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ABSTRACT

Steady state polarization measurements on specially prepared Raney-
Ni/PTFE gas diffusion electrode impregnated with copper oxide were carried out.
The long term performance of the electrode was also investigated in a half cell
setup with 25% KOH solution. Pure hydrogen gas was fed to the half cell at a
pressure of 1.4 bar. The electrolyte temperature was varied from 25°C to 75°C.
The better performance (less polarization) at higher current densities is attributed
to the addition of copper to the electrode.

Spherical Raney-catalyst grain model was applied to determine the kinetic
parameters, exchange current density(i,) and charge transfer coejj‘icient( o) for the
electrode. The values found for the exchange current densities at various
temperatures were 6.6x1 0° 10 3.1x10™ Acm>. Exchange current density followed
an exponential relation with temperature. Apparent activation energy for the
electrode was found to be 28 kJ/mol lower than that reported in the literature. The
lower activation energy for hydrogen oxidation reaction implied higher
electroactivity of the electrodes of this type.

Long term performance tests showed that electrode overpotential greater
than 50 mV cause rapid deactivation of the electrode. The apparent deactivation
constanis estimated for the electrode varied from 0.004 hr! t0 0.032 hr™!. The rate

of deactivation is more at higher temperatures.



Chapter 1

INTRODUCTION

1.1 Basic Concept of a Fuel Cell

Fuel cell is an electrochemical device which converts the energy of chemical
bonding to electrical energy. Unlike conventional batteries, fuel cells are fed
continuously with their appropriate reactants a fuel and an oxidant. The reactants
are stored outside the cell. Fuel cell comprises of two electrodes which are
immersed in an electrolyte. The fuel which is a reducing agent such as hydrogen

is fed to the anode. The oxidizing agent(air or oxygen ) is fed to the cathode.(see
fig. 1.1)

The oxidation of fuel at the anode and simultaneous reduction of oxidant
at the cathode causes a potential difference. This potential difference promotes
electron flow in an external circuit, where a load is connected. Thus useful work is
obtained from a cell by physical separation of the electrode processes. To keep the

electrode electrolyte invariant the reaction products are discarded.(1)

Theoretically any spontaneous chemical reaction could be used in a fuel
cell. Because of unlimited supply of oxygen in the air combustion reactions are

usually preferred for fuel cells. Most systems under development rely on hydrogen
as the fuel.(1)

In practice, voltages of 0.7-0.8 V ‘can be obtained in fuel cells with
current densities of 100-300 mAcm™ of electrode surface(2). Fuel cells are
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usually connected in series or in parallel to obtain higher voltages or currents.

Such an arrangement is called a fuel cell stack.

1.2 Advantages and Disadvantages of fuel cells

Fuel cell operation is not dependent on flow of heat between sources
and sinks hence it is not subject to Camot limitations. In fuel cells 100% efficiency
can be approached through appropriate design. Because of high thermodynamic
effeciency, energy produced per unit weight is relatively high.(3)

Besides high energy production of elecirical energy, the fuel cell has
several other advantages. There are no moving parts involved so no friction losses.
Atmospheric pollutants produced are minimal(4). The operation of a fuel cell is

quite simple and reliable.

Within broad limits, effeciency of a fuel cell is independent of size.
Therefore smaller modular units could be installed in areas of high electrical
demand. This results in decreased in power line investment and transmission
losses. Waste heat from fuel cell can be used for space heating ,raising steam . The

combined efficiency for electricity and heat production can be as high as 98%.(5)

The disadvantages of fuel cell include actual efficiency, reliability and
overall cost. Sources of irreversible behavior such as ohmic losses and sluggish
kinetics limit fuel cell efficiency below 50% . The specific power obtained from a
fuel cell is very low. Other disadvantages of fuel cell include larger weight and
volume of gas fuel storage system, liquification expenses for the fuel, cleaning

requirements for the reactants ,deactivation of electrode catalyst etc.(6)



1.3 Applications of Fuel Cells

The major applications of fuel cells can be divided into Remote power,
Portable power and Electric utility applications(7). Table 1.1 gives potential fuel
cell applications. Remote power applications include space missions, submarine
applications, navigational aids, automated weather stations remote beacons,
pipeline cathodic protection systems and communication system. Portable power
applications are mostly for military purposes. Electric utility applications could
further be classified as (a)on-site power plants ( 40-400kW) close to the point of
energy demands,(b)electric utility power plants (5-50MW) located at uwtility
substations with the option of the waste thermal energy being used for commercial
heating (c)electric utility power plants (100-500 MW)located at large central
stations. Other possible applications of fuel cells could be to power electric

vehicles and emergency power supply.(7,8)

At present very few of this applications are commercialised. With the

advancement of technology in future these applications will become economically

viable.(9)
1.4 Classification of Fuel Cells

Fuel cells can be configured in many ways with a variety of
electrolytes,electrcdes, fuels, operating temperatures and catalyst involved. Fuel
cells are generally classified according to electrolyte type, since the electrolyte
limits the operating temperature range and together these tend to define the fuel
option. Table 1.2 gives classification of fuel cells based on electrolyte (10).
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1.5 Hj /0y Alkaline Electrolyte Fuel Cell(AFC)

Alkaline electrolyte fuel cells can be operated at much lower
~ temperatures(<120° C) using less concentrated alkali (usually 25-30 % KOH).
The lower temperature helps in retaining the electrolyte on matrices and also

increases the life of other components.(11)

The advantages of AFC are higher performance and reduced cost. The
major disadvantage is the degradation of electrolyte caused by CO'Z,CO present in

air or in fuel gas. The removal of CO,,CO gas results in decrease in efficiency of

an alkaline fuel cell.(12)

In this thesis work the electrolyte used is KOH in the temperature range
25°C to 75° C. In a H,/O, alkaline fuel cell the reactions taking place on the anode

and cathode are as follows (9), |

H,(g)+*20H " (aq) = 2H,0()+2e" Anodic reaction
0.5 O,(g)tH,0()+2e- = 20H (aq) Cathodic reaction

H,(2)+0.5 O,(g) = H,0(l) Overall reaction



1.6 Fuel Cell Electrodes

A good electrode structure must be able to bring gas and electrolyte
together so that the reaction can be easy and fast and must be able to keep them
apart to prevent undesirable mass transfer e.g. bubbling, floating, weeping.
Bringing gas and electrolyte with maximum effectiveness requires an enlarged
surface and a porous structure(13). Typical gas diffusion electrodes involve 3
phases namely gas, electrolyte and catalyst. A gas diffusion electrode for a liquid
electrolyte contains several layers frequently a backing layer or gas diffusion layer,
an electrocatalyst layér and a conducting grid or perforated metal foil for support
and current conduction. The gas diffusion layer serves as a barrier between the
electrolyte and the gas phase. In the gas-diffusion electrode, reactant gas is
supplied to the active sites of the electrode by a diffusion process thereby
producing higher current densities(14).

Platinum group metals(usually Pt, Ag, Ni) are important electrocatalysts
used for alkaline fuel cell electrodes. In alkaline fuel cells Raney-Ni is commonly
used as the catalyst in the anode section while Raney-Ag is used in the cathode

section(9).
1.7 Over Potential Concept

The flow of electric current through a fuel cell changes the potential of
the electrode from its equilibrium value. This is called polarization. The difference
between polarization potential E ,and equilibrium potential E, both with respect to
the same reference electrode is known as the overvoltage of the electrode. The

overvoltage is represented by the symbol 1 at a given current density.



Thus

N=E, E, (1.1)

If the cathode is polarized then it is called cathodic polarization and it is given a

negative sign. In the opposite case of anodic polarization ,anodic overvoltage is

positive.

The overvoltage represents efficiency loss in an electrochemical device.

The polarization losses( fig. 1.2) include the following(11),

1.__Activation Polarization This represents energy losses associated with the

electrode reactions. For electrochemical reactions the activation energy lost in

overcoming the energy barrier takes the form
N,=a+blni (1.2)

Where 1, is the activation polarization, a, b are constants and i is the current

density.

2. _Ohmic polarization It represents the summation of all the ohmic losses

within the cell ,including electronic impedances through electrodes ,contacts, and

current collectors and ionic impedances through the electrolyte. These losses

follow ohms law (V =IR).

3. _Concentration polarization It represents the energy losses associated with

mass transfer effects. For example the performance of an electrode reaction may
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be inhibited by the inability of the reactants to diffuse toward, or of products to
diffuse away from, the reaction site. In fact at some current, the limiting current

density i, where the current is completely limited by the diffusion process(see fig

1.2).
The performance of a fuel cell is given by the following equation
E=E rMNeas Naac™ T c.oon_na,con'IRi ( 1. 4)

Where Er is the reversible potential ,n,,.and 7, terms represent the activation

and concentration overpotential at the corresponding electrodes and IR is the

ohmic overpotential.

At temperatures below 200°C activation overpotential is the main cause
of efficiency losses in fuel cells. The hydrogen overpotential is low compared to
oxygen overpotential in acid as well as in alkaline electrolyte fuel cells. Therefore

oxygen overpotential is responsible for the departure of the cell potenﬁal from the
reversible value at desired current densities.
1.8 Objectives
The research objectiv'es of this dissertation are as follows
1) Testing the operability of the equipment and electronic instruments involved.

2) Reproducing the steady state polarization behavior of Ni/PTFE gas diffusion
electrode used by Celikar(15) at 35°C and 55°C.
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3) Investigating the steady state polarization behavior of a new Ni/PTFE gas
diffusion electrode in the temperature range of 25°C -75°C with pure hydrogen gas
in a half cell setup.

4) Investigating the long term performance of this new Raney Ni/PTFE electrode.
5) Characterization of the fresh and used electrodes by SEM, ICP-AES, BET
surface area measurement.

6) Determination of exchange current density, charge transfer coefficient by the
application of mathematical model developed earlier by Celikar et al.(15).

7) Determination of the apparent activation energies for the electrochemical
reaction taking place on the electrode.

8) Determination of the apparent and intrinsic deactivation constants at various

temperatures.
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Chapter 2

LITERATURE REVIEW ON H, ELECTRODE

The maximum power density obtained from alkaline fuel cells has
undergone many advances in recent years due to improved catalyst and electrode
materials, and also due to operating conditions and fuel cell design. Theoretical
understanding of the electrochemical reactions taking place at the catalyst surface
and the influence of electrode structure has improved in recent years(16). Despite
all these advances the production of fuel cell electrode is more of an art than a

scientifically well founded process.

Kordesh(17) has given a comprehensive review of fuel cell
developments during the period 1951-1976. Bacon(18) first produced a biporous
electrode with a stable meniscus to be used as an anode in a H,/O, fuel cell. In
Bécon‘s biporous electrode the coarse pore layer is for the gas side and the fine

pore layer is for the electrolyte side.

Double skeleton(DSK) electrodes are developeci by pressing and sintering
carbonyl nickel powder with Raney nickel powder. DSK electrodes were first
produced in former West Germany. DSK electrodes have high catalytic activity of
Raney powder and the mechanical rigidity and electrical conductivity of bulk

metals. DSK Bacon electrodes were made entirely of the electrocatalyst.

Most of the porous electrodes employed in fuel cell research are

produced by deposition of the catalyst on a substrate. A typical porous fuel cell
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electrode consists of a metal screen, elecrtocatalyst, catalyst support and the
binder(19). In alkaline fuel cells for anode mostly Ni, Cu screens are used while
PTFE is used as a binder.

In H,/O, alkaline fuel cell Raney-Ni alloy is used for hydrogen electrode
and Raney-Ag alloy for oxygen electrode. Aluminum present in the alloy is
leached out by uring caustic solutions. So far in the open literature only one paper

describes the method of fuel cell electrode preparation.(20).

Mund et all.(21) used 5 % titanium containing Raney-nickel catalyst
which showed superior performance from Electrocatalytic activity and stability
point of view. The catalyst layer in the electrode was supported by asbestos
covering layer on the electrolyte side and by a metal screen on the gas side. They
have measured the polarization resistance as a function of catalyst loading and
studied the influence of electrolyte temperature on polarization behavior.

Impedance measurements have also been used to characterize the electrodes.

Ewe et. all(22) studied the preservation of Raney-nickel and of various
blended Raney-nickel catalyst by slow oxidation of samples in atmospheric
oxygen followed by controlled heat treatment and reduction. They have found that
undoped 1% Ti alloyed Raney nickel gave the best current voltage performance.
Catalyst doped with Fe or Mo have been observed to deteriorate under
preservation. The method of preservation is useful when it causes a strong increase

of exchange current density with insignificant decrease of surface diffusion.

Tomido and Nakabayash(23) .prepared hydrogen electrodes of fuel cell

by an innovative method. They sprayed molten aluminum by an acetylene-oxygen
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flame gun on both sides of a spongy plate of nickel as substrate. The spongy nickel
electrodes were activated by alloying at 50°C to 75° C and leaching the aluminum
from the alloy in alkaline solution. With the experimental results they concluded

that spongy Raney nickel electrode have very low polarization resistance.

The influence of contact pressure on the performance of supported gas
diffusion electrodes in alkaline H,/O, fuel cells has been studied by Ewe
et.all(24). A half cell assembly with variable contact pressure facility 1s
constructed and used to measure the polarization of Raney-Ni and Raney-Ag
electrodes as a function of contact pressure in KOH electrolyte. They have found

that the current densities at constant polarization are increased significantly by the

optimization of the contact pressure.

Ewe et. all (25) found that the catalytic properties of Ti doped by Raney
Ni (for hydrogen anodes of alkaline fuel cells)could be improved by Ni(OH),
surface coating which is obtained by carefully optimized oxidation. It is observed
that Ni(OH), content of 5-6 % increased the attainable current density by a factor
of 3 to 4. Also it is observed that the exchange current densities increased
significantly up to a Ni(OH), content of 5 % but remained constant with further
increasing the Ni(OH), percentage. As a continuation of this study it has also been
shown that oxide surface coating may be stabilized by an annealing of the slowly
air oxidized and Ni(OH), coated catalyst in hydrogen at 35°C, followed by an air
oxidation again(26). It is observed that the formed mixture of NiO and Ni(OH),
coated improved the catalytic properties and structure. The optimum annealing
parameters were determined. The experiments were carried out using a Ti-

containing Raney-Ni as catalyst with 6M KOH electrolyte operating at 80°C.
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In a following study ,Ewe et.all(27)studied the aging rate of annealed
catalyst which was found to be very small at polarization below a critical value of
50mV. Aging rates increased exponentially when polarization was above 50mV.
The best catalyst with the lowest aging rate under pV/hr was prepared by using a
Raney-Ni(containing 2 % Ti )catalyst with 4-6% initial Ni(OH), content, which
was heat treated in hydrogen atmosphere at 35°C for 5 minutes. Brennecke et.all
(28) studied the kinetics of the electrodes used by Ewe (24,25)by means of
impedance measurements. A sine wave generator and a potentiometer regulator

was used in the measurements.

Kenjo(29)used a PTFE bonded Raney Ni hydrogen electrode prepared by
milling a PTFE dispersion with caustic -leached Raney metal with subsequent
calendar rolling of the electrode paste into sheets. The electrode polarization were
measured in 6M KOH electrolyte at 62° C. The influence of the pressure of the
press machine and of the PTFE content on the polarization have been
investigated. The polarization resistance as a function of catalyst loading is also
determined. It was observed that the polarization resistance decreases with the
catalyst loading in the manner to be expected from the reaction mechanism of the

gas diffusion through electrolyte film.

Kenjo and Nakajima(30)measured the polarization characteristics of
PTFE bonded Raney-Ni hydrogen electrode as a function of the catalyst layer. The
polarization curve of the electrode was analyzed based on the electrolyte film.
With the thickening of the catalyst layer the performance of the electrodes
approached asymptotically to an upper limit. The catalytic activities of Raney-Ni

catalysts are enhanced with progression of the polarization while the resistivity of
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the electrolyte film remains essentially constant. A slight surface oxidation for the

Raney-Ni is understood to be responsible for the enhanced catalytic activities.

Canday and Foilloux (31) used a passivated Raney powder which is
mixed with a slurry of PTFE(85.5 % and 12.5% respectively)and sprayed into
nickel-grid support. The wafer obtained is heated to sinter the fluorinated plastic
which acts as a binder. They also prepared another electrode where the water
repelling effect was obtained by charcoal particles with fluorinated oil. The
binding material in this case was polyvinylidine fluoride. The electrode was

characterized in 5M KOH by using an impedance technique.

Markina et. all (32) prepared a NiCO,0, electrode(nickel -cobalt spinels)
by thermal decomposition of a mixture of nickel hydroxide and cobalt hydroxide.
Moren (33) developed a cell for determining structure parameters such as interstice
tortuosity, film tortuosity, effective specific film resistance, effective pore length
,mean film thickness, and film area on operating porous gas diffusion electrodes.

Ni electrodes and 5M KOH solution were used in the experiments.

Padyukova(34) studied the state of hydrogen in a Raney-Ni catalyst
prepared from Ni-Al alloys(40 -60 mass % Ni) having different degrees of
dispersion by using thermal desorption and potentiodynamic measurements. It was
found that the composition of the Ni-Al alloys and their particle size have
important influence on the adsorption behavior of the Raney-Ni.

Kenjo(35) found that the tenth percent of chromium markedly enhances
and stabilizes the activity of Raney-Ni. Hydrogen electrodes catalyzed with

chromium dope are prepared and their polarization characteristics are measured. It
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was found that the chromium doped Raney Ni was more active than the Titanium-

doped catalyst and it provided a high activity over a wide range of the dopant

content.

Mund et. all(36)prepared Raney-Ni electrodes which contained 2% Ti.
The Raney catalyst powder obtained from Raney alloy had a BET area of 80

m?/g . A mean pore radius of 2x107 cm is found in the catalyst particles. They

have found that the steady state current voltage characteristics of supported Raney-

~ Ni hydrogen anodes are linear up to a polarization of 0.1V in 6M KOH as

electrolyte. The influence of the electrolyte temperature on the current -voltage
relation is also studied with a catalyst loading of 0.1 g/cm?2.The influence of the
electrolyte concentration on polarization is drastic and observed to lead in diluted

alkali to limiting current behaviour. Impedance characteristics were also studied.

Pattabiraman et.all(37)studied the preparation and polarization
characteristics of hydrogen and oxygen gas diffusion electrodes for use in low
temperature alkaline fuel cells. The electrodes they fabricated had a geometric
surface area of 30 cm? and employed skeletal Ni obtained from Ni-Al alloy
containing Ti promoter as electrocatalyst for hydrogen electrode. The hydrogen
electrode was found to show a high polarization beyond 30 mA/cm?2.

Grune(38)studied the dynamic behavior of porous gas diffusion
electrodes in fuel cells. In this study all measurements were carried out in a half

cell with electrodes having lcm? external surface area ,using 6M KOH as

electrolyte at 80°C.
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Abramazon et. all(39)developed a technique to determine the specific
activity of disperse Ni catalysts. The specific activity of the type of Nickel catalyst

examined is practically independent of the way of preparation.

Jenset et. all(20) have given the production steps of Raney-Ni based
PTFE bonded hydrogen anodes for lightweight alkaline fuel cells. The Raney-Ni
catalyst has been made by leaching the Ni-Al alloy and additional stabilisation.
The electrode is fabricated by mixing the catalyst with copper oxide for enhancing
the electronic conductivity and aqueous PTFE emulsion as hydrophobic binder.
Based on the experimental findings they concluded that a load of approximately 8-
9% PTFE and 15 weight % copper gives optimal performance. They showed that
at an overpotential of 100mV the optimized hydrogen anode exhibits at negligible
excess hydrogen pressure(1.02 bar)a current density of nearly 400 mA/cm? at
80°C in 30 weight % KOH. They also showed the long term performance of the

electrode.
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Chapter 3

ELECTRODE KINETICS AND ELECTROCATALYSIS

3.1 Introduction

The real efficiency of an electrochemical energy producing device such
as an AFC depends upon the power per unit weight. The power per unit weight
also depends on the rate of electrochemical reaction taking place at the elecrode.

Thus electrode kinetics determines the real efficiency of an AFC.

Electrocatalysis is the enhancement of a particular electrode reaction by
the appropriate choice of electrode material. The Electrocatalytic reaction depends
upon the nature of the electrode, presence of an electric field across the electrode-
eléctrolyte interface and nature of the electrolyte. Electrocatalyst is a material

which makes electrode reaction cost effective.
3.2  Current-Potential relation at a single Electrode

The reaction rate in electrode kinetics is measured by the current density
at the electrode. Thus the current across 1 cm? of electrode surface gives the

reaction rate. By Faraday's law the reaction rate is(40)

: . dz I
r =reaction rate in mole sec'l= ~—=-——

dt nF

and per 1 cm? of the electrode of area A, the reaction rate is
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I i
r= —_— "\.1
AnF nF 3.1

Thus the current density is a direct measure of the reaction rate.

Consider the following electrochemical reaction

R* +e— Rads——— pP

Let the first reaction which is charge transfer step be rate determining. In this case

the relation of the electrode potential to the current is given by(41)

_(1-o)Fn

27 (3.2)

z'=zz[exp{%}—exp{

Equation 3.2 is called the Butler-Volmer relation. It is a standard model that
describes the current - overpotential relationship for an electrode at a given
temperature, pressure and concentration of reacting species.

If the overpotential is large and positive, then the first exponential term in equation
3.2 is much larger than the second term. In this case of large anodic polarization

the equation 3.2 simplifies to

i= i.exp(%) (3.3)

where 1, is the exchange current density ,o is transfer coefficient and m is

overpotential.
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It is remarkable to note that for a change in overpotential by 0.5 V ,the reaction
rate changes by 4 to 8 orders of magnitude. Elecrocatalysis is the science of
minimizing the overpotential terms given by equation 3.3.

Equation 3.3 can also be written as

N = atblni (3.4
expression 3.4 is called the Tafel equation. The Tafel parameters are
characteristics of the electrode and are obtained experimentally from a plot of
1 Vs logi. |
In the case of small overpotential(ln] < RT/F) the Butler-Volmer

equation can be linearised as

j= 2i.00Fn
RT

(3.5)

3.3 Electrocatalysts

Electrocata1y§ts are selected or designed for each electrode reaction from
a knowledge of the chemical and structural properties of potential catalyst
materials. If the mechanism of the same overall reaction is different on various
substrates. Then depending on the value of overpotential ,one or other is a better

substrate from the practical point of view. Owing to a different mechanism of the

reaction resulting in transfer coefficient o being different.(42)

Factors which determine Electrocatalytic activity are as follows(43)
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1) Chemical composition of the Catalyst

Electrocatalysts are always based on transition metal atoms or ions.
Therefore the design of an electrocatalyst requires the placing of the transition
metal in a matrix which optimizes unpaired electron density and the spacing of
transition metal centers. For transition metal species unpaired d-electrons and
unfilled d-orbitals are available for forming bonds with adsorbates. The catalyst is
most effective when the bond is of intermediate strength. Geometric arrangement
of the catélyst centers is also important. The geometric and electronic factors are
dependent on each other. Together they decide the relationship between the
catalytic activity and chemical composition.

2) Real surface area

The current density for an electrode can be increased by deliberately
creating a rough surface. By making electrode surface rough the area available for

electrochemical reaction is greatly increased as compared to planar surface.

3) The catalyst support

Commonly electrocatalysts are expensive and are therefore prepared
either in the form of small particles dispersed on a cheaper substrate or as a thin
layer.

4)Catalyst structure on an atomic scale

Size and shape of small centers the presence of grain boundaries ,lattice
defects and special sites e.g. kinks, edges or screw dislocation also determine
Electrocatalytic activity.

A good electrocatalyst should have
a) High exchange current density and /or
b) A low Tafel slope.
¢) A tendency to inhibit side reactions.
d)Stability
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3.4 Design of Electrodes

Any practical electrode should have high activity for the desired reaction
which is stable over a long period of time. This generally means the ability to
deliver a current-density of 0.1-1 A cm? at an acceptable overpotential of less than
100mV and this performance must be maintained for the service interval of the
cell. The requirements for light weight AFC are as follows,

1. Operating Temperature should be less than 100°C

Operating pressure should be less than 4 atm.

Insensitivity to impurities in feed gas. _

O.C.V. should be at least 90 % of reversible E.M.F.

High Exchange current density, limiting current density

Low overvoltage

High gas consumption efficiency i.e. maximum conversion of feed gas

High performance at operating load

= R T A T ol

Inexpensive

10. Sufficient life time

Factors which lead to the loss of electrode activity are
1)Mechanical erosion or damage during servicing or handling.
2)Corrosion in the electrolysis medium either when the cell is on load or
standing on open circuit.
3)Poisoning by side reactions or adsorption of an impurity from the electrolyte
medium.

4)Re crystallization leads to loss in surface area.
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The electrode material must show the desired selectivity. In practice the

selectivity is based on kinetics rather than thermodynamics.

The electrodes used in AFC are porous in structure. The porous electrode
is made by compressing onto a conducting grid a mixture of the catalyst, a
conducting powder and a hydrophobic material e.g. PTFE. The gas is then passed
over the back of the electrode so that a three phase interface between gas

,electrolyte and catalyst is formed within the pores.

Gas consuming porous AFC electrodes have a triple layered structure.
The active electrode surface constitutes the primary(chemical) structure of the
active electrode surface. The secondary structure consisting of the inner surface of
the catalyst or its support is determined by the fine porosity(dp = 1-10 nm).The
third structure is the intermeshed dual system of coarser pores (dp >5um) between
the catalyst particles one part of which is hydrophobic and conducts the gases into
fuel cell electrode supplying the electrode wetted catalyst -particles with gas,
whereas the second ,hydrophilic pore system containing the electrolyte enables the

passage of ionic currents towards the counter electrode.(16)

3.5 Electrode study Techniques

Steady state and unsteady state techniques are used for the study of fuel
cell electrodes(44). Table 3.1 gives the various techniques that are commonly
employed in fuel cell electrode research. Any change in one of the variables e.g.
pressure, temperature, concentration etc. in an electrochemical reaction will cause
a time dependent change on other variable. All these variables reach a steady state

after a certain period of time. Steady state electrochemical techniques are used to
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study the functional relationship between variables. Polarization curves(current
density Vs potential curves )provide useful information on suitable working
potentials, possible current densities and current efficiencies. Steady state
polarization curves are utilized to get kinetic information on the overall reaction,
reaction orders and to determine charge transfer coefficents, exchange current

densities and limiting current densities.

In steady state technique there are again two methods namely
galvanostatic and potentiostatic. In galvanostatic method the electrochemical
reaction is forced to proceed at a chosen rate by keeping the current flow constant.
In this method the current required is changed in steps through a galvanostat and
the corresponding potential at the working electrode is measured against a

reference electrode under steady state conditions.

In potentiostatic method a potentiostat is used to keep the potential
between the working and reference electrode constant at a chosen value by
allowing a passage of current through the working and counter electrode. The
required voltage values are then changed in steps and each time corresponding

current 1s allowed to come to steady state.

In a non deactivating system ,under steady state conditions the
galvanostatic and potentiostatic polarization techniques gives same results. In this
work galvanostatic method is used to investigate the performance of specially
prepared Raney-Ni hydrogen electrode for AFC.

Unsteady state techniques are used to get double layer capacity,

adsorption coverage ,diffusion coefficients etc.
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3.6 Importance of Half Cell Studies

Half cell measurements give information about the magnitude of
activation, concentration and ohmic polarization occurring in each electrode. The
ohmic polarization is measured separately by IR drop measurement techniques.
The activation and ohmic polarization are isolated by analyzing the polarization
curves. Using a half cell, the reaction at each electrode is studied separately. In
this case current is supplied from an external source to the working electrode. The
overall reaction taking place in a half cell is different from that occurring in

complete cell. A schematic diagram of the half cell used in this study is given in
Fig. 3.1
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Chapter 4
REVIEW OF MATHEMATICAL MODELS FOR POROUS FUEL
CELL ELECTRODES

In order to increase the power density in alkaline fuel cell the activation,
concentration and ohmic polarization should be made as small as possible. In order
to determine the polarization behavior of electrodes numerous and expensive tests
need to be performed. Moreover, the interaction among the three types of
polarization causes difficulties in isolating the characteristics of a particular type
of polarization. Mathematical models of AFC electrodes can help in determining
how changes in parameters and operating conditions affect the various types of

polarization , which subsequently influence the performance of a fuel cell.

The AFC electrode models can help in identifying the parameters and
concepts that limit the performance of the fuel cell based on today's state -of-the
art technology. The mathematical model can also be used to investigate the effect

of hypothetical advances in technology on the predicted performance.

The exact theoretical analysis of porous electrode is difficult to carry out
because of the following reasons ,
(1) Precise knowledge of the structural details of electrode is unavailable.
(2) Non-linear multidimensional and coupled equations describing the mass
transport and partial distributions.

(3) Difficulties encountered in defining the three phase boundaries.



31

Because of these problems idealizations of various types have been used
in the modeling. Thus in the literature there are many models due to diversified
design of porous gas diffusion electrddes, controlling factors and operating
regimes(42). The models which are mostly used for the description of current-

potential relation are the following:

1. Simple Pore Model

2. Thin Film and Meniscus Models
Hydrophobic Electrode Models
Hydrophilic Electrode Models
Cylindrical Gas Pore Model

93]

o o~

Flooded Agglomerate Model

In the simple pore model developed by Austin et.all (45)
it 1s assumed that the reactant gas diffuses into the pores, dissolves in the
electrolyte and further diffuses in solution to reach the catalytic sites where the

three-phase boundary of solid -liquid-gas comes into contact.

Experiments with partially submerged electrodes show that the electrode
reaction occurs mainly in a region where the electrolyte forms a thin meniscus and
a film at the electrode-gas interface. This film helps in molecular diffusion of the

gaseous reactant through the thin film of the electrolyte. This is the basis of Thin
film and Meniscus model.(46)

Hydrophobic electrode models can be classified into three basic
types(47). In the first type hydrophobic gas pores are formed by agglomerates of
PTFE in a hydrophilic medium consisting of catalyst particles separated by the
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electrolyte. In the second type hydrophobic pores are formed by agglomerates of
catalyst located in a hydrophobic medium consisting of PTFE particles with the
space occupied by the gas. In the third type the contact angle at the boundary of
the liquid is determined by PTFE concentration at the surface of gas pores .The
activity of hydrophobic electrode is determined not only by the pressure difference
but by the hydrophobizer concentration. The polarization distribution in the
electrode is determined by solving differential equations which involve a

probability factor of the position of PTFE grains in crystal lattices.

Hydrophilic electrode models include dual porosity models and the
models of intersecting capillaries. The dual porosity model treats a porous
electrode as containing both wide and narrow pores. The wide pores are filled
with gas but their walls are covered with a solution film, and the narrow ones are
flooded. Models of intersecting capillaries assumes that the current generation is

localized in the neighborhood of intersection of pores.(48)

The pressure differential between the gas and electrolyte solution
determines the distribution of gas and liquid and the electrochemical activity of
hydrophobic electrodes. The performance characteristics of hydrophobized
electrodes depend upon the degree of hydrophobization. The Cylindrical gas pore
model was proposed to explain the fact that as Teflon concentration is increased

the electrochemical activity goes through a maximum.

In the cylindrical gas pore model suggested by Burshtein et.all (49) and
Chirkov(50) gas filled pores are assumed to be circular cylinders of constant
radius. These cylinders are assumed to be arranged in a regular manner with walls

composed of a mixture of PTFE and catalyst moistened with the electrolyte.
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Lampinen, M. J. and Viitanen, M. (51) have proposed a mathematical
model in which the agglomerates of catalytic particles are described as cylinders
whose axes are perpendicular to the surface of the electrode. The model takes into
account the diffusion of gas, the electrochemical reaction taking place, ionic ohmic
drop in the cylinder and also electronic ochmic drop due to the finite conductivity

of solid materials. The structure of fuel cell electrode can be optimized by this

model.

In the agglomerate model the catalyst particles and liquid filled pores
coexist in a homogeneous continuum surrounded by the gaseous species.
Giner's(52) model accounts for the diffusion of a dissolved gaseous species with
electrochemical reaction in a cylindrical agglomerate and considers the variation in
the solution phase potential. The model doesn't take into consideration the gas
phase and solid phase resistances. The Giner's model predicts the performance of
the electrode as a function of agglomerate radius and catalyst utilization for low
current density. Cutlip's analytical model (53) considers mass-transport process
occurring in gas diffusion electrodes. In this model éatalyst effectiveness factors
are used to modify the electrocatalyst based on different shape factors. Cutlips
model predicts that the coupling of the gas-phase diffusional resistance and

electrode thickness strongly influence the limiting current density.

Iczkowski and Cutlip (54) proposed a fairly complete model of a three-
phase electrode. This model accounts for the gaseous diffusion resistance ,solution
phase diffusional resistances, and solid and liquid potential variations. Based on
this model they suggested that the gas diffusion resistance is about 38% and ohmic

loss in the electrolyte contributes 48% of the total voltage drop in fuel cell
cathode.
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Celikar et. all (55) have proposed flooded Raney catalyst grain model to
describe the working mechanism of PTFE - bonded Raney catalyst gas diffusion
electrodes. In this model Raney metal catalyst grains in the electrode are
considered to be spherical in shape and flooded with electrolyte during operation
and are surrounded by hydrophobic gas pores. Analytical equations are derived to
evaluate the performance of a single catalyst grain in the presence of diffusion
limitations. The current generation expression for each grain is then combined
with the potential distribution differential equation to predict the complete
electrode performance. The radial degree of utilization of the spherical grains for
current generation and also the degree of utilization of the whole electrode in the
axial direction can be investigated by the model equations. This model predicts the
polarization behavior in terms of experimentally measurable properties e.g.

porosity's, current density, potential catalyst loading, electrode thickness.

Kimble and White(56) have for the first time proposed a complete
mathematical model of an alkaline fuel cell that contains both the electrodes and
the separator. This model assumes a macro homogeneous, three phase electrode
structure to describe the processes occurring in the solid, liquid, and gaseous
phases of the anode, separator and cathode regions. This model accounts for the
one-dimensional transport of reactant gases, water vapor, solution phase
concentrations, solid and solution potential variations, and the volume - average
velocity. Limitations to attain high power densities are given and methods to

increase the maximum attainable power density are suggested based on the model.

In a following paper Kimble and White (57) have carried out parameter
sensitivity and optimal design analysis for a hydrogen/oxygen alkaline fuel cell.

The optimal electrode thicknesses for the anode and cathode reaction layers and



the gas and liquid phase porosity in the cathode reaction layer are determined by
maximizing the power density. Based on the model prediction the authors suggest
a significant improvement in the fuel cell performance can be achieved by
increasing the gas - liquid interfacial area followed by increasing the

Electrocatalytic activity and decreasing the separator thickness.

Yang and Bjombom (58) have developed a mathematical model for
alkaline fuel cell cathode by using concentrated solution transport theory. The
model assumes an electrode with two layers: gas supply layer and reaction - active
catalyst layer. Application of this model is useful in understanding humidity

content management during electrode operation.
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Chapter S
ELECTRODE MANUFACTURE AND CHARACTERISTICS

5.1 Manufacture of Hydrogen Anodes

At present production of fuel cell electrode requires experience and a
very good knowledge of material properties. As the volume of research in this area
is increasing electrode manufacture will become a scientifically well founded

process.

For the production of hydrogen anodes from Raney-nickel for
lightweight akaline fuel cell pulverized aluminum-nickel alloys are taken. These
alloys are then leached with KOH solution to remove aluminum. This leaching
process results in a highly porous structure. Large amounts of adsorbed hydrogen
is found in freshly leached Raney nickel. This adsorbed hydrogen is then removed

by slow and controlled oxidation before further processing the material.

Polytetrafluorethylene(PTFE) in powder or aqueous emulsion form is
used as a binder in AFC electrode manufacture. This PTFE binder provides
cohesion between the catalyst particles and firm mechanical contact of the catalyst
with the supporting metal screen. The hydrophobic material for the gas conducting
pore system is also provided by PTFE.

The depyrophorised and thermally stabilized catalyst and PTFE powder
is then intensively blade-milled. This through mixing produces a fluffy mass by
which the catalyst and PTFE particles become indistinguishable from each other.
This mixture of catalyst and PTFE is then mixed with Cu,O. The fluffy mass is



then cold rolled into a felt. This cold rolling process results in cross linking of the
catalyst particles by PTFE-fibers which is brought about by stress and friction
from the initially globular PTFE- particles. This cold rolling of the mixture is the
most important step in the production of AFC electrodes. This is where the art
factor in the manufacture of fuel cell electrode comes into picture. A very good

knowledge of material properties and experience is required for cold rolling

step.(59)

When PTFE in powder form is used then the process of electrode
manufacture is called dry method. While the manufacturing process with PTFE

emulsion is called wet method.(9)

High rolling pressure and strain are required for dry method than wet
method. High rolling pressures and stress are supposed to induce a layered
structure of the electrode and in particular alignment of the PTFE fibers parallel to
the electrode surface. The felt is then rolled onto a metallic screen (fig. 5.1). The
metallic screen cén be of nickel or copper. The metallic screen acts as a support
and current collector. Since at the potential of the hydrogen anode Ni or Cu is
immune to corrosion. The thickness of the PTFE bonded Raney-nickel felt for the
hydrogen anode should not exceed 0.5 mm for optimum performance. The mesh
width of the net and diameters of the metallic wire are of the same or comparable
size. The freshly prepared electrodes require cathodic conditioning before using
them in AFC. The cathodic conditioning reduces the added Cu,0 with the
formation of a highly metallic, highly conductive, copper deposits within the fuel
cell electrode. In this way a homogeneous deposition of copper in the electrode
matrix is achieved. This cathodic treatment also leads additionally to partial

reduction of nickel oxide.(60)
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The novel Raney-Ni/PTFE gas diffusion electrodes used in this study

were characterized by a number of techniques which were:

1. BET surface area by nitrogen adsorption
Mercury Intrusion Porosimetry

Scanning Electron Microscopy

> owoN

Inductively Coupled Plasma(ICP)- Atomic Energy Spectrometry

These characterization results were later used to estimate the physical
parameters required for flooded spherical Raney-Ni catalyst grain model
developed earlier by Celikar et. all (15). The characterization of the electrode was

carried out in the Research Institute of the King Fahd University of Petroleum and

‘ Minerals.

5.2 Surface Area

The basic theory behind measuring total surface area of porous structure
is by adsorption of a particular molecular species from a gas or liquid onto the
surface. If conditions are so adjusted that a complete adsorbed layer, averaging one
molecule thick, can be established and the area covered per molecule is known.

Then the quantity of adsorbed material gives directly the total surface area of the

sample.

In BET surface area by nitrogen adsorption method, the amount of
nitrogen adsorbed at equilibrium at the normal boiling point(-195.8°C) is measured

over a range of nitrogen pressures below latm.
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Extension of Langmuir adsorption isotherm to multilayer adsorption

gives the following expression for the volume of nitrogen adsorbed at pressure P.

P____1 _(C-DP
V(Po—P) VaC VuCP

Here P, is saturation pressure of adsorbate gas at the experimental
temperature and C is a constant which is related exponentially to the heat of
adsorption and liquefaction of the gas. More accurate determination of the surface

area requires higher C values.

A plot of P/V(P_-P) against P/P, gives a straight line. The reciprocal of
the sum of slope S and intercept I of this line gives volume, Vm of gas adsorbed in
monolayer. By knowing the average area occupied by an adsorbed molecule the

surface area to the catalyst is then calculated. For nitrogen at -195.8°C the surface

area per gram is 4.35x10* Vm.

The equipment used for the determination of BET surface area of the
new eclectrode was SORPTOMATIC. In this instrument the volume of the gas
adsorbed was obtained by measuring the decrease in pressure resulting from the
adsorption of a portion of a known gas volume. Predetermined constant volumes
of nitrogen were introduced in an evacuated émpty burette and kept at liquid
nitrogen temperature. After introducing the sample in test chamber a part of
nitrogen introduced was adsorbed and the pressure of the gas in equilibrium with
the portion adsorbed were recorded. Comparison of the values of pressures with

empty
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’ Table 5.1 B.E.T. Surface Area for the Fresh Electrode

n
5
~
)
o)
(%)

DaT

0PERATOR

SAMPLE

- MONOLAYER THICHN.(A) 4.3
SATUR./LIM. PRESS. (7CRR) 760
AD3.MOL.MASS [G/MOL} oy
ADS.LIG.DENS. (G/CM3) . 8038
BUN. TEMPERATURE (C) ~195.82

OPERAT.PRESS. (TORR) 500
TOTAL INTRODUCTION g
RED. INTRODUCTION 8
REDUCTION FACTOXH . .3
BUR.CONST. (CM3/TORR) .1
Semp il pJ4S> ey RO

SAMP.DENS. {C/CM3) 2

"CORRECTZID BUR. COSTANT (CM3/TDAR) = .0893302

ADSORPTICN YALUES

P ADS (TORR)} P/FPO ADS vI (CM3) vV ARS (CM3/G) T8y p/(PO-P]

B67.5 0.083 7.88 4.130 2.5
143.4 0.18% 15.76 5.329 5.2
218.2 £.257 23. 64 5,912 .3
293.86 0.385 31.32 B.255 7.5
368.4 0.485 28.41 9.882 a.2
d24.9 0.585 47.29 10.838 9.1
5317.2 0.551 §5.17 13.278 15.1
5v4.2 0.782 83.05 14, 10% 1.7
35,0

VOLUME (MONOLAYER)...... 5.47821 (CM3/G)

SPEC.SURF.AREA.......... 23.8408 (M2/G)

to)

BET C VALUE............. 15.8255

[

TOT. VOL. INTRODUCED.... §3.03 (CM3)
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burette gives the gas volume adsorbed at the various equilibrium pressure and

hence the isotherm could be calculated.

The results of BET surface area determination of the new electrode by

nitrogen adsorption are given in table 5.1.
5.3  Mercury Intrusion Porosimetry

Mercury does not wet most surfaces and therefore doesn't penetrate most
pores at atmospheric pressures. Mercury intrusion porosimetry is based on this
nonwetting behavior of Hg in capillary. If the contact angle between liquid and
solid ,0 is greater than 90°, the interfacial tension opposes the entrance of liquid
into pores. This opposition is overcome by external pressure. For a cylindrical
pore the force opposing entrance to the pore acts along the circumference and
equals -2nrocos6, where ¢ is the surface tension. The external pressure, which
opposes this force, acts over the entire pore cross-sectional area and equals 7r’P.

At equilibrium the two forces are equal and pore radius is given by

—20cos0
¥y = —
P

Mercury intrusion porosimetry was applied to the new
electrode to measure the macroporosity which consisted of pores bigger than 50 A
in size. In this method the porous electrode was placed in a cell and evacuated. Hg
was then injected into the pores at various pressures and the volume of Hg taken
up was obtained as a function of pressure. The results of Hg intrusion porosimetry
are given in table 5.2 and 5.3. The total macroporosity for the new hydrogen anode
was estimated as 0.0057cm’/g .



Table | 5.2 Pore Volume by Hg Intrusion Porosimetry

rIgETioN

- -
rOEE 17T, CF S, PAanTiCcLY

= 100
ovEZAToR Sia

he ag do e

l.}(u:"--l.;l
-l L) 1S e

S U LD

LMY I 1D

T LI LWL LWL W I
TWOL L LWL W) LW St

2
5
14,
52 .
EY o »
55 2.2
i . 8.2
2.1
3.2
2.9
73.890 3.0
77.50 2.7
B0.13 2.6
32.51 2.5
¥4.64 2.0
88.358 1.9
. 88.43 1.8
89.95 1.5
93.02 2.4 259.5
95,4 o 5 407.2
5.3 83 3 1833
95,67 ¢.5 B 303.4
897.33 0.7 6 23a.0
97.85 e.5 7 365.4
93.31 0.5 7 223.4
o
98.33 0.3 7353 595.8
92.11 0.2 2912 235.1
€8.41 0.3 3284 271.7
99,41 a9.¢ BAVG 0.0
100.0¢ c.8 3830 6G3.8
100.00 6.9 AHOG G
120.00 g.¢ 8220 g
10¢.CO 0.0 3350 0
100.00 0.9 8290 .C
100.00 n.0 0
1¢0.930 u.90 2
ing.)e 0.C 0
luu.Co ¢.45
e b c.0
100.u6G .9
§ 100,494 (LD
35 100.09 Q.0
35. 00,03 9.8
3. 100,00 0.0
ELLN ioQ. 60 0.0
43, lua.90 0.0
47. mno.co 0.9
45. 103.90 0.0
32, i00.00 9.0

SPECITIC sypeac

in

AREN (MZ/6Y = 289 (CYLIMDRICAL MODEL:

AP



Table 5.3 Pore Size Distribution for the Fresh Electrode

Pore Size % Pores
37-100°A 0%
100 - 1000 °A 17 %
10° - 10° °A 70 %
| > 10%°A - 13 °/_6
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54  Scanning Electron Microscopy (SEM)

In SEM an electron spot of about 5 nm minimum is focused on the
sample. This spot is then moved over a small area by means of a set of deflecting
coils. This area is displayed highly magnified on a cathode ray tube (CRT) screen
by causing currents passing through the scanning coils to pass through the
corresponding deflecting coils of the CRT while the electrons emitted from the
sample are collected, amplified and used to modulate the brightness of the CRT.
By venfying the orientation of the specimen with respect to the signal detector, a

light/dark effect is produced forming a three-dimensional effect.

The SEM analysis of the electrode was carried out to observe the
morphology of the electrode sample and perform EDS analysis for the active layer
and metal mesh. The samples were cut and mounted on holders of JSM-840 type
SEM, with the help of a double sided adhesive tape. Carbon conducting paint was
applied to make the sample conductive. The samples were observed on the CRT
screen and energy dispersive spectral (EDS) analysis was performed. After this the
samples were coated with a thin layer of gold and micrographs were taken. Two
micrographs of the sample were taken to show the cross-sectional area, mesh side
or electrolyte facing side. EDS spectra and semiquantitative analysis data was
obtained for the mesh and for the electrolyte facing side and back side or gas
facing side(figs. 5.2, 5.3, 5.4).

From figs. 5.5 and 5.6 the average grain size and thickness of active %
layer of the electrode sample was estimated to be
Average catalyst grain diameter= 10pum (fig. 5.5)
Average Thickness of Active layer= 380um (fig. 5.6)
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SEM Micrograph of the Active Layer of Electrode
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SEM Micrograph of the Crbss-section of Electrode
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5.5  Inductively Coupled Plasma -AES

ICP-AES analysis gives very accurate determination of the composition
of the sample. For this analysis the electrode sample was separated from its metal
mesh. The sample was weighed in a digital balance then digested with 25 % HCl
under low heat until only white film particles were left. Sample was finally diluted
in 5% HCl and screened by ICP to check what elements were there. Final analysis
was carried out by ICP which was calibrated with four levels of mixed standards

containing the elements that were found from screen test. The results are given in

table 5.4.

These results showed that about 27 % PTFE was present in the electrode.

This result helped in determining the catalyst loading which was calculated to be
0.08278 g/cm? .

5.6 - Estimation of Electrochemically Active Surface Area

For estimating electrochemically active surface area a piece of the
electrode having external surface area of 4 cm? was cut. This piece of electrode
was then weighed on a digital balance. After this the copper mesh was separated
very carefully from the electrode piece and weighed. From the difference between

the total weight and the metal mesh the weight of the active layer in the electrode

piece was calculated as follows,

Total weight of 4 cm? electrode piece

0.6341 g

0.1807 g
*. weight of active layer in the electrode = 04534 ¢

Weight of copper mesh



Table 5.4 ICP-AES Analysis for the Fresh Electrode

Elements % By Weight
Al 3.30 %
Cu 7.80 %
Ni 62.0 %
Cr <0.05 %
Ti <0.01% |
Fe <0.05%
Mn <0.05 %
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From the BET surface area measurement an area of 24 m?/g based on
total weight was measured. The comrected BET surface area based on the active
layer for the electrode was

24 (0.6341)

S . (corrected) = m?/g
oE (0.4534)

=  33.56 m?g

Surface area based on unit volume of the electrode was calculated as
£ = S, (comected) p (1- 6)
= 33.56%4.1175%(1-0.4)

= 8.3x105 cm? cm?
5.7  Estimation of Electrode Macroporosity

For estimation of macroporosity a 4 cm? square piece of electrode was
carefully cut and weighed on a digital balance. The weight of this sample was
found to be 0.6341 g. Hence the area of 1 g of electrode becomes 6.3081cm?. The
product of electrode thickness with the area gave volume of 1 g of electrode to be
0.2429 cm’/g. Thirty copper wires of 200 pm diameter and lcm length(L) were
counted in 1 cm? piece of electrode. From this the volume of wire in 1g of the
electrode was calculated as

Volume of wire in 1cm? of electrode =30nD?L/4
1 cm? of the electrode =0.009425 cm?
1 g of electrode = 0.05945 cm?
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Hence corrected volume of active layer = 0.2429 -0.05945

= (.1834 cm3

From Hg intrusion porosimetry the total pore volume was found to be
0.0544 cm®/g . The electrode macroporosity was given by the ratio of void volume

which was obtained from Hg intrusion porosimetry divided by the corrected
volume. Thus

.00544
Macroporosity(e_, ) =

0.1834

= 0.2966

Table 5.5 gives comparison between the charecteristics of previous
elctrode and the new electrode.
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Table 5.5 Comparison of Characteristics of the New Electrode with

Previous Electrode

Characteristics Previous Electrode New Electrode
Avg. Grain Radius(R) 20um Sum
Electrode Thickness(L) 320pm 380um
Macroporosity(z—:m) 0.2 0.3
Active Surface Area(f°) 5.4x10° cm! 8.3x10° cm'!
BET Surface Area(S) 30 m¥/g 33.56 m%/g
Catalyst loading 7 kg/m? 8 kg/m?
Cu Content (%) 0%

7.8 %
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Chapter 6

EXPERIMENTAL SETUP AND PROCEDURE

6.1 Experimental Half Cell Setup

A schematic diagram of the half cell assembly used for investigating the
performance of the specially prepared Raney-Ni hydrogen electrode is shown in
fig.6.1. The half cell is fabricated from plexiglass. It has a gas chamber and an
electrode chamber. The gas chamber has an inlet and outlet for the gas while the
electrode chamber houses the electrode, a ring shaped PTFE sealing and two
nickel wire current collectors. The electrode chamber is screwed to the gas
chamber with stainless steel screws. The half cell is mounted into a PTFE
container which is filled with 25% KOH solution. A 2.5cm X 2.5cm nickel plate
which is welded onto a nickel rod is used as a counter electrode. The counter
electrode is fixed onto the plexiglass lid of the PTFE container. As the electrolyte
medium is basic therefore a Hg/HgO reference electrode is used. The reference
electrode is placed near the electrode in the cell in such a way that shielding
effects are minimized. The gas inlet and outlet of the gas chamber are sealed by
PTFE tape. The incoming gas is introduced at the side of the chamber while the
outgoing gas leaves from the top. The level of water in the back pressure regulator
is adjusted to 10 - 15 cm height. A Brooks gas flow controller is used to control
the flow rate of hydrogen through the cell. The outlet gas pressure from the
hydrogen gas cylinder is kept at 1.4kg/cm?. The hydrogen gas used in this work
has a purity of 99.99%.

The outlet gas stream from the half cell is bubbled through an adjustable
height of water column acting as back pressure regulator. The entire half cell
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assembly is place in a thermostat water bath for doing experiments at different

electrolyte temperatures.

The geometric surface area of the circular shaped electrode used is 6 cm?
and it is placed in the half cell in such a way that the mesh side faces the
electrolyte. Nickel wire current collectors are used to connect the working
electrode to external circuit. A Wenking type POS73 potentioscan is used to
apply a desire load of current to the working electrode by choosing suitable
external resistances. The external resistor is fixed to an interface board. The
interface board is also equipped with a solid state relay. Digital multimeter of type
METER M-4650 are used as high impedance DC voltmeter and ammeter in the
circuit. A dual channel digital storage oscilloscope (Philips ,I;M 3302)with a
maximum sampling rate of 20 MHz is used for IR drop measurement by current

interruption técbnique using the solid state relay(Teledyne SSP p/N type with 4-
10V DC control).

6.2 Activation of the Raney-Ni Electrode

Activation of the Raney-Ni electrode was carried out to precondition the
electrode. The activation process results in reduction of the nickel oxide. The
activation was done by passing a cathodic current of 25 mA, the electrode being
fully immersed in 25% KOH electrolyte.

For the purpose of activation ,a circular shaped electrode of diameter
3.6 cm is cut from the electrode sheet and placed in the electrode chamber in such
a way that the metallic mesh touches the current collector wires. A ring shaped
PTFE sheet was placed on top of the electrode. The ring acts as a sealing. Then the

two pieces of the half cell were brought together and screwed with stainless steel
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screws. The gas connections were done and the half cell mounted on the plexiglass
lid was slowly lowered into a 25% KOH solution in a PTFE container. The PTFE
container was then placed in a thermostat water bath. The level of water in the
back pressure regulator was adjusted between 10-15 cm so that neither the gas

bubbles in the electrolyte nor the electrolyte leaks into the gas compartment.

The external circuit was connected galvanostatically and a current of
25mA was passed through the cell for 48 hours at 25°C. During activation the
electrode potential stayed around -945mV with respect to Hg/HgO reference

electrode. Upon stopping the cathodic current the electrode potential falls down to

about -922mV.
6.3 Polarization and IR drop Measurements

The working electrode was polarized by changing the settings of the
potentiostat and passing anodic current through the cel}(ﬁg. 6.2, 6.3). A DC
interruption technique which was developed at KFUPM was used to measure the
IR drop losses. This IR drop technique utilizes the fact that ohmic overvoltage

decays 100 times faster than activation ,concentration overvoltage.

The potentiostat was used as a galvanostat by using an external resistor
R, whose value determines the current range to be controlled. This resistor was
placed between the working electrode and its potentiostatic lead was connected to
the point where the external resistor was linked to the working electrode. A solid
state relay in series with a milliampmeter was connected to the working electrode
of the half cell. Potential difference between the working and reference electrode

was measured by a high impedance voltmeter.
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A dual channel digital storage oscilloscope was used to monitor the
working electrode potential and cell current through channels A and B
Jespectively. The position of the signal in the Y direction was adjusted by
depressing the normal triggering switch and by adjusting the amplifier A and B
switches accordingly. The level signal on the oscilloscope was turned slowly till
the signal is caught at its present time base values. The cell current transient was
recorded as a voltage drop across an accurately known resistor ,R;.Mechanical
switch S, when-opened ,activates the batteries in series which then deenergizes the
relay breaking the circuit current. Without using any pulse generator, switch S,
was simultaneously used for pre-triggering the oscilloscope with shielded
concentric cables. In addition the oscilloscope itself has built in four levels of pre
triggering before the event which are namely zero, two, three, four quarter on the
screen. Either ome quarter or one half pre triggering was used in all the
experiments. All the connecting wires to the instruments were kept as short as

possible to minimize the pickup of stray capacitances and inductances.

The initial instantaneous jump of the voltage recovery upon going from
an operating load to open circuit was recorded as the IR drop in the half cell. At
oscilloscope sweep rates of 50ms/div. ,sharp steps corresponding IR drop was
easily recorded and measured. It was observed that this event is completed in
about 30-35msec. The reproducible delay in the opening of the solid state relay
and the adjustment of level of the signal provided a ready synchronization with
oscilloscope sweep rate at a present trigger level. The signal was digitally recorded
in the memory of the oscilloscope and then plotted on an X-Y plotter. A variable
resistor Ry, a mechanical switch S,,and a 1.5 V battery was connected in series to

adjust the vertical level of signal in channel B. This was optional and only
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necessary when high sensitivities of deflection per division were required in the
vertical direction of the screen.

Thus the experimental procedure involved loading the working electrode
with a current density and measuring the resulting potential of the electrode with
respect to Hg/HgO reference electrode. The IR drop measured from the
oscilloscope and the XY plot of voltage against time. The same process was

repeated at different current densities and at different electrolyte temperatures.

For the long term electrode performance test the half cell was connected to the
potentiostat in potentiostatic mode. In potentiostatic mode a predetermined
overvoltage was applied to the working electrode so as to pass a constant current
through the counter and working electrode. Fig. 6.4 gives the circuit diagram for

the potentiostatic experimental setup. The decay of this current was then followed

as function of time.
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Chapter 7
EXPERIMENTAL RESULTS AND ANALYSIS

7.1 Polarization Measurements Results

In order to ascertain the validity of experimental setup galvanostatic
polarization runs were carried out with the old electrode. Fig. 7.1 shows the
reproducibility run camied out with the old electrode at 35°C and 65°C as
compared to the previous data(15). The measured cell current was divided by the
electrode external surface area to get the current densities. Fig. 7.2 shows the
reproducibility run carried out with another piece of the new electrode. This run

was carried out to ascertain the homogenity of the electrode.

The voltage drop in the electrolyte(IR) was measured by current interruption
method. The electrolyte resistance was calculated by dividing IR drop by the
measured cell current. Fig. 7.3 shows the electrolyte resistance at various
temperatures. Table 7.1 gives the average electrolyte resistance at various
temperatures (25°C-75°C). Steady state galvanostatic polarization curves obtained
for the new electrode at various temperatures in the half cell setup are shown in
figs. 7.4 to 7.9. The open circuit voltage read on the voltmeter and IR drop voltage
measured by current interruption method was subtracted from the polarized

electrode potential to get IR free overpotential.
IR free overpotential =E; - O.C.V. -IR

For the polarization curves this overvoltage versus the current densities at various

temperatures were plotted.
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Table 7.1 Electrolyte Resistance as a Function of Temperarture

Temperature Electrolyte Resistance
(°C) )
25 0.527
35 0.447
45 0.331
55 0.2904
65 0.2565
75 0.1969
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7.2  Application of Spherical Raney Catalyst Grain Model
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The spherical Raney catalyst grain model developed earlier (15) was

applied to estimate the charge transfer coefficients and exchange current densities

for the new electrode at different temperatures. The following model equation in

dimensionless form ,
" d*¢ _2nFD.P ozFn.
d&®  nkR Ca-e Ty DLC, ExpCorr ®
La ozFn.
th{R -
coth{ nFD:.C. (2RT o ]

with dimesionless boundary conditions is used for the parameter estimation.

B.C. ]. g: 0 ¢= 1
B.C. 2 & = 1 _42 _ O
dx
Here,
¢ = Dimensionless overvoltage = 1’77
and & = Dimensionless electrode thickness = %

(7.1)

n, is the measurable overvoltage at the electrolyte side of the electrode

and L is thickness of the electrode.
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difference method. The electrode cuirent density at the electrolyte side of the
electrode is given by

9 = ¢ (1-emag) Gl (12)

Tables 7.2 and 7.3 gives respectively the temperature independent and

temperature dependent input parameters used in the solution of equation 7.1.

Based on these parameters and experimental overvoltage values the
model equation was solved to get theoretical current densities. The solid lines in

figs. 7.4 to 7.9 also represents the current densities as predicted by the model.
7.3 Estimation of Kinetic Parameters

The spherical Raney-catalyst grain model was used to determine the
kinetic parameters by comparing the predicted current density values with the
observed experimental values and minimizing the sums of the squares of the
difference between these two quantities. N data points from the experimental
polarization curve were chosen and the objective function, S which was defined as

the sum of the squares of the error

N
S=Y (o = i)’
1



Table 7.2: Temperature -independent input parameters for Spherical
Raney-Catalyst Grain Model
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Stoichiometric Number
Electrons Transferred
Electrode Thickness
Avg. Grain Radius

Macroporosity

Microporosity
Tortuosity

Active Surface Area
BET surface Area

Catalyst Density

z=1

n=
L=380pm
R=5um

smac=0.3

£=8.3%105 cm!
S$=33.56 m?*/g

p=4.117g/cm3
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was evaluated by assuming a particular set of exchange current density (i) and
charge transfer coefficient(o) values. The assumed values of i, and o had upper
and lower constraints based on physical considerations. At each temperature
experimental data points were chosen on each polarization curve and the

minimization procedure was carried out. Table 7.4 gives the best fitting values for

i and o
7.4  Apparent Activation Energy

The apparent activation energy, Ea for an electrochemical reaction is

given at constant electrode potential by

B, = R(lx; zz—llnzn) (13)

T: T

The potential of the reference electrode is dependent upon the

temperature hence only apparent activation energies can be estimated.

The apparent activation energies for the new electrode for hydrogen
oxidation reaction at overpotential, = 10 mV, 25 mV and 50 mV were obtained
from a plot(fig. 7.10) of logarithm of current density against the reciprocal of

temperature. Table 7.5 gives the apparent activation energy for the electrode at

different over voltages.
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Table 7.4 Kinetic Parameters for Hydrogen Oxidation Reaction

Charge Exchange
Temperature Transfer Coefficient Current Density
°C () (i,) mA/cm’
25 0.57 . 66E-6
35 ' 0.59 15.1 E-6
45 0.60 31.0E-6
55 0.61 52.7E-6
65 0.63 118.5 E-6
75 0.65 310.0E-6
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Table 7.5 Apparent Activation Energy at different Overvoltages

Overvoltage Apparent
(mYV) Activation Energy
(kJ/mol)
0 27.9
10 24.45
25 20.10
50 16.52
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7.5 . Discussion of Polarization Results

It can be seen from figs. 7.4 to 7.9 that with increasing current density the
IR free overvoltage i.e. losses also increase. For the range of current densities
investigated it appears that the current density varies almost linearly with
overpotential. This behavior is due to the fact that at lower polarization activation

overpotential is very high while concentration and ohmic overpotentials are small.

From the figures it can be clearly discerned that the overvoltage at a given
current density decreases with incréase of electrolyte temperature. The reason
behind this decrease in overvoltage at higher temperatures is still not clear. It is
proposed that several different but partially co-operative and partially opposing
processes are responsible for the experimentally observed phenomena of decrease

in overvoltage with increase of temperature. Some of these processes are,

1. Change in electrolyte / gas hold up of the electrolyte.
2. Increase of electrolyte conductivity with increase of température.

3. Increase of exchange current density and charge transfer coefficient with

temperature.

At 75°C the new electrode is able to support a current density of 115
mA/cm? at an overpotential of 24 mV( fig 7.9).While the old electrode could
support the same current density at an overpotential of 35 mV. Under the
experimental conditions kept for this study the overpotentials were always less
than 70 mV. The polarization curve for the new electrode is always lower than that
for the old electrode especially at higher current densities. This means the

polarization resistance of the new electrode is smaller than the old electrode at



85

decrease in contact resistance(less Ohmic Polarization) brought about by copper

present in the active layer and conducting grid. The new electrode also has a

higher Electrocatalytic activity.

Fig. 7.3 shows the ohmic resistance of the electrolyte at various
temperatures as a function of current density. From the figure it can be seen that
the electrolyte resistance decreases with increase of temperature. This is because
of the fact that at higher temperature the conductivity of KOH is more. In fact the
conductivity of KOH increases more than twice from 25°C to 75°C as can be seen

from the figure.

At 25°C (fig. 7.4) the electrode is not able to support current densities
which are higher than 60 mA/cm?. This implies that this is a limiting current
density for the new electrode at 25°C. Thus the present value of limiting current
density at 25°C makes the operation of the new electrode at room temperature very
uneconomical. A through study of factors which affect the limiting current density
is required to explain this decrease in limiting current density with _‘decrease of

temperature. The new electrode starts showing better performance at 55°C (fig.
7.6).

The apparent activation energy found for the new electrode at an
overpotential of 10 mV is 28.63 ki/mol. The activation energy for the new
electrode at zero polarization is estimated to be 27.9 kJ/mol. For the previous
electrode the activation energy was 31.35 kJ/mol. The lower value of activation
energy indicates that lower activation energy results in lower polarization

resistance. Which means better performance.
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The kinetic parameters namely exchange current densities (i,) and charge
transfer coefficients(o)) were estimated at different temperatures by using the
spherical flooded Raney catalyst grain model and the experimental polarization
curves. Table 7.4 gives the values of i, and o for the new electrode. The exchange
current density follows an exponential relation with temperature(fig.7.11). The
exchange current densities and charge transfer coefficients estimated for the new
electfode are greater than those for the previous electrode. For example at 75°C the

i, for the new electrode is found to be 3.10 x 10* A/cm? while for the old
electrode it was 2.80 x 10#A/cm? The addition of Cu,0 to the catalyst is

responsible for bringing about this increase in the exchange current density.
7.6  Experimental Results for Long Term performance Test

Steady state potentiostatic long term performance tests were carried out
for the new electrode at various temperatures. The voltage between the test
electrode and reference electrode was kept constant and current (i.e. Reaction rate)
was mbnitored as a function of time.

For plotting the potentiostatic transient current decay experimental results
the concept of Residual Electrode Activity (R.E.A.) was used. Residual electrode
activity (R.E.A.) is defined as the ratio of electrode current density at any time =t

to the initial electrode current density at time = 0. Thus,
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Figs. 7.12 to 7.14 show the results of potentiostatic long term performance test on

the new electrode at various temperatures.

Galvanostatic steady state long term performance test of the new
electrode was also carried out for the new and previous electrode. For this
particular test the current flowing through the half cell was kept constant and the
potential of the test electrode was observed as a function of time. Fig. 7.15 shows
the result of galvanostatic long term study.

7.7  Application of Deactivation Model

The spherical flooded Raney catalyst grain model has been modified to
study the effect of deactivation phenomena in gas diffusion electrodes. The
deactivation model assumes a first order reactant-gas-concentration-independent

deactivation. The activity of the catalyst is then at any time t is given by
a=a.exp(—Kat) (7.4)

Where a, the activity of the catalyst at zero time as unity. The equation 7.4 can be

written as

R.E.A. =exp (k,t) (7.5)

The time dependent electrode current densities for an isothermal gas diffusion
electrode with no gas diffusion limitation in the macropores is given by the

following expression,
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dn 2nFDLCO(1__)[ i Kt)\/—'

FDL
(7.6)
f° —-K,t

coth{" exp( )\[7 }-—]
with the boundary conditions as
B.C.1 x=0 n=mn,
B.C.2 x=1 an =0

. dx

here, .

ozF
A, =exp(——
, =exp( RT m

—(1-a)zF
A =expf[——
, = exp[; RT

yl

Equation 7.6 when solved with the above boundary conditions and a set of

parameters including deactivation rate constant gives the time decay of electrode

current densities.
7.8  Estimation of Deactivation Constant

The rate of reaction for an electrochemical reaction is given by current
density. The decay of the electrode current density is assumed to be exponential
with time. Therefore for estimating the apparent deactivation constant logarithm of
the current density was plotted against time on stream. Fig. 7.16 gives the best fit
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line to the Ini versus t data. From the slopes of these lines the apparent

deactivation constants are estimated at each temperature.

For estimating the deactivation constant by the modified spherical Raney
catalyst grain model. The model was fit to the experimental R.E.A. versus time
data by curve fitting with the deactivation rate constant(Figs. 7.12 to 7.14). The
deactivation rate constant was determined by a similar approach as that was used
for estimating i, and o. However in this case the calculated and experimental
current densities were functions of time only. The experimental R.E.A. versus time
plots were used as a basis for the model equation to fit. N data points were chosen
from the experiinental curve and the function,S = Z(ica,-ie,q,)2 was evaluated by
assuming a particular value of K. In this case there was only one parameter for
curve fitting therefore it was not possible to predict the new steady state reached
by the electrode upon deactivation. Table 7.6 gives the apparent deactivation
constants at three different temperatures.

7.9  Characterization of Deactivated Electrodes

The deactivated Raney-Ni/ PTFE electrode has been characterized by
1. BET Surface Area Measurement
2. X Ray Diffraction
3.  Scanning Electron Microscopy

The main purpose behind carrying out this characterization was to find
morphological and chemical changes due to deactivation. BET surface area
measurement gave the surface area of the deactivated electrode sample to be
16.32m2/g. The BET surface area for the fresh electrode was 24 m?/g. The

decrease in surface area of the electrode can be correlated with the deposition of



Table 7.6 Apparent Deactivation Constants at Different Temperatures
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App. Deactivation App. Deactivation
Temperature Constant (Model) Constant(Plot)
°C hr?! hr!
25 40E-3 52E-3
45 8.0E-3 11.0 E-3
75 32.0E-3 49.0 E-3
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KOH on the micropores. There was no K in the fresh electrode. The XRF analysis
confirmed the presence of potassium in the deactivated sample. Fig. 7.17 gives a
micro graph of the deactivated sample from the mesh side. Fig. 7.18 gives EDS

spectra for the deactivated sample.
7.10  Discussion of Deactivation Results

The performance of a gas diffusion electrode depends on two main

factors namely,

L. A suitable micro geometrical structure to have maximum gas-liquid
interfacial area.
2. Improvement of the local intrinsic activity of the surface by using appropriate

electrocatalyst.

The structure of the active layer or the reaction layer ‘where
electrochemical reaction occurs constitutes the most important part of a gas

diffusion electrode. The steps which could control the current produced are

a) The supply of reactant gas to gas side of active layer.

b) Diffusion of reactant gas through the active layer to gas-liquid interface.

c¢) Diffusion of dissolved gas from gas-liquid interface to catalyst clusters.

d) Reaction at catalyst clusters.

The slowest step is the diffusion of dissolved gas to the catalyst clusters located
throughout the reaction layer. More gas-liquid interfacial area throughout the

reaction layer reduces the gas diffusion distance and thus improves the

performance of gas diffusion electrode.
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Fig. 7.17

SEM Micrograph of the Deactivated Electrode from mesh side.
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The decay of electrode current density (figs. 7.12 - 7.14) with time on

stream is a cumulative effect of combination of several independent processes.

Ewe, Justi and Selbach(26) have reported that the method of heat treatment
employed during catalyst preparation affects stability of fuel cell electrodes.
During catalyst preparation after leaching out Al- fraction of the basing Raney-Ni
sponge obtained is dried in vacuum. This drying is accomplished by slow air
oxidation of the sponge. This air oxidation of the catalyst produces a-3Ni(OH),
2H,0 which is very active but unstable. Therefore further complicated heat
treatment is done to convert o~ hydroxide to more stable NiO. Not all o-
hydrdxide gets converted into NiO. During this heat treatment process a

recrystallization of the strongly disordered Raney-Ni sponge occurs.

Maximovitch and Durand (61) have confirmed that o-3Ni(OH), has a
passivating effect on the hydrogen oxidation reaction. Moreover due to
recrystallization of Raney-Ni sponge coarser catalyst grains are formed(26).
Electrodes fabricated from coarser catalyst grains show lower performance due to

slow hydrogen diffusion into the catalyst particles(20).

Uneven current and potential distribution in the active layer leads to
electrode corrosion. Because of heterogenity of the electrode structure the current
and potential distribution in the active layer are uneven. Therefore in some regions
the local overvoltage may be quite high. This high overvoltage results in the

anodic dissolution of copper thereby causing deactivation.(20)

Inability of hydrogen to reach the minor fractions of electrode. In the

active layer macropores are filled with gas while micropores are flooded with
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electrolyte. Not all hydrogen can reach the smaller pores of the active layer
because of slow diffusion. The initial heat of adsorption for hydrogen on Raney-Ni
is approximately 90 kJ/mol(62). This initial high heat of adsorption results in the
evaporation of the electrolyte. This evaporated electrolyte then subsequently cools
down and deposits on the gas diffusion pores. This deposition of electrolyte on the
gas pores offers diffusion resistance to the diffusion of hydrogen. The gas
diffusion process being slowest controls the generation of current in gas diffusion

electrode.

Rotenberg and Srinivasan(63) have shown that KOH solution affects the
hydrophobicity of PTFE. They carried out contact angle measurement experiments
with KOH solution and teflon. They concluded that with increase in temperature
and KOH concentration, PTFE undergoes chemical changes e.g. change of
roughness. Thus the chemical change in hydrophobicity of PTFE brought about by
KOH solution results in depletion of gas diffusion macropores. This affects the

rate of current production.

Atmospheric carbondioxide dissolves in KOH solution and reacts with it.
The reaction of CO, with the hydroxyl ions to form carbonate species which can
precipitate and may block the micropores of Raney-Ni electrode. It can also stay as
liquid and reduce the ionic conductivity of the electrolyte. Lower wettability and
pH rise in the carbonate - containing electrodes results in lower performance when

compared with pure KOH solution.(64)

The extent to which each of the above factors affect the decay of

electrode current density requires further in-depth study of deactivation

phenomena.
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BET surface area measurement for the spoiled electrode indicate less
surface area as compared to the fresh electrode. A significant part of the change in
surface area is also brought about by the evaporation of water and deposition of
KOH on the pores after removing the electrode from half cell. The presence of K
in the active layer of the electrode has been confirmed by SEM and XRF analysis.

From figs. 7.12 to 7.14 it can be observed that initially the deactivation is
slow. As the time on stream increases the deactivation becomes more rapid. This
suggests the possibility of two deactivation mechanisms. This behavior can be
explained by considering the diffusion resistance of the feed gas i the active layer
of the electrode. Initially high heat of adsorption evaporates electrolyte. With
increase of time on stream the KOH deposited in the pores increases diffusion

resistance. Hence the rate of deactivation also Increases.

From figs. 7.12 to 7.14 it can be easily seen that the decay of current
density is more at higher temperature than at lower temperature. This behavior can
be explained by the fact that at higher temperature more KOH gets evaporated.

Also at higher temperatures nickel hydroxide is more unstable. It gets converted
into NiO which passivates the electrode.

Table 7.6 gives the values of apparent deactivation constants at different
temperatures estimated from Ini vesus t plot and the deactivation model. From the
table it can be deduced that the apparent deactivation constant estimated from the
plot is lower than that of deactivation constant obtained by the deactivation model.

This discrepancy is due to the negligence of mass transfer terms in the modified
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spherical Raney catalyst grain model. From this it can be concluded that the

diffusion limitation plays an important role in the deactivation behavior.

~ From potentiostatic long term performance test (ref. fig. 7.15) performed
on the new and previous electrode it can be observed that the previous electrode
decays faster than the new electrode. Copper impregnation adds to the stability of
the new electrode. The activity of the new electrode for hydrogen oxidation at
75°C becomes very small in about 60 hrs while the previous electrode gets
destroyed in 40 hrs at the same temperature. Thus it can be conferred that the long

term performance of the new electrode is better than that of the previous electrode.
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Chapter 8
CONCLUSIONS

1. The polarization of the new electrode is found to be less as compared to the
electrode used in earlier studies in our laboratory. The performance of the new
electrode is higher at higher current densities. Copper impregnation and improved
micro geometry of the new electrode contribute to its better performance. The use

of Cu mesh instead of Ni mesh reduces the contact resistance of the new electrode.

2. The values found for the exchange current densities for the new electrode
were 6.6 E-6 Alem*(@ 25°C) and 3.1 E-4 A/em*(@ 75°C). While the charge
transfer coefficient varied from 0.57 to 0.65 in the temperature range studied. The
kinetic parameters namely exchange current density and charge transfer coefficient
estimated for the hydrogen oxidation reaction on this new electrode are higher than
that of the previous electrode. The higher value of the kinetic parameters for the

new electrode gives less activation energy(28 kJ/mol). This shows better

electrocatalytic activity.

3.  The deactivation constant varied from 4 E-3 hr! at 25°C to 32 E-3 hr! at
75°C The deactivation constant estimated for the new electrode increases with

temperature. Higher temperature and higher current densities are detrimental to the
life of electrode. Copper improves the stability of the new electrode.
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Chapter 9
RECOMMENDATIONS

The polarization behavior of the electrode should be investigated for higher

current densities so as to obtain limiting current densities.

Impedance spectroscopy with an appropriate impedance model should be
applied to the electrode so as to analyze the contribution of Ohmic, Faradaic

and mass transport resistances to the effective impedance of the electrode.

The performance of electrode prepared by Dry Method and Wet Method
should be investigated to arrive at the optimum fabrication technique.

Attention should be paid to improve the gas-liquid interfacial area.

Raney - Ni should be alloyed with some other metals like Cr, Ti and

impregnated with Copper to improve the electrocatalytic activity.

The effect of electrolyte concentration on the exchange current density and

deactivation constant should be studied.

A deactivation model which takes into account the diffusion of

reactant gas should be developed.
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Appendix A

STEADY STATE EXPERIMENTAL DATA



Temperature = 25°C

0.C.V=-9223 mV
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Current Electrode Potential IR Drop IR Free Ohmic
Density Hg/HgO (mV) (mV) Overpotential | Resistance
(mA/cm?) (mV) (Q)
1 -918.7 3 0.6 0.50
2 -915.1 6 1.2 0.50
4 -907.2 13 21 0.54
6 -900.0 19 33 0.53
8 -891.5 26 4.8 0.54
10 -883.2 32 7.1 0.53
12 -874.5 36 11.8 0.50
14 -865.1 44 13.2 0.52
17 -853.5 54 14.8 0.53
20 -836.4 68 17.9 0.56
25 -823.0 79 20.3 0.53
30 -802.6 94 25.7 0.52
35 -774.7 115 32.6 0.54
40 -759.9 127 35.4 0.53
45 -741.4 145 35.9 0.53
50 -716.6 158 47.7 0.53
55 -682.9 177 62.4 0.53
60 -662.3 193 67.0 0.53




Temperature = 45°C

0.C.V=-919.2 mV

113

Current Electrode Potential IR Drop IR Free Ohmic
Density Hg/HgO (mV) (mV) Overpotential | Resistance
(mA/cm?) (mV) (Q)
1 -916.7 2 0.5 0.33
2 -912.8 4 2.4 0.33
4 -908.1 8 3.1 0.33
6 -903.7 12 3.5 0.33
8 -898.2 17 4.0 0.35
10 -892.7 22 4.5 0.37
12 -887.9 26 53 0.36
14 -882.5 30 6.7 0.36
17 -880.0 32 72 0.31
20 -872.7 38 85 0.32
25 -858.6 48 12.6 0.32
30 -846.5 58 14.7 0.32
35 -8334 70 15.8 0.33
40 -821.8 80 17.4 0.33
45 -8123 87 19.9 0.32
50 -800.9 96 223 0.32
55 -792.7 102 245 0.31
60 -781.6 112 25.6 0.31
65 -762.0 130 27.2 0.33
70 -745.2 144 30.0 0.34
75 -734.5 152 327 0.34
80 -724.1 160 35.1 0.33




Temperature = 35°C

0.C.V=-921.5mV
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Electrode Potential IR Drop IR Free Ohmic
Density Hg/HgO (mV) (mV) Overpotential | Resistance
(mA/cm?) (mV) (Q)

1 -018.2 2.5 0.8 0.42
2 -915.0 5 1.5 0.42
4 -908.0 11 2.5 0.46
6 -902.5 16 3.0 0.44
8 -895.5 21 5.0 0.44
10 -888.5 27 6.0 0.45
12 -881.5 33 72 0.46
14 -875.5 38 8.0 0.45
17 -866.4 46 0.1 0.45
20 -855.7 54 11.8 0.45
25 -840.6 68 12.9 0.45
30 -824.2 81 16.3 0.45
35 -803.3 94 242 0.45
40 -787.2 108 26.3 0.45
45 -771.1 122 - 284 0.45
50 -755.7 135 30.8 0.45
55 -743 .4 146 33.1 0.44
60 -723.0 165 36.5 0.46
65 -710.8 174 39.7 0.45
70 -694.6 188 429 0.45
75 -675.2 204 483 0.45




Temperature = 55°C

0.C.V=-9214mV

115

Current Electrode Potential IR Drop IR Free Ohmic

Density Hg/HgO (mV) (mV) Overpotential | Resistance
(mA/cm?) (mV) (Q)

1 -918.8 1.8 0.8 0.30
2 -916.7 3.5 1.2 0.29

4 9122 7 2.2 0.29

6 -908.4 11 2.0 0.30

8 -904.8 14 2.6 0.29

10 -900.7 18 2.7 0.30
12 -897.2 21 3.2 0.29
14 -892.6 25 3.8 0.30
17 -388.9 28 4.5 0.27
20 -882.2 33 6.2 0.28
25 -875.4 39 7.0 0.27
30 -863.6 50 7.8 0.28
35 -850.0 62 9.4 0.29
40 -839.7 70 11.7 0.29
45 -828.6 80 12.8 0.29
50 -819.1 88 14.3 0.29
55 -808.7 96 16.7 0.29
60 -796.9 106 18.5 0.29

. 65 -7873 114 20.1 0.29
70 -776.1 124 213 0.29
75 -761.8 135 24.6 0.30
80 -754.5 139 27.9 0.29
85 -743.1 148 30.3 0.29
90 -726.7 162 32.7 0.30
95 -721.8 165 34.6 0.29
100 -712.0 172 374 0.29
105 -697.6 184 39.8 0.29
110 -686.6 192 42.8. 0.30




Temperature = 65°C

0.C.V=-918.7mV
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Current Electrode Potential IR Drop IR Free Ohmic
Density Hg/HgO (mV) (mV) Overpotential | Resistance
(mA/cm?) (mV) (Q)
1 -916.9 1.5 0.3 0.25
2 -915.2 3 0.5 0.25
4 9114 6 1.3 0.25
6 -907.6 9 1.8 0.25
8 -904.3 12. 2.1 0.25
10 -900.0 16 2.4 0.25
12 -896.7 19 2.7 0.26
14 -893.2 22 32 0.26
17 -887.7 27 3.7 0.26
20 -883.1 31 43 0.26 .
25 -874.5 39 49 0.26
30 -867.6 45 58 0.25
35 -857.7 54 6.7 0.26
40 -850.6 60 7.8 0.25
45 -839.3 70 9.1 0.26
50 -824.7 76 10.5 0.25
- 55 -822.0 84 12.4 0.26
60 -809.8 94 14.6 0.26
65 -800.2 102 16.2 0.26
70 -790.6 110 178 0.26
75 -7853 114 19.1 0.25
80 -7174.1 124 203 0.26
85 -763.8 133 21.6 0.26
90 -756.6 140 21.8 0.26
95 -747 8 148 22.6 0.26
100 -7399 154 245 0.26
105 -721.7 164 26.7 0.26
110 -719.0 170 294 0.26
115 -706.4 179 33.0 0.26




Temperature = 75°C

0.C.V=916.2mV
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Current Electrode Potential IR Drop IR Free Ohmic
Density Hg/HgO (mV) (mV) Overpotential | Resistance
(mA/cm?) (mV) (Q)
1 -914.8 1.2 0.2 0.20
2 -913.2 2.5 0.5 0.21
4 -910.7 4.5 1.0 0.19
6 -907.7 7 1.5 0.19
8 -905.3 9 1.9 0.18—~
10 -903.1 11 2.1 0.19
12 -899.9 14 23 0.19
14 -897.6 16 2.6 0.18
17 -895.3 18 29 0.18
20 -891.1 22 3.1 0.19
25 -883.9 29 33 0.19
30 -878.0 34 4.2 0.19
35 -870.2 41 5.0 0.19
40 -864.1 46 6.1 0.19
45 -856.8 52 7.4 0.19
50 -849.4 58 8.8 0.19
S5 -840.1 66 10.1 0.20
60 -834.7 70 11.5 0.19
65 -825.9 78 12.3 0.19
70 -817.4 85 13.8 0.20
75 -808.6 93 14.6 0.20
80 -801.3 99 15.9 0.22
85 -793.5 106 16.7 0.20
90 -784.2 114 18.0 0.20
95 -778.7 118 19.5 0.21
100 -766.0 130 20.2 0.21
105 -760.4 134 21.8 - 0.22
110 -753.2 140 23.0 0.21
115 -740.2 150 26.0 0.22
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Appendix B

Long Term Performance Experimental Data
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Mode of Polarization: Potentiostatic 0.C.V.=-920.1 mV

Overvoltage =25 mV Temperature = 70°C
Time Current Density
(hour) (mA/cm?)

0 100
4 91.7
8 81.7
12 71.7
20 : 60.0
24 533
28 46.7
32 36.7
36 28.3
44 15.0
48 11.7
52 8.3
56 6.7
64 5.0
63 ' 5.0
72 5.0




Mode of Polarization: Potentiostatic

Overvoltage =33 mV

0.C.V=-919.5mV

Temperature = 45°C

120

Time Current Density
(hour) (mA/cm?)

0 75.0
4 75.0
8 73.3
12 70.0
20 68.3
24 68.3
28 66.7
32 65.0
36 63.3
44 60.0
48 56.7
52 533
56 48.3
64 433
68 40.0
72 38.3
76 37.3
80 343
88 31.0

92 30.0
96 28
100 26.3
104 26.3
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Mode of Polarization: Potentiostatic 0.C.V.=-9223 mV

Overvoltage = 75 mV Temperature = 25°C
Time Current Density
(hour) (mA/cmz) :

0 70.0 .
4 70.0
8 68.3
12 68.3
20 66.7
24 66.7
28 65.0
32 63.3
36 61.7
44 ‘ 61.7
48 60.0
52 60.0
56 58.3
64 56.7
68 55.0
72 53.3
76 51.7
80 : 50.0
88 46.7
92 45.0
96 43.3
100 41.7
104 40.0
112 38.3
116 36.7
120 35.0
124 33.3
128 30.0
136 30.0
140 28.3
144 26.7
148 25.0
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Mode of Polarjzation: Galvanostatic 0.C.V.=917.2 mV

Current Density(i)=100 (mA/cmz) Temperature = 70°C
Time Overvoliage
(hour) (mV)

0 . 22.7
4 22.8
8 227
12 ' 23.2
20 26.5
24 28.9
28 30.6
32 35.7
36 43.6
44 553
48 63.6
52 77.8
56 92.6
64 107.5
68 500

72 1200
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SAMPLE CALCULATIONS



Galvanostatic Polarization Run at 45°C

Open Circuit Voltage (0.C.V.)
Galvanostatic Current (I)
Geometric Area of Electrode(A)
Current Density (i)

Circuit Voltage (C.V.)

IR Drop in the Electrolyte

Electrolyte Resistance

IR free Overvoltage (1)

124

-919.2 mV
300 mA

6 cm?

50 mA/cm?
-800.9 mV
96 mV

IR Drop/1
96/300
0.32Q

C.V.+IR-0O.C.V.
-800.9-9.6 +919.2
223 mV



FILE: H25 FORTRAN A1 KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN

c H2500010
c PARAMETERS @ 25 C H2500020
c 12500030
c S$Jos H2500040
C....SPECIFICATIONS FOR PARAMETERS H2500050
c IMPLICIT REAL*8{A-1l,0~Z) H2500060
{NTEGER LDYFIN,LDYIN!,MXGRID, NEQNS,NINIT H2500070
PARAMETER ( MXGRID=100, NEQNS=2, NINIT=40, LDYFIiN=NEQNS, H2500080

* LDYINI=NEQNS) H2500090
Covunun. H2500100
C..... H2500110
INTEGER I, J, NCUPBC, NFINAL, NLEFT, NOUT H2500120

REAL CONST, ERREST(NEQNS), FCNBC, FCNEQN, FCNJAC, FLOAT, H2500130

# PISTEP, TOL, XFINAL{MXGRID), XiINIT{NINIT), XLEFT, H2500140

# XRIGHT, YFINAL{LDYFIN,MXGRID), YINIT(LOYINI,NINIT), H2500150

* CURR(NINIT),RACURR(NINIT),XPRIM{NINIT) H2500160

C... H2500170
LOGICAL LINEAR, PRINT H2500180
INTRINSIC FLOAT 12500190
EXTERNAL BVPFD, CONST, FCNBG, FCNEQN, FCNJAC, Ui4ACH 12500200

c... H2500210
C..... SET PARAMETERS H2500220
C... H2500230
ETAD=0.075 H2500240
EPS=0.30 H2500250
EXCHI=6.60E-06 H2500260
ALPHA=0.57 H2500270
BARK=0.2514 H2500280
R=0.5E-03 H2500290
T=298.15 H2500300
DEA=0.004 , H2500310
TIM=20.0 H2500320
CONCO=2.0E-07 H2500330

c ALPHA=1.40 H2500340
DBAR=1.60E-05 H2500350

NLEFT = 1 ) H2500360
NCUPBC = 0 H2500370

TOL =0.01 H2500380
XLEFT = 0.0 H2500390

c XRIGHT = 0.020 H2500400
YXRIGHT = 0.385E-01 X H2500410
PISTEP =0.0 H2500420

PRINT = .FALSE. H2500430
LINEAR = . FALSE. 125004140
EN=2.0 H2500450

Z=1.0 H2500460
CM2CM3=8. 3E+05 : 12500170

C.... 12500480
C... DEFINE XINIT AND YINIT H2500490
C.... . H2500500
DO 10 I=1,NINIT " H2500510
XINIT(1)=XLEFT + FLOAT{1-1)%(XRIGHT-XLEFT)/FLOAT(NINIT-1) H2500520

c YINIT(T, 1)=0.4%(XINIT(1)-XLEFT)*(XRIGHT=-XINIT(1)) H2500530
C CHANGE THE VALUE OF ETAO FOR DIFFERENT VALUES IN THE STAT. BELOW H2500510

ViNiT{1,i}=0.0584-0.005#FLOAT{ i} H25038550

ove



FILE: H25 FORTRAN A1 KING FAHD UNIVERS!TY OF PETROLEUM AND MINERALS, OHAHRAN

BARK=0.254 H2501110

R=0.5E-03 H2501120
F=96184.56 H2501130
CONCO=2.0E-07 12501140
DBAR=1.6E-05 H2501150
Z=1.0 H2501160
GASC=8.314 H2501170
T=298.15 H2501180
EXCHI=6.60E-06 H2501190
ALPHA=0.57 H2501200
CM2CM3=8. 30E+05 H2501210

c ALPHA=1_40 H2501220
DEA=0.004 H2501230
TiH=20.0 H2501210

c H2501250

Coennnn CALCULATION OF C1,C2,C3,Ch H2501260

c . H2501270
Ci=(2.0¥DBAR*EN#F*CONCO)/(BARK*R) H2501280
C2=(Z%F)/(CASC*T) 02501290
C3=SQRT( { EXCHI#CM2CM3*EXP({ ~DEA®TIM) )/ ( EN#F¥DBAR¥CONCO)) H2501300
Cy=(ALPHA¥*C2}/2.0 H2501310
CCI=TANH(C3*R*EXP(CH¥*Y(1})) H2501320
CC2=EXP( -C2%Y(1)) H2501330
CC3=EXP(CH*Y( 1)) H2501340

c H2501350

Cooevnnn DEFINE PDE H2501360

c H2501370
DYDX(1) = Y(2) H2501380
DYDX(2) = CI#({1.0-EXP(-C2%Y{1)))#(C3*EXP(CU*Y(1})*1.0/ H2501390

* TANH{C3*R*EXP(CL#*Y(1)))-1.0/R) H2501400

c WRITE(7,*)'Y(2)= ',Y(2),'Y(1) = ',¥(1) H2501410

c WRITE{T7,#)'DYDX ',DYDX{2),Y(2),Y(1) . H2501420
RETURN . H2501430
END H2501440

c H2501450

c . H2501460
SUBROUTINE FCNJAC {NEQNS,X,Y,P,DYPDY) H2501470

c IMPLICIT REAL¥8(A-H,0-Z) H2501480
INTEGER NEQNS H2501490
REAL X, Y({NEQNS}, P, DYPDY{NEQNS, NEQNS),C1,C2,C3,Ch,C5,EN, F, BARK, H2501500

# R,DBAR,Z,GASC, T, EXCHI,CM2CM3, ALPHA H2501510
REAL TANH,SINH, EXP,SQRT 12501520
INTRINSIC TANH,SINH, EXP, SQRT H2501530

c H2501540

C..... DEFINE PHYS!ICAL PARAMETERS H2501550

c H2501560

c WRITE{7, *)' FCNJAC' H2501570
EN=2.0 : H2501580
BARK=0.254 H2501590
R=0.5E-03 H2501600
F=96484.56 H2501610
CONCO=2.0E-07 H2501620
DBAR=1.6E-05 H2501630
7=1.0 . H25016h0

GASC=8.314 H2501630

o¢e
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1LE: H25 FORTRAN Al KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS, DHAHRAN
T=298.15 112501660
E£XCH1=6.60E~06 H2501670
ALPHA=0.57 H2501680
CM2CM3=8. 30E+05 H2501690
ALPHA=1.10 H2501700
DEA=0.004 H2501710
TIM=20.0 H2501720
H2501730
...... CALCULATION OF C1,C2,C3,Ch,C5 H2501740
H2501750
C1=(2.0*DBAR*EN*F#CONCO) /{ BARK*R) H2501760
C2=(Z*F)/(GASC*T) H2501770
C3=SQRT{ ( EXCH1¥CM2CH3*EXP( -DEA*TIM) ) /( EN*F*DBAR*CONCO) ) H2501780
Cli={ ALPHA¥C2)/2.0 H2501790
C5=Cl-C2 H2501800
H2501810
DEFINE  D(DYDX)/DY H2501820
H2501830
DYPDY(1,1)=0.0 H2501810
DYPDY(1,2)=1.0 ; 12501850
DYPDY(2,1)}=CI1+#CI*CH*EXP(CH¥Y {1} }*(1.0/TANH{CI*EXP(CU*Y(1)))+ H2501860
* { ~C3)*EXP(CH*Y{1))#1.0/SINH(C3*EXP(ClU*Y(1)))#%2 0) H2501870
* +CTHCI#CS#EXP(CS5*Y( 1) )¥(1.0/TANH(CI*EXP(CL¥Y{1)))+ H2501880
* {~C3)*EXP(C5*Y(1))*1.0/SINH{C3I*EXP(CUH*Y(1)))#*2,0) 12501890
* ~C1#(-C2)*EXP( -C2*Y( 1)) H2501900
DYPDY(2, 1)=C1*C3*CUFEXP(CI*Y(1))*(1.0/TANH(C3*R*¥EXP(CU*Y(1)))+ H2501910
# ( ~C3)*R¥EXP{CU*Y(1))*1.0/SINH(C3#R*EXP(CU*Y(1)))##2_ 0) H2501920
* +C1H*CI*EXP(C5*Y( 1) )#({ 1.0/ TANH( C3*R*EXP(Cl*Y(1)))+ H2501930
* { ~G3)*R*CU*EXP({CU*Y(1))*1.0/SINH(C3*R¥EXP(CL*Y(1)))*#2,0) H2501940
* +(C1#C2*EXP( ~C2#Y(1)))/R H2501950
DYPDY(2,2)=0.0 H2501960
WRITE(7,*)'DYPDY ',DYPDY(2,1),Y(2),Y(1) H2501970
RETURN ' H2501980
END H2501990
H2502000
. H2502010
SUBROUTINE FCNBC (NEQNS,YLEFT,YRIGHT,P,F) H2502020
IMPLIC!IT REAL#8(A-H,0-Z) H2502030
INTEGER NEQNS H25020U0
REAL YLEFT(NEQNS), YRIGHT(NEQNS), P,F(NEQNS) H2502050
H2502060
....... DEF INE BOUNDARY CONDITIONS 12502070
H2502080
WRITE(7,%*)' FCNBG® H2502090
CHANGE THE VALUE OF ETAO FOR DIFFERENT VALUES IN THE STAT. BELOW H2502100
F{1)=YLEFT(1)-ETAQ H2502110
F(2)=YRIGHT(2) H2502120
RETURN H2502130
END H2502140

oze



