increase of the voltage drop across the electrolyte. As will
be shown later the concentration can decrease down to 0.01 M before a voltage drop
can be measured at a current of 1 A. It could be measured that the electrolyte
concentration decreased to only 3.5 M. However, it cannot be completely excluded

that the local concentration in the electrode was significantly lower.
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This behaviour shows that the set current was too high under these conditions which
means, that the supply of the electrodes with electrolyte or reaction gases was
inhibited. Since the electrodes have a certain storage capacity the phenomenon did
not immediately become apparent. A more detailed discussion of the causes of the
voltage drop is presented in Section 5.2.3.1.

The cell temperature was c. 5 °C above the room temperature. This indicates that to a
certain extent the cell is able to heat itself up. By applying suitable measures for a
thermal insulation the operating temperature of the fuel cell could be increased
further. The cell efficiency increases with a higher temperature.

During the experiment an unexpected behaviour became apparent with regards to the
produced reaction water volume. The outlets of the two separated electrolyte
compartments were each connected to a plastic tube. The plastic tubes hold the
produced reaction water. The fluid level increased almost exclusively at the oxygen
side.

According to the chemical reactions it was expected that the volume would occur at

the hydrogen side. This behaviour is examined in greater detail in Section 4.3.

4.2.2 Experiment at 5 °C

After the above experiment had shown that it is possible to operate an AFC at room
temperature without electrolyte circulation a further experiment investigating this
was carried out.

A current of 2 A resulted in a relatively high cell voltage drop so that the current was
lowered to 1 A. It was intended to counteract the transport problem with this and
lessen or stop the cell voltage drop. Furthermore, the operating temperature was now
lowered to the specified value of § °C.

The experimental set-up was identical to the set-up described in Section 4.2.1. In
addition the cell temperature was lowered to 5 °C using a thermostat. The gas
pressures for hydrogen and oxygen were circa 0.6 bar. The load current was adjusted

to 1.1 A. At the beginning of the experiment the concentration of the potassium
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hydroxide solution was 4.2 M. The cell was operated until the concentration had

decreased to 3.5 M. The experiment duration was 20 h.

Caracteristic Curve at 1.1 Aand 5°C, from 4.2 M nach 3.5 M
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Diagram 4-5; Characteristic curve at 1.1 A and 5 °C, from4.2 Mto 35 M

Diagram 4-5 shows the cell voltage in volts and the cell temperature in °C plotted
against the time in hours. The cell voltage did not change over the time. This shows
that the current at which the matter transport is just about sufficient to maintain the
cell voltage lies between 1.1 A and 2.1 A. A further lowering of the temperature did
not result in further disadvantages.

As observed in Section 4.2.1 almost the entire volume was produced at the oxygen

side. This behaviour is examined in more detail in Section 4.3.

4.2.3 Experiment at 5 °C with a KOH Tank

The experiment described in Section 4.2.2 was carried out without a KOH storage
tank. The only KOH supply was in the electrolyte distributors of the AFC. Because

of the long operating time of the measurement probe it is essential to have a
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sufficient supply of KOH. The supply volume would absorb the reaction water
without diluting the hydroxide solution too much. The following experiment was
aimed at proving that the exchange of potassium hydroxide solution does not only
work inside the fuel cell but also between the fuel cell and the storage tank. Due to
the large amount of KOH in the storage tank observing the matural concentration
decline would be very time consuming. Therefore the 7.0 M KOH was exchanged
with 3.5 M after c. 43. h.
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Diagram 4-6: Characteristic curve at 1.1 A and 5 °C, supply from a tank

The experimental set-up is identical with the one described in Section 4.1. In addition
the cell temperature was lowered to 5 °C using a thermostat. The main difference
was the additionally connected KOH tank. The gas pressures for hydrogen and
oxygen were circa 0.6 bar and the load current was adjusted to 1.1 A. The
concentration was 7.0 M at the beginning of the experiment. The 7.0 M KOH was
exchanged with 3.5 M KOH after ¢. 43 h and the cell was loaded with 1.1A for
another c. 25 h.
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Diagram 4-6 shows the cell voltage in volts and the temperature of the fuel cell in °C
plotted against the time. The progression of the cell voltage remains nearly constant.
The supply of the cell with KOH from a tank and the extraction of the reaction water
into a tank worked well and the use of a pump is not required as the matter transport
caused by diffusion was sufficient. The cell temperature remained largely constant at

5 °C, so the cell also met this specification.

4.3 Experiments on Water Extraction

For the deep sea application a fuel cell system without a pump is used which means
that the matter transport cannot take place by stimulated convection. As will be
explained later the matter transport takes place through diffusion processes and/or the
electric field inside the AFC.

The experiments described in Sections 4.2.1 and 4.2.2 already yielded that the
volume increase almost exclusively takes place at the oxygen side. This behaviour is
now investigated in greater detail. The increase of volume was not expected to that
extent and the results of the corresponding experiments are presented in the

following.

4.3.1 Volume Measurement and Reaction Water Extraction

The objective of the experiment was to gain an understanding of the water extraction
from the cell. Furthermore, the experiment was aimed at showing how the water
extraction changes dependent on the current. Three experiments were carried out for
this with 2.1 A, 5 A and 10 A. The experiment duration became shorter each time,
frorn 28 h to 9 h to finally 5 h.

The test stand used for the experiments was the same as described in Section 3.2. A
KOH tank was not connected in the experiment. The KOH supply comprised only of
the volume in the electrolyte distributors and the conduits. The potassium hydroxide
solution was not pumped or pressurised. The gas pressures of hydrogen and oxygen

were ¢. 0.6 bar. The initial concentration of the potassium hydroxide solution was
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7.0 M. The temperature of the fuel cell was adjusted with a thermostat at ¢. 40 °C,
This was necessary as the experiments were carried out with different currents.
Caused by the higher heat dissipation at higher currents the cell would heat up to
different extents. A comparison for different temperatures would be difficult. The use
of the thermostat allowed to maintain the operating temperature even for different
load currents.

The increasing volume caused by the reaction water was initially metered via the

level in the vertically mounted conduits and then converted into volume,
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Diagram 4-7: Comparison cell voltageat [= 10 A, I=5Aand 1 =2.1 A, at 40 °C

Diagram 4-7 shows the cell voltage in volts for different currents plotted against the
time in h. The higher the current the faster decreases the cell voltage. The voltage
decline is non-linear over time. This shows clearest for the measured curve with
I1=10 A. As already seen in Section 4.2.1 the current limit of this cell was between

1.1 and 2.1 A. The supply problem becomes stronger with increasing current.
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Diagram 4-8: Comparison volume change, H, side, at T =40 °C

Diagram 4-8 shows the volume increase at the hydrogen side in cm?® for different

currents over the time in h. The measured curve for I = 10 A increases to a certain

value shortly after the current was switched on and remains stable after that.

For I =5 A also a quick increase is seen at the beginning which is not as high as for
I=10 A. From then on the volume increases with a constant rate. For I = 2.1 A also
a quick increase occurs shortly after switching on, which is again lower than for

I=35 A. From then on also a linear increase can be observed with a lower slope than

forI=5A.
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The quick volume increase during the first 30 min is elaborated later. The volume
increase at the hydrogen side is influenced by the current. A clear relationship is not
apparent here. Only when plotting the volumne over the charge in Ah the relationship
shows (see Diagram 4-9)
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Diagram 4-9: Volume change as a function of the charge in Ah, H; side, at T =40 °C

In order to simplify the comparison of the measured values the volume increase at
the hydrogen side was plotted against the charge in Ah in Diagram 4-9. The volume
increase is given in cm’.

The measured curve for I =10 A increases shortly after switching on the current to a
certain value and remains stable afterwards. For 1=5 A a fast increase at the
beginning can be seen which is not as high as for I = 10 A. From then onwards the
volume increases with a constant rate.

For I=2.1 A also an increase shortly after switching on can be observed which is
again lower than for I =5 A. From this value on also a constant increase occurs. The

slope is slightly steeper than for[ =5 A.
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Now a clear relationship shows between current and volume increase. The higher the
current the lower is the volume increase at the hydrogen side. Apart for an increase
shortly after switching on the current no further increase could be measured for a
current of 10 A. 1t cannot be stated whether the volume would even decrease when

increasing the load current, but this is possible.
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Diagram 4-10: Comparison volume change, O, side, at T = 40 °C

Diagram 4-10 shows the volume increase in cm® at the oxygen side for different
currents plotted against the time in h. The larger the current the higher is the volume
increase, which is linear. Here, also shortly after switching on a change of the slope
of the volume change curve can be seen. Initially, the increase for the first 30 min is
low. Then the increase is significantly higher (detailed representation in

Diagram 4-13). The relationship between current and produced reaction water is
described by Faraday’s law of electrolysis which states that the amount of reaction
water is proportional to the current. Here, almost the entire reaction water is
removed. The hydrogen side additionally influences the volume extraction at the

oxygen side.
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Comparison Volume Change over Charge, O, Side
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Diagram 4-11: Volume change as a function of charge in Ah, O; side, at T =40 °C

Diagram 4-11 shows the volume increase in cm® at the oxygen side for different
currents against the charge in Ah. The slope of the measured curves for 5 A and 10 A

is nearly identical. For 2.1 A the slope declines slightly after a load of 10 Ah.
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Volume Change H; Side within first 60 min
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Diagram 4-12: Volume change H, side within the first 60 min, at T = 40 °C

Diagram 4-12 shows the first 60 min of the curve seen in Diagram 4-9 in greater

detail. Up to a run-time of up to c. 30 min the volume increases strongly, then the

curve continues clearly flatter. Since the first measurement was only taken 0.5 h after

the start it cannot be stated whether the increase occurred earlier.

The extent of the increase correlates with the current. The higher the current the

higher the volume increases. This behaviour indicates that the electrodes reach some

sort of equilibrium which obviously has a relationship to the current.
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Diagram 4-13: Volume change O, side with the first 60 min, at T =40 °C

Diagram 4-13 shows the first 60 min of the curve seen in Diagram 4-9 in greater
detail. Up to a run-time of circa 30 min the volume increases steadily. After this the
volume increase is significantly higher. It should be noted that the first reading after
the start of the experiment was taken at 30 min. It is therefore not possible to identify

whether the increase had not occurred earlier.
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Comparison Volume Change over Charge
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Diagram 4-14: Total volume change at =10 A, I=5 A, I1=2.1 A and calculated, at T =40 °C

Diagram 4-14 shows the total volume changes against the charge. The volumes at the
hydrogen side were added to the volumes at the oxygen side. For the same charge the
same amount of reaction water should be produced which should make the
comparison of the measured value easier. The theoretical progression was plotted
additionally. Here, a significant deviation to the calculated values can be seen. The
reasons for this are discussed in Section 5.3

At the end of the experiments the hydroxide solution in the electrolyte compartment
was exchanged with fresh solution. The concentration of the used {i.e. diluted)
hydroxide solution was measured separately for both electrolyte compartments. This
was done to find out whether different concentrations occur at the hydrogen side and
the oxygen side. According to the reaction equation it was to be expected that the

concentration at the oxygen side would be higher than at the hydrogen side.
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10A 5A 2.1A
Start concentration 7.0M 7.0M 7.0M
H, side, experiment 5148 M 4918 M 4852 M
O, side, experiment 5.074 M 5411 M 5040 M
Ac O; side H; side -0.074 M 0.493 M 0.138 M
Start concentration 70M 7.0M 7.0M
H; side, calculated 3.590M 3.838M 3.590 M
O; side, calculated 4186 M 4802 M 4235M
AcH; 1.558 M 1.080 M 1.262 M
AcO, 0.888 M 0.609 M 0.805M

Table 4-9: Concentration Comparison: Measured values and calculated values

Table 4-9 shows the concentrations in M at the end of the experiments. For
comparison, the calculated values are given as well. The calculation takes into
consideration the size of the electrolyte compartments and the theoretically produced
amount of reaction water. Furthermore, the different volumes at the hydrogen and
oxygen side are taken into consideration in the calculation as well (see Appendix).
The concentration differences between hydrogen and oxygen side are not very large.
As illustrated in Section 5.4 the water removal functions well, otherwise larger
concentration differences would occur.

The calculated values are always below the ones measured in the experiment. This
indicates that concentrations in the electrodes are assumingly smaller than in the
electrolyte compartments. The two bottom lines show the difference between the

calculated and measured values.,
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Diagram 4-15: Concentration comparison measured values and calculated values

In Diagram 4-15 the values of Table 4-9 are represented graphically. In addition the

load currents and the ampere hours are given.

4,3.2 Concentration Measurement in the Fuel Cell

The above experiments with regards to the reaction water extraction did not yet
deliver any indications about the concentrations in the electrolyte distributors. So far,
only the volumes could be determined. As the concentrations were always measured
at the end of the experiments the progression of the concentration change could not
be represented. The following experiment was aimed at a continuous concentration
measurement in both electrolyte distributors while the fuel cell was in operation.

For these measurements the fuel cell described in Section 3.9 was used. This cell was
prepared to take the concentration sensors. The voltage signal of the concentration

sensor was converted into the hydroxide concentration in M.

119



Chapter 4: Experiment Results

4.3.2.1 Total Overview

Diagram 4-14 shows the progression of the concentration of the hydroxide solution
in M at the hydrogen side and the oxygen side as well as the cell voltage over the
time in h. The experiment duration was circa 90 h. The initial concentration in both
electrolyte distributors was 7.0 M. The load current was set to 1.1 A for the entire
experiment. The cell temperature was controlled using a thermostat and was kept

almost constant at 30 °C.

Concentration Measurement, Total Overview
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Diagram 4-16: Concentration measurement, total overview

Up to c. 25 h after the start the concentration decreased evenly at both sides. After
that the concentration at the hydrogen side decreased significantly faster than on the
oxygen side, or the concentration at the oxygen side decreased more slowly
respectively. After circa 20 h the cell voltage decreased slower than before.

The step-wise concentration decline at the hydrogen side is prominent. The

measurement indicates that the water is not removed continuously but in steps.
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43.2.2 Detailed Representation hetween 20 h and 80 h
In order to more precisely evaluate the measured curves it is necessary to represent
certain ranges in greater detail. The range between 20 and 80 h is investigated more

closely. In this area the step-like concentration decline occurred at the hydrogen side.

Concentration Measurement, Detalled Representation, 20h to 80 h
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Diagram 4-17: Concentration measurement, detailed representation, H; side

Diagram 4-17 shows the range between 20 h and 80 h. The progression of the
concentration at the oxygen side and the cell voltage are plotted against the time. A

relationship between the decline of the concentration and the decline of the cell

voltage becomes apparent.
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The measured curve can be divided into two ranges:

1 The concentration hardly changes while the cell voltage continuously

declines.
2 The concentration drops suddenly while the cell voltage recovers slightly.

The recovery of the cell voltage becomes more prominent with increasing run-time.
This behaviour could be caused by two effects. On the one hand the cell voltage
improves if the reaction water is removed and fresh hydroxide solution can flow into
the electrode. On the other hand it is possible that the gas pores fill more and more
with fluid if the water cannot be removed. This would cause less and less gas to be in

the pores. If the water is now removed then fresh reaction gas can again flow into the

pores.

Concentration Measurement, Detalled Representation, 20 h to 80 h
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Diagram 4-18: Concentration measurement, detailed representation, O; side

Diagram 4-18 is the same as Diagram 4-17, with the difference that the progression

of the concentration at the oxygen side is also shown. The progression of the
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concentration basically declines steadily. However, the sudden concentration drop at
the hydrogen side has not only an influence on the cell voltage but also on the

progression of the concentration at the oxygen side.

43.23 Electrode Potential
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Disgram 4-19: Potential and concentration at the hydrogen side

Diagram 4-19 shows the progression of the electric potential at the hydrogen
electrode in comparison with the concentration change at the hydrogen side. The
measured values are plotted against the time in h. In the ranges marked with (2) the
potential does not increase further or even drops again respectively. In comparison
with the hydrogen reference electrode the electrode potential without a load is 0 V
(i.e. both electrodes have hydrogen potential). Increasing the load current causes an
increase of the electrode potential, it becomes more positive than the H; reference

electrode. This means that the cell voltage decreases. In case the electrode potential
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at the hydrogen electrode increases this means that the latter deteriorates. Removing

the water has a positive effect on the electrode and the potential stabilises again.

Comparison Potential, KOH Concentration Oxygen Side
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Diagram 4-20: Potential and concentration at the oxygen side

Diagram 4-20 shows the progression of the potential of the oxygen electrode
compared to the concentration change at the oxygen and hydrogen side. The
measured values are represented over the time in h. In the areas marked by (2) the
potential decreases stronger than in the areas marked with (1).

In order to obtain an additional comparison the concentration progression at the
hydrogen side was recorded as well. Compared to the hydrogen reference electrode
the electrode potential of the oxygen electrode is theoretically 1.23 V (without a load
current). Practically voltages of ¢. 1.1 V (without a load current) are achieved. If the
load current is increased the potential of the oxygen electrode decreases.

Here, it also shows that the sudden water extraction at the hydrogen side has an
influence on the potential of the oxygen electrode. At the hydrogen side the water
extraction has a positive influence on the potential of the hydrogen electrode.

However, the potential of the oxygen electrode decreases and thus deteriorates.
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5 Discussion of the Results

In this chapter the measurement results which were presented in Chapter 4 are
discussed. Initially, the preliminary experiments on electrodes and separators are
elaborated, which are in detail:

* measurements on diffusion behaviour

e determination of the density and area density

e measurements on gas permeation

e measurements on fluid permeability

* bubble point measurement

o fluid absorption

This is followed by a discussion of the results obtained from the fuel cells.

5.1 Electrode and Separator Examinations

To remind the reader: prior to their use in an AFC electrodes and separators are
examined in preliminary tests. This allows to make first statements about their
suitability for the application in an AFC. Furthermore, some electrode properties can
be specifically influenced during the manufacturing process. The preliminary tests
also allow to compare different electrodes with each other. The measurement
methods are shortly recalled in the following and some fundamental insights are
illustrated.

5.1.1 Diffusion Measurement

The diffusion properties of the electrodes and separators were determined using the
experimental set-up shown in Figure 5-1. Two compartments are separated by the
sample under test. At the beginning of the experiment, compartment | contains
distilled water while compartment 2 contains 7.0 M KOH.

The exchange of the fluids can in principle take place in both directions. Therefore,
after the measurement time the change of volume as well as the change of

concentration on both sides were measured in order to determine the matter transport.
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Pipette for Volume Measurment
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Figure 5-1: Test cell for diffusion measurement

The balancing of the concentrations is effected by the Brownian molecular
movements, which are temperature-dependent, chaotic random movements of the
molecules. The friction of and collisions with other particles counteract these
movements. From a macroscopic viewpoint the concentration gradient is the driving
force for a matter transport.

Potassium hydroxide solution is a mixture of K'-ions, OH -ions and water. The
(charged) ions are surrounded by water molecules (hydrate shell) to shield their
charge. This is due to the dipole properties of water. Because of the size differences
between ions with a hydrate shell and water molecules it can be assumed that the
smaller water molecules can move faster than the large ions with their hydrate shell.
The ion mobility could easily be determined using the diffusion coefficient which
after all describes the mobility of particles. This value is available for KOH in water;
however, for water in KOH no values could be found.

While usually water moves towards KOH, K'-ions and OH -ions move towards the
water. The electrodes and separators provide resistance against the molecular
movement. The influence of the sample on the matter transport depends on the extent

of the interaction between the fluid molecules and the sample molecules.
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The K*-ions and OH -ions as well as the water exhibit quite different properties.
K*-ions bave a positive charge while OH -ions have a negative charge. Water has
dipole properties.

The arrangement of the atoms in a water molecule cause an accumulation of positive
charges in the region of the hydrogen atoms while negative charge carriers
accumulate in the region of the oxygen atom (see Figure 5-2). This constellation
leads to the mentioned dipole properties. As a consequence, the water molecules
around a K'-ion arrange themselves with the oxygen atom towards the K'-ion. For an
OH -ion, the water molecules are positioned around the ion with the hydrogen atoms
towards the OH -ion. The principle holds that like charges repel each other while

unlike charges attract each other.

Figure 52: Water molecule; the
negative charge carriers
concentrate in the region of the
oxygen atom (0O), while the

positive charge carriers
concentrate in the region of the
hydrogen atoms

Since the different samples also have very different properties due to the different
materials and pore structures the matter transport is not expected to be uniform. The
volume measurements already indicated that the samples are very different with

regards to their diffusive transport behaviour.
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The results of the diffusion measurement allow to also approximately calculate the

diffusion coefficients of the various parts. For this, Fick’s first law was used [5-1]:

J=—D~d—c——>D=—J-£t— (Eq. 5-1)
dx dc

where J is the particle flow, D the diffusion coefficient, dx the thickness of the
electrode/ the separator and dc denotes the concentration difference.

This calculation, however, exhibits errors. The concentrations at the beginning and at
the end of the experiment were known, but the concentrations did not remain
constant. This means, that the concentration gradient changed during the progression
of the experiment. In the equation an average concentration gradient was used.

The diffusion coefficients calculated here allow to calculate the required
concentration gradients in an AFC that have to adjust if a certain amount of particles
is to be transported. The results are presented in Table 5-1. The particle flow for a

current of I = 1 A was calculated to be ¢. 37 mmol/h. The cell area was 100 cm?2.

Diffusion coefficient | Diffusion coefficient | Accell | Accell
KOH in water water in KOH for KOH | for H,O
107° [cm¥/s] 107% [cm?/s] M] M]
Reforonce 2.855 - 0.108 .

AMS 0.532 4,758 0.580 0.065
#314 0.894 7.090 0.345 0.043
#130 0.126 0.918 2.453 0.336
#249 Silflon 0.114 2.249 2,709 0.137
#366 Silflon 0.426 8.982 0.724 0.034
Oxag 0.042 13.152 7.369 0.023

Table 5-1: Diffusion coefficients and required AcforI=1A
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The diffusion coefficient D, for KOH in water is calculated as:

D = (z, +|z_|)-D+ D

salt — z, 'D+ +|Z_|'D__ (Eq- 5'2)

where z is the ion charge, D. is the diffusion coefficient of the positively charged
ions and D denotes the diffusion coefficient of the negatively charged ions. KOH

consists of K (D=1.957-10"°cm?.s7") and OH (D =5.273-10"¢cm? .s™").
For the diffusion coefficient this yields Dg,, = 2.855. 105¢m? .57, These values

are valid for solutions with a low concentration. For high concentrations no values
could be found [5-2].

Apart from electrode #314 no statement can be made for the other electrodes and
separators respectively if and how much water is transported by the potassium
hydroxide solution towards the water side. The experiment and the calculations can
only determine the net amount of the transported water. It is, however, likely that the
KOH transports more or less water.

The size of the hydrate shell of the ions depends on the concentration. Whether an
ion releases parts of or its entire hydrate shell depends on whether the energetic state
of the ion improves or at least does not get worse. If an ion has to partly or entirely
leave its hydrate shell behind the hydrate shell has to be replaced by other particles
for the transition through the electrode or the separator. In biology science, such a
mechanism was verified for the migration of potassium ions through a cell
membrane [5-3]. In this context the term potassium channels is used. These passages
through the membrane have a diameter just about the diameter of the potassium ion.
The wall of the channel is covered with oxygen molecules which replace the water
molecules of the hydrate shell for the migration of the ion through the channel. At
the other end of the channel the hydrate shell reforms around the ion. The electrode
material could exhibit properties similar to the oxygen molecules of the ion channel.
If this actually takes place inside the electrodes cannot be stated here, but it was
pointed out that it is possible.
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5.1.2 Area and Area Density

A circular probe with a diameter of ¢. 3.9 cm is punched out of an electrode piece,
corresponding to an area of circa 12 cm?. From these values the area and the area
density can be calculated.

The density of the electrode allows to determine how porous the latter is, i.e. what
portion of hollow space (pores) the electrode contains. The number of pores and the

pore size cannot be determined from this.

5.1.3 Gas Permeation

For the permeability the gas permeation of the sample is measured. For this the flow-
dependent pressure loss at a gas flow rate of 100 mi/min through the sample is

determined.

5.1.4 Fluid Permeability

Here, the permeability for fluids is measured. The time is measured that 10 ml of a
measurement fluid require to flow through the sample at a pressure difference of

100 mbar, Table 5-2 shows the physical properties of the used test fluids.

Density Dynamic Viscosity Surface tension
g/em?® mPas mN/m
Octane 0.703 0.508 22
Water 1.000 1.004 74
L7 M KOH 1.295 2,357 93

Table 5-2: Physical properties of the test fluids octane, water and 7 M KOH [5-4]
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5.1.5 Bubble point

The bubble point states the pressure required to press the first gas bubbles through a
porous material which is completely soaked with a fluid. This test allows to
determine the size of the largest pore. The surface tension of the test fluid and the
wetting angle between test fluid and the tested material (solid state surface) are used

for the calculation [5-5).
_4-0-cosax

dx
Ap

(Eq. 5-3)

where d, denotes the pore diameter in metres, O is the surface tension in N/m, o is
the wetting angle between the fluid and the solid state surface and Ap denotes the

pressure difference in Pa across the sample (electrode or separator).

5.1.6 The Electrodes at the Hydrogen Side
At the hydrogen side Raney nickel is used as catalyst. Electrodes #314 and #130

mainly consist of this matenial. At the hydrogen electrode the hydrogen is consumed
while reacting with the OH -ions thus forming the reaction water. The electrode

should be able to release the water well and absorb OH -ions in return.

5.1.6.1 Electrode #314
Electrode #314 behaves different than the other electrodes in the diffusion

measurement in so far that KOH as well as water migrate from compartment 2 to
compartment 1, while circa six times more water than KOH is transported. Despite
the fact that this electrode was manufactured without a pore builder it is however
relatively porous, which is also confirmed by the permeation and flow rate
measurements. Compared to other electrodes its bubble point is rather low. An
explanation for the results would be that the KOH keeps the largest part of its hydrate
shells and takes it to the water side. This behaviour contradicts the above explained
different mobilities of the particles. Water is expected to migrate much better
towards the KOH than vice versa. The question remains why the water from the

other side is not able to flow to the KOH side. It is possible that the ions can pass the
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sample with their hydrate shells under the influence of the pore size and the material
properties. For the water molecules these interactions could be so disadvantageous
that they cannot pass the pores.

The electrode has a relatively low density and thickness, which leads to the
conclusion that it is quite porous. This is confirmed by the results of the gas
permeation measurement, as this electrode had the best results of all tested
electrodes; the only exception is electrode #249 which was manufactured using a
pore builder and hence should not be used for comparison.

The fluid permeability is also very high with the best results for octane and the
poorest results for KOH, with water being in between the two. Due to the different
viscosities of the fluids this behaviour was to be expected.

A concrete statement with regards to the bubble point measurement cannot be made.
Since the wetting angle is not known, Equation 5-2 can only be used in a limited way
to make statements.

The surface tension is lowest for octane and highest for KOH. Therefore, the bubble
point of octane should be lower than for KOH or water. However, the wetting angles
are very different for octane, water and KOH. The wetting angle of octane should be
clearly lower than for KOH or water; at least this was shown using some simple
experiments. For octane, the wetting angle probably converges towards zero. This
means, that the cosine of the angle converges towards one, so both properties have
opposing effects. It can furthermore not be completely excluded that the samples
were not entirely wetted which would introduce errors into the bubble point
measurement.

The results of the fluid volume absorbed by the electrode were unexpected. Due to
the different wetting properties of the test fluids, the volume absorption of octane
should be clearly higher than for KOH or water. Electrode #3 14 was used for the fuel

cells manufactured for this research.
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5.1.6.2 Electrode #130

Even though the consistency of this electrode is identical to electrode #314, the
obtained measurement results are completely different. For the diffusion
measurement the water moves towards the KOH and the KOH moves towards the
water, but circa five times more water moves towards the KOH than vice versa.
However, the overall transported amount of water is only 10 % of the value of
electrode #314.

The electrode has the largest thickness of all tested electrodes thus resulting in a high
density and area density, which results in a poor gas permeability. The porosity of
electrode #130 is clearly smaller than of #314, which is also reflected in the fluid
permeability.

For the bubble point measurement the same holds as for electrode #314. It is
surprising that the bubble point for KOH is significantly higher than for octane and
water. The absorbed fluid volume is in the same range as for electrode #314. #130
absorbs more KOH than #314. The comparison of these two electrodes shows that

the manufacturing process has a strong influence on the electrode properties.

5.1.7 The Electrodes at the Oxygen Side

At the oxygen side silver is used as catalyst. Electrodes #249 and #366 were
manufactured from a pre-mixed silver-PTFE mixture. For #249 a pore builder was
additionally used. For #366 activated carbon and graphite were added to the mixture.
The Oxag electrode is made of silver oxide. Prior to its usage for oxygen
consumption it has to be reduced to pure silver.

At the oxygen electrode the oxygen is consumed. It reacts with water molecules and
forms new OH -ions. The electrode should be able to absorb the water well and
release OH -ions in return. A good release of OH -ions is very important since the

silver could corrode due to the concentration increase.

5.1.7.1 The Oxag Electrode

The Oxag electrode exhibits a diffusion behaviour as expected. The water moves

towards the KOH and the KOH moves towards the water. Of all tested electrodes it
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transports the largest amount of water. The KOH transport is very low. Furthermore,
deviations occur for the KOH measurement values. There are considerable
differences between the released and the absorbed amounts of particles; less KOH is
released than arrives at the other side. A probable cause for this is the pre-treatment
of the samples with potassium hydroxide solution. The samples were previously
soaked in 7M KOH for at least one hour. This was done to ensure that the pores of
the samples were completely filled. Whether this succeeded is questionable. The pore
system of the samples was presumably only partly filled with hydroxide solution. In
case during the experiment the sample gets in touch with water on one side and with
KOH on the other side, the KOH concentration of the sample changes. This causes
the sample to either release further KOH or absorb more fluid. In the substance
amount balance this appears as excess or loss.

The thickness and density of the electrode do not exhibit any unusual values. The gas
permeation is similar to #314. The fluid permeability is quite poor. If seen in the
context with the high bubble point, this could mean that the pores have relatively
small diameters. The gas permeation can still be ensured, but for the fluid
permeability the viscosity difference between gas and fluid is very important. The
flow resistance is much higher for the fluid in small pores.

The high bubble point poses a serious problem for the operation. Once the pores are
filled with fluid they can only be cleared again with a large effort or not at all. The
supply with reaction gas is inhibited and the power delivery of the cell collapses.

Compared to the other electrode this electrode absorbs the largest fluid volume.

5.1.7.2 Electrode #366

This electrode also behaves as expected with regards to the diffusion behaviour,
which is similar to the Oxag electrode. The transported amount of water is ¢. 50 %
lower than for the Oxag electrode. Here also considerable differences occur for the
transported amount of KOH. The electrode was also previously soaked in 7.0 M
KOH. At the KOH side more particles disappear than arrive at the water side, which
means that the electrode absorbs KOH. This behaviour is contrary to the Oxag
electrode, which released KOH.
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At the water side also deviations occurred, which were in the range of ¢. 10 %. The
electrode still absorbs water. This could mean, that the soaking in KOH was not
sufficient to fill the pores. During the experiment further pores were filled with fluid.
The electrode thickness and density were within a normal range. The measurement
results are similar to the Oxag electrode; the gas permeation was the poorest in the
comparison. The fluid permeability was also very poor. This leads to the conclusion
that the electrode is not very porous.

The results of the bubble point measurement are similar to the Oxag electrode.
However, the bubble point in water is considerably lower and is only circa 5 % of the
value measured for KOH. Therefore, this value has to be considered critically. It is
possible that the electrode was not entirely wetted and hence a too low value was
measured.

The absorbed fluid volume also indicates that a considerably lower amount of water
was absorbed. This would explain why the fluid permeability and the bubble point

for water were so poor. The electrode is water repelling.

5.1.7.3 Electrode #249

For this electrode the KOH also moves towards the water and the water moves
towards the KOH. The amount of transported water again declines and is only circa
30 % of the value of #366. The KOH transport is very poor and comparable to #130.
Here, also deviations for the matter transport occur. More KOH is released than
arrives at the water side. Furthermore, less water is released than arrives at the KOH
side. The cause for this is probably also the electrode absorbing and releasing
particies respectively.

Due to the high porosity and the relatively large pore diameter (which is explained
below) this electrode shows that a porous electrode exhibiting a good fluid
permeability can have a very poor diffusion behaviour. The electrode density is very
low and the electrode is very porous which is caused by the addition of pore builder.
Pore builders are solid state substances added as a powder to the electrode powder.
After the rolling process the electrode is heated up and the pore builder evaporates

thus leaving pores were the grains were previously. The process can be compared to
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the addition of baking powder when baking. The large porosity is confirmed by the
gas permeation measurement; the vatues are circa 20 times higher than for the other
electrodes. With the exception of water the fluid permeability is also very high. It
was unexpected that the electrode does not let water pass. The measurement value is
questionable. However, during the volume absorption measurement, the electrode
absorbed very little water. The low bubble point admittedly shows that the pores
have to be relatively large. It is hence remarkable that the electrode hardly absorbs
any water or lets it pass. The large pore diameter should only marginally influence

the fluid absorption.

5.2 Experiments with the Fuel Cells

The optimal operating temperature for AFCs is between 40 °C and 80 °C. For the
deep sea application two parameters important for AFCs had to be changed: on the
one hand the operating temperature had to be lowered; on the other hand the
potassium hydroxide solution is neither circulated nor is the reaction water extracted,

thus leading to a decline of the KOH concentration.

5.2.1 Test at Room Temperature

The first experiment was carried out at ¢. 30 °C. The advantage of this was that the
operating temperature was considerably lower than in a typical application of an
AFC without the need to use a cooling device. With 2 A and 20 mA/cm? respectively
the load current was low. This was the first experiment of the kind ever to be
undertaken in the Gaskatel company and hence this experiment was important to
obtain first insights.

The cell voltage declined increasingly with increasing operating time. From the start
to the end of the experiment a voltage decline of c. 55 mV was observed (see
Diagram 4-4). The extent of the voltage decline of circa 6 % of the starting value
within 45 h was not expected. This is probably caused by a supply problem with the
electrolyte or the reaction gases. Since this behaviour occurred at all experiments

with the AFC this is elaborated in a separate section (see Sections 5.2.3.1 to 5.2.3.4).
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Furthermore, the tubes connected to the cell for absorbing the reaction water showed
that the volume increase mainly occurred at the oxygen side. This behaviour was also
unexpected as the electrode reaction equations had led to the expectation that the
volume increase would occur at the hydrogen side. At the end of the experiment, the
KOH concentrations at the hydrogen side as well as at the oxygen side could be
determined. The values were almost identical. This leads to the conclusion that at
least in the outwards direction towards the electrolyte distributor a sound matter
exchange took place.

Concluding the temperature progression in Diagram 4-4 is elaborated. As already
mentioned above a fuel cell can heat itself up under certain conditions. Under the
operating parameters adjusted here the fuel cell produces a heat dissipation power of
c. 0.8 W. This is sufficient to increase the cell temperature by c. 5 °C as compared to
the room temperature. For the deep sea applicatton it follows that the cell is in fact
able to heat itself up. By using a sound thermal insulation this effect can be
enhanced, but not to the extent that the cell could reach its optimal operating

temperature.

5.2.2 Testat5s°C

In Section 5.2.1 the power loss of the fuel cell due to the decrease of the opérating
temperature to room temperature was already apparent. Since the specified
temperature for the deep sea probe is only 5 °C the cell was additionally cooled
down.

The experiment described in Section 5.2.1 had shown, that a load current of 2 A led
to a voltage drop. This is presumably caused by a supply problem; the cell is not
sufficiently supplied with the reaction gases or the electrolyte. This problem is later
elaborated in detail. In order to reduce or even completely eliminate the voltage
decline, the load current was reduced to half of its original value, i.e. 1 A. The
hydroxide concentration was reduced to 4.2 M. After a 20 h experiment duration the
hydroxide concentration had declined to 3.5 M. A critical-current behaviour like
above did not occur any more. The matter transport of electrolyte and gases was

sufficient to sustain a current of 1 A.
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This experiment shows that it is possible to operate an AFC at a temperature of 5 °C
and a current density of 10 mA/cm?. However, this is already at the limit of what is
possible. It was further shown that a hydroxide concentration of 3.5 M is sufficient. It
now remains to clarify, whether not only the matter transport within the cell works

but also between the cell and the storage tank.

5.2.3 Test at 5 °C, Supply from a Tank

In order to test whether the supply from a tank also works a further experiment was
initiated, in which a fuel cell was supplied with hydroxide from a storage tank. The
path the particles require to travel to achieve a concentration balance is hence
significantly longer. Furthermore, the diameter the particles need to cross is
considerably lower. Diagram 4-5 clearly shows that the supply of the cell from a tank
with potassium hydroxide solution works fine and no voltage drop was recorded.
This holds for concentration of 7.0 M as well as for a concentration of 3.5 M.

The experiments show that it is possible to operate an AFC under the specified
conditions. However, the problems with respect to the matter transport become

apparent with increasing current densities.

5.2.3.1 Voltage Drop

In the experiments discussed in Sections 5.2.1 to 5.2.3, but also in the experiments on
the water extraction and on the concentration measurement, a voltage drop during the
operating time was recurring. The causes for this are the same in all experiments and
hence they are elaborated in particular in this section.

A voltage drop in a cell under load can have various reasons. Initially, a distinction
has to be made between a voltage decline due to an increase of the load current and a
voltage decline which occurs over the operating time.

Increasing the load current causes the cell voltage to decrease. This is caused by
overvoltages at the electrodes, which are the transit overvoltage, the diffusion
overvoltage and the reaction overvoltage [5-6]. These overvoltages cause a
deterioration of the cell voltage. They have in common that they increase with

increasing load current. In addition to this, the ohmic resistance causes a linear
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voltage drop dependent on the load current. In case the load current remains constant
the overvoltages have to assume a constant value. A change of the voltage drop over
time has to be caused by an effect that also changes over time.

Caused by the dilution of the potassium hydroxide solution due to the reaction water
the conductivity of the hydroxide solution decreases over time. This leads to an
increased voltage drop across the electrolyte at a constant load current. This effect is
elaborated in more detail in the section about conductivity (Section 5.2.3.2).

Another cause of the voltage drop could be a supply problem with electrolyte or the
reaction gases. If one of the reaction partners (reaction gases or electrolyte) is only
limitedly available, the cell reacts with a drop of the cell voltage. The cell voltage is
composed of the two electrode potentials. By measuring the electrode parameters it
can be found out which electrode is affected by a supply problem. A further cause
could be a concentration difference in the electrolyte which also leads to a change of
the electrode potentials. In the following, these three causes are discussed in more
detail.
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5.2.3.2 Conductivity

The conductivity of the potassium hydroxide solution depends on the temperature
and the concentration. Diagram 5-2 shows these relationships [5-7]. At a temperature
of 50 °C to 60 °C the conductivity reaches its maximum value for a concentration of
7.0 M. A concentration decrease causes the conductivity to decline. This effect

results in a voltage drop across the electrolyte which causes a reduction of the cell

voltage.
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Diagram 5-1: Conductivity of potassinm hydroxide solution as a function of the concentration
and the temperature

During the experiment the electrolyte was diluted by the reaction water. The initial
concentration of 7.0 M was reduced to 3.5 M. This resulted in a decline of the
conductivity. The voltage drop across the electrolyte at such small current densities
as in this case is however extremely small. The electric current (electron flow)
flowing through the external circuit is effected inside the cell by an OH -ion flow
(ionic conduction) between the cathode and anode. The same laws hold for ionic

flow as for electron flow. Considering the electrolyte-soaked separator as an electric
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conductor with a cross-sectional area of 100 cm? and a length of 0.2 mm yields a

voltage drop of only several mV.

-

Voliage drop across the electrolyte, KOH concentration from 1 M to 10 M,
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Diagram 5-2: Voltage drop across the electrolyte at various load currenis depending on the
KOH concentration; KOH concentration in a range of 1 M to 10 M

Diagram 5-2 shows the voltage drop across the electrolyte depending on the
concentration of the latter. The currents and current densities were | A, 5 Aand 10 A
or 10 mA/cm?, 50 mA/cm? and 100 mA/cmy® respectively. For a decrease of the
concentration from 7.0 M to 3.5 M the voltage drop across the electrolyte is only c.
3 mV, even for a current of 10 A. At a voltage of 1 A—as specified for the deep sea
application—the voltage drop is below 1 mV, even for a concentration of merely
1 M.

In case the concentration falls below 1 M the voltage drop increases rapidly. This
problem will play a role further down and is hence explained again in Diagram 5-3.
Down to a concentration of 0.1 M, the voltage drop increases to 100 mV at 10 A. At
a cell voltage of 700 to 1000 mV this is a severe loss. Below a concentration of

0.1 M another strong increase of the voltage drop occurs. It is also visible that the
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voltage drop is rather low for currents below 1 A and 10 mA/cm? respectively, even

for a concentration of 0.1 M.

Yoitage drop across the electrolyte, KOH concentration from 0.01 M to 1
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Diagram 5-3: Voltage drop across the electrolyte at various load currents depending on the
KOH concentration; KOH concentration in a range of .01 Mto 1 M

For small load currents, a voltage drop in the measured range could only be caused
by a severe decrease of the KOH concentration in the electrodes. According to the
concentrations measured in the electrolyte distributors, the measured voltage drop
cannot be explained by the deterioration of the conductivity. It is, however, not
possible to state whether the concentrations in the electrolyte distributors and in the
electrodes are identical. So far there is no possibility to directly measure the KOH
concentration in the electrodes. The possibility can thus not be completely excluded,
that the electrolyte concentration in the electrodes differs from the concentration in

the electrolyte distributors, which would enhance the voltage drop.
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5.2.3.3 Critical-Current Behaviour

The term critical-current behaviour is used to describe a voltage drop caused by a
supply problem. If a cell were operated with a constant voltage then with a certain
current the critical current would be reached, at which the matter transport is just
about sufficient for the cell. A constant voltage operation yields the advantage that
the cell always delivers the highest possible current. In case the matter transport
deteriorates the cell reacts with a decreased current. For constant current operation
the cell responds to a deteriorated matter transport with a cell voltage drop.

To a small extent the electrodes can store (buffer) gases as well as electrolyte. If a
load current is adjusted that is above the possible matter transport, the stored volume
will be used. Depending on the extent of the shortfall of the matter transport a time
constant attunes after which the buffer is completely exhausted.

This problem could on the one hand be linked to an inadequate supply of the
electrodes with reaction gas. On the other hand, a limited supply with KOH or
disposal of reaction water could be the cause. It is not yet possible here to state,
whether the problem is linked with the electrolyte supply or due to reaction water
disposal. Further down, considerations on that regard are presented. Since no
individual electrode potentials were measured it is not clear which electrode suffered

a disadvantage.

5.2.3.4 Concentration Differences

The electrode reactions cause water to be formed at the hydrogen side while OH -
ions are formed at the oxygen side. A constricted concentration balancing could lead
to considerable concentration differences which would also cause a voltage drop.

In order to better estimate the situation of the concentration balancing it is shown
here, how the concentration in the electrodes would change if no balancing took
place between the two electrodes and between the electrode and the electrolyte
distributor respectively. To facilitate a charge balancing, the transport of K'-ions has
to be enabled.

143



Chapter S: Discussion of the Results

Progresslon of the concentration in the electrodes without matter
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Diagram $-4: Progression of the concentration in the electrodes without matter exchange (only K

The availability of OH -ions is important for the reaction at the hydrogen side. For
the oxygen side the presence of water is necessary to sustain the reaction. Here, the
process is determined by the maximum solubility of KOH, which is circa 22 M [5-4].
This consideration is very useful. It shows how fast the cell would reach
concentration ranges where the performance would be strongly reduced or the
reaction would stop completely respectively.

For a single cell this means, that an electrode with an active area of c. 100 cm?
absorbs ¢. 1 em?® hydroxide solution (initial concentration 7 M). At a current of 1 A
(10 mA/cm?) the supply of OH -ions at the hydrogen side would be exhausted after
c. 11 min, at which point all OH -ions would have been converted into water by

consuming hydrogen.
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At the oxygen side the situation is far less critical. The solubility limit of the
potassium hydroxide solution would only be reached under comparable conditions
after 34 minutes, so a factor of approximately three lies between the available times.
These considerations clearly show that the hydrogen electrode is much more affected
by an inhibited matter transport than the oxygen electrode. On the other hand the
corrosiveness of the hydroxide increases with increasing KOH concentration, which
can lead to an oxidisation of the silver. The corrosiveness is reflected in the activity
coefficient of the hydroxide solution. Diagram 5-5 shows the activity coefficient over
the KOH concentration. Above a concentration of c. 3 M the increase starts. At a
concentration of 10 M, the activity coefficient is already five times as large.

The oxygen electrode is hence exposed to the risk of a higher corrosion. An
oxidisation of the oxygen electrode could also lead to a drop of the cell voltage over
the operating time. Contrary to the supply problems, this voltage drop would not be
reversible.

The times until the reaction stops are reduced accordingly at higher currents. A free
matter transport in the cell is therefore of utmost importance. It is the aim to maintain
the hydroxide concentrations in the electrodes approximately constant. In case of the
TIGER project (deep sea probe project), the electrolyte will not be regenerated and
the decline of the concentration is consciously taken into consideration. However, the
matter transport has to be sufficient to keep the concentration difference between
hydrogen and oxygen electrode as low as possible. This can only be achieved if the

electrodes and separators exhibit only low resistances against the matter exchange.
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Mean Actlvity Coefficlent as Function of KOH Concentration
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Diagram 5-5: Activity coefficient over the KOH concentration

In case concentration differences should occur due to a poor matter exchange the
electrode potential is actually influenced. Using the Nernst equation the deviation
from the standard electrode potential at different concentrations can be calculated. In
case both electrodes have the same electrolyte concentration the deviation disappears
and the overall cell voltage is unaffected. However, if a concentration difference
occurs the cell voltage is changed. In the Nernst equation, the quotient of the two
concentrations appears as the argument of the 10-base logarithm (see Equation 5-4).
As a consequence, the cell voltage changes by only c. 59 mV, i.e. when the ratio of
the two concentrations is 10. This means, that if one electrode operates with a
concentration of ¢. 7 M, the concentration in the other electrode has to fall below

1 M to result in a clearly measurable cell voltage drop.

R-T . [BY
nF [A]

(Eq. 5-4)

E=E,-
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where Eg denotes the standard electrode potential, R is the universal gas constant, T
is the temperature in K, n is the number of electrons involved in the reaction, F is the
Faraday constant, ¢y is the standard concentration and ¢ is the concentration of the
electrolyte in the electrode.
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Diagram 5-6: Progression of the potential difference for different concentrations

Diagram 5-6 shows the calculated values, based on a hydroxide concentration of
7M. It can be clearly seen that for an increase of the concentration up to the
solubility limit of KOH the cell voltage would increase by only circa 30 mV. For a
decline in concentration a much larger potential difference occurs, which is due to

the stronger influence of the logarithm.
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5.3 Experiments on Water Extraction and Matter Transport

The experiment described in Section 4-3 showed a volume increase almost
exclusively at the electrolyte distributor facing the oxygen side. Furthermore, the

concentrations in both electrolyte distributors were nearly identical,

5.3.1 Volume Increase

As a short reminder: according to the reaction equations the reaction water is
produced at the hydrogen side, so a volume increase is expected to occur at this side.
Contrary to this expectation the volume increase occurred at the oxygen side.

The appearance of the volume in an AFC is due to two reasons: one is caused by the
individual reactions in the electrodes and the other is caused by the reaction water.
The volume increase due to the electrode reactions takes place at the oxygen
electrode and can be explained by the volumes of the participating reaction partners
[5-8].

The volumes of an OH-ion and a water molecule differ only marginally.
Investigating the reaction at the hydrogen side shows that two OH -ions form two
water molecules. The volume change is not noteworthy. However, at the oxygen side
one water molecule and half an oxygen molecule form two OH -ions. The gaseous
oxygen is transferred into the liquid electrolyte, thus doubling the fluid volume. This
shows that a certain volume increase has nothing to do with the formation of reaction
water as the latter is produced at the hydrogen side according to the reaction
equations. Furthermore, it has to be considered, that the OH -ions are surrounded by
a hydrate shell which would enhance the volume increase. This behaviour can only
be effected by a volume displacement. The total number of OH -ions in a certain
volume of KOH in an AFC cannot be changed. Exactly as many OH -ions are
formed at the oxygen electrode as are consumed at the hydrogen side. A volume
change can only occur if the concentrations change. If the OH™ concentration
increases at the oxygen electrode the concentration must decrease at the hydrogen

electrode.
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The volume changes measured in the experiment were caused by the reaction water.
The amount of reaction water is proportional to the load current and the run-time (see
Appendix). This relationship is expressed by Faraday’s equation.

At the end of the experiments the KOH concentrations in the two electrolyte
compartments were determined additionally. It was found that the values at both
sides were approximately the same. This means that largely a concentration
balancing takes place. Since the volume at the hydrogen side does only change little
or not at all, the amount of reaction water absorbed at the hydrogen side is small.

In case the concentration should be lowered while the volume is kept constant this
can only be achieved if water molecules join and at the same time K'- and OH -ions
are released (or consumed). When looking at the oxygen side based on the same
considerations this means that the volume can only increase if the reaction water is

transported there.

5.3.1.1 Volume Measurement

The individual experimental results are elaborated in the following. When comparing
the volume changes at the hydrogen side at different load currents the representation
of the volume over the operating time does not yield a uniform picture (see Diagram
4-8). Even though there is an influence of the load current on the volume increase it
does not correlate with the extent of the current. The strongest increase occurs at
I=5A, and it is slightly lower at 1=2.1 A. Apart from the increase immediately
after switching on the current (which is elaborated later), at I = 10 A no increase over
time can be measured.

The step-like increases at 1=2.1 A could be due to measurement errors. The cause
for this is probably the unnoticed accumulation of gas bubbles in the electrolyte
distributor at the hydrogen side, which could have been introduced through leakages.
A logical relationship between the current and the volume increase only becomes
apparent when representing the volume over the charge in Ah (see Diagram 4-9).
The representation over the charge has the advantage that for the same charge the
same amount of reaction water is produced. Now the dependency of volume increase

and current can be seen. The lower the load current the higher is the volume increase
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at the hydrogen side. At 10 A a volume increase cannot be detected any more. It is
conceivable that the volume could decrease if the current were further increased.

The volume progressions at the oxygen side (Diagrams 4-10 and 4-11) are not very
meaningful as they are influenced by the volume removal at the hydrogen side.
Furthermore, almost the entire volume is removed, small differences do not stand out
so clearly as on the hydrogen side.

To make further statements about to what extent KOH and water respectively are
transported a substance amount balance was created (see Appendix). It was set up in
such a way that the calculated values with regards to volume extraction and
concentration can be compared to the measured values. The balancing yielded that
with increasing load current more and more reaction water must be transported to the
oxygen electrode. At 2 A c. 85 % of the reaction water produced at the hydrogen
electrode is transported to the oxygen electrode. At 5 A the portion increases to c.
90 % and at 10 A to nearly 100 %. For the transport of OH -ions it follows that c.
99 % to 100 % of the produced OH -ions have to be transported to the hydrogen
electrode.

It is noted here, that according to the reaction equations at the electrodes a water
transport of 50 % would be sufficient. This would mean, that just about as much
water would be transported to the oxygen electrode as is consumed. The remaining
50 % would be dissipated into the electrolyte.

This ideal case would however result in the KOH concentration at the oxygen side to
remain constant while at the hydrogen electrode it would more and more decrease.
The thus created concentration gradient leads in return to a matter transport caused
by diffusion. The higher the current the higher the concentration gradient. Due to the
increasing concentration gradient the water transport towards the oxygen electrode
would increase.

Diagram 4-10 shows the volume change at the oxygen side. The volume increase is
caused by the reaction water. It depends on the load current and the operating time.
This behaviour was expected. It is, however, surprising that the volume increase

occurred at the oxygen side.
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Diagram 4-14 shows the total volume increase over the charge in Ah. In addition, the
calculated progression was included. It was expected that all lines progress
identically, since the amount of produced water is proportional to the charge. This is
approximately true taking the measurement errors into account. However, it is
unexpected that the calculated progression is clearly below the measured
progression.

The water production of the fuel cell depends directly on the transferred charge. If,
for instance, the current measurement were erroneous then more or less water could
be produced than would be calculated from the measured current. For the presented
measurement this can be excluded since the deviation is far too large for an
erroneous current measurement to be responsible for this.

A different cause could be a gas leakage within the fuel cell. When hydrogen and
oxygen mix they could be recombined to water in the presence of suitable catalysts
without contributing to the current flow. However, the catalysts used in this AFC are
not capable of effecting this.

An internal electric short circuit could also effect an additional water production, but
this would decrease the no-load voltage of the cell. This could also not be observed.
Concluding, one reason remains that could explain the measured values. At the
beginning of the experiment the fuel cell is filled with liquid KOH, including the
pores of the electrodes. The characterising data show, that for instance electrode
#366 absorbs more KOH than water. In case the hydroxide concentration inside the
pores declines during operation the pores in the electrode could be emptied

successively and be filled with oxygen gas thus releasing an additional volume.

5.3.1.2 Volume Increase shortly after switching on the Current

A further distinctive feature of the volume measurement was the step-like increase of
the volume at the hydrogen side (see Diagram 4-12). At the oxygen side, however,
no volume decrease could be measured (see Diagram 4-13). The increase was
considerably lower compared to the value that adjusted later during operation. This

takes place during the first 30 min.
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The relationship between load current and volume is proportional. Whether the
increase also correlates with the converted amount of substance cannot be stated
here, since the first measurement values were recorded only after 30 min. In order to
identify a relationship with the charge it would be necessary to know the time at
which the volume increase took place. The latter could have occurred unnoticed
30 min earlier. The times should approximately double from 2 A to 5 A and finally to
10 A.

At the current state of knowledge several explanations are possible. It is conceivable
that here the transport balance adjusts according to the particular load current. This
would lead to a displacement of the volume until a new balance is established.
Furthermore, the establishing of a balance with regards to the K'- and OH -ions in
the electrode could play a role.

A different cause could be that due to the changed potentials the wetting properties
of the electrodes could change. This results in an electrode absorbing or releasing
electrolyte., Here, also a balance would be established. The individual points are

discussed in the following.

5.3.1.3 Establishing of Transport Balance

For this, the substance balance can be used once more. As there is initially no
concentration gradient between oxygen and hydrogen electrode the matter transport
could take place in an almost ideal fashion. This means, that the reaction water
leaves the cell at the hydrogen side. After a concentration gradient has gradually
build up the situation changes and the water is transported towards the oxygen
electrode. The balance would be reached if a stable concentration gradient had been
established. As the transport properties of the AMS separator are quite good with
respect to water, only a small concentration gradient is required, which will be
established after a short time. The time is shorter the higher the load current.

To estimate the effects this has on the volume change, the consideration in Section
5.2.3.4 and Diagram 5-4 is used. Here, theoretically a matter transport of OH -ions
and water was prevented. Only a transport of K'-ions due to the charge balancing

could take place. This consideration would be the worst case that could occur with
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regards to the concentration differences. The result is the largest possible volume
change with respect to the highest and the lowest KOH concentration respectively.

Diagram 5-7 shows how a KOH volume of ! cm® with a concentration of 7M
changes if it is exposed to a current of 1 A in the electrodes. It can be seen clearly

that the volume changes are very small.
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Diagram 5-7: Volume change of | cm* 7 M KOH each, at a load current of 1=1 A

5.3.1.4 Ion Balance

A possible cause for the step-like volume increase could be related to the release of
K'-ions from the hydrogen electrode. When the current is switched on, suddenly a
certain amount of OH -ions are consumed. Since the latter are not available any more
for the load balancing of the K'-ions, it is possible that the K'-ions leave the
electrode in order to balance their charge with other OH -ions. Contrary to this the
OH -ions generated at the oxygen electrode should effect a volume decrease. Since
here the OH -ions are produced which need K*-ions for a charge balancing this could
cause the K'-ions to move into the electrode. This effect would last until the matter

transport balance corresponding to certain current is established.
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5.3.1.5 Changes of the Wetting Properties (Concentration-dependent)

A further explanation is that the electrodes absorb more or less electrolyte depending
on the concentration. Comparing with Table 4-8 for this yields that all of the
measured electrodes absorb a larger volume of KOH than of water. This is caused by
a change of the wetting properties. Since the reaction water is formed at the hydrogen
side, the KOH concentration will decrease there. As a consequence volume is
released from the electrode.

For electrode #314, which is used at the hydrogen side, the difference between
absorbed KOH and absorbed water is very small. Extrapolated to the fuel cell, the
difference would only be 0.0167 cm® per electrode. This is not sufficient to explain
the volume increase at the hydrogen side.

For the oxygen electrode (#249) the situation is somewhat different. It can absorb
0.608 cm?® more KOH than water per electrode, so the electrode could absorb a part
of the produced KOH solution. The volume could be stored for a certain time until a

new balance has been established (see Section 5.2.3.4).

53.1.6 Changes of the Wetting Properties (Potential-dependent)

A further possibility to explain this measurement could be that the wetting angle or
the wetting properties of the electrolyte respectively change depending on the
electrode potential. This principle is also used to pump liquid electrolytes.

The electrodes respond to the switching on of the load current with a potential
change. This would cause the electrode to absorb or release electrolyte due to the

changed wetting properties.

5.3.1.7 Voltage Drop

When comparing the cell voltages of the three test series a critical-current behaviour
stands out (see Diagram 4-7). As already described above this is linked to a problem
with the matter transport in the electrolyte (see Sections 5.2.3.1 to 5.2.3.4). The cell
voltage drop does not have a direct relationship to the transferred amount of
substance. A certain matter transport takes place. For lower currents this is just

sufficient. When increasing the current, an initially low substance transport
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deficiency does not have a large effect. At a considerably higher current the still
occurring matter transport is so low that the cell rapidly runs into a supply problem.

A first indication to a matter transport problem of the AFC is also given by the
measured values in Diagram 4-13. At the end of each experiment the concentrations
of the potassium hydroxide solution in the electrolyte distributors were measured.
Here it showed, that the measured concentrations were always higher than the
calculated ones. This leads to the conclusion that the reaction water cannot entirely
leave the electrodes. The highest concentrations were reached in the measurement
series with a current of 5 A. This is because here the lowest matter transfer occurred

during the run-time (42.5 Ah) thus producing the lowest amount of reaction water.

5.4 Concentration Measurement in the Fuel Cell

To obtain further information about the matter transport and the water extraction a
further measurement series was started, where the concentration in the two
electrolyte distributors could be measured continuously. The results are presented in
Diagram 4-14, which provides an overview over the entire experiment duration. The
cell voltage declines continuously during the experiment, but regions with higher and
lower voltage drops can be seen. In total, the cell voltage declines by ¢. 66 mV.
When observing the curves in detail (see Diagrams 4-15 and 4-16) it can be seen that
the progression of the voltage has a relationship with the concentration progressions.
The concentrations at the hydrogen side progresses step-like. In the regions marked
with 1 in the diagram the concentration changes only marginally. This leads to the
conclusion that during this time the electrode hardly releases any reaction water.
This, in return, causes a decline of the concentration of the potassium hydroxide
solution which is accompanied by an increase of the potential at the hydrogen
electrode (see Diagram 4-17). In the ranges marked with 2, the concentration
changes within a short time. This means that reaction water is released into the
electrolyte distributor and fresh KOH can be supplied to the electrode. The potential
reacts positively to this and does not increase for a short time. With increasing run-

time this behaviour becomes more distinctive.
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The oxygen electrode reacts with a slight time delay to the pulsating water
extraction. Contrary to the hydrogen electrode it reacts with a deterioration of the
potential. To explain this behaviour is very difficult since various causes could
interact with each other. One possibility could be that the change of the bubble point
and the wettability respectively cause pores to be more or less filled with gas.
According to this it takes a higher or lower effort to clear the pores.
It is also possible, that a volume increase in the fuel cell causes a pressure increase
and hence the electrodes are lifted more or less off the separator. Due to the resulting
poor contact the potentials also deteriorate.
Furthermore, this behaviour could also show, that the water released via the
hydrogen electrode is not available to the oxygen ¢electrode for the production of
OH -ions. As a consequence, the KOH concentration would additionally increase.
It is another question in this context which role the diffusion properties of the
components play. To apply these insights to the matter transport in the cell, it makes
sense to consider the cell in three sections, which are:
» internal matter transport between the hydrogen and oxygen electrodes via the
active separator,
e external matter transport via the hydrogen electrode and the passive separator
towards the electrolyte distributor at the hydrogen side,
e external matter transport via the oxygen electrodes and the passive separator
towards the electrolyte distributor at the oxygen side.
Assuming that the reactions at the boundary between the electrode and the active
separator implies that the inner matter transport is only influenced by the diffusion
properties of the separator [5-9]. If a matter transport takes places through diffusion
the concentration gradient corresponding to a certain current can be calculated (see
Table 5-1) using the measurement values in Table 4-3.
The influence of the components on the external matter transport is more difficult to
describe, since two or three components respectively interact. A possible progression
could look like in Figure 5-3. Starting from the electrolyte distributor (EL) of the
hydrogen electrode the concentration falls continuously to the reaction layer between

the H-elektrode and the active separator. This is caused by a consumption of OH -
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ions and the formation of water. Across the active separator the concentration
increases again. At the reaction layer between the O;-electrode and the active
separator the concentration reaches its maximum before a continuous decline up to
the electrolyte distributor (EL) at the oxygen electrode occurs. The flow generated by

the volume increase in the oxygen electrode is neglected here.

Separator

L

KOH Concentration

B
S,

Figure 5-3: Progression of the concentration across a single cell

5.4.1 Calculated Matter Balance

A simulated representation of the experiment on the concentration measurement
yields results very similar to the actual experiment. In the calculations the properties
of the components were neglected, which thus appear to have no influence. However,
it has to be considered that the concentration progression was measured in the
electrolyte distributor. It is difficult to draw conclusions from this about the
processes in the cell.

In Diagram 5-8 the calculated concentration progression is presented. The input

parameters were chosen such that the calculated progression was closest to the
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measured one. A volume measurement in this experiment could have improved the
calculation considerably; however, this was not possible for the concentration
measurement because of the modified cell construction.

As input parameter the initial amount of potassium hydroxide in the fuel cell could
be modified. Furthermore, it was possible to change the matter transport between the
two electrodes. The maximum amount of substance necessary to ensure the charge
transport for a current of 1 = 1 A was the respective variable. Of this, a percentage of
the matter transport could be provided. For the diagram below {(Diagram 5-8) a
starting volume of 16 cm® was chosen. The percentage for the transport of water
towards the oxygen electrode was set to 85 %. The corresponding portion of KOH
transported towards the hydrogen electrode was set to 98.9 %.

Calculated progresselon of the concentration for a single cellat I =1 A,
Transport of Water 85 %, Transport of KOH 98.9 %
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Diagram 5-8: Calculated progression of the concentration for a single cellatI=1 A

It stands out at this simulation calculation that the concentration progression reacts
very sensitive to the KOH transport. Deviations of the above value smaller than 1 %
result in completely different concentration progressions. The water transport was
significantly less sensitive and changes of several per cent did not have a significant

effect.
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6 Conclusions and Future Work

This research has shown that it is possible to run an alkaline fuel cell at a temperature
of circa 5 °C. 1t was not necessary to change the standard electrode material of the
hydrogen electrode or of the oxygen electrode to reach the power output of 5 W.
Furthermore, it could be shown that it is not necessary to have an electrolyte
circulation for a small load current. The exchange of KOH and water is achieved by
diffusion. The tests confirmed, that it is in principle possible to run an AFC under
these conditions. In the future, long-time tests will be started. To accommodate this,
it will necessary to change the design of the AFC housing. It is suggested to combine
the fuel cell with the KOH storage tank.

An interesting result was the extraction of the reaction water via the oxygen
electrode. In combination with the concentration measurements, it was possible to
find out more about the internal transport of KOH and water. The diffusion
measurement on the electrodes could show that the transport of KOH and especially
OH -ions does not take place by diffusion. Only the water transport is caused by
diffusion. Different possible mechanisms for the transport of ions were represented.
During this work it was not possible to identify the responsible mechanism for the
behaviour observed in this research. Future work should concentrate on osmosis and
electro-osmosis. The tests on the concentration measurement should be repeated. The
tests should encompass different load currents. In all tests, the electrode potential
should be measured, as this can yield information about the condition in the
electrode.

At the end of the work, a test was carried out with a small electrolyser cell. The
results are not presented in this thesis. This test showed, that the electrolyte moves in
the direction of the cathode (the electrode where the OH -ions were produced). This
is the same result than in the fuel cell. Contrary to a fuel cell, it is possible to change
the polarity of an electrolyser cell, which resulted in a reversed flow. The same test
as with the fuel cell should be repeated with an electrolyser cell and the results
compared with the results of the fuel cell. It appears possible to have a flow of

electrolyte caused by the mechanism described above.
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Appendix A

Helpful Tables and Diagrams

A.1 Amount of Substances

For the work with fuel cells and electrolysers it his helpful to have a diagram about
the volume flow of gases and reaction water as function of the current.

The values are calculated using the Faraday equation.

Diagram A-1 shows the amount of substances for fuel cells and electrolysers as a
function of current. The gas flows are denoted in standard litres per hour. The values

are calculated for a single cell unit.
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Table A-1 shows the amount of substances for fuel cells and electrolysers as a
function of current. The gas flows are in standard litres per hour. The values are

calculated for a single cell unit.

| H. H: 0, N O, | Water | Water
[A] (vh] | [gi] | [vh] | [g/h] | [mim] | [g/h]
0.0000 { 0.0000C { 0.0000 | 0.0000 | 0.0000 | 0.0000
0.4179 | 0.0376 | 0.2089 | 0.2985 | 0.3361 | 0.3361
0.8358 | 0.0752 | 0.4179 | 0.5969 | 0.6721 | 0.6721
1.2537 | 0.1128 | 0.6268 | 0.8954 | 1.0082 | 1.0082
1.6716 | 0.1504 | 0.8358 | 1.1938 | 1.3443 1.3414_34
2.0894 | 0.1880 | 1.0447 { 14923 | 1.6803 | 1.6803
2.5073 | 0.2256 | 1.2537 | 1.7908 | 2.0164 | 2.0164
2.9252 | 0.2632 | 1.4626 | 2.0892 | 2,3525 | 2.3525
3.3431 | 0.3009 | 1.6716 | 2.3877 | 2.6885 | 2.6885
3.7610 | 0.3385 | 1.8805 | 2.6862 | 3.0246 | 3.0246
10 {4.1789(0.3761 { 2.0894 | 2.9846 | 3.3607 | 3.3607
11 4.5968 | 0.4137 | 2.2984 | 3.2831 | 3.6968 | 3.6968
12 (5.0147 1 0.4513 ,2.5073 | 3.5815 | 4.0328 | 4.0328
13 |5.4326 | 0.4889 | 2.7163 | 3.8800 | 4.3689 | 4.3689
14 | 5.8504 | 0.5265 | 2.9252 | 4.1785 | 4.7050 | 4.7050
15 |6.2683 | 0.5641|3.1342 | 4.4769 | 5.0410 | 5.0410
16 |6.68620.6017 | 3.3431 |4.7754 | 5.3771 | 5.3771
17 | 7.1041{0.6393 | 3.5521 | 5.0739 | 5.7132 | 5.7132
| 18 (7.5220 | 0.6769 3.7610 | 5.3723 | 6.0492 | 6.0492
L19 7.9399 | 0.7145 | 3.9699 | 5.6708 | 6.3853 | 6.3853
20 |8.3578 | 0.7521 | 4.1789 | 5.9692 | 6.7214 | 6.7214

O 0 N O AW N a0

Table A-1: Amount of substances for an AFC or AEL
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A.2 Properties of KOH solution [A-1]

For the calculation of the concentration of KOH solution in an alkaline fuel cell the
following tables are helpful.

Diagram A-2 shows the density of KOH solution as a function of the KOH
concentration.

Density of KOH Solutlon as a Funktion of the KOH Concentration
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Diagram A-2: Density of KOH as a function of the concentration
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Diagram A-3 shows the KOH concentration as a function of the density of a KOH

solution.

KOH Concentration as a Funktion of the Density of KOH Solution
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Diagram A-4 shows the KOH concentration as a function of the KOH concentration

in percent.
Concentration of KOH as a Function of Concentration of KOH in Percent
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Diagram A-5 presents the concentration of water in a KOH solution as a function of
the concentration of KOH.

Concentration of Water as a Function of the Concentration of KOH
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Diagram A-5: Concentration of water in KOH solution as a function of the concentration of KOH
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Appendix B

Calculation of the KOH concentration of a running AFC

B.1 Calculation

In chapter 5.4.1 the results of a calculation about the KOH concentration in an AFC
were presented. The concentration was calculated as a function of time at a constant
current.

The calculation started with the Faraday equation, which was used to calculate the
mass of reaction water and the mass of KOH. The each electrolyte compartments of
the fuel cell was filled with circa 16 cmm® of 7 M KOH solution. For each
compartment the mass of water and the mass of KOH was calculated.

On the hydrogen electrode OH -tons react with hydrogen and produce water. The
mass of KOH—calculated using the Faraday equation—was subtracted from the start
mass of KOH in the hydrogen electrolyte compartment. The mass of reaction water
was added to the start mass of water. Additionally it was possible to calculate how
much water was transported to the oxygen electrode and how much KOH was
transported from the oxygen electrode to the hydrogen electrode. The mass transport
was calculated in per cent of the maximum transported mass of KOH and reaction
water.

At the oxygen electrode water reacts with oxygen and forms OH -ions. The mass of
water and the mass of KOH was also calculated for this. The values were calculated
using the Faraday equation. The mass of produced KOH was added to the start mass
of KOH. The required water was subtracted from the start mass of water. The mass
of transported water and KOH was calculated in per cent of the maximum
transported substances.

From the ratio of KOH and water it was possible to calculate the concentration and
the volume at each compartment. Now it was possible to get the values for

concentration and volume as a function of the time.
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For example:

The concentration is to be calculated for a current of 1.0 A and for a runtime of 5 h.
The transport of water from the hydrogen electrode to the oxygen electrode is set to
50 % of the mass. The transport of KOH from the oxygen electrode to the hydrogen
electrode is set by 100 % of the mass.

1 cm® of 7.0 M KOH has a total mass of 1.295 g. It contains of 0.393 ¢ KOH and
9.02 g water. At the beginning of the test each electrolyte compartment of the fuel
cell contains a volume of 16 cm?® of 7.0 M KOH, corresponding to 6.288 g KOH and
14.432 g water. This is a total mass of 20.720 g.

Now the mass of reaction water and KOH is calculated using the Faraday equation.

m = I—im (GL.: 5-1)
H,0 Z‘F mol i
my, = 14- 180005 18.0152—2 =3 361¢
! 2-96485As mol

This value is multiplied by two because on the hydrogen electrode two molecules of
water are formed and on the oxygen electrode one molecule is consumed. This
behaviour is considered by the calculation.

Due to the water transport of 50 % only 3.361 g of reaction water are transported
from the hydrogen electrode to the oxygen electrode. The water remains in the in the
hydrogen electrode where it dilutes the KOH solution.

At the hydrogen electrode 3.361 g of water are added to the 14.432 g of water in the
electrolyte compartment. At the oxygen electrode there is no net change of the mass
of water. 3.361 g are added to the 14.432 g of water in the electrolyte compartment
and in the same time they are subtracted because they react to KOH (OH’ ions, it is
always used the mass of KOH because it can be supposed that each OH -ion needs a

K'-ion).
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Now starts the calculation of the KOH. Therefore also the Faraday equation is used.

m,,, = A 180005 00568 10467

2-96485 As mol

This mass also has to be multiplied by two because each molecule of hydrogen
reacting with two OH-ions and one molecule of water react with oxygen to two

OH -ions. This mass can now subtracted at the hydrogen electrode from the mass of
KOH and at the oxygen electrode it can added to the mass of KOH. At the beginning
it was said that the transport of KOH is set by 100 %. It is not necessary to subtract
or add the mass because the whole mass of KOH which is produced at the oxygen
electrode is consumed at the hydrogen electrode.

For the calculation of the concentration at the hydrogen side it means that after 5h
there is a mass of 16.112 g of water and of 6.288 g of KOH. Now the ratio of the
mass of KOH and the mass of water can be calculated in per cent. The value is
28.06 %. That value can be used to calculated the KOH concentration in M.
Therefore the equation in Diagram A-4 or the curve of the diagram can be used.

At the hydrogen side there is a concentration of 6.410 M. At the oxygen side there is
a concentration of 7.0 M (There was no change of masses).

The total characteristic of the example above is shown in diagram B-1. It can be seen
that the KOH concentration on the hydrogen side drops over the whole runtime. The
KOH concentration on the oxygen side keeps constant. This characteristic cannot be
reached in a real alkaline fuel cell because the gradient of KOH concentration will
cause a transport of masses effected by diffusion.

The calculation should only be an example for the calculation. The values of the

exchange of water and KOH can be adapted to the behaviour of a real AFC.
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Appendix

Diagram B-1 represents the calculation of the concentration in the fuel cell for a
current of 1 A, an exchange of water from 50 % and an exchange of KOH of 100 %.

The runtime is from 0 h to circa 90 h.,

Calculated Progression of the Concentration for a Single Cellat =1 A

@
g

g
|

g

Oxygen Electrode |

g

g

\\\ﬂ

KOH Concentration [W]
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Diagram B-1: Calculated progression of the concentration for an AFC
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