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ABSTRACT

Oxygen Evolution

The oxygen evolution reaction is of particular interest
to secondary metal-air batteries, water electrolysis plants
and oxygen extractors. Criteria have been suggested for the
selection of possible active materials for the oxygen evolution
reaction. A survey of various metal oxides based on these
criteria suggested that NiC0204 is of particular interest.
Teflon bonded electrodes based on this material gave SA/cmz at
1.72V vs D.H.E., 70°C, SN KOH. The anodic performance of the
other compositions in the Ninox04series, where 0<x<3 ;
ogy<2, were evaluated at different temperatures.

Two types (Teflon bonded and non Teflon bonded) of NiCo,0,
porous electrodes were investigated, the Teflon bonded electrodes
displayed higher performance and greater mechanical strength
during the evolution of oxygen.

The effect of modifying the hydrophobic nature of Teflon
bonded NiCoZO4 electrode surfaces by depositing a thin layer
of NiC0204 (by thermal decomposition of Co/Ni nitrates) on the
surface was investigated and the modified surface electrode
showed a significant improvement in anodic performance.

Steady state measurements for oxygen evolution on porous

electrodes are inaccurate for the determination of the kinetic

- parameters necessary for the kinetic studies due to the

concentration polarization and the continuous change of the

available surface area with current densities due to the



formation of bubbles. Therefore it is suggested that

potentiostatic pulse technique could solve the above problems.
Reliable pulse ﬁcasurements could be obtained,

providing that the electrodes were initially anodized

sufficiently to form stable higher oxides and that the

potentials of these electrodes were maintained above that

for reduction of the higher oxides.

Oxygen Extraction

A novel, integrated electrochemical-chemical method is
described in this study. The system consists of a Teflon
bonded graphite cathode, which reduces oxygen via a two
electron process with the formation of HOE ions in alkaline
solution (5N KOH). The HOE ions are chemically decomposed,
using a suitable catalyst, to yield oxygen and a Teflon bonded
NiCozo4 anode is used to evolve oxygen electrolytically. At
40°C, 5N KOH, the power consumption of this device is only
2.69 Kwhr/1000 litres of oxygen, significantly lower than
conventional electrochemical oxygen extractors (4.4 Kwhr/1000
litres oxygen).

Oxygen reduction on high surface area graphite in 5N KOH
was investigated and the concentration of the peroxide ions
produced was measured at different currents.

For the decomposition of hydrogen peroxide, two catalysts
(CoFe204 and NiC0204) were evaluated, and the kinetics of

H,0, decomposition on these catalysts was investigated.
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CHAPTER ONE

THE IMPORTANCE OF OXYGEN GAS AND OXYGEN
PRODUCTION TECHNOLOGY



1.1. INTRODUCTION

Oxygen has many long-established uses in many industrial,
medical and scientific areas.

Industrial examples include steel making and metal fabrication
(70% of oxygen produced is used in this application)l. Oxygen
is invaluable as a chemical feed stock, along with methane for
acetylene production, and in oxidation of hydrocarbons such as
ethylene to make ethylene oxide.

In the manufacturing industries oxygen is essential for
cutting, welding and brazing where it is used as the oxidant
for acetylene, hydrogen or metal powder to attain the extremely
high temperatures required.

It is mixed with 5% carbon dioxide as a respiratory gas
for use in the treatment of patients. It has similar applications
as a life support gas in many hostile environments such as deep
mines, space or high altitudes.

Future and limited present applications include sewage
treatment and coal gasification. Liquid oxygen is used along
with liquid hydrogen in rockets. At present about 1.2 million
bottles of oxygen (i.e. 8.16 x 10° liter) are used each month
in the U.K. alone.

A recent surveyl in the United States showed that oxygen
is the largest volume industrial gas both in monetary value
and physical quantity. Since 1969 oxygen production has grown

at a rate of 7% annually and stood at 2.66 x 10'? liter in 1073,



1.2. OXYGEN PRODUCTION TECHNOLOGY

The main methods of producing oxygen commercially are the
separation of air (cryogenic processes) and electrolysis.

B i 1 Separation of Air

A oxygen plant is illustrated schematically in Figure
1.1. At the heart of the plant is the so called "cold box"',
including heat exchangers, condensers etc., where the actual
fractionation of air takes place. To carry out the distillation
the air must first be compressed, and this costs, in energy
terms, for 98% purity at slightly more than one atmosphere
pressure, 350 KW hr/ton for a 400 ton/day plantz. Virtually
all commercial oxygen, for convenience of transportation and
storage, is liquified and this requires a further 750 KW hr/ton
. expenditure of energyz.

Higher purity can only be achieved by further energy
expenditure. There is a 7% drop in power requirement per ton
for every 5% reduction in oxygen purity from 99.55%.

However, the apparatus needed for such production is
complex and the energy requirements are substantial.

1.2.2. Electrolysis

The cell for the production of gaseous hydrogen and
oxygen by the electrolysis of water, consists of an electrolyte
(usually an aqueous basic solution), circulating between two
electrodes, separated by a membrane which permits ion transfer
between the two electrodes while preventing mixing of the product

gases. The early electrolysis cells were "unipolar" in which
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a single cell could contain several electrodes, each of a fixed
polarity. This type is considered out dated since it has a
lower efficiency and requires more space than the 'bipolar"
type, which is the most common present day cell. In this
arrangement, the cells are stacked in series such that the anode
of one cell is the cathode of the adjacent cell and also the
dividing cell wall. These cells are joined together to form a
pack and pressed together between end electrodes, which are
charged by a direct current source.

The "bipolar' arrangement reduces the internal resistance
thus the power requirement.

The circulating electrolyte serves to remove the heat
generated, facilitates the replenishment of the electrolyte and
carries the evolved gas away from the electrode surfaces.

A recent repor‘t3 describes many types of electrolysers
and gives a review of previous work. Table (1.1), from that
report, sumarises the electrolysis cell performance of the
systems discussed.

Currently the most advanced electrolysis system is that
devised by General Blectricd, which will become commercially
available by 1980. It is claimed that this system eliminates
both the alkaline electrolyte and the asbestos membranes by
using a solid polymer electrolyte (S.P.E.), such as perfluorinated
sulphonic acid. The S.P.E. when wetted with distilled water,
becomes an excellent ionic conductor. The electrodes are pressed

on to the SPE to give a cell capable of high current density
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operation at low over voltage.

Typically the electrode potentials are -0.25 V and +1.5 V
vs hydrogen electrode for the cathode and anode respectively
at 1A/cm?, 80°C. Despite the expensive materials used in
construction, the S.P.E. system represents a dramatic decrease
in capital cost compared with current alkaline pressurized cells.
This is primarily due to the much greater current densities
which are achievable in the S.P.E. system. However the use of
noble metals could still prove to be a limiting factor in the
adoption of this system. Also, the polymer itself is highly
corrosive to the metals with which it comes in contact and is
extremely sensitive to water purity.

1.:2.5, Different Methods for Oxygen Production

An electrolytic process for the separation of oxygen
from air, without application of external current, was claimeds.
In this process two electrolytic cells were employed with
electrodes in each one and electrolyte circulating between them.
Air was introduced iﬁ to the first cell at a pressure of 10 atm.
and oxygen was removed from the other at a pressure of 1.5 atm.
Coupling of the differential partial pressure electrodes produced
a flow of electrons from the oxygen electrode to the air electrode,
resulting in oxygen being separated from air at the high pressure
cell, carried by the electrolyte to the low pressure cell and
liberated. The types of electrodes used in this method and the
experimental data for the cell performance were not given, hence

the comparison between such method and those mentioned earlier



is difficult.

Another process for the production of oxygen has also
been reportedﬁ. In this method air is mixed with the alkali
solution of a compound to form a peroxide. This peroxide can
in turn decompose to give H,0, and the oxidized form of the
compoLmd. The H,0, is electrochemically oxidized to liberate
oxygen and the oxidized form of the-compound is electrochemically
reduced to give the reduced form of the compound. The preferred
form of this compound is an alkali metal anthraquinone -2, 7-
disulfonate.

1.3. PROBLEMS IN OXYGEN UTILIZATION

The use of oxygen can cause many difficulties. If oxygen
is produced centrally and distributéd, the questions of storage
and transportétion arise.

Oxygen storage involves fire hazards, in addition to the
need for space. Transportation will involve additional expense
due to the need to liquify the oxygen to facilitate bulk trans-
portation. These factors make the on-site production of oxygen
more desirable under most circumstances.

Instances in which on-site oxygen production by means of
a portable unit is highly desirable can be found in medical
applications and life support systems, such as field hospitals
for the military or during emergency situations (e.g. iﬂ
disaster areas) where transportation could be difficult or
cause delay. Another example can be found in life support

systems for high altitude flying in which the mass and bulk of



a cylinder is unsatisfactory. At present liquid oxygen or water
electrolyzers are used, the electrolyzer is quite hazardous
because of the hydrogen evolution.

The above examples illustrate the need for a variable
capacity oxygen production unit capable of being manufactured
for either a permanent installation or as a portable unit.

1.4, A POSSIBLE EFFICIENT METHOD FOR OXYGEN PRODUCTION

Berl7 showed that the electrochemical reduction of oxygen
on graphite or carbon is a two electron process which goes

through the perhydroxyl ion route:
02 +H20 C R R l-K)E Sl s 2 W I SRS, e (1.1)

If such electrodes were to be used in an oxygen.extraction
cell, the fact that the reduction of oxygen on carbon surfaces
proceeds via a two electron step would be beneficial, provided
that the HO, could be chemically decomposed and the resultant
. oxygen collected in the anode compartment together with the
oxygen evolved on the anode.

In this way, the number of coulombs required per mole of
oxygen gas would be halved, leading to a significant reduction
in power consumption.

In this study the practicability and the efficiency of this
approach was investigated.

The approach to the study was as follows:-

(a) Selection of suitable and efficient materials for

the reduction and evolution of oxygen and for the

chemical decomposition of the hydrogen peroxide.



(b) The evaluation of the activity of the materials chosen

and the study of the reactions involved.



CHAPTER THNO

EXPERIMENTAL TECHNIQUES
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In this chapter the preparation, characterization and
electrochemical testing of the materials used in this study
will be described.

2.1. PREPARATION METHODS

¥ 0 17 Preparation of High Surface Area Graphite

The surface area of graphite powder supplied by B.P.
Chemicals (Sunbury) Ltd. was increased by means of a vibrational

ball mill. The graphite was of reasonably high purity

Carbon 99.5%
Iron 0.01%
Ash 0.01%
Hydrogen 0.35%
I Nitrogen 0.02%

Batches of graphite powder weighing 20g were ground in
a Mega pact Laboratory Mill (Pilamec Ltd., Gloucestershire)
spherically éﬁaped, 99.9% pure nickel shots were used as the
grinding elements. After loading the nickel chamber (figure
2.1) with the graphite and nickel shots, it was evacuated using
a rotary punp and the sample ground for 14 hours. There is
inherent contamination of the finmal product, in a mill of this
kind, due to frictional wear of the grinding elements and the
chamber walls during use.

For this reason nickel was chosen as grinding media, as it
is inert towards strong alkaline solution at oxygen reduction
potentials. In addition nickel is a very poor catalyst for

the decomposition of hydrogen peroxide. For these same reasons
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nickel screen was chosen as current collector of the graphite
electrode.

As the graphitewas ground under vacuum, care had to be
taken when admitting air into the mill chamber after the grinding
operation. If admitted too rapidly the energy released due to
the adsorption of oxygen on the graphite could cause the sample
to ignite. To prevent this occurring the chamber was first
cooled in air for several hours and then under running water.
Even then air was admitted to the chamber only very slowly. The
graphite was slowly collected by shaking the mill-chamber
violently up and down, so as to eject the graphite out via the
evacuation out-let.

2.1.2. Freeze drying

Freeze drying technique developed by Tseung and Bevana
was used for the preparation of cobalt-nickel oxide catalysts
used in the present work.

A mixed solution of cobalt and nickel nitrates was sprayed
into liquid nitrogen using a high pressure white spot nitrogen
cylinder connected to the flask containing the solution.

The high degree of dispersion present in the original
solution was therefore maintained by rapid freezing of tﬁe fine
spray and subsequent prevention of the recurrence of a liquid
phase. This was achieved by subliming the ice under a vacuum of
approximately 0.1 torr in the apparatus shown in figure (2.2).
The frozen nitrate solution, contained in flasks, was maintained

under vacuum until all the water had been removed; this point
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Fig. 2.1 THE NICKEL MILL

Coolant Tray

Water Trap

Liquid Nitrogen

Dewar

FREEZE DRYING APPARATUS

Pump



was detectable due to a corresponding pressure drop-to about
3

) “torr.

The samples had to be maintained at liquid nitrogen
temperature in the initial stages of the process, at least
until the pressure was better than about 0.5 torr.

The dried nitrates were subsequently decomposed whilst
still under vacuum for one hour at 300°C. This was accomplished
by heating the sample flasks with an "Electro-thermal" heating
mantle. The temperature was gradually increased, as some salts
have a tendency to dissolve in their own water of crystallisation
if heat is applied too rapidly. Finally the powder was cured
in air for 10 hours at 400°C in order to obtain the desired
spinel structure..

Freeze drying assures atomic mixing of the constituent
reactant58 and is thus applicable as a high surface area
preparation route for spinels generally, as it permits lower
curing temperatures.

2.2. CHARACTERIZATION TECHNIQUES

Zslnke The B.E.T. Technique for Surface Area Measurement

Brunauer, Emmet and Tellerg applied a modified Langmuir
treatment of adsorption to the case of multi-molecular layer
formation, and derived an equation for this type of isotherm.

This technique has been described else where 10, 11

and could
be summarised as follows:
By equating the rate of condensation of gas molecules on

to an adsorbed layer to the rate of evaporation from that layer,
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and summing for an infinite number of layers, it can be shown

that:
P 1 G="1 4P
= = * P, e | e = (21)
Va(Po P) VﬁC’ Vhﬁ! P0
where

V_ is the volume of gas (ml at S.T.P.) able to cover
the whole surface of the adsorbent with a unimolecular
layer of the gas.

Va 1is the volume of gas adsorbed (ml at S.T.P.) (at a
given value of P).

P, 1is the saturation pressure of the adsorbate.

P islthe equilibrium pressure.

C is a constant (involving the heats of adsorption of

successive layers).

EI _EZ
The constant C is given by C = eXp —wr— > the energy term

being *the difference betwcen the heat of adsorption of the first
layer and the heat of adsorption of the second and subsequent

layers.

: : P . P
By plotting the function —v against —— the so-
vaipo P) P0

called B.E.T. plot a straight line is obtained. From the slope,

%—é—i , and the intercept, V_%_- , the monolayer capacity can
m ‘

1
slope + intercept

be obtained Vm B

In the original B.E.T. work the volume of the monolayer

was measured, but in practice this involves the difference
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between very large volumes, and unless the entire apparatus
is calibrated for "dead space" with great care, errors are
easily introduced. A great simplification to the B.E.T.
technique proved to be the introduction of a gravimetric
modification;z, the weight rather than the volume of the
adsorbate is measured using a micro-balance. Va and Vﬁ are
replaced by Ma and M Trespectively and the mass of the mono-
layer determined as above.

Figure (2.3) illustrates the apparatus used in this
work. A (CI Electronics Mark III) micro-balance with a
sensitivity of lo—sg was used. The sample was weighed in to
an aluminium crucible, suspended from one arm of the balance,
and then counter-balanced. The apparatus was evacuated using
rotary pump and then the sample was heated to 300°C with
continuous evacuation using both rotary and diffusion pumps
until the sample was at constant mass. The adsorption studies
were carried out at liquid nitrogen temperature (77K) using
N, gas as adsorbate. The pressure over the sample was
increased in approximately 40 torr increments and the
corresponding mass increment noted. In this manner a linear
B.E.T. plot was obtained for pressures upto about 300 torr.

From the slope and intercept of the B.E.T. plot the
monolayer mass was obtained in the manner previously described
and the specific surface area (S.S.A.) of the sample calculated

as follows
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S.5.A, = W, by e G S (307)

MW
where M is the molecular weight of adsorbate gas.
N 1is Avogadro nmumber (6.023 x 1023].
W is the ﬁass of powder in the sample pan.
a 1is the cross-sectional area of an adsorbed molecule.

The cross-sectional area of an adsorbed nitrogen molecule was

taken as 16.2 213, thus

R 3 Mass of monolayer
S.S.A. M*/g = 3.48 x 10 Mass of sample

A4S X-ray Analysis

All samples were subjected to X-ray analysis using
Debye-Scherrer powder techniquel4, so as to ascertain that the
spinel or the other phases had been formed.

The work was carried out on a Phillips PW 1010 X-ray
generator using an analytic camera of diameter 11.46 cm.
Molybdenum Ka radiation was used at an anode voltage of 40 KV
and 16 mA current. The samples were mounted in Lindemann
glass tubes of internal diameter 0.5 mm and exposure timeé
were 3 hours and 6 hours for the cobalt nickel oxide and cobalt
iron oxide catalysts respectively. In amalysing the resultant
powder photographs the lines intensities were estimated visually
and the lines were indexed assuming a cubic spinel unit cell.
The lattice plane spacings could be obtained using the Bragg
equation:

2d Sin® = nA 00 e (2.3)
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where

d is the lattice spacing of the crystal planes.
® is the angle of the x-ray beam on the crystal planes.
n 1is an integer
A is the wave length of the radiation used
(0.7106 & for Mo Ko x-rays)
For a cubic unit cell the relationship between the cube edge

length, a, and the plane spacing, d, is given by:

1
T R0 S R e e s e (2.4)

where h, K, I are integers (Miller Indices) corresponding to the
d values.

If Miller Indices for a particular d value are known,

a value for a, may be calculated. ag given in this work was
‘the average of several d values and their corresponding Tndices,
giving the final value for the lattice parameter for the
particular composition.

The values obtained for the plane spacings and their
relative intensities of reflection were compared with those
given for the same materials in the ASTM Powder Data File in
order to determine the major phases present.

2.2.3. Electrgg“microscopyls'

Scanning Electron Microscopy (S.E.M.) and (EDAX) analysis
were carried out on cobalt nickel oxide samples in order to
determine particle size distribution, particle shapes and the

relative proportions of cations in the samples.
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The work was conducted on a Japanese Electron Optics
- Ltd., JEM 100 B microscope with EDAX attachments.

Scanning secondary electron microscopy employs a scanning
beam of electrons, focussed to a point on to the specimen.

The secondary electrons emitted;when the scanned primary beam
impinges on the specimen are accelerated on to an electron
multiplier and the signal generated is amplified and used to
modulate the beam of a cathode ray tube whose raster is
synchronised to that of the primary electron beam.

The secondary electron intensity is dependent upon
specimen surface topology and composition, and thus, the image
on the cathode ray tube is closely related to the specimen
surface. Two kind of information could be obtained from the
X-ray spectrum emitted by the specimen when primary beam electrons
excite x-ray transitions.

From measurement of the wave length (or energy) of each
characteristic x-ray that is emitted, the elements present in
the specimen could be identified.

If the information output is suitably processed quantitative
analysis is also possible. There are, however, many complications.
The x-ray intensity emitted depends upon many factors, such as
primary beam energy; x-ray photon energy, topology x-ray escape
depth in addition to elemental concentration.

2.2.4, Electrical Conductivity Measurements

The electrical conductivity of the powder samples

were measured using a Wayne-Kerr A.C. Bridge, operating at 1592 Hz,
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and a conductivity cell similar to those employed by Bevanlo
and Goldsteinll. The cell consisted of a P.T.F.E. ring in
which a powder sample was compressed between two stainless
steel discs. As powder was compressed, its conductivity rised
to a maximum, as mutual contact among particles increased.
The powder was compressed until further compression did not
affect its conductance, which was measured between the two
discs. The geometry of the cell permitted the conductivity
to be calculated from: the conductance.

Powder conductivity measurements are not very reliable
as a guide to absolute conductivity, however some reproducibility
could be achieved using a similar compression treatment and a

fixed mass of specimen.

2.2.5. Atomic Absorption SpectroscopY16

A Perkin Elmer Model 290 spectrometer was used for the
cation concentration analysis of cobalt nickel oxide samples.
Samples were disscived in aque regia.

This method was also used in the corrosion tests, which
were carried out on the KOH solution after prolonged polarisation
of the nickel cobalt oxide electrodes. The sensitivity of
apparatus is 2 p.p.m.

2.3, ELECTROCHEMICAL TESTING

" Fabrication of Hydrophobic Electrodes

The method of Giner et 3117, later improved by Tantram
and Tseung18 was used in this work for the fabrication of

graphite, platinum black and the different compositions of '
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nickel cobalt oxides electrodes.

Weighed quantities of electrocatalyst powder and aqueous
polytetra flouro ethylene (P.T.F;E.) dispersion were slurried
either in methanol in the case of graphite or in distilled
water in the case of the other catalysts used in this work.

The mixture was then dispersed in an ultrasonic bath for five
minutes and finally painted on to 100 mesh nickel or platinum
screen previously degreased using acetone.

The electrode was then dried at 100°C for one houf, and
~cured at 300°C for another hour. It is important that the
slurry is rapidly transferred to the screen in order to prevent
the partial separation of the slurry especially in the case of
heavy catalysts, such as platimum black. If partial separation
occurs the Teflon/Catalyst ratio will be higher than intended
as catalys; settles in the dispersion. It is also important to
coat both sides of the screen equally, in order to prevent the
leflon ratio being higher on one side of the electrode than the
other.

The curing removes the wetting agent (Triton X100) from
the P.T.F.E. and causes partial sintering between the P.T.F.E.
and the catalyst particles, thereby increasing the hydrophobic
character and strength of the catalyst layer.

The temperature of curing is fairly critical; below 265°C
the Teflon does not sinter, while above 330°C the Teflon
transforms to glassy state, which produces highly inactive

electrode.
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The electrocatalyst loading is calculated from the weight
change of the screen before and after fabrication assuming that
the components of the: electrocatalyst/P.T.F.E. disperéion are
transferred on to the screen in the same ratio as in the
original dispersion.

A nickel foil strip of dimensions 0.1 x 1 cm was spot
welded onto the end of the nickel screen and a nickel wire was
spot welded onto the nickel foil strip. The spot welds were
then scraped in order to remove traces of copper left by the
welder electrodes.

2:3.2: The Floating Electrode Cell System

The floating cell rig used for the study of oxygen
reduction is shown in figure (2.4).

The cell consists of two compartments separated by glass
frit. The 5 x 5 cm nickel screen counter electrode was contained
in one compartment and the working and reference electrodes in
the other. Teflon rings were used to clamp the working electrode
to the hollow central pillar of the upper assembly, inside of
which the reference electrode could be mounted.

The U-shaped Luggin Capillary, at the base of the central
pillar, enabled potential measurements to be made between the
reference and the working electrode. The working electrode
compartment could easily be equilibrated with oxygen, or nitrogen
using the sliding Teflon tube, which could be pushed into the
electrolyte for purging, or simply used to sweep gas through

the compartment.
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ke, . N The Reference Electrode System

Dynamic Hydrogen Electrode (D.H.E.) was used as a
reference electrode in this work.

The electrode designed by Ginerlg, consists of two
platinized platimum electrodes, each 1 cm® in total geometric
area, betweeﬁ which a constant current of (2 mA/cm®) is passed.
Figure (2.5) illustrates the electrode system, the lower
electrode, connected to the negative terminal of a battery
evolves hydrogen gas, which sweeps awaf the oxygen gas evolved
on the upper electrode, thus preventing it from interferring with
the lower electrode potential.

The potential of (D.H.E.) electrode was measured against
a reversible-hydrogen electrode in 5N KOH at 25°C. It was found
to remain constant at (-31 *1 mv ) for several hours.

. D.H.E./reversible-hydrogen electrode cell voltage was
checked periodically through out the experiments. When the
potential shifted trom its value due to deposition of impurities,
both chemical and electrochemical cleaning procedures were
carried out. The impurities were oxidized by treatment with
nitric acid, and anodic/cathodic polarisation cycles.

The final cathodic process serving to reduce the oxide
film formed during the previous oxygen evolution step.

2.5.4. Steady State Polarization

In order to obtain current-voltage curves for steady
state potentiostatic polarization, a constant electrode potential

was maintained by means of a potentiostat. The potentiostat
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continuously compares the adjustable internal voltage with
the potential difference between the working and reference
electrodes. Any imbalance is amplified and passed in to a -
feed back system, which adjusts the current flowing between
the working and counter electrodes until the compared voltages
are equal. The circuit has a very high input impedance in
order to minimise the current drawn from the reference
electrode, which thus remains virtually unpolarized.

The potentiostatic circuit is shown schematically in
figure (2.6). In some of the experiments conducted in the
course of this work galvanostatic polarization was used. In
this method a constant current is applied and the potential
between the working and reference electrodes is monitored.

The galvanostatic circuit is shown schematically in figure (2.?).

2. 3455 Ohmic Correction of Polarization Curves

The main ohmic losses occur due to the electrolyte
resistance, and, to a lesser extent there is a contribution
from the resistance of the catalyst layer and the cell
connections. A Luggin Capillary was used to minimize the gap
between the reference and the working electrode. The
interrupter techniquezo was applied to measure the ohmic
polarization. In this method, a steady d.c. polarising current
is interrupted at mains frequency (50:-Hz) by means of a fast
acting, mercury-wetted relay, producing a train of square current
pulses through the cell. The circuit diagram for the interrupter

is shown in figure (2.8). The over voltage components can then
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be seﬁarately measured as a result of their differing time
dependence of decay or growth. Thus, ohmic polarization is
instantaneous, whereas activation and mass transfer effects
require finite time intervals in which to become apparent. If
then, the potential between the working and reference is displayed’
on an oscilloscope against a suitable time base, a trace

similar to that shown in figure (2.9) will be displayed. From
the current flowing and the vertical portion of the voltage/time
trace, the resistance at that current can be evaluated using
Ohm's law, and from evaluation of the resistance at different
current density levels, the polarization curve could be corrected
for ohmic losses.

As can be seen from figure (2.9) when the current is
interrupted, a steep drop in potential is observed, followed by
a.more gradual potential drop. The initial vertical drop in
potential is due to the instantaneous removal of ohmic polarisation.
The slower potential drop is due to the slower removal of
activation and concentration polarisation.

In porous electrodes, points within the electro catalyst
layer are located at varying distances from the current collector.
The equivalent ohmic circuit could be therefore represented as
a stack of resistors in parallelll, representing the electro-
ﬁatalyst layer. This stack is in series with the cell connections
and iR drop resistors(figure 2.10). The value of each parallel
resistor increases as the distance from the current collector

increases.
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Anodic polarisation (oxygen evolution) usually involve
bubbles formation, which introduce errors in the iR drop value.
The iR drop determined at low current density level may not
be applicable to higher current density, when appreciable
changes in electrolyte coﬁccntration/rcsistivity occur in the
electrode vicinity as a result of polarisation. Therefore, it
was necessary to determine the iR drop for a series of current

density levels.
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3.1. REVIEW OF PREVIOUS WORK

T 0 Electrode Materials for Oxygen Reduction

The electrochemical reduction of oxygen in alkaline
solution ideally should take place according to the equation

(3.1).
0, + 2H,0 + 4€" = 40H —meomeeemenee (3.1)

The standard reduction potential for reaction (3.1) is
0.401 VZl. On most known materials, however reaction (3.1) is
slow and irreversible at room temperature. This causes serious
perfqrmance limitations in power sources, such as fuel cells and
metal air batteries, in which oxygen reduction is the cathodic
reaction. The review of previous work has indicated that high
current densities for oxygen reduction could only be provided
using costly electrocatalysts such as platimum and silver, but
the potential would still fall well below the reversible value
for reaction (3.1]22. On these electrodes the four electron
process (reaction 3.1) does not proceed directlyzs. On many
electrocatalysts, oxygen reduction in alkaline solution occurs
via a two-electron process7; producing hydrogen peroxide,
present in solution as the perhydroxyl ion, HOE.

o ~

h + B0 +Ze = HO, + OH = —emeeeeee- (3.2)

For oxygen reduction in alkaline solution, platinum and
palladium black give the highest performance 1eV01524. Porous
carbon and graphite also show pronounced activity7. When carbon

is activated with fairly low loadings of platinum, silver or
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palladium, show performances in air not much less than that of
Iplatinum alone25

The task of finding a substitute for platinum as a highly -
active material for oxygen reduction has been difficult, because
the material must also be conducting, corrosion resistant and
easily prepared in a high surface area form. Novel electro-

catalysts, such as Lanthanum-strontium cobalt oxidelo

and
carbon-cobalt phthalocyaninez6 have been reported, but show
little, if any, improvement over conventional materials. On
silver-graphite air electrodes25 oxygen is electrochemically
reduced on ‘the graphite support, producing HO,. This may be
chemically decomposed by the impregnated silver, releasing

oxygen for recycling.
2, = 0, + 20H - = eemeeeene (3.3)

King and Tseung27’ #5

studied the reduction of oxygen
on NiC0204'in alkaline solution and found that it possesses
high activity at room temperature, but the performance of the
electrode decreases sharply in few hours period. It has been
suggested28 that this decay could be attributed to substitution
of OH in the lattice or the partial reduction of NiC020429.
Recent study30 indicated that provided the electrode is
held at 0.75V vs R.H.E., there is no decrease in performance
over a test period of 140 hours. It was also fbund30 that
NiCozo4 is irreversibly reduced below 0.70V vs R.H.E. at room

temperature. In developing a low-cost oxygen electrocatalyst
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allowing high current density at lower voltages than those of
the available materials, there have been two main approaches.
The first, was adopted by Bevan and Tseunglo, who studied ﬁhe
factors favouring '"side-on' adsorption of an oxygen molecule.

10, 31, 32

Studies by Tseung and Co-workers indicate that it

1s necessary to use paramagnetic oxides, such as LaO.SSTO.SCOOS
as electrocatalysts, in order to dissociatively chemisorb
oxygen molecules, which are also paramagnetic. The reduction
of oxygen then proceeds via four electron process and reversible
behaviour is achieved, even at room temperature. The low
performance of this catalyst below 100°C was attributed to the
limited number of active sites and the slow rate of oxygen

310 32,:33

chemisorption However the activity of La, .Sr CoO3

0.570.5
fdr oxygen reduction at 170°C was higher than that of platinum
blacksz. In a recent paper Conway34 has reviewed the main
achievements in electrode kinetics over the past twenty five
years. He suggests that the main achievement in oxygen reduction
- process was the work of Tseung and Co~worker531’ g o in
which they investigated the possibility of catalyzing the
reduction of oxygen using paramagnetic La-Sr-Cobaltites and
other structures with which oxygen‘interacts magnetically.
Conway also pointed to the work of Yeager37’ 38 who investigated
oxygen scission in relation to peroxide pathways in fhe reduction
reaction.

The second approach was adopted by Goldsteinss, who
used graphite/cobalt-iron oxide system. Oxygen was electrochemically

reduced on the graphite, producing HOE, which was then catalytically



deccm@osed by the highly active catalyst, cobalt-iron oxide,
yielding oxygen for recycling. This approach resulted in a
general performance improvement compared to the performance
of the graphite alone. '

< o Oxygen Reduction on Carbon and Graphite in Alkaline

Solution
On carbon and graphite the oxygen reduction process
is fairly well understood. Oxygen is reduced by a two electron

process
0y FHLO # 28 i m; O N B Bt (3.2)

producing hydrogen peroxide. The hydrogen peroxide is fully

ionized in alkaline solution3g, and present as HOE.
HZOZ + OH = HOZ + Hzo _________ (3.4)

Berl? has carried out the most thorough investigation of
this system and proposed that reaction (3.2) is the only reversible
and potential determining reaction. The thermodynamic standard
potential expected for this reaction is (—O.OSV)21 relative to
hydrogen. Berl's findings have been confirmed by later workers,

such as Weisz and Jaffe’C. In oxygen tracer studies using
18

0, Yeager41 showed that all the HO, in the reaction came from
oxygen molecules alone; thus the 0-O bond in the oxygen

molecule remained unbroken during the reduction process. Further-
more, a cathodic current efficiency of 100% for HOE production
from oxygen was also reported41. These results led Yéager37’ 36

to propose a mechanism for oxygen reduction on carbon according
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to
& Al e RN (Og)ads rate determining step ---(3.5)

(O)ads + HO+e == HO, #+ OH = ~—=ccmme—v (3.6)
2 2

where the species (Og)ads corresponds to an adsorbed radical.

Step (3.6) may occur in two steps; e.g.
(0ads + H0 ==  (W0,)ads + OH  ------- (3.7)

(HO)ads + ¢ == H, = —-—-ee- (3.8)

It is difficult to interpret steady state polarization
measurements on porous electrodes, on a kinetic basis, due to
complications associated with mass transfer and the uneven
distribution of ohmic drops within the pores of the electrode
i.e. current densities are not uniform within porous media,

because the diffusion and ohmic over voltages to the total is
different at different points within the porous structure43

Yeager37’ e

avoided this problem by using two different
electrodes, in the first the pore structure within porous
carbon or graphite electrodes was completely filled by placing
the porous electrode in molten paraffin at low pressure. In
the second type of electrode, pyrolytic graphite was used,
having very low porosity.

From the cathodic measurements for oxygen reduction on
pyrolytic graphite rotating disc electrode, kinetic parameters,
such as Tafel slope were determined and the above mechanism

was suggested. It was also concluded42 that further reduction

or decomposition of the peroxide on carbon or graphite proceeds
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at very small rate in comparison to the two electron process
(reaction 3.2).

34343, Oxygen Reduction on Nobel Metals in Alkaline Solution

Essentially two reaction routes have been proposed
for oxygen reduction on silver and the noble metals. In the
first, it is suggested that oxygen electroreduction proceeds
by the formation and decomposition of surface.oxides. Thus,
for platinum, palladium and silver Sawyer and Da)r44 proposed

the following reaction path:-

M + 02 + ZHZO ZM(OH)Z ————————— (3.9)

i

M(OH), + 2e M + 20H @ ——-emmeee (3.10)

where M is the electrode metal.
Riddifbrd45 proposed another path, in which chemical
formation of metal oxides was followed by electrochemical

reduction
0, + 2M s GROTEYG SENRE, TS e e S (3.11)
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M + OH  ceeeeeeeo (3.13)

Reaction (3.13) was proposed as the rate determining step
on platinum. In the second reaction route, it is suggeste::{‘6
that on silver and noble metals, oxygen reduction occurs via
the two electron process to give HOE as a reaction intermediate.

*The HO, in contrast to its behaviour on carbon, may

undergo further reaction, direct chemical decomposition is
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2HO, = 0, F20H . cemseseseseane (3.3)

possible, since silver and platinum are amongst the best known.

catalysts for this reaction. Alternatively, the HOZ intermediate

may be further reduced electrochemically,
HO & S 0 S e B TROH. il St (3.14)

The standard reduction potential for reaction (2.14) is
(0.87‘V)21. Gerischer47 proposed the so-called "local cell"
mechanism for oxygen reduction on platinum, when the metal
~ surface is free of an adsorbed oxygen film. In this mechanism,
he suggeéts that reaction (3.14) occurs at the cathodic sites

of the electrocatalyst surface, and the reaction

HO, + OH = G4 Halaa. Rle o et (3.15)
at the anodic sites. The net result is a local cell process
with the stoichiometry of equation (3.3). Bianchi and co-
workers48 have proposed that in the presence of Pt-O on the
platinum surface, a reaction could occur between the Pt-O

-

film and HO2

HO- + Pt-0 Pt + 0, + OH —---- (3.16)

2
This reaction continues until the film is destroyed,
followed by the Gerischer mechanisma?. Ideally if reaction
(3.2) and (3.14) proceeded reversibly the net effect would be
reversible oxygen reduction by equation (3.1). This is not

achieved in practice primarily, because of irreversibility
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associated with reaction (3.14)49;

This process occurs at a standard reduction potential
even higher than that-of reaction (3.1), and both reactions
(3.14) and (3.1) require that the o-o bond is broken electro~
chemically. Oxygen reduction by this route will hence occur
sluggishly, and the operating potentials will be determined
by more rapid processes such as (3.2) in conjunction with (3.3).

Evansso’ 51

suggested that oxygen reduction could occur,
via-four electron process (directly), but only at scarce, at
favourable sites on the electrode surface. His mechanism is
called "pseudo-splitting'. In this mechanism it is assumed
that some of the adsorbed oxygen molecules undergo partial
electron transfer at the electrode surface, but do not fully

J dissociate. These adsorbed (pseudo-split) molecules can form
hydrogen bonding with adjacent OH , and this hydrogen bonding
spreads across the OH layer, which cover the electrode surface
in alkaline solution. OH on the layer boundaries enter more
easily into hydrogen bonding with nearby water molecules.

At this stage, completion of electron transfer, and
breaking the o-o bond,'is most likely, because such proton-
switching lowering the activation energy for bond rupture.
Finally reorientation of the OH layer will take place. The
Kink Sites provide a break in the OH layer and also steric
accessibility to water molecules; they are favourable sites for
the reaction. For Evan's mechanism to take place the oxygen

molecules have to adsorb in a side-on configuration (o0-0).
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However, Evans mechanism does not account for the occurrence
of HO, during the oxygen reduction process. HOE is a predominant
product on some materials such as carbon or graphiteT. Goldstein
and Tseung52 considered HDE formation, and proposed a modification
for Evans mechanism called "A joint pseudo-splitting/peroxide
mechanism’, in which they suggested that oxygen molecules could
adsorb in an "end-on' configuration ( g Jand a similar mech#nism
to '"'pseudo-splitting' could then operate.

Peroxide mechanisms2 is shown schematically in figure
(3.1).

3.2. SELECTION OF MATERTIAL FOR OXYGEN REDUCTION

From the previous review, it became evident that carbon
and graphite possess high activity towards 0x7gen reduction
ahd they are suitable materials for hydrogen peroxide production.
As mentioned earlier (Section 1.4), if such electrode used in
an oxygen extraction cell, the fact that the reduction of oxygen
on carbon surfaces proceeds via a two electron process could
be beneficial, provided the HOE was chemically decomposed and
the resultant oxygen could be collected in the anode éompartment
together with the oxygen evolved on the anode.

Graphite is preferable to carbon, because it is purer

and has a better electrical conductivity.

3.3. POROUS ELECTRODE

The use of porous, high surface area materials as electrodes

for fuel cells and batteries has been studied for the case of

53, 54
an

gaseous dissolution reactions in the liquid phase d
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it has been shown that this type of electrode gives a very

much better performance than the equivalent weight of the

same material in the form of a planar electrode. The main
advantage of the porous electrode is, at a given ﬁotential

it gives a much higher current than the planar electrode due

to its higher surface area. High surface area powder used

for gaseous dissolution reaction usually used with a
hydrophobic binder, to increase the mechanical strength and
facilitates the massltransfer of the gas to the active sites

of the electro-catalysts. The use of Teflon bonded elec‘qrodesl8
is a good method of reducing mass transfer problems, since
the existence of a continuous, dry and porous network of Teflon
in intimate contact with a continuous, electrolyte-soaked,
porous catalyst network, ensures that gaseous reactants can
&iffuse into the electrode rapidly. Also provided the size of
the individual electrocatalyst aggregates are small, the
diffusion of the dissolved gases into the electrocatalyst pores
will not be limiting. The three-phase interface is primarily
a theoretical concept; only line contact can exist between a
solid, liquid and gaseous phase so that in practice two phases
must combine before any measureable reaction rate is possible.
The gas molecules in fact diffuse through the liquid phase to
the catalyst surface, so that most of the electrode reaction

occurs within a very thin film of the electrolyte.
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35.4. MATERTALS AND METHODS

= W Sy Preparation of High Surface Area Graphite

The low surface area graphite (5 NF/g) was supplied
by (B.P. Chemical Ltd., Sunbury). This graphite was of high
purity (99.5% carbon). It was ground under vacum in a
vibratory ball mill as described in (section 2.1.1.). The
grinding time of 14 hours chosen, was based on work carried
out by Kentss. He found that graphite surface area began to
increase immediately when the mill was switched on and the rate
of surface area increase fell off after about 350 leg had
been reached and eventually tended towards a limiting surface
area. This effect was attributed generally to aggregation
among the very fine particles, as the forces of aggregation
become greater than the grinding energy. Figure (3.2)55
shows the relationship between grinding time and the surface

area of graphite.

3.4.2: Fabrication of Teflon bonded Graphite Electrode

The general procedure is described in (Section Z2s351) .
Welghed quantities of graphite powder and aqueous P.T.F.E.
dispersion were slurried in methanol and dispersed using an
ultrasonic bath for five minutes. The mixture then transferred
by painting onto a nickel screen (100 mesh). After drying at
70°C for an hour in air, the electrodes are cured at 300°C in
nitrogen for one hour.

3.4.3. The Electrolyte

The electrolyte used through out this study was 5N KOH,
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made up from Analar pellets of potassium hydroxide and deionized,
doubly distilled water. The electrolyte was prepared freshly
before each experiment, in order to, eliminate the effects of
carbonation. Air contains a small percentage of carbon dioxide
and may slowly cause carbonation of alkaline electrolytes.

The oxygen electrode performance deteriorates as the
K2C03 concentration in the electrolyte rises, and, if highly
porous electrodes are employed K2C03 could precipitate in the
pores and physically damage the electrode structure. For aif
electrodes, this problem could become serious only during
long term use, however this problem could be avoided by removing

€0, before the air enters the cell using an absorbent.

5 B S Polarization Rums

Steady state polarization curves were determined using
the floating cell (described in section 2.3.2, and shown in
figure 2.4) incorporated in a potentiostatic circuit. The
potentiostat employed was a Chemical Electronics, TR 40-3A.

The electrode was mounted and the cell assembled. After the
electrode/electrolyte contact was established, the working
electrode was supplied with oxygen or air, and the reference
electrode (D.H.E. described in section 2.3.3) was cquilibrated.
The steady value of 0.C.V. tOpen Circuit Voltage) was measured
using a digital voltmeter (D.V.M,)(Gould Advance, DMM 7) after
30 to 60 minutes of stability. The potentiostat was then
switched to a value cathodic to the 0.C.V. and switched to the

cell. The current was recorded when it had reached a steady
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value (after about three minutes). This procedure was repeated
at 25 mV overvoltage increments (in the cathodic direction).
The potentiostat was then disconnected and the ohmic correction
carried out using the interrupter technique (described in section
2:3.5)s
The errors in electrochemical testing were as follows:-
i) Current and Potential measurements:-
The current was measured to #2% of full scale
deflection and the potential to #0.5%, hence the error
in these measurements is very small.
ii) The Correction for ohmic over voltage:-
Here, the main source of error was imposed by the
inaccuracy inherent in reading from the oscilloscope

grid. Measurement limits were to +0.2 cm.

3.5. RESULTS AND DISCUSSION

P O Steady State Performance

Figure (3.3) shows the iR-corrected performance of
a Teflon bonded graphite electrode and a Teflon bonded platinum
black electrode for the reduction of oxygen in 5N KOH in air,
at room temperature. This shows that at any practical current
densities, the platinum electrode is only about 150 mV better
than the graphite electrode. The Teflon bonded Pt black was
fabricated from platinum black (supplied by Johnson-Matthey),
B.E.T. surface area of 10 }F/g. Graphite B.E.T. surface area
was 490 Bng and the electrical conductivity was about 0.1

ohmflcmfl at room temperature under 100 Kg/cmz compression.
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The reason for measuring the activity of Teflon bonded
platinum black for oxygen reduction was to establish a standard
against which the performance of Teflon bonded graphite electrode
could be compared. The I:eproducibility of polarization runs
for repeated scans of a given electrode, and for tests on
different graphite electrodes, was good, especially in the
current density region below 200 nu’\./cmz, above that the

reproducibility of repeated runs was less due to the flooding

and sweating phenomenon of the hydrophobic electrode. As can

be seen from figure (3.3) for oxygen reduction on both

Teflon bonded graphite and platinum black electrodes, there is
an initial steep drop of performance, attributable to high
activation polarization, followed by a linear region with
steady slope. There is no diffusion polarization region,

which usually appear as a gradual tapering off as the limiting
current is approached. This is in a good agreement with the
observation of Coldstein'® who noted the absence of a diffusion
limited region for current density up to 2 A/cmz for oxygen
reduction on Teflon bonded graphite electrodes. He concluded
that diffusion limitations were insignificant at least upto

200 mA/cn?.

Sl Effect of Graphite Loading and Teflon Ratio on the

Performance of Teflon bonded Graphite Electrode for

Oxygen Reduction

Tantram and Tst:-:ung]'8 found that the catalyst/Teflon

ratio of 3:1 gives the best performance for oxygen reduction



VOLTAGE (mV) vs D.H.E.

1100

1000

D00

j

e On Teflon bended Pt Black Electrode (10.1 mg/cmz)

o On Teflon bonded Graphite Electrode (14.5 mg/cm2)

SN Koil, 25°C, AIR

iR corrected

500 4

700 §

600 §

500 .}

400 : 3 : s :
200 400 600

CURRENT DENSITY (mA/cm®)

Fig. 3.3 STEADY STATE MEASUREMENTS OF OXYGEN REDUCTION

LY



48

on Teflon bonded graphite electrode. A number of electrodes
were prepared with different graphite loadings and catalyst/
Teflon ratio of 3:1. * Electrodes with graphite loadings
ranging between 10 mg/cmz and 18 mg/cmz gave similar
performance, whereas, electrodes with catalyst loading above
18 mg/cm2 gave slightly lower performances. This could be
attributed to the increase in the thickness of the electrode
which lengthens the reactant diffusion path, therefore,
increasing the mass transfer. The increase in the electrode
thickness also increases the ohmic drop. Electrodes with
catalyst loading less than 8 mg/cmz showed tendency towards
flooding at current densities as low as 50 mA/cmz, which led
to poor performance.

The comparison of performances involving different
Teflon bonded electrodes could be inaccurate and.proﬁed to be
difficult in practice, because there are many uncertainties
associated with the electrocde fabrication, such as the assumption
that each component in the catalyst mix is transferred to the
glectrode in the same proportion. Also it is difficult to
assess whether the catalyst/Teflon mix has been pasted evenly
over the whole current collector surface. This depends largely
on the skill of the maker. Therefore, in this work the average
performance of several electrodes with similar loadings was

taken for the comparison.
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L Corrosion Scans

Corrosion scans were carried out on graphite in the

oxygen reduction potential region. The same procedure used
in the normal polarization run was followed, but under nitrogen
(white spot) atmosphere. The 5N KOH solution was purged with
nitrogen gas for one hour to remove the dissolved oxygen in
the solution. The nitrogen gas flow was subsequently maintained
above the electrolyte during the period of the corrosion test.

It was difficult to remove traces of adsorbed oxygen
from the graphite surface, but after several scans the current
density at 500 mV vs D.H.E. was cathodic and below 0.3 mA/cmZ.
This current could be due to the oxygen in the nitrogen gas
(maximum 5 p.p.m.) and the diffusion of some oxygen from the
anode compartment. In conclusion the corrosion of graphite
in 5N KOH, 25°C and in the potential region 0.9 to 0.5 volt
vs D.H.E. is negligible and the presence of the impurities
on the graphite is also negligible. Cyclic voltametry technique
was also used under similar conditions in the oxygen reduction
region at low scan rate (6.6 mV/sec) and the resultant
voltammogram showed negligible corrosion current, less than
0.4 m\/en at 0.5 volt vs D.H.E.

Similar corrosion scans were carried out on nickel screen
under similar conditions and the test revealed no sign of
corrosion.

3.5.4. Current Stability of Oxygen Reduction on Graphite

Electrodes

In short term test for current stability of oxygen
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reduction on Teflon bonded graphite electrode (in 5N KOH, 25°C,
in air), the electrocde was held potentiostatically (at 0.7V

vs D.H.E.). The current density decayed quickly from 121 to
95 mA/cmz in approximately 5 minutes. The decay was much
slower for the following three hours. After the latter period
the current reached a stable value (85 mA/cmz) and remained
constant for the next three hours.

The major problem with carbon cathodes is their tendency
to flood after prolonged use, especially at high current
densities (greater than 100 mA/cmz).

Jindra and.;\trhas6 attributed this phenomenon to oxidation
of the carbon surface by the hydrogen peroxide.

This oxidation process produces mainly acidic carboxylic
groups which render the cérbon surface progressively more
hydrophilic.

It has been rcportedg?that carbons and graphites with
basic surfaces make better electrocatalysts for the reduction
of oxygen than the same materials with acidic surfaces.KentSS
has suggested that the basic surface groups on graphite -
surface increase the performance of the graphite for the oxygen
reduction reaction by catalysing the reduction of oxygen to
HDE. He attributed the initial decay in the electrochemical
activity of graphite for oxygen reduction to the oxidation of
the basic groups on the graphite surface to acidic surface
groups, probably by the hydrogen peroxide which is generated

during the oxygen reduction.
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The observed initial decay in the electrochemical
activity of graphite electrode for oxygen reduction reaction
could be explained in similar manner and could be attributed
also to the flooding of the electrode, which lengthens the
diffusion path for the reactant species (oxygen) and

consequently increases the mass transfer.

3.6. HYDROGEN PEROXIDE PRODUCTION

Teflon bonded graphite electrodes were operated as air
cathodes at fixed current densities for one hour. The cathode
and anode were separated by a glass frit in a two compartment
cell, thermostated at 25°C. A piece of 8 cm2 Teflon bonded
graphite electrode was used in the floating position in the
cathode compartment (volume of electrolyte was 100 ml, distance
from the centre of the cathode to the glass frit ~ 6 cm). An
air pump supplied air to the cathode compartment. A 20 cmz,
100 mesh nickel screen was used as the counter electrode. A
Chemical Electronics potentiostat (TR 40-3A) was used in the
Galvanostatic mode to feed current in to the cell.

After one hour, the concentration of HZDZ in the SN KOH
solution was measured by titrating the acidified, ice cooled
solution with standard potassium permanganate solution. The
self decomposition of hydrogen peroxide in 5N KOH in the-same
apparatus and under similar experimental conditions (but without
passing current) was measured and found to be about 0.5 g/l-hr
of HO,. Table (3.1) shows the amount of'nog produced after

the passage of a fixed amount of current for one hour. The
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amount of HOE in the cathode compartment was only about 74% of
the total amount of HOE produced.

This was mainly caused by the decomposition of HOE on
the nickel oxide anode surface. This loss was not measured in
the blank correction. In addition, there was some additional
decomposition of H,0, during the pipetting of the solution and
the titration operation. The catalytic activity of high surface
area graphite towards the chemical decomposition of hydrogen
peroxide was investigated by Goldsteinll. He concluded that
graphite is quite inert for the decomposition of HOE, Kf,m at
25°C = 6.7 x 107 sec—lghl, where Kf,m is the first order
rate constant for the chemical decomposition of hydrogen
peroxide.

The schematic diagram of the cell used for this set of

experiments is shown in figure (2.4).



53

Table (3.1)

Hydrogen Peroxide produced from Oxygen reduction on a 8 cmz
Teflon bonded graphite electrode, current passed through
the cell for 60 minutes.

Current Theoretical Experimental average Experimental/
gm HOS; (in 80 ml.

mA gn HOZ electrolyte in the Theoretical
cathode compartment) %

200 0.1230 0.0917 74.55 (2)

400 0.2460 0.1866 75.85 (2)

600 0.3693 0.2675 72.40 (2)

800 0.4924 0.3575 72.6 + 0.02 (4)

numbers between brackets show the number of experiments for

each current density.
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4,1. SELECTION OF CATALYST FOR HYDROGEN PEROXIDE DECOMPOSITION

Two factors were considered in selecting a catalyst
for the decomposition of hydrogen peroxide, the first factor
was the catalytic activity towards hydrogen peroxide decomposition.
The second factor was the cost of the material.

Vielstich® reported that silver is superior to platinum
in alkaline solutions and this was supported by Cotasg, who
found silver to be tﬁe best available catalyst for peroxide
decomposition.

Evaluation of a series of catalysts for their activity
in HZOZ decomposition under similar conditions had been carried
out by Cota and co-workeﬁssg. In their study the initial rate
of oxygen evolution at 22°C from 50 ml. 6.9 M KOH containing
Sml. IM HZOZ was measured gasometrically for a series of
catalyst powders at constant weight. Their results together
with the initial rates per unit total surface area, which have
been calculated are shown in table (4.1).

Considering the initial rates on a weight basis, the
results in table (4.1) confirmed the high activity of silver
oxide and platinum black.

However, a non-noble metal catalyst, such as wnsymmetrical
cobalt ferrite, also has high activity, greater than Rany silver
and palladium black. Transition metal oxides, such as MO,
and C0203.H20 were much inferior.

In considering the initial rates on a surface area basis,

it is evident from table (4.1) that silver possesses a high
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*Table (4.1)

Activity of a series of catalysts for HZOZ decomposition at 22°¢

Catalyst Initial activity B.E.T. specific Initial activity
K o x,10*, mole surface area normalized to unit
O sec=V gt M?.g™! B.E.T. specific
(f 10%) & ( +5%) surface area, mole
= 0, sec™!M:? x 10°

Ag,0 4.0 0.35 110

Pt black 3.6 14.7 2.4

unsymmetrical

cobalt ferrite 1.3 16.8 0.77

Raney Ag 1.2 3.4 0.35

Pd black el 7.6 0.15

Ag(Precip.) 0.76 0.13 58

MnO, 0.42 0.35 1.2

00203.H20 0.37 27 0.13

Fe203 0.25 Ten 0.034

Au Q.15 0.1 15

Ni black 0.15 8.5 0.018

Unsymmetrical

nickel ferrite 0.12 0.79 0.015

Symmetrical

nickel ferrite 0.07 0.65 0.011

The general formula for cobalt ferrite is Co,Fe;_ 0O,
Symmetrical cobalt ferrite x =1

Unsymmetrical cobalt ferrite x #1

* results obtained from ref. 59 and 11.
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activity despite the low surface area. Platinum, unsymmetrical
cobalt ferrite and palladium only show a comparable activity
due to their high surface area.

Cota et al> did not specify the exact composition of
their unsyrmetrical cobalt ferrite.

Goldsteinll has évaluated a large mumber of catalysts for
their activity towards H,0, decomposition using a similar
approach to that of Cota et alsg. Some of these results are
shown in table (4.2). The catalytic activities were compared
using tne parameter KI,m’ which describes the initial oxygen
evolution rate, obtained at 25°C, with 5 ml. 1M 1,0, in 50 ml.
5N KOH, using 50 mg.catalyst.

As can be seen from table (4.2), the two most active
catalysts are Ag-graphite60 and Pt black. These catalysts were
followed in activity by cobalt-iron oxide prepared by the
hydroxide method.

fhe best known catalysts which possess high activity
for the decomposition of H,0,, such as silver, platinum and
palladium are very costly materials, therefore they were ruled
out for this work. The remaining catalyst with high activity
and low cost is the cobalt ferrite.

Coldstein and Tseung61 showed that the maximm activity
and the lowest activation energy for H,0, decomposition reaction
on cobalt iron oxide'(CoxFes_xpa) occurs at fhe composition
with x =1 i.e. (CoPezod), since the greatest availability of

A F e ;
Octahedral Col occurs at this composition. Co'! ions can



Table (4.2)1}

Comparison of catalyst activities for H202 decomposition

Catalyst Kp o X 10®° B.E.T. specific Preparation method
moi Wy surface area or
B gg 1 Mgt pretreatment
257C
5 at % Ag 1230 180 Freeze dried (AgNO./
on Acheson graphite gecomposeé
graphite 1207C)
Pt black 990 30 Johnson-Matthey Fuel
Cell Catalyst
5 at % Ag 850 9 Freeze dried (AgNOS/
on Acheson graphite 2
graphite decomposed 0120 C)
Treated 300°C, Ny, 1 hour
Co, Fe,0, 310 90 Hydroxide prepn., lhr, hydro-
thcgmal growth, treated
300°C, N,, 1 hour.
Pd black 205 B Hopkin and Williams reagent
Ag 130 3 Hopkin and Williams reagent
1‘-&1102 95 7 Hopkin and Williams reagent
ColFezO 80 40 Fregze dried (niirates,
=) 450°C, 3 hrs)
NiO 0.4 76 Fresze dried (acetates,
300°C, 3 hrs)
ColFezO4 0.4 <1 Solid state sintering

(Oxides, 14007C)

Test conditions, 50 mg catalyst, 5 ml. IM HZOZ’ 50 ml. 5N KOH,

25°C, 1 atm.
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initiate a cyclic electron transfer process (redox reaction)
on the catalyst surface.

The decomposition of HZOZ is defined as an acceptor
reactionﬁz, since it is catalysed by materials which can supply
electrons to the H,0, during the rate determining step.

No work has been reported on the activity of nickel

cobalt oxide for H,0, decomposition, however the structure-

& ) 0, for NiCbZO4 has been proposedﬁs.

Where the subscripts (t) and (o) refer to tetrahedrally and

octahedrally coordinated cations respectively.

It was found’® that the highest availability of Co'l

occurs at the composition NiC0204. The occurrence of Colt

on lattice sites, with its easy conversion to COIII, allows
a highly effective redox system to be set up initiated by

CoII centres.

ety bl 3
In the acceptor mechanism , the over all process is a
cyclic electron transfer reaction between the catalyst and

successive i,0, molecules.

Ill ¥ OH TR m_ ————————— (4-1)

Gt + KO, = o
The catalytic centre then return to the divalent state
by the reaction

I1I 1T : +
Co ™" + H)0, = G0 +HO, + H  ==----=(4.2)

The free OH and HO, radicals may set up chain reactions

OH + HZOZ lﬁDz + HZO ————————— (4.3)

I

o e ST R R (4.4)



before the terminating reaction.

G 5, SR L 08 e (4.5)

The overall stoéichiometry during catalysis is accordingly,
2”102 v ZHZO + 02 ----------- (4.6)

The catalyst ;\'iCon_i can be prepared in high surface area
form by freeze drying. This factor and the fact that NiC0204
possesses the highest availability of CoII suggests that
NiCo,0, could be a very active material for H H,0, decomposition.

Therefore, it was decided to adopt the two types of
catalysts(CoFeZO4 and NiCoZO4) for the decomposition of HZOZ
md to carry out an evaluation of the catalytic activity of

NiCoZO4 towards H_ZO2 decomposition.

4.2  EXPERIMENTAL

s Preparation of CoFeZO4 and NiCoZO4

Since the catalytic properties are significantly
enhance by increasing the surface area, it is of interest to
prepare high surface area catalyst.

Goldstein and Tseung64 investigated different preparatioh
methods for the preparation of cobalt iron oxide catalysts
such as freeze drying, high temperature sintering and co-
precipitation (oxalate and hydroxide routes). Of all the
methods used, the hydroxide co-precipitation method offered
the best chance of success in achieving high surfﬁce area
catalyst, since the temperature required for decomposition is

only 100°C. Therefore this method was adopted in this work
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for CoFe204 preparation.

The procedure of the preparation of CoFeZO4 by hydroxide
co-precipitation is as follows:

Analar grade ccbalt chloride, ferric chloride and
sodium hydroxide was used. The mixed metal salt solution wﬁs
prepared by dissolving the appropriate amounts of metal chlorides
in distilled deionized water. The solution was rapidly added
with continual stirring to a known volume of freshly prepared
6N NaOH solution at room temperature. This volume of NaOH
was ideally the quantity necessary to give pH. 12.5.

In practice, the mixed salt solution was added to 50 ml.
of 6N NaOH, then the pH was adjusted to pH. 12.5, using a
Vibret pH-meter (E.I.L. Ltd) by addition of more 6N NaOH. The
resultant mixture was heated on a steam bath for an hour to
dehydrate the gel. After cooling, the mixture was filtered,
the precipitate was washed with distilled water until alkali
free, and after air drying over night at IOOOC, was ground
to a fine powder in an agate pestle and mortar.

NiCoZO4 powder was prepared by the freeze drying technique
(described in section 2.1.2 and 5.4.1a).

I Determination of Catalytic Activity

The gasometric technique was used to determine the
~activity of the catalysts towards H,0, decomposition, and the

kinetic investigation of the reaction. The technique has been

59 11

described by Cota et al™~ and Goldstein
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4.2.2a. HZOZ Decomposition Apparatus

The apparatus used in this work is based on that
devised by Cota et al>> and shown in figure (4.1).

It consists of the reaction vessel, which is a 250 ml.
3-necked flask. The flask side arms are fitted with a thermo-
meter, stopper and the injection device, (figure 4.2).

The catalyst was held between two dumbell-shaped Teflon
plugs in a precision bore glass tube, joined to a B.19 cone
fitted with a gas outlet tube and a Teflon stopper. A Teflon
push rod pressing against the plugs, served to introduce the
catalyst into the reaction vessel. The remaining part of the
apparatus served to collect the evolved oxygen gas.

The use of the injection device led to practical difficulties
.suth as loading of the catalyst, its introducing to the reaction
mixture and loosening of the push-rod device.

Tharefore another method of delivering the catalyst was
devised for this werk. All the experiments which were carried
out with the injection device were repeated with the new design.
Identical results were obtained, but with much less effort and
practical problems. The new design, shown in figure (4.3),
conéists of a flask with an arm having a spoon-like shape. The
arm could be rotated around its axis to deliver the catalyst.

Experiments, carried out under very low pressure (0.1 torr),
proved the absence of leakage during the rotation.

4.2.2b. Analysis of Hydrogen Peroxide

Hydrogen peroxide is unstable with respect to
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decomposition, however, the instability was found to be almost
entirely due to impurities which catalyze the decomposiﬁion
even when present in trace amounts. Absolutely pure H202 kept
in inert containers does not decompose at ordinary temperatures,

because of the high activation energy for the reaction.

H,0, SECH0 S 102 --------------- (4.7)
AG = -25.4 Kcal/mole®
Commercial H202 supplies often contain added stabilizers, such
as sodium stannite or 8-hydroxy quinoline to inhibit the self
decomposition reaction. These additives, although only present
in the p.p.m. range, can profoundly modify the effect and
activity order of decomposition catalysts. Since the HZO2
resulting electrochemically from oxygen reduction is additive
free, a stabilizer free hydrogen peroxide was chosen for this
study. This was Laporte Stabilizer - free peroxide, supplied
at 35% w/w in polythene carboys.

A volumetric method was chosen for the analysis of HZOZ
since it combines accuracy with rapidity.

In the permanganate method the KI\h04 solution was
standardized using the primary standard sodium oxalate,
following a method introduced by Fowler and Brightﬁs. The |

standardized solution of K}h04 was then used to standardize

the HZO? solution in ice cooled acidic (IM HZSO4) solution.
For greatest accuracy a 1M H,0, solution was made for

each run, and its strength determined.
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4.2.2c. Description of a Typical Rm

| 5ml of a 1M HZOZ solution was pipetted in to a
thermostated:reactioﬁ flask containing 50 ml., 5N XCH and the
Teflon coated magnetic.stirrer. The injection device was
fitted and the magnetic stirrer started. The gas burette
reading at zero time was taken by equalizing the levels of the
distilled water in the reservoir and the gas burette. The
catalyst was immediately injected in to the reaction vessel
and a stop clock started simultaneously.

Oxygen was evolved from the hydrogen peroxide and
displaced liquid from the gas burette. Care was exercised to
equalize burette and reservoir levels for each reading. The
barometric pressure was recorded. After about an hour the
burette reading become constant and was taken to be the reading
at infinite time.

In a similar run, by omitting the catalyst, a measure
of the self-decomposition rate of H,0, could be obtained.

~ This decomposition is due to heterogeneous catalysis
by glass walls of the reaction vesselﬁ?, the Teflon itemssg,
and base catalysis by the reaction mediumﬁg.

The self-decomposition rate was a small blank correction

to the Time - Volume Curves.
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4.3. RESULTS AND DISCUSSION

4.5.1. X-Ray Analysis

The techniéue'was described in (Section 2.2.2).

CoFeZO4 prepared by hydroxide co-precipitation method gave
d- values slightly lower than the corresponding d-values of
the ASTM data, however little trace was found of d-values
corresponding to other phases, showing that the hydroxide
co-precipitation method produce single phase product (CoFe,0,
possesses a spinel structure). The accuracy in d-values
depends essentially on measurements with the Vernier film
reader, and these are limited by the sharpness of lines on the
film. Very fine powder produce rather blurred lines.

X-ray powder data for CoFezo4 and the possible impurities

in cobalt iron oxide are presented in Table (4.3).

BB The Initial Rate Constant

Cota et alsg found that a useful parameter for
expressing the catalytic activity for H,0, decomposition was
the initial rate of oxygen evolution at (N.T.P.) per unit mass
of catalyst (KI,m)‘

Figures (4.4) and (4.5) show plots of burette reading
versus time for CoFe204 (prepared by hydroxide co-precipiation)
and NiCo,0, (prepared by freeze drying) respectively. A
tangent at zero time was drawn on the graph and its gradient
gave the initial rate of oxygen evolution on each catalyst.

KI . is dependent on the initial concentration of Hzoz, pH and
2
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and tem@teraturesg. Therefore, the utmost care was exercised
in measuring the H,0, concentration accurately and in keeping
 the temperature steady within +0.1°C. The pH change was
negligible due to the large volume (50 ml.) of 5N KCH.

However the main error in the KI,m measurement was the
inaccuracy in drawing the tangent on the graph, since the
tangent has to be drawn at the extremity of the curve.

The initial rate constant, Kl,m’ is effectively
independent of the kinetic order of the decomposition reactionsg.

Secondary phenomena such as diffusion control and

side-reactions are thus largely excluded.

R e 1 The reaction order and reaction rate constant

The following kinetic treatment for HZOZ decomposition
on NiCo,0, is similar to that conducted on CoFe20411.
If (2)is the initial concentration of H,0, , and(c) the
amount of H,0, which has reacted at time t, then (a-c) is the

concentration present at time t. For first order kinetics

4@-9 -x@-o e (4.8)

where K is the first order rate constant for the reaction.
To obtain the variation in the concentration (c) as a

function of time the differential equation must be integrated

e d
i

=K [dt : e (4,5)

Sincec =o0att=o0

ae Kt = 1In ( = ? C) """"""""" (4.10)
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Thus, if loglo{l - ¢ ) is plotted as a function of t,
a

a straight line results, of slope 7;§:-.

The oxygen evolfed at a given time is directly proportional
to the H202 decomposed, thus(a)is the difference between the
burette reading at zero time (Vb) and that at infinite time
| ﬂﬁg.

Similarly (c) is (V, - V), Ve being the burette reading
after t sec.

Figures (4.6) and 4.7) show a loglo (1 -<§) versus t

plots for Co, Fe,0, (prepared by hydroxide co-precipitation,
B.E.T. surface area 120 bF/g) and NiCoZO4 (prepared by freeze
drying, B.E.T. surface area 69.7 h@/g) respectively.

Both plots are linear over 95% of the total reaction
time, showing that no secondary processes occur during the
decomposition reaction. The straight line in both graphs
passing through the origin is good evidence for first order
kinetics. Moreover, the reaction rate constants were shown
to be independent of the initial H,0, concentration but
directly proportional to the catalyst mass in the reaction
mixture. These results are also characteristic of first
order kineticsﬁg.

The obtained results on CoFe,0, are in good agreement

61

with the previous results of Goldstein .

4.3.4. Activation Energy for H.,O2 Decomposition

It has been shown®! that provided diffusion effects
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can be assumed tﬁ be negligible, catalytic activity in the

HZOZ decomposition reaction may be the result of two main

factors: .

1. The intrinsic catalytic activity of the catalyst which
depends on its chemical composition and electronic
structure.

. The microstructure of the catalyst, which depends on
total available surface area, aggregate surface area
and the pore size distribution.

To ascertain the intrinsic activity order for different
catalysts, a kinetic parameter which is independent of the
catalyst microstructural effects has to be employed.
Activation energy is largely independent of the catalyst
qicrostructural effects and is much more affected by its
chemical composition and electronic stmctureﬁl.

Arrhenius showed that the dependence of the rate constant

for a reaction on the temperature could be described by the

equation
d In K B
= iy --(4.11)
: RT
where . K is the reaction rate constant

T is the absolute temperature
E is the activation energy of the reaction
R is the gas constant

equation (4.11) becomes on integration

K = Aexp (<B/RT) = s;cmemeceeeaee- (4.12)
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where A is the constant of integration.

A plot of log K versus 1/T should hence be linear with
a slope of (-E/2.3R).

Experiments were conducted at 25, 30, 35 and 40°C.
Figures (4.8) and (4.9) show the activation energy plots for
the decomposition of HZO2 on NiCoZO4 powder (prepared by
freeze drying).

Figure (4.8) is obtained by plotting the first order

0
reaction rate constant (Kf m) against 1/T K, whereas figure
: ]

(4.9) was obtained by plotting the initial rate constant

o
(KI,m) against 1/T K.

The activation energy for the decomposition of HZOZ
over Ni(o,0, obtained from figure (4.8) was 10.98 Kcal/mole,
similar to the value of 10.6 Kcal/mole obtained by Goldstein

‘

and Tseung s for the decomposition of H,0, on CoFe,0,.

274

KI,m is less diffusion controlled than Kfﬂn,‘becaase
it is measured at zero time and should, to approximation,
represent theHZO2 decomposition kinetics before the diffusion
layer begins to control the supply of Hy0, to the catalyst
surface.

Therefore, the activation energy obtained using KI,m
should be diffusion free and represent the intrinsic catalytic
activity of the catalyst. This may explain the lower value

(10.8 Kcal/mole) obtained for the activation energy of H,0,

decomposition on N1C0204 using KI,m instead of Kf,m'
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4.3:5 The Stability of The Catalysts (Storage Effect)

Both catalysts [ODP&204 and NiC0204) showed negligible
decrease in activity .(for HZO2 decomposition) after standing
for a period of three months in 5N KOH in a sealed sample
bottle. This is mainly a result of the high insolubility of
the oxide phase and the stability of the spinel lattice.
Storage in air for a period of three years showed no effect
what so ever on the catalytic activity of both catalysts

towards HZOZ decomposition.
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5.1. REVIEW OF ELECTRODE MATERIALS FOR OXYGEN EVOLUTION

The oxygen evolution reaction is of particular importance

in secondary metal-air batteries, water electrolysis plants

and the oxygen extraction device proposed in this work. A
literature review of a number of metals and alloys as electro-
catalysts for the evolution of oxygen suggests nickel for the
anode material in alkaline solutions, and noble metals and
their alloys in acid solutions. Among-the noble metals, the
performance of Ru, Ir and their alloys has been found to be

far superior to that of a pure Pt anode70. Ajanasoski et al

71
studied Pt/Ir alloys in acid and alkali media and found that
their activities are superior to those of the pure metals, Pt,
Ni, Ru and Co. In an attempt to find a better electrode
material for oxygen evolution, Lu and SrJ'Ju'n.fasr:m?2 have
investigated the performance of Ni based alloys in alkaline
solutions at 80°C. They found that Ni and Ni~Ir alloys are
better electrocatalysts than pure Ir, and Ni-Ir alloys to be
slightly better than pure Ni. It was suggested?2 that iridium
oxide formed on the electrode surface of Ni-Ir alloys.
probably tends to dissolve at oxygen potentials. Consequently,
the oxide film formed on the surfaces of these alloys on which
. the oxygen evolution takes place, will be predominantly
composed of nickel oxide, despite the bulk composition of the
alloys themselves. Therefore, the Ni-Ir alloys would be

expected to exhibit approximately the same electrochemical

activities for oxygen evolution as that of pure nickel. For
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the Ni-Ru system?z, Ru tends to dissolve anodically in KOH

solution due to the formation of soluble ruthenate Ruoz. Ni-W
alloys72 showed low activity for oxygen evolution, this is

due to the low electronic conductivity of tungsten oxide formed
on the surface. Fiori and c:o—wr.)rkers?3 have studied the
evolution of oxygen on the mixed oxides (NiLa204 and NiNd204),
using porous electrodes (prepared by thermal decomposition

‘of mixed nitrates on Pt sheet). They claimed an anodic
performance of O.SA/cm? (at 1.6V vs R.H.E.), 30% KOH, 80°C

for these electrodes. However, most of the earlier work has
been on precious metals and there are no guide lines for
selecting materials for the evolution of oxygen. Hence, it
was decided to investigate the possibility of replacing the
costly noble metals by more economical materials, which also
possess high activity for oxygen evolution. Criteria for

the selection of suitable electrocatalysts for the oxygen

4

evolution reaction have been suggested? as a result of the

present work.

5.2. CRITERIA FOR SELECTING A MATERIAL FOR OXYGEN EVOLUTION

5.2k Metal/Metal Oxide and Lower metal oxide/Higher

metal oxide Couples

Hoare?s suggested that the mechanism of oxygen

evolution in alkaline media could involve

R (6 R T (5.1)

SRR I el T T By (5.2)
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However, this does not indicate whether such reaction occur
on a metal oxide surface. In the case of oxygen evolution on

75

Pt'", it has been shown that unless the Pt electrode is

anodically polarized beyond the equilibrium potential of the
Pt0/Pt0, couple, oxygen evolution cannot proceed. Similar
arguments apply to all other metals, that is, oxygen evolution
may 6nly proceed when the potential of the electrode is higher
than the potential of the metal/metal oxide couple or the
lower metal oxide/higher metal oxide couple, in the case of
more than one form of oxide. Hoare75 found that in all the

. metals he studied, the oxygen produced initially reacts with
tﬁé bare metél surface to form oxides and hence the potential
at which qugeﬁ can start to evolve from the oxide surfaces

is related to the metal/metal oxide couple, or if there is more
than one form of oxide, the lower metal oxide/higher metal
oxide couple.

Thus, the ideal couple will be one which has a potential
lower than, or similar to, the theoretical potential of the
oxygen electrode. The data for the various oxide couples can
easily be obtained from the Pourbaix DiagramsTﬁ.

Sv2:2. Electrical Resistivity

It is impractical to use solid semiconducting oxide

electrodes since the ohmic losses will be too high. However,



it has recently been shown’’ /° that Teflon bonded porous
electrodes, supported on nickel screens, are far more efficient
than solid electrodes for oxygen evolution. Since the catalyst/
Teflon mixture is in close contact with conducting nickel

wires, the likely ohmic losses in such electrodes can easily

be estimated if we assume that almost all the ohmic losses occur
in the catalyst/Teflon mixtureso. If we assume that current

is being collected on four sides of the square holes in the

nickel mesh, we have

pil?
IR = x - (5.5).

16t (See Appendix A)

where I is the total current, Amps; R is the total resistance
of the electrode, chm; i, current densiﬁ x A/cmz; L, length

of each side of the square hole in the nickel mesh, cm; p,
resistivity of the catalyst/Teflon layer, ohm-cm, t, thickness
of catalyst/Tetlon layer. Taking the tfpical case of Teflon
bonded porous electrode supported on 100 mesh nickel screen,

L is 0.04 cm and t is 0.025 cm. Hence if the catalyst/Teflon
layer has a resistivity of 100 ohm cm. and operating at 0.5A/
cm?, the IR loss will be about 0.2V. However, if the resistivity,
p is 10> ohm cm, the IR loss will be 2V. Hence the resistivity
of the catalyst/Teflon layer should be below 100 ohm-cm: In
actual practice, taking into account the increased resistivity

due to the presence of Teflon particles and contact resistance

between the catalyst powder, the maximum allowable bulk
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resistivity of the semiconducting oxide for use in such electrodes

will be about 10-15 ohm-cm.

5y o L mira Corrosion Resistance

It is important to know the stability of the
candidate oxide materials under the operating conditions (i.e.
pH 14, 1.3-2V). 1In the absence of detailed experimental data,’
the best guide is the Pourbaix diagram76, whereby stability
is defined as wﬁen the equilibrium concentration of the metal
ion in solution is less than 10—6 g ions/1.

A Catalytic Properties of Semiconducting Oxides

It is difficult to be certain which of the available
data on semiconducting oxides would be of relevance in
predicting which oxides are of interest in oxygen evolution
reactions. In any case, it should be able to desorb the oxygen
molecule from the surface relatively easily. Since the oxygen
reduction on most of the common oxides has been studied, their
activity could be used as a guide - high activity implies that
oxygen is not too strongly chemisorbed on the surface.

Selet. Electrocatalyst Microstructure

In order to maximize the area available for oxygen
evolution reaction, it is necessary to use Teflon bonded
porous electrodes79. Therefore, the electrocatalyst aggregates
must be strong enough to withstand the gas pressure built up
inside the pores; hence, the semi-conducting oxides should be

prepared by chemical methods to ensure there are solid bonds

between the particles inside each electrocatalyst .'.«1ggrc->ga1:e-'?8
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Of the numerous methods available for the preparation of
high surface area semi-conducting oxides, freeze dryi.ng8 and
co-precipitation method§64 are particularly useful.

5.3. LIST OF CANDIDATE MATERTALS

Table (5.1) lists the conductivity, corrosion resistance,
oxygen reduction performance as well as the equilibrium
potential of metal/metal oxide or lower metal oxide/higher
metal oxide couples of a selected number of candidate materials.
The physical properties listed are for the higher metal oxides.
Obviously, if the oxides whose equilibrium potential is lower
than, or close to that of the oxygen electrode potential;
possess adequate conductivity, corrosion resistance and ability
to reduce oxygen (implying low heat of oxygen adsorption),
they will start to evolve 02 sooner than other oxides and be
expected to give higher anodic current at a given over-potential.
An examination of Table (5.1) shows that it is difficult to
get suitable oxides which can satisfy all the above requirements,
but the oxide couples on Ni and Co seem to satisfy most of the
requirements except for their high electrical resistivity.
However, the spinel NiC020481, possess relatively low resistivity
(v~ 10 ohm cm) and is therefore chosen for detailed study.

Ru()z--'l'io2 would seem to be the next best candidate
material. Tl-lis was substantiated by recent studies of

Srivinsan et alzg.
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Table (5.1)
Properties of Semiconducting Oxides

Oxide Electrical Corrosion Oxygen Potential

, Conductivity Resistance Reduction Vs - !

. at NHE volt

pH = 14

La/L3203 Poor Good Poor - 2.069
"['5.203/"’1‘102 Poor Good Poor - 0.556
V204/L’205 Poor Poor Poor - 0.666
CrZOS/CrOZ Poor Poor Poor +1.284
MOOZ/MDO3 Poor Poor Poor - 1.09
WZOS/WOS Poor Poor Poor - 0.029
MnZOS/L\-hOZ Fair Doubtful Fair + 1.014
CDZQS/COOZ. Poor Good Poor + 1.447

Lower Co,NiO,/

Higher CozNi04 Good Good Good + 1.4
NiZOS;‘NiO2 Poor Good Poor + 1,434
Rqu/RuO4 Good Poor Good + 1,387
RhZOS/RhOZ Good Doubtful Good + 1.73
Pdoz/Pd03 Good Cood Good * Z.03
0s0,/0s0, Good Poor Good + 1.00
Ir,04/1r0, Good Poor Good + 0.93
PtO/PtOz Good Good Good Lo S
CUZO/CUO Poor Doubtful Poor + 0.667
'AgO/Ag203 Good Poor Good #* 157
_AuZOS/’AuOZ Good Doubt ful Poor JF 2,63
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5.4. MATERTALS AND METHODS

5.4.1. Preparation of Catalysts

5.4.1a. Nickel-Cobalt Oxides

Five different compositions of nickel cobalt oxides
(CoxNiy04, vhere 0<x<3, ogy<2) were prepared by the freeze
drying technique® (described in section 2.1.2). The weights
of nickel and cobalt nitrates used for each composition are
given in table (5.2).

The dry mixed nitrates were decomposed in vacuum at
300°C for one hour and cured at 400°C for 10 hours in aif.

- 5.4.1b. Lithiated Nickel Oxide

This catalyst was prepared by the Teichner meth_od82

as follows:

Nickel hydroxide prepared by precipitation from nickel
chloride with KOH was mixed with a solution containing enough
LiOH to give nominal 5 atm.% Li. The resulting slurry was
ultrasonically dispersed for one hour and finally completely
decomposed under vacuum at 200°C. After leaching the resultant
powder with water, the Li content of the sample was found to
be about 1 atm.% by atomic absorption analysis. The powder
resistivity was 100 Q.cm, and B.E.T. surface area 100 szg.

5. 4.2 Electrode Fabrication

The Teflon bonded electrode (described in section
2.3.1) and porous (non Teflon bonded) electrode were both
used in the study of oxygen evolution.

Porous NiCo,0, electrodes were prepared by dipping a



100-mesh nickel screen in to 2M Ni/Co nitrate solution (Ni/Co

= }). The electrodes were dried and heated at 400°C for 15
minutes to decompose the nitrates. This was repeated several
times until the desired catalyst loading was obtained. Finally
the electrode was cured in air at 400°C for 10 hours. Formation
of the spinel structure of NiCo,0, was confirmed using x-ray
powder diffraction (x-ray powder data are listed in Tables

5.3 and 5.4).

54,3, Steady State Potentiostatic Measurements

The technique and the circuit were described earlier
(section 2.3.4). For all oxygen evolution experiments, the
electrode was in an immersed mode. The three compartment
Pyrex cell used for oxygen evolution experiments is illustrated
schematically in figure (5.1). A piece of 5 x 5 cm Pt foil
was used as the counter electrode. The potential of the
working electrode was measured against a dynamic hydrogen
electrode (D.H.E.) (described in section 2.3.3). 5N KOH was
used as the electrolyte in all experiments. An interrupter
technique (described in section 2.3.5) was used to measure
the ohmic drop between the tip of the Luggin Capillary and
the working electrode.

5.5. RESULTS AND DISCUSSION

Stoeds Physical Properties of Nickel-Cobalt Oxide Samﬁles

Cobalt has three well-defined oxidesss, Co0 (cubic),
(2020:5 (hexagonal) and C0304 (inverse spinel). Higher oxides

have been claimed but appear to be stable only as hydrates,
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Table (5.2)

Weights of Cobalt/Nickel Nitrates Used for The Preparation

of (10 g) Nickel Cobalt Oxides (Ni,Co 0,)

By Freeze Drying.

Catalyst CO(NOS),.GH,O Ni{N03)7.6HZO
Composition M.wt. 291.04 M.wt. 290.81

97.5% 98%

g g

C0304 37.19 -
NiC0204 24.82 12233
Nil.5C°1.504 18.62 18.51
Ni2C0104 12.42 24.69
NiO - 39.72

The total volume of the solution in each

case = 150 ml.
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X-ray Analysis of Cobalt Nickel Oxides Prepared by Freeze Drying

Table (5.3)

THERMAL PREPARATION
DECOMPOSITION FREEZE PRYING METHOD
NiC0204 N:'LCDZO‘!1 Nil.5C01.504 N12C004 NiO C0304
a} I a’ I a] i ak I a} I ak I
where
4,74 vi 4.61 vE 3.36 m 2.60 s 2.39 s 2.86 | m
VS = very strong
2.62 [ &2 vE 2.95 S 2.35 S 2.09 S 2.42 1 vs
s = strong
2,45 VS 27 5 2.60 VS 2.04 s 1.65 vE A4 3 I T
m = medium
2.04 m 2.45 Vs 2.38 m 1.8 vE 1.48 m 1365 1%t
f = faint
i vE 2.03 m 2.16 m 1.63 m 1.26 v ;Lo 2 O
vf = very faint
1.56 VS 1.78 f 1.98 5 1.46 m 1.19 vE 1.42 | £
1.44 vs " 11,85 Vs 1.81 s 1.24 f
1.43 VS 1.64 Vs
1.40 m
1.33 m
Lattice
*g.12 ] *8.13 R +8,17 R *8.15 R *3.08' & 4 | Bdranst ek

I = Intensity estimated visually.

* = Calculated lattice parameter
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such as Co0,.XH,0. Above 900°C the spinel structure of Co:0,
degrades sharply to that of the lower oxide CoO with loss of
oxygen. .

Nickel has only one well-defined oxide, the cubic NiO.
Many claims exist for higher oxides, as in the case of cobalt,
but again these appear to be stable only as hydrates, eg.
N1203.2H20 and NiOl.g.XHZO. The unit cell parameters of the
cubic CoO and NiO phases are sufficiently similar (4.26 R and
4.18 % respectively) to permit the formation of a solid solution
throughout the whole composition rangea4. In addition, there
is a spinel-type mixed-oxide based on Co;0, which is readily
formed85 provided the nickel content (cation fraction) is not
greater than one*thirdSG. The spinel structure may be
presented as A(BZ)04, where A represents tetrahedrally and B
octahedrally coordinated ions. On the basis of crystallographit
and electronic considerations of the spinel structure as well
as thermogravimetric analysis results, King and Tseung28
suggested that the distribution of nickel, cobalt and oxygen
ions in the NiCo,0, lattice is given by

2% .y L S TR T

Cog.9%0.1 Mg, gNp,1%)0% 2%.5
where the ions outside the brackets are tetrahedrally coordinated
and ions inside the brackets are octahedrally coordinated. The
O ion exists in the form of loosely bound oxygen. Thermogravi-

metric studies81 showed that the NiCozo4 spinel started to



break down to form the cubic NiCoZO3 (by oxygen loss) at about
45000, compared to 900°C for its parent compound 60304,
suggesting that some of the lattice oxygen is loosely bound.
This 'loosening' effect is maximized by introducing as much
nickel as possible into the COBO4 lattice. The maximm
permissible amount is one-third of Co cations substituted by
Ni cations. .The semi-conducting properties of hii(:ozo,_L are
governed by an electron hopping between the Nite and Ni+3
in the octahedral sitessl. .
Table (5.5) shows the B.E.T. surface area, crystal
structure and powder reéistivity of the nickel cobalt oxide
samples (prepared by freeze drying). The results showed that
their surface area were similar but there was a significant
d;fference in electrical resistivity. Apart from C0304, only
NiCézok had the pure spinel structure, (x-ray powder data
- for these oxides are listed in table 5.3 and 5.4). The very
high resistivity of the other oxide samples may significantly
reduce their anodic performance. Since all these oxides are
expected to form higher oxides whose resistivity may be
significantly different, it is still worth while to study
their activity.

Besude The Importance of Aggregate Surface Area

For a very porous, high surface area catalysts the
greatest contribution to the B.E.T. surface area arises from
the pore walls of the developed internal structure. In fact,

the outer surface of the catalyst aggregates probably represents
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Table (5.5)

Physical Properties of the Nickel Cobalt Oxide Samples

Composition Phases B.E.T. surface Resistivity
(cation% of cobalt) X-ray B ohm-cm
area M /g

Co,0, (100%) spinel 75 10*
NiCozo4 (66.6%) spinel 69 10
Nll.5C°1.504 (50%) spipel

cubic 55 104
Ni,Co0, (33.3%) spinel

+ -
cubic 56 5 X 105

Ni0  (0%) ' cubic 38 10
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only a small fraction of the total surface. During gas
evolution reactions on these catalysts, the gas bubbles formed
may force the electrolyte out of the interior of the aggregates
and only the external surface.of the aggregate will be
functioning?g, i.e. the smaller the aggregate size of the
catalyst powder the larger the available surface area for the
reaction. The average aggregate size of the powders can be
measured by the Coulter Counter technique. This technique

has been described in detail elsewhereay.

Apparatus for this technique is not available in the
author's Laboratory, hence, Scanning Electron Microscopy
(described in section 2.2.3) was carried out on nickel cobalt
oxide saﬁples (prepared by freeze drying), in order to
determine aggregate size distribution and the aggregate shape.
This visual investigation showed that for the nickel cobalt
oxide samples (but not for nickel oxide) there was a range of
aggregate sizes present in each sample and that the aggregates
possessed non-spherical (random) shapes. Therefore, it was
not possible to assess, with any degree of accuracy, the
average aggregate size. However, examination of Electron
micrographs of nickel oxide reveals spherically-shaped
aggregates of less than 6.6y diameter to be present, but most
of them are in the range (36-50)u in diameter.

Electron micrographs (shown in figure 5.2) for the
different oxides shows that the average aggregate size of
nickel oxide is much larger than those of the rest of the

oxides.
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Bseds EDAX Analysis

X-ray fluoresence analysis for nickel cobalt oxide
samples (prepared by freeze drying) was carried out using an
EDAX analysis system. The conceﬁtration of each elemental
component was estimated by peak height/background measurements
corrected for atomic weight and specimen tilt. The Electron
microscopy analytical results are listed in table (5.6).

Calculatioﬁ of the quantity of each individual element
from the peak height measurements in figure (5.3), were

estimated according to the following equation:

- Number of counts - Backgroumd.coumrs

= Atoms
Correction factors x Atomic weight '

where, correction factor for Ni = 0.93 and Co = 1.01.
; Figure (5.3a) shows a_typical EDAX analytical concentration
count for cobalt and nickel in.NiCbzoé sample.

Figure (5.3b) shows EDAX analytical corcentration count
for cobalt oxide and nickel oxide (doted line) to illustrate
the overlap of Ni Ka peak (doted 1ine) and Co KB peak, which
makes the measurement of the concentration, by integration
of the area under the peak, more complex for samples

-containing both nickel and cobalt.

EDAX analysis was used mainly to examine the homogeneity
of nickel cobalt oxide samples. The atomic ratio of different
areas of the specimen (for each sample) were compared. The
atomic ratios were identical showing a high degrée of homogeneity

in the samples prepared by freeze drying.
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Table (5.6)

 EDAX Analysis of Nickel and Cobalt in Freeze Dried Nickel
Cobalt Oxide Samples

Oxide Ni conc. Co conc. Ni and Co Atomic ratio
(freeze count count back ground Ni Co
drying) count atom atom

Ni]_C07O4 1995 4000 100 34,7 65.5
Nll : SCOL 504 4000 3990 100 71.4 65.3
1\.."12ColO‘,_l 4000 2050 100 71.4 2.9
C030 1 = 400 100 i 65.5
NiO 4000 - 100 71.4 =

Wt? Ni in NiO = 78.6
Wttt Co 1n (30304 = 73.4
71.4

— = 0.9084

78.6

73.4 x 0.9084 = 66.7 (¥ 65.5)

Thus the discrepancies in the figures are explained.
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s Steady State Oxygen Evolution

Steady state oxygen evolution measurements were made
at 25, 40, 50, 60 and -70°C on all the nickel cobalt oxide
samples. The Teflon bonded electrodes were preanodized at 2V
vs D.HLE. for one hour and the steady state readings of current
density were recorded starting from the highest anodic potential
(2V). The time given for each reading was five minutes.

The results were corrected for. iR-drop, using the interruptor
technique.

All the oxide samples were tested as immersed Teflon
bonded electrodes. 100 mesh nickel screen was used as the
current collector and the catalyst/Teflon ratio was 10/3 in
ail these electrodes.

The results of these tests are shown in figures (5.4 -
5.8). The measured resistance (between the tip of the Luggin
Capillary and the working electrode) (R) values increased with

_current density. At 25°C, the R value for a NiCo,0, electrode
* changed from 0.07 ohm to 0.1 ohm as the current increased to
about S5CO mAfcmz. The major contribution to the increased
resistance was bubbles formation on the electrode surface.

V-i plots for all the compositions showed that very
little current could be drawn until the equilibrium potential
of the lower metal oxide/higher metal oxide couple (1.4 - 1.45
V vs D.H.E.) for the nickel cobalt oxide catalysts was
reached.

Figure (5.9) shows the activation energy and current
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density at 25°C of the oxygen evolution reaction on the various
compositions of nickel cobalt oxides at 1.6V versus D.H.E.

The activation energy was calculated using the following
equationgsz |

i n 010 1
(&H}E P -Z.JR(W)E ------------ <ty [5-6)

The current density is expressed as mA/unit catalyst B.E.T.
surface area (cng). The results indicate that .-\IiCoZO4 has the
lowest activation energy and the highest current density in the
nickel cobalt oxide series.

. It was noticed that the Open Circuit Voltage (o.c.v.) for
an unused electrode of NiCo,0, on first contact with the
electrolyte frequently approached the reversible oxygen potential.
On anodic polarization after testing the electrode for oxygen
evolution, the o.c.v. was about 1.5V vs D.H.E., decayed slowly
to about 1.46V in five minutes and then the decay became much
slower till it reached a steady value of 1.3V in few hours
(v 5 hours). The high value of o.c.v. after anodic polarization
could be attributed to the formation of higher oxides. The
decay of o.c.v. indicating the decomposition of the higher
oxides. If the anodized electrode was held at a low potential,
such as 1.1V for a few minutes, the o.c.v. returned to its
original value ~1.15V vs D.H.E. indicating the reduction of the
higher oxides at low pptentials (v 1.1V vs D.H.E.},

NS Effect of Preanodization cn Teflon bonded Electrodes

Apart from the improvement in the reproducibility
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of the polarization measurements, the anodic performance of
the Teflon bonded electrodes at 25°C was also improved after
the preanodization (at 2V, 1 hour).

The increase in performance was noticed particularly
on Teflon bonded NiCOEO electrodes with catalyst loadings
higher than 20 mg/cmz. Figure (5.10) shows the anodic
performance of Teflon bonded NiCo,0, electrode at 25°C before
and after the anodization.

The increase in performance could be partly attributed
to greater utilization of the catalyst inside the structure
of the Teflon bonded electrode due to the removal of the excess
thin layer of Teflon which covers the electrode surface. This
is based on visual observation of the Teflon bonded electrode
surface which usually became less hydrophobic after prolonged
polarisation (more than one hour).

No improvement in performance was observed at temperature
greater than 25°C when the measurements were conducted on the
same electrode. This could be due to a faster growth of the
poor conducting nickel oxide on nickel screen which would
result in a sharper drop in performance, or to the fact that
the electrode had been preanodized already at 25°C.
Furthermore, the improvement in reproducibility and performance
of the preanodized electrode could be attributed to the
formation of higher oxides, which could be dependent on
polarisation time.

As a result of -the present study, it is postulated74
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that a good fit between the redox potential for the lower
metal oxide/higher metal oxide couple andthe thermodynamic
potential for HZO/OZ'touple in the same medium could be used
as a criterion for the selection of a good oxygen evoiution
electrocatalyst, and that oxygen evolution can proceed only
after the formation of higher oxides of the catalystsg. This
is supported by other workers in studies of oxygen evolution

go,and Ir70. Their results strongly suggested that the

on Ni
"right type of oxide' for catalyzing the oxygen evolution
reaction may be formed when the oxidation state of an existing
surface oxide is increased prior to, or simultaneously with,
the beginning of dxygen evolution. Moreover, Gottesfeld7o
suggested that an increase in the oxidation state of the oxide
méy have two effects: (a) to produce a mixed valence defect
structure in the bulk of the oxide which allows a better
electronic conductivity. (b) to produce active sites in the
form of meﬁal ions with a higher positive charge for the

chemisorption of OH or O intermediates.

e o4 Die Oxygen Evolution on Metal Substrates

The anodic performances of 1 cm2 nickel screen,
porous nickel plaque and Pt screen electrodes are illustrated
graphically in figure (5.11). It can be seen from figure (5.12)
that the anodic performance of both nickel screen and pérous
nickel plaque electrodes decreased from 200 mA/cmz to less
than 70 mAXcmZ over a period of 40 hours, suggesting that the

growth of high resistance nickel oxide films has greatly
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reduced thé activity of the electrodes. The above results,
concerning the decay of current with time during oxygen
evolution 6n nic:kel7¢ héve been investigated recently by Lu
and Srinivasango. They suggested that the time variation of
current density at constant potential, above 1.56V for
oxygen evolution on nickel, is due to the continuous trans-
formation of active (ﬁi ions) to inactive (;; ions) sites.
The latter are inert for oxygen evolutiongo and as a result
of their creation there is a decrease in the electronic
conductivity of theloxide film, Srinivasan | alsc found
that the period of time required for approaching a stable
current is inversely proportional to electrolyte temperature
and attributed this to an increase in the rate of conversion
of N§+ to N§+. It has been also reported91 that the ratio of
gg/;; ions in the oxide film is dependent upon the potential
as well as the polarization time.

As can be seen from figure (5.11), despite the very
much higher nickel area in the porous plaque, the activity is
only marginally higher than that of the nickel screen electrode.
This suggests that when oxygen is produced inside pores, it
will have to build up sufficient pressure to expel the electrolyte
from the pores before oxygen can escape; hence only the mouth
of the pores could function?g. Thus it is necessary to.use
Teflon bonded porous electrodes to maximise the area available

for oxygen evolution.

Furthermore, the results confimm cur earlier hypothe51574
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that oxygen evolution on nickel would begin at about 1.45V,
i.e. just above the potential of the lower nickel oxide/higher
nickel oxide couple. Srinivasan et al?o found that the
preanodized nickel electrodes at 1.5V are more active than
untreated nickel for oxygen evelution. This was attributed
to the presence of the so called '"right type of oxide'" i.e.
£-NiOOH on tﬁe electrode surface. However, the same authors
found that the increase of preancdization time at 1.5V
causes an enhancement of the oxide film thickness, which in
turn causes an increase in electrode resistance resulting

in a drop in perforﬁance. Gottesfeld O found that the oxygen
evolution currents obtained on Iridium electrodes (covered
with a thick (2500 R) layer of oxide, formed by potential
multicycling) were 5-10 times higher than currents obtained
at the same potential after the thick oxide has been removed
(by applying anodic potential above 1.65V vs R.H.E.).

The removal of the thick oxide above 1.65V was
attributed to the formation of a soluble Ir species of a higher
oxidation state. |

Cottesfeld excludes the possibility of an increase in
surface area during the cycling being the only reason for the
improvement in performance, and points to the special role
that a mixed valence surface phase oxide (possibly with-high
defect structure) may have in the oxygen evolution reaction
on iridium.

From the results for oxygen evolution on Pt screen
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(illustrated in figure 5.13) it can be seen that the
performance also decreased to a lower, steady level after
only 20 minutes. Thesg results indicate that initially some
of the anodic current is used to build up the Pt0, layer.

Once the process has reached an equilibrium state, oxygen
evolution proceeds on the Pt0, surface. However, it is worth
noting that the overvoltage is very much higher than on
nickel, and this is in agreement with the postulate concerning
the potential of the lower oxide/higher oxide couple, that of
PtO/PtO2 is higher than that of NiO/g-NiOOH.

Damjanovic et a192, 93

» also found that the
performance of Pt anode for oxygen evolution decreases as
the thickness of the oxide film increases, and suggested92
a model according to which a surface oxide film forms a
barrier to charge transfer in series with the double layer
barrier.

However, Gottesfe1d70' o

showed that a thick phase oxide,
which can be formed on Pt under a specific polarisation scheme,
improved the activity of the electrode for oxygen evolution

and concluded that the formation of the "right type of oxide"

may improve the activity of noble metal oxygen electrodés.

This conclusion agrees with that of Srinivasango on nickel

electrodes.

Gottesfe1d70 also suggested that the defect (or mixed

valence) structures of surface oxides are different in their
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catalytic activity from the superficial (10-20 RJ oxide films
formed on_?t under anodic polarisation. This could explain
the apparent differences between the results obtained by

92 0

Damjanovic et al”” and those obtained by Gottesfeld? -

e The Contribution of the Current Collector to the

Overall Performance of the Teflon bonded Electrode

The results obtained on nickel screen suggest that,
the screen itself can give a significant amount of current
initially and cannot be neglected in our study.

On the other hand, Pt screen is far more passive and
the oxygen evolution current reaches a steady value within
20 minutes. It is intefesting to note that the iR-corrected
results for oxygen evolution on Teflon bonded .‘{iCozo4
electrode supported on 100 mesh nickel screen, showed that
at ?OOC, over l.ZA/cm2 could be obtained at 1.63V vs D.H.E.
(figure 5.5).

The corresponding results for oxygen evolution on
Teflon bonded NiCoZO4 electrode supported.on Pt screen is
0.95 A/en” (figure 5.14). It is difficult to determine
accurately the screen contribution to the total curreﬁt density
of the Teflon bonded electrode, however the maximum
contribution could be assessed from the oxygen evolution on
the screen alone, under similar conditions. (figure 5.11).

The results presented in figures (5.5) and (5.14)
clearly demonstrate that the contribution of the screen to the

total current density of the Teflon bonded electrode is small
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and that the catalyst (NiC0204) is the major contributor to
the performance of the electrode.

5. 5485 Effect of the Catalyst/Teflon Ratio on the

Anodic Performance of Teflon bonded NiCo,0, Electrodes

Figure (5.15) shows the effect of the catalyst/
Teflon ratio on the anodic performance of Teflon-bonded
NiCo,0, (in 5N KOH, 25°C) at different potentials. In an
optimized structure, ideally the total externzl area of the
catalyst aggregates and thé Teflon aggregates should be
srnilar7?. Thus, the optimum catalyst/Teflon ratio should
vary with the aggregate size of the catalyst. In the case
of NiCo,0, prepared by freeze drying, the results showed
that beyond 30% Teflon, there was a sharp drop in performance,
since a high Teflon centent results in low electrical
conductivity and severe non-wetting problems. In the range
20% to 30% there was no significant effect of the Teflon
content on performance. It was not possible to study the
effect of lower Teflon content below 15% as the structure was

too friable.

5.5.9. Electrode Structure

Tseung and Vassie?g compared the performance of
porous Pt black and Teflon bonded Pt black electrodes in the hydrogen
evolution reaction. They showed that more of the Pt su;faces
in the Tefleon bonded electrodes was available for the reaction
since the H, gas bubbles could escape through the dry Teflon

channels, thus ensuring higher performance. However, it is
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not certain whether similar considerations are appropriate

for ox)lrgen evolution since the oxygen bubbles formed on Teflon
bonded electrodes are¢ larger than those formed on other (non
Teflon bonded) poroas electrode surfaces. The ﬁresence of
large bubbles reduces the amount of surface available for
oxygen evolution. The problem is further complicated by the fact
that it is difficult to study the effectiveness factor of
oxygen evolving porous electrcdes by potentiostatic pulse
techniques89 since higher oxides are formed during the oxygen
evolution reaction. Alternatively it was decided to study the
effect of NiCoZO4 loading on performance in the two different
electrode structures i.e. porous and Teflon-bonded electrodes.
In this way, though there are differences in the surface area
and aggregate size of NiCOZO4 catalysts prepared by freeze
drying and thermal decomposition of nickel nitrate/cobalt
nitrate solution, the variation of performance with loading

in the two different structures should provide some insight
into their relative effectiveness.

" In the case of Teflon bonded NiCozo4 electrodes, figure
(5.16) shows that, between 1650-1750 mv vs D.H.E., the anodic
performance increases almost linearly with loading (4-20 mg/cm?).
Beyond 20 mg/cmz, there is no further increase in performance.
However, the performance of non Teflon bonded porous NiCbZO4,
figure (5.17), is lower and except within a limited range of

loading (4 - 6 mg/cmzj the anodic performance actually decreased



with increased loading, indicating that the utilization of
the électrocatal}'st surface is lower at increased loading.
Visual examination of the porous NiCo,0, electrodes revealed
that at 1owér loadings (up to 10 mg NiC0204/cm2) the nickel
screen is not completely covered by the porous NiCozC)4 layer.
The catalyst coats the nickel wires but there are still holes
left at the centre of each mesh opening. As the loading is
increased further, the holes are completely covered and the
coating is much denser.

In Teflon bonded NiC0204 electrodes, because of the
additional volume due to the Teflon, the nickel mesh is
covered completely even at 5 mg NiCondfcmz loading.

The results indicate that Teflon bonded electrodes
are superior to non Teflon bonded electrodes. Basically,
Teflon bonded electrodes are composed of a hydrophobic porous
Teflon phase, intertwined with a poroué hydrophillic catalyst
phaselg. When gas is evolved, at low current density (v 20
mA/cm?), the gas can diffuse out of the pores. At higher
current densities, oxygen bubbles are formed and these
eventually push the electrolyte out of the pores. In the
case of Teflon bonded electrodes, the oxygen can then escape
through the dry Teflon chanmnels and therefore the interior of
the electrode is not completely denuded of electrolyte. However,
non Teflon bonded porous electrodes do not have dry channels
and only the top surface of the electrode is electrochemically

active, since the interior is depleted of electrolyte. At low
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NiCozo4 loadings, since there is only sufficient catalyst to
coat the nickel wires, the total external surface area of the
NiCdZO4 layer will be greater than when the nickel mesh is
completely covered. Furthermore, since the higher NiCoZO4
loadings are prepared by repeated impregnation of nickel
cobalt nitrates, the resultant -.\iiCoZOij structure is denser,
again leading to reduced performance.

It is interesting to note that at the same Luggin
Capillary to working electrode distance, the measured iR-drop .
is very much higher in the case of non Teflon bonded NiCoZO4
electrodes ( ~ 0.2 ohm instead of ~ 0.1 ohm for Teflon bonded
NiCoZO4 electrodes). Since the amount of electrolyte in the

- interior of the non-Teflon bonded electrode is very much

less, it is reasonable to expect a higher resistance.

5.5.10. Modification of the Surface of Teflon Bonded

NiCo?G4 Electrodes

During the course of this work, it was noticed that
the oxygen bubbles on the surface of the Teflon bonded electrodes
were larger and detached less readily from the surface than
on non Teflon bonded electrodes. This suggested that the
hydrophobicity at the surface of the Teflon bonded electrode
might be the responsible for the abové phenomenon. Therefore
Teflon bonded NiCo,0, electrodes were dipped into a nickel
nitrate/cobalt nitrate solution, dried and heated at 300°C

for 5 hours. A thin layer of hydrophillic nickel cobalt oxide



126

(v 5 mg/cmz) covered the surface of the electrode. 1In use,
such electrodes gave significdntly higher performance, 1.8 Alen?
at 1.7V vs D.H.E. @t room temperature, SN KOH) instead of
lr\/cm2 under the same conditions for standard Teflon bonded
electrodes (see figure 5.18).

The oxygen bubbles evolved at the surface of the
modified electrode were very much smaller and these detached
far more readily from the surface. Since the total catalyst
loading in both cases was 23 mg/cmz, the improved performance
was more likely to be caused by modification at the electrode
surface.

5.5.11. Mechanical Strength of Teflon bonded and Neon

Teflon bonded Porous NiCo.,_Q4 Electrodes

VﬁssiéT? showed that the pressure generated inside a
100 R catalyst pore is in the order of 100 atmospheres, rising
to 1000 atmospheres for a 10 ] pore. Unless the electrocatalysts
are prepared by chemical methods, such as decomposition of
metallic salts, followed by solid state.sintering to form
semi-conducting oxides, the strength of the catalyst aggregates
would not be strong enough to resist the pressure generated
inside the pores. An additional function of the Teflon
particles is to bind the catalyst aggregates together. In usé,
Teflon bonded NiCo,0, electrodes are very much stronger "than
porous NiCo,0, electrodes, since the latter tend to shed
NiC0204, especially at high loadings. Surface modification

of the Teflon bonded electrodes by forming a layer of porous
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nickel cobalt oxides is not entirely satisfactory, because

some of the oxides on the surface tend to drop off during
2

prolonged testing at high current densities (v 1A/cm”,

> 100 hours).

5.5.12.  Stability of Teflon bonded NiCo,0, Electrodes

A long term test over a period of 250 hours was
carried out on a Teflon bonded NiCo,0, electrode supported
on Pt screen, (figure 5.19), confirmed that the performance
of this electrode did not change with time.

In practice, nickel screen would have to be used as
current collector, on cost basis, and the electrode might be
used at temperature greater than 257€.

Figures (5.19) and 5.20) show that after an initial
decay at both 25°C and 80°C, the performance of Teflon bonded
NiCOZO4 electrodes, supported on nickel screen, remained stable
and that the initial decay was attributed to the growth of
poorly conducting nickel oxide films on the nickel screens.

Over a total test period of 300 hours, there were no
visible signs of physical deterioration in the electrode and
atomic absorpiton analysis of the KOH solution after the
endurance test did not reveal the presence of nickel or cobalt
ions (sensitivity of apparatus 2 p.p.m.).

Ldnger stability tests (over a period of three months)
were carried out on our samples of Teflon bonded NiCOZO4
electrodes elsewheregs, and the results confirmed the high

electrochemical activity towards oxygen evolution and showed
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an excellent stability.

5.5.13.  Physical Disruption During Oxygen Evolution at

High Current Density

No disruption was observed when current densities
2
.as high as 3A/cm” were imposed on Teflon bonded NiCoZO4
electrodes for more than 10 hours.

5.5.14.  Storage Effect

- The effect of storage under air in a sealed
container was examined by retesting of the sample (NiC0204)
for oxygen evolution after a period of 3 years. There was

no deterioration in the catalyst activity.

5.6. ALTERNATIVE OXIDE SYSTEMS

It has been shown in this work74 that the most
important criterion governing the choice of oxides for oxygen
evolution is the equilibrium potential of the metal/metal
oxide or the lower metal oxide/higher metal oxide couple if
there is more than one form of oxide. This should be lower
or similar to the theoretical potential of the oxygen electrode.
Apart from N180204, NiO would seem to be a good candidate
material, since the equilibrium potential of NiO/N1203 is
1.434V, close to 1.4V for NiCoZO4 (versus R.H.E.). However,
it is an insulator (p >106 ohm-cm). By doping it with
lithiumg6 it is possible to reduce the resistivity to |

acceptable values, (i.e. below 100 ohmrcm)74.
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5:0.1. Anodic Performance of NiC0294 and Lithiated

Nickel Oxide

Figure (5.21) compares the anodic performance of
Teflon bonded lithiated nickel oxide and NiCoZO4 electrodes.
This shows that NiCoéO4 is only marginally better than
lithiated nickel oxidé, though its activity per unit area is
significantly higher. Nickel metal is also relatively active
as shown in figure (5.11). However, it must be borne in mind
that the performance of nickel anodes decay with time and
the éteady state performance, attained after 60-80 hours, is
markedly inferior to the initial performance. The build up
‘of relatively low conductivity NiO was suggested as the reason

for this decay74.

Thus, lithiation of the nickel oxide formed
on the nickel screen may be one possible solution to the problem.

5.6.2. Relative Activities of the Different Catalysts

Figure (5.22) illustrates the anodic performance of
Teflon bonded platinum black (B.E.T. Surface area ~10 MZ/g)
supported on Pt screen, at different temperatures (25, 40, ?OOC).

The main purpose of measuring the activity of Teflon
bonded platinum black for oxygen evolution was to obtain a
standard against which the performance of Teflon bonded
electrodes which have been evaluated in this work could be
judged. The results presented in this chapter clearly show
that NiCoZO4 is the more active catalyst for oxygen evolution.

The high activity, the excellent stability and the low

cost of NiCoZO4 make it the most favourable anode in alkaline-

solutions.
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6.1. Kinetic Studies of Oxygen Evolution on Metals

The Kinetic studies of oxygen evolution on different
metals such as Pt, Au, Ni, Pd, Ir, Rh and their alloys have
been reviewed by Hoare75 and more recently by Erdey-Gruzeg7
and Applebygs. }bareTS has shown that in all the metals
studied the oxygen produced initially reacts with the bare
metal surface to form surface oxides. Since the composition
and state of the surface oxide layer strongly influence the
electrode process as discussed in Chapter 5, it is difficult
to compare the behaviour of different electrode metals as far
as oxygen evolution is concerned.

The poor reproducibility of the measurements of kinetic
paraméters such as the Tafel slope for the oxygen evolution
reaction was reported?s’ > and it was attributed to the strong
dependence of the kinetics of oxygen evolution on the state of.
the electrode surface; this in turn is influenced by the pre-
treatment of the metal and the presence of impurities. Hoaregg
has shown that in a purified system reproducible results over
at least three complete cycles of polarisation are cobtainable,
if the electrode is anodized initially at the highest potential
under investigatibn until a steady state value is obtained.

In this way, a stable catalytic surface is formed on the
electrode.

Damjanovic et glros 200

have also stressed the importance
of ancdizing platinum in HZSO4 at high anodic potential (1.7-2V)

for sometime before taking electrochemical measurements. Under
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such conditions, it was possible to obtain V-log i relationships

101, 102

which were linear over several decades and had

slopes of 2.3 (2RT/F) and then only if the potentials in the
subsequent process of m;asurement were lower than those
used in the electrode pretreatment.

Bockris et al.lOl have investigated the kinetics of
oxygen evolution on platinum electrodes in acid and alkaline
solutions, and reviewed 14 different possible paths, suggested
by different workers for oxygen evolution reaction.

Bockrislql also found that for oxygen evolution on
platinum in alkaline solution,_the anodic Tafel line has a
distinct break in slope at about 1.6V. At potential below
1.6V the Tafel slope was RT/F, whereas above 1.6V it was 2RT/F.

The break in Tafel slope was attributed to a change in
the rate determining step.

Evidence that an oxygen atom in the surface oxide film
participates directly in oxygen evolution reaction was
provided by Rosenthal and Véselovskiilos. These workers
have found that, if the platinum surface oxide film is initially

1

enriched with 80, (by anodic polarisation in 180 enriched

solution) the first portion of oxygen gas anodically evolved

at platinum (in 180 unenriched solutions) is enriched with
180. The participation of oxygen atoms in the oxide film in
oxygen evolution has been supported recently by Damﬂanovicgz

in study of oxygen evolution on Pt.

88

IwaKura et al.” recently studied the evolution
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of oxygen on platiﬁum oxide (PtOz) in alkaline solutions.

. The electrode was prepared by firing layers of chloro
platinic acid on to titanium at 450°C for one hour to form
PtDZ layer. The formation of PtO2 was confirmed by ion and
x-ray diffraction analysis. However it was not certain
whether the film still retained the PtO2 structure after it
had been subjected to anodic treatment.

They also suggested the most probable reaction path

under Langmuir conditions was as follows:

S + OH +#== SOH + e L e (6.1)
SOH + OH == s =+ HoO ™ ¢ e (6.2)
- S0° & S0 + e e (6.3)
280 = 25 + 0, = e (6.4)

where (§) is the surface sites.

Alplot of n(0-500 mv) vs log i gave two Tafel regions.
At lower n, the Tafel slope was 2.3 (RT/F), corresponding to
step (0.2) being the rate determining step (r.d.s.) assuming
@ = 0.5. At higher n, the Tafel slope was 2.3 (2RT/F),
corresponding to step (6.1) being (r.d.s.).

They did not discuss the expected value of the Tafel
slopes for steps (6.3) and (6.4). Since these steps represent
the "oxide' decomposition path proposed by Krasilshchik6v104,
(6.3) and (6.4) shouldlcorre5pond to 2.3(2RT/3F) and 2.3(RT/4F)
respectively.

The results of Iwakura et al.also confirmed the importance
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of forming the highest metal oxide in oxygen evolution
studiesm. The review of the literature shows that most of
the earlier work has ‘been on precious metals or the'n'" oxides
and very few systematic studies have been undertaken on non-
noble metal semi-conducting oxides.

However, Srinivasan and co—workerszg have studied the
evolution of oxygen on RuOZ/TiOZ, Niox and NiC0204 porous
electrodes, prepared by thermal decomposition of the metal
salts on substrates such as Titanium or nickel.

It was suggested that the rate determining step for
oxygen evolution on all these eleétrodes is the second
electron transfer step in the reaction sequence, suggested

by Yeager et ali0>.

8¢ + OH == (SOH)? + e fast ~--—cm=e—- (6.5)
(S0H) N L et S B S IR (6.6)
(BOH)ZTE % G~ Se0-H—— (Ol —» 8% + 0 HOH

| + mmmmn(6.7)
(50 T Bl S ¢ Tt S e 8 OH — S% + 0 HOH

where S~ represents the substrate.
The above mechanism was originally prt.:a];:esed.mS for the
oxygen evolution on ruthenium dioxide in alkaline solution.
Fiori and co-xmrkers73, studied the kinetics of oxygen
evolution on the niixed oxides NiLazoll'and Ni_-\‘dzo 4 in al]v;aline
solution and suggested the second step of the following

reaction sequence is the rate-determining step under Langmuir

conditions, _
S + OH += SOH + e  =——m<s—mmme——eee (6.8)
SOH +OH  — S0 +HO + e  -—-mm-mme (6.9)
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6.2. THE PROBLEMS OF KINETIC MEASUREMENTS ON POROUS ELECTRODES

It is difficult to interpret steady state polarization
measuréments for gas ﬁissolution'reactions on porous electrodes,
due to complications associated with mass transfer and non-
evenly distributed ohmic drops within the pores of the electrode
i.e. current densities are not uniform within porous media
because the diffusion and ohmic overvoltages vary throughout
the length of the pores, hence the contribution of activation,
diffusion and ohmic overvoltages to the total is different
 at different peints within the porous structure . Moreover
the study of oxygen evolution reaction on solid electrodes is
complicated by the formation of oxides on the surface as well
as the formation of gas bubbles which will block off significant
amounts of the electrode surface. The amount of blockage will
vary with current density. If porous electrodes are used,

a part from the above problems, gases generated inside the
pores will push the electrolyte out of the pores, reducing

the amount of surfaces available for electrochemical reaction
as the current increases?g. Thus, we have a situation whereby
apart from concentration polarization, the amount of surface
area available is continuously changing with overvoltage,
rendering the application of the Tafel equation difficult.

The considerations discussed in Chapter 5 and the resul&s
obtained suggested that NiCo,0, spinel oxide was of particular

interest.
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Since the spinel NiCoZO4 breaks down at 450°C to form

relatively inactive cubic NiC020381

, it is impossible to
prepare solid NiCozoi spinel oxide by solid state sintering
or melting and Casting techniques for fundamental electrode
kinetic studies.

Therefore, we have to confine our studies to porous
electrodes.

Tseung and Vassie?g showed that by measuring the
potentiostatic transients of Teflon bonded Pt black and Pt
foil electrodes, the exchange current density (io) values
for hydrogen evolution in 5N H,80,, at 25°C were essentially
the same, suggesting that the above problems may be_solved
by the potentiostatic pulse technique106 provided allowances
74

can be made for the formation of higher oxides .

6.3. EXPERIMENTAL

Most of the work in this Chapter is on NiCOZD4 powder
(prepared by freeze drying). .

The catalyst preparation and the electrode fabrication
as well as the cell design have been described earlier
(section 5.4). The 5N KOH used for the experiments conducted
in this Chapter, was pre-electrolyzed at constant current of
5 mA/cm? for 48 hours in N, atmosphere, using two large
platinum gauze of area 20 sz to adsorb the impurities which
could be present in the electrolyte.

The steady state techniques have been described in

Chapter 5.
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6.4. RESULTS AND DISCUSSION

6.4.1. Steady State Measurements for-Oxygen‘Evolution

on Teflon bonded NiCo,0, Electrodes

Figure (6.1) shows the V vs log i plot for oxygen
evolution on Teflon bonded NiCo,0, electrode at 25°C, 5N KOH.
The electrode was preanodized at 2V vs D.H.E. for cne hour
and the current density was measured with decreasing potential.

The plot gives two distinct Tafel slopes, below 1.7V
Tafel slope is 0.03 V/decade, and above 1.7V Tafel slope is
0.1 V/decade.

The value corresponding to the theoretical Tafel slope
for the reaction (6.1) is 0.119 V/decade and 0.059 V/decade
for the reaction (6.2).

~ The results in figure (6.1) are different from those of
Teflon bonded NiCo,0, electrodes, at 25°C, which have not been
preanodized (figure 6.2), since measurements of the current
density were taken with increasing potential, (anodically),
from the o.c.v. ., Tafel slope at potential below 1.7V was
0.047 V/dscade, i, 8. 7% A0 Afci® ‘of B.E.T. surface area
and above 1.7V Tafel slope was 0.14 V/decade, i0 = 3.4 x 10“7
A/cm? of B.E.T. surface area.

Tafel slopes and the exchange current density for

oxygen evolution on preanodized Teflon bonded NiCo,0, electrode

at different temperatures are given in Table (6.1).
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‘Table (6.1)

T iO(A/cm2 of B.E.T. surface area) | Tafel slope (V/decade)
¢ |(1own)x 10" | (highn)x 10’ |lown | highy
25 4.7 10.2 0.033 0.107
50| 1.4 x 10° 38.9 0.033 0.125
0 | 7.4 x10° 81.3 0.035 0.157

Identical steady state oxygen evolution experiments were

performed on different Teflon bonded NiCo,0, electrodes, in

order to estimate the variation in Tafel slope value.

were preanodized and tested under similar conditions the
Tafel slope values varied between 0.06 and 0.1 V/decade,

at high overvoltage.

The results showed that, although, all the electrodes

This significant variation is not

surprising considering the continuous change in the available

surface area and the amount of concentration polarization

caused by bubbles formation and emptying of pores.

6.4.2.

Lincar Sweep Vbltammetrylo’

In Voltammetry the potential continuously changing

and the voltage output of power supply varies linearly with

time.

The resultant current potential plot (voltammogram)

consist of a pattern of current maxima along the potential

axis, whose heights and positions are characteristics of

the electrode process.

The occurrence of maxima for any given

electrode process is a mass transfer effect; as the voltage

varies, the rate of electron transfer at the electrode
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increases, and the current increases accordingly. The
reactants at the vicinity-df the electrode are progressively
removed, and this tends to decrease the current. This effect
of depletion becomes progressively predominant and the current
potential curve exhibits a maximum.

The exact profile of the voltammogram is affected by
parameters such as temperature, voltage scan rate and
the number of voltage cycles.

A linear sweep generator (Chemical Electronics) was used
in conjuction with the potentiostate and the cell. The current
voltage curves were plotted using x-y-t pen recorder (Bryans
Model 29000A4).

In experiments where the scan rate was higher than 50 mv/s
the ramp-section of a wave form generator (Chemical Electronics
type Ol) was used instead of the linear sweep generator. A
schematic diagram of the system is shown in figure (6.3).

Since no studies have been made on the oxidation of
N160204 at high anodic potentials, it is important to establish
the anodic potential regions which may be of interest.

Figure (6.4) shows cyclic voltammogram for Teflon bonded
NiCQZO4 electrode supported at 100 mesh nickel screen at scan
rate 50 mv/s, (between 0.75 V and 1.9V vs D.H.E.).

As can be seen from figure (6.4) the anodic current
starts to increase sharply at about 1.37V to give a peak current
due to conversion of the oxide to a higher oxidation state at

potential about 1.55V. The broad shape of the peak indicates
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that sharp changes in oxidation state do not occur. It probably
also reflects a high electrode resistance. At 1.7V, there

is a sharp increase in current density, suggesting that the

main process is the evélution of oxygen. On the cathodic

sweep, there is a very little hysteresis and the higher oxides
are only reduced below "1.6V.

Recent worklos has shown that NiC0204 is stable only at
potentials above 0.75V vs D.H.E. and at 0.5V the NiCo,0,
spinel structure is destroyed completely and the resultant
product is a mixture of nickel and cobalt oxides. Hence
~cyclic voltammetric studies were restricted to potentials
above 0.75V.

Figure (6.5) shows the anodic polarization studies on
nickel screen at 23 and 70°C. The anodic peak before oxygen
evolution is the ;i/;? oxidation peak i.e. the transformation
of Ni(OH), to B=NiOOH .

At 25°C the formation and reduction of B-NiOOH on Ni
took place at potentials of about 1.45V and 1.35V vs D.H.E.,
respectively.

From anodic polarisation studies on nickel, using
cyclic voltammetry, at different temperatures (25, 40, 50, 60
and 70°C), it is clear that, independent of temperature,
oxygen evolution never occurs until the higher oxide is
present on the surface. This is direct evidence supporting
our argument, discussed in Chapter 5, concerning the necessity

of achieving the higher oxide before oxygen evolution can take
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place. As the temperature increased the over voltage for
oxygen evolution on nickel decreased.

6.4.3. Potentiostatic Pulse Technique

This technique has been discussed in detail by Hobbs,

Vassie and TseunglOG and used for the sﬁudy of hydrogen
evolution on Teflon bonded Pt black?g.

At the instant of applying an overvoltage to the
electrode, the mass transfer effects are negligible, and the
i - n relationship will be governed solely by the charge
transfer (neglecting ohmic and double layer charging effects).
Mass transfer effects become more significant as the reaction
time increases. After an infinite time the steady state
conditions will be attained. The electrode behaves as a
"leaky" condenser and at the instant of applying the potential
a very small, but finite time, is required to charge the
electrode. So it is not possible to take measurements at
exactly zero time due to double layer charging effects. This
time depends on the capacity of the electrode double layer
and consequently, on the electrode surface area. For planar
electrodes, the current transient can belpredicted by

110, 111  <ciming semi-infinite diffusiont'O.

mathematical analysis
However, for porous electrodes, the situation is far too
' complex, because it is unlikely to obey the laws of semi-
infinite linear diffusion 0,

It is more realistic to take measurements at the shortest

time interval after the double layer charging is complete and
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accept a small amount of concentration polarization. The
experimental procedure was as follows:-

The electrode was left to equilibrate in the chosen
test conditions until the open circuit voltage (o.c.v.)
was steady. The potentiostat was set to this value and
switched td the cell and a single potential jump applied to
the electrode by means of a pulse generator (Chemical
Electronics type - 01). . The change in current with time was
measured across a one ohm standard resistor in series with
the cell,.and the voltage-time trace was recorded on an
x-y-t recorder (Bryans 29000 A4). The signal from the pulse
generator was fed to the x-y-t recorder through a transient
recorder (Data Lab. DL 9C1).

This procedure was repeated for varying values of
~ potential jump. The potentiostatic transient currents were
recorded after double layer charging had been completed
(200 p sec). |

A schematic circuit diagram of the potentiostatic pulse
system is shown in figure (6.6).

The transient currents were corrected for ohmic-drop
using a galvanostatic pulse technique (at different current
values). The traces were displayed on an oscilloscope (Rem
scope type SO1, Cawkell Ltd.) in which the storage facility
was used. A schematic circuit diagram of galvanostatic pulse

system is shown in figure (6.7).
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6.4.3a. . Possible Errors in the Pulse Measuréments

1) The potential was measured with a digital voltmeter
accurate to *1 mv in-one volt i.e. 0.1%.

ii) An error which is less easily estimated is encounfered
when it is required to measure the current at very short time
when the possibility exists that non-faradaic currents are
present. This problem is likely to be significant for very
high surface area porous electrodes, since for planar electrodes
the non-faradaic double layer charging current is known to
decay to zero very quickly.

6.4.3b. Measurement of Double Layer Charging Time

Cyclic voltammetric studies on Teflon bonded NiC0204
electrodes in 5N KOH (at ZSOC, N, atmosphere) have shown that
faradaic processes, such as the reduction of the nickel and
cobalt oxides were at minimm at 0.8 - 0.9V vs D.H.E.

Hence, a Teflon bonded NiC0304 electrode was held at
J.8V vs D.H.E. in pre-electrolyzed 5N ROH in N, atmosphere
and anodic pulses (50-100 mv) were applied (using pulse
generator). A typical voltage time trace of the double layer
charging process is shown in figure (6.8). The sharp spike
is due to the charging of the double layer, whereas the
minimum and the continuation of the trace to longer times
could be attributed to a) an oscillatory effect in the
potentiostat pulse generator and the cell circuit and b) a
pseudo«caﬁacity effect.

The double layer charging time (tc) can be measured as
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shown in figure (6.8). The effect of varying the applied
pulse amplitude from 50 to 100 mv had the effect of doubling
the value of the double layer charging current (Table 6.2).
However, the double layer charging time remains the same
(200 u s).

F =2 CDR

time constant

where, t

double layer capacity

S’

R = electrolyte resistance between the Luggin Tip
and the working electrode.
Table (6.2)
Electrode t. Ip Pulse amplitude
us mA/cmz v
Teflon bonded NiCOZO4
Electrode 200 .62 - 50
Catalyst loading =
14 mg/cmz 200 125 100
B.E.T. surface
area = 69.78 szg
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Fig. 6.8 DOUBLE LAYER CHARGING TRACE OF TEFLON

BONDED NiCo,0 A ELECTRODE
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6.4.4. Effectiveness Factor

The effectiveness factor, or degree of utilization
is clefined?9 as the ratio of the actual reaction rate to that
which could occur if all the surface through out the inside
of the-catalyst particle were exposed to the reactants at the
same concentration and temperature as that existing at the
outside surface of the particle.

Effectiveness factor could be determined experimentally
as follows:

At a given overvoltage the current density is determined
a) after a time, tl’ when the value is steady and
b) after a time, t,, when double layer charging is complete.
The ratio of the current density at t; to that at t, gives the
effectiveness factor.

Figure (6.9) compares the potentiostatic pulse (A and B)
and the steady state (C) current voltage curves for oxygen
evolution on Teflon bonded NiCo,0, electrode, at 25°C, SN KOH.
The electrode was preanodized at 2V vs D.H.E. for one hour in
each experiment (A, B, C). The transient current in (A) (in
which pulsing started from the o.c.v. i.e. 1.2V vs D.H.E.) is
very high in comparison to that of the steady state (C).

At 1.5V vs D.H.E., the transient current in (A) reached
about 1000 ﬁA/cm;, whereas at the same potential under steady
state polarization the current is negligible.

Moreover, the transient current at 1.68V gives 2150 mA/c:m2

as compared to v 500 mA/cm? for the steady state measurement.
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Thus, the utilization factor is 0.23.

Earlier studies by Tseung and Vassie79 showed that the
difference between the potentiostatic transient and steady
state results for H, evolution on Teflon bonded Pt black

electrodes was only about 50% at 500 mA/cmz.

The high utilization factor was due to the escape of
gas with little expulsion of electrolyte from the interior of

the catalyst pores on the Teflon bonded electrode.

Thus, if the only difference between the steady state
and transient performance was due to mass transfer effects,
a similar utilization factor of 0.5 for the evolution of oxygen

on Teflon bonded electrodes would be expected.

The very high transient performance obtained on oxygen
evolution in (A) suggests that a considerable portion of the
current measured under potentiostatic pulse conditions is

associated with the formation of higher oxides.

Therefore, it is necessary to form the higher oxides
before a realistic mechanistic study of the oxygen evolution

process can be undertaken.

Experiment (B) shows the significance of the starting
 potential (i.e. from which the pulsing starts). In this

experiment (B) the Teflon bonded NiC0204 electrode was anodized at 2V
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for one hour, then the potentiostatic pulse ﬁas applied
anodically from 1.5V vs D.H.E.

The potential of 1.5V from which the pulse applied was
chosen, because the iR—;orrected potentials of the linear
sweep results (shown in figure 6.4) indicate that the higher
oxides are not reduced above this potential (1.5V).

The utilization factor obtained from the current density
of experiments (B) and (C) at 1.7V was 0.47, which is very
close to that obtained for hydrogen evolution on Teflon bonded
_Pt black electrode (v 0.5). This suggests that the results
of experiment (B) are more accurate than those of experiment
(A) and that the anodizing of the electrode at high potentials
to form the higher oxides is insufficient unless the electrode
potential is maintained above that at which the higher oxides
are likely to be reduced.

It is interesting to note that the steady state
performances (C) at high current densities (above lAjcmz) are
closer to the transient performance figure (6.9). This could
be attributed to the stirring effect of the high rate of gas
evolution.

6.4.5. Tafel Slope and the Potentiostatic Pulse Measurements

V vs log i plots for experiments A, B and C are
shown in figures (6.10), (6.11) and 6.1 ), respectively. Tafel
slopes and the exchange current densities obtained from these

experiments at 25°C are shown in Table (6.3).
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Table (6.3)

2
Experiment io(Afcm“ of B.E.T. surface area) Tafel Slope
X 10 ' V/decade
low 1 high n low n yhigh n
A 67 309 0.06 0.23
B = - 29 - 0.12
£ 4.7 x 107 10 0.05:1 0.1

The exchange current densities for the experiments A, B and

 C are expressed in terms of Amper per unit of B.E.T. surface

area (cmz). It was not possible to use oxygen stripping

g e 4
technique to measure the electrochemical surface area of

NiCoZO4 electrode, due to the instability of NiCo,0, in the

108, 29

oxygen reduction region . Identical experiments to (B)

were carried out on different Teflon bonded NiC0204 electrodes

to estimate the variation of Tafel slope value.

Tafel slope values obtained were similar to that of

experiment (B), in contrast to the steady state experiments,

where Tafel slope values varied significantly between 0.06

and 0.1 V/decade for different Teflon bonded NiCozo4 electrodes

under similar conditions.

Analyzing the anodic and the cathodic traces of the

potentiostatic pulse, revealed that, in the case of expéfiment

A (where pulsing started from the o.c.v.), the cathodic current

of the cathodic pulse was very high indicating a reduction of

large amount of the higher oxides formed during the anodic




165

pulse. This is shown in figure (6.12).

Changing the potential from which the pulsing was
applied, towards more anodic potential in 25 mv increments
revealed that the corresponding reduction current of the
cathodic pulse become smaller and smaller until the potential
was 1.5V. .

Above this potential the reduction currents were the
same (v 50 mA/cm’) (figure 6.13).

This indicated that the higher oxides were not reduced
above 1.5V.

The small oxide reduction current (v 50 mA/cmZ) compared
to the very high anodic current (v 2000 mA/cm?) at 500mV
over voltage, suggesting that the anodic current in experiment
(B) is mainly due to the oxygen evolution, which rust be the
predominant reaction above 1.5V. Unlike experiment A where
the anodic current is a combination of currents for higher
oxide formation and oxygen evolution.

Different pulsing times were used (10 ms, 30 ms, 100 ms,
1s) for each potentiostatic pulse experiment (similar to B)
and under similar conditions. No change in the anodic pulse
performance was observed, indicating that the pulsing time
of 10 ms was sufficient to complete the oxygen evolution
reaction. 10 ms was chosen because, longer pulsing
time (i.e. 30 and 100 ms) resulted in the formation of a
large amount of oxygen bubbles, which adhered to the electrode

surface, limiting the advantages of the pulse technique.
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7.1. INTRODUCTION

Portable oxygen generators are finding increasing
applications in field.hospitals, village clinics in developing
countries, welding and high altitude fighter aircraft. There
are two basic types of oxygen generators: (a) chemical
generators, which use expensive chemicals. (b) electrochemical
generators, which either electrolyse water or extract oxygen
from the air by using an oxygen reduction cathode coupled to
an oxygen evolution anode'13» 114.

This chapter gives some preliminary results on an
integrated electrochemical-chemical method which shows promise
of significantly reducing the capital as well as the rumning
115

costs of portable oxygen generators

7.2. OXYGEN GENERATION BY ELECTROCHEMICAL METHODS

The most common method is to electrolyse water to produce
H, and 0,. The theoretical voltage for electrolysing water
at 25°C is 1.23V but the high overvoltage at the anode and
the cathode increases the operating voltage to about 2.2V at
100 mA/cmz. Moreover, the production of H, as the by-product,
apart from increasing the power consumption, is a potential
hazard iﬁ situations where portable oxygen generators are used.
A more efficient method is to use a Teflon bonded Pt black
fuel cell cathode to reduce the oxygen in the ambient air to

form OH

0, + 2,0 +de — A0HT  =mmmmmeee (7.1)
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The OH diffuses through a suitable membrane, such as
woven asbestos or glass fibre mat to an anode at which oxygen
is liberated. At 25°C, the performance of a Teflon bonded
Pt black air cathode in 5N KOH at 100 mA/cn® is 0.8V vs RHE
(Reversible Hydrogen Electrode). The performance of a similar
electrode when polarized anodically gives 100 mA/cm2 at 1.9V
vs RHE. Thus the working voltage of the cell described above,
taking into account of the unavoidable iR losses, would be
approximately 1.3 - 1.4V, significantly lower than the 2.2V (at 25°C)
for electrolysis cells.

Though this type of oxygen extractor is an improvement
over traditional water electrolysis cell for the production
of oxygen, their capital and running costs are still relatively
high and their use is limited to specialized applications.

7.3. AN INTEGRATED ELECTROCHEMICAL-CHEMICAL APPROACH TO THE

PROBLEM

Berl’ showed that the reduction of oxygen on graphité
or carbon is a two electron process which goes through the
perhydroxyl ion route:

0, + HO * 2¢ — Hog LI o ; (7.2)

This means that when such electrodes are used in a
fuel cell, it is not as efficient as cathodes which directly
reduce oxygen to hydroxyl ions via a four electron process.
Therefore, it is usual to add peroxide decomposition catalystsﬁl

to the carbon cathode, so that the HOE produced could be
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decomposed, thus yielding 0, for recycling, leading to higher
efficiencygs;

On the other hénd, if such electrodes were to be used
in an oxygen extraction cell, the fact that the reducticn of
oxygen on carbon surfaces proceeded via two electron step
would be beneficial, provided the HG; was chemically decomposed
and collected in the anode compartment.’ In this way, the
- number of Coulombs required for the oxygen extraction process
will be halved, leading to significant reduction in power

consumption.

7.4. EXPERIMENTAL

el 0 I Selection of Materials

High surface area graphite powders (v 500 )F/g)
prepared by vacuum grinding in a vibrating ball mill have been
shown, (Chapter 3), to possess very high activity for oxygen
reduction in alkaline solution. Graphite is thus suitable
as the cathode catalyst. Fuel cell grade Pt black (v 10 Mz/gj
was also used as a cathode catalyst in some experiments for the
‘reasons given in section 7.5.4. CoFe,0, and NiCo,0, have been
evaluated (Chapter 4) as H,0, decomposition catalysts, and the
results indicated that these materials possess high activity
and stability under the conditions used. NiCOZO4 was
exclusively used as the anode catalyst, since it has been shown
(Chapter 5) to be the most active and stable material for

oxygen evolution.

Cn cost, activity and stability criteria the above materials
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are the suitable catalysts for the proposed oxygen extractorlls.

7.4.2. Preparation of Electrodes and Experimental Methods

The two types of electrodes used were of the porous
electrode and the Teflon bonded electrode varieties described
in Sections 5.4.2. and 2.3.1. respectively.

Figure (7.1) shows a schematic diagram of the oxygen
extraction cell, which can be seen to consist of three glass
compartments in all SN KOH was used as the electrolyte.

In the first compartment a Teflon bonded cathode was
used in the floating mode, the tip of the Luggin Capillary
was placed about 1 mm below the floating electrode. A dynamic
hydrogen reference electrode (D.H.E.) was used to monitor the
potential of the working electrode. A piece of Teflon-bonded
C0F8204, supported on nickel screen or a N:'LCOZO4 coated screen,
in the second compartment, served as the peroxide decomposition
assenbly. In the third compartment, a Tcflon-bonded NiCOZO4
clectrode was used as the anode. Potentiostatic or galvano-
static control was provided by a Chemical Electronics
Potentiostat (TR 40-3A). A gas burette attached.to-the top
of the second and the third compartment.was used to measure
the amount of oxygen produced.

7.5. RESULTS AND DISCUSSION

Ts5uls Steady State Performance

From figure (3.3) (Chapter 3), it can be seen that
the performance of the Teflon bonded graphite electrode is

only marginally less than that of a Teflon bonded Pt black
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electrode for the reduction of oxygen in 5N KOH, at 25°C in
air.

Figufe (7:2) csmpares the anodic performance of a
Teflon bonded Pt black electrode and a Teflon bonded Niln,0,
electrode in 5N KOH, 25°C. As expected NiCo,0, is significantly
more active than Pt black?4, since the redox potential of the
lower NiCoZOdfhigher NiCozo4 couple (v 1.45 V) is far lower

than the PtO/PtO, couple (v 1.70V).

Taae2e Hydrogen Peroxide Production

The experimental procedure and the results obtained
for the hydrogen peroxide production, (Table 3.1), are
presented in (Chapter 3 Section 3.6). Table (3.1) gives the
amount of HDE produced after the passage of a constant current
for one hour. The results confirm the Berl mechanism7, that
is the reduction of oxygen on graphite surfaces proceeds via
a two electron process.

7.5.3.  Hydrogen Peroxide Decomposition

The study of the kinetics of hydrogen peroxide
decomposition on NiCo,0, and CoFe,0, have been described in
Chapter 4. If any of these two catalyst is to be used in an
actual oxygen extraction cell, it must be either fired on to
nickel screens or bonded with Teflon. Table (7.1) lists the

first order rate constant (Kf ng values of NiCoZO4 powder

(prepared by freeze drying, B.E.T. surface area 69 }F/g},

Teflon bonded NiCoZO4 electrode, porous Ni.CoZO4 on nickel
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screen (prepared by thermal decomposition of cobalt and nickel

nitrates on nickel screen at 400°C for 10 hours) as well as

CoFeZO4 powder (prepared by hydroxide co-precipitation, B.E.T.

surface area 120 M°/g).

Table (7.1)

4 s ; 2 T S
Catalyst hf,m x 10 hl,m x 10 Temp.
5<3':;-1g,_1 mole O,
sec lg ™t %0
1-NiC0204 powder (freeze
drying) 4.44 1.08 25
6.30 1.52 30
7.40 195 35
10.24 2.51 40
Lo 4cm2 Teflon bonded
NiC0204 electrode (on
Ni screen) 0.24 = 25
3- 4cn’ porous NiCo,0,
electrode (thermal
decomposition of ;
nitrates on Ni screen) 4.89 - 25
4-C0Fe204 powder
(hydroxide co-precipi-
tation) 18.28 4.57 25

The results presented in Table (7.1) suggest that CoFe,0,

is more active than NiCozﬂd.

However after correcting for the

difference in B.E.T. surface areas, it is apparent that their
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performances are similar. It is interesting to note that the -
performance of porous NiC0204 electfodes for H,0, deccmposition
is double that of Teflon bonded NiCoZO4 electrodes. This is
not surprising since the oxygen produced inside the pores of
the electrode pushes the electrolyte cut of the pores and

most of the catalytic reaction therefore occurs on the electrode
surface. Approximately 50% of the Teflon bonded electrode
surface is composed of Teflon particles and hence its activity
for H,0, decomposition would be expected to be lower. In
addition the presence of hydrophobic Teflon particles reduces
the Tate of diffusion of the electrolytes. Therefore, porous

: NiCoZOd on nickel screen was chosen for the HZOZ decomposition
assembly.

75.4 Oxygen Extraction from Air

Table 7.2 shows that the best results were obtained
when graphite was used as the cathode and a piece of Nilo,0,
supported on nickel screen was placed between the cathode and
the anode (NiCozoq)tCells A & B). When no separate HZOZ
aecomposing assembly was used (Cell C), the power consumption
was similar té a cell which used platinum black as the cathode
(cell.D). Even though the cathodic reduction of oxygen on
graphite proceeded via a two electron process with the formation
of HDE, the peroxide ions which had diffused to the anode
compartment was not fully decomposed; when the power was
switched off in cell C, gassing continued slowly for a long

time on the Teflon-bonded NiCoZO4 surface which is not as
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active as the thermally decomposed NiCDZO4 used in the Hzo2
decomposition assembly. This suggests that when the anode
.is functioning electrochemically, the oxygen bubbles evolved
effectively blanketed a large part of the surface, making it
unavailable for the HOE decomposition reaction (cell C). On
the other hand, when a H,0, decomposition assembly was placed
between the platinum cathode and the NiCozo4 anode, there was
no improvement. This is not surprising, since most of the

HOE produced at the platinum cathode surface would be
decomposed, yielding 0, for further cathodic reductionss,
(cell E). It is interesting to note that in all cases, the
power consumption is significantly.lower than a conventional
water electrolyser (cell F). Moreover, cell B is significantly
better than the results obtained by Wynveen and 3bntgomery114
(cell G), which used platimum black anode and cathode.

It is important to note that not all the HOE produced
by the graphite cathode was utilized in the experimental cell.
This was mainly caused by the large separation between the
cathode and the anode and not due to differences in the
diffusion coefficients of HOE (v 9.3 x 10_6 cm?/s)]‘l6 and
G (5097 % 100 eh'/9) s “This can be-repsdied by
decreasing the cathode/anode gap in future designs.

Though the basic concepts have been experimahtall§
verified, it is necessary to undertake the more detailed
studies suggested in Chapter 8 before a prototype oxygen

extractor can be built. However, the integrated electrochemical-



178

Cell Temp.
No.

& 5%

B- 40°%

25

25°%

B .25%

o 280C

Gl 40%

Cathode

Table (7.2)

Extraction of oxygen from air (400 mA passed through cell for 30 min)

H,05
deconpoeser

4 em?Teflon 2 x 10cm? NiCoz0Oy

bonded
graphite on
nickel secreen

"

1

4 cm’Teflon
bonded Plat-

inum black on Pt

sereen (0s
reduction)

on nickel
screen

none

none

i 2 x 10em? NiCoy,0y

4 em”Teflon
Pt black on
Pt screen

(H,; evolving)

Teflon bonded
Pt electrode
(02 reduction)

on nickel
screen

Anode

4 em?

Te%lon bonded
NiCop0y on
nickel screen
(02 evolving)

L4
11

1

"

Teflon bonded
Pt clectrode
(0p evolving )

Theoreticrl Experimental Voltage
From H,0; Trom 0y ml (NTP) iR free
decomposition evolution volt
ml (NTP) ml (NTP)
45.60 45.60 78.03£3.18(5) 1.34
% i 77.04%3.02(4) 1.04
4 ¥ 49.82+1,11(3) 1.34
N/A 45.60 46.96+0.68(5) 1.26
N/A 45.60 47.77 1.26
N/A i 45,80 2,09
N/A 45.60 45.60 1.0

Power
Consumption
KW hr/1000
litres of Op

3.46

2.69
5.41
5,36

9.12

4.38



179

115

3

chemical method for oxygen extraction from ambient air
described above, has significant advantages over existing
methods of oxygen production, such as, electrolysis and

oxygen extractorsllb’ ]14.

These advantages could be

summarised as follows:

a) Low power consumption (2.92 Kwhr/1000 litre oxygen).

b) Low capital cost, inexpensive components and catalystg
required.

. c) No explosion hazards.

d) Capable of continuous operation at variable loads and
producing gas stream of variable oxygen content.

.The brief review presented in Cﬁapter (1) has outlined
the impoitance and the potential market of oxygen gas in many
industrial, medical and scientific areas.

The desirability of on-site oxygen production by means
of a portable unit under certain circumstances was also
mentioned.

Since the present oxygen extractorlls'is based on
inexpensive catalysts and standard Teflbn bonded electrode
structures, it may be ppssible to replace the present bottled

oxygen (see Appendix B).

7.6. A POSSIBLE DESIGN FOR THE PRESENT OXYGEN EXTRACTIQN CELL
The cell designed by WynVeen and bbntgomery114 could be

adopted in the manner of figure (7.3) to suit the oxygen

extractor presented in this work. A suitable membrane could

be placed adjacent to the cathode, this would serve to sepafate
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the cathode from both the anode and the H,0, decomposition
assembly (see figure 7.3).

In designing a practical cell the following factors
should be considered. The air supplied to the cathode must
be passed through a CO, absorber to remove the traces of (0,
in air in order to prevent the carbonation of the electrolyte
(KOH). To prevent the cell from desiccating, it is necessary
for the net transfer of water into and out of the cell to be
zero. This could be achieved by bubbling the air through a
fixed temperature water bath, so the partial pressure of the
water vapour in the air entering the cell would be equal to
that over the electrolyte at the cell operating temperature.
Control of the partial pressure of oxygen in the outlet gas
coﬁld be achieved by mixing the oxygen stream with the exhaust
‘gas stream from the cathode compartment. This facility is
essential in some medical applications. The removal of KOH

entrained in the oxvgen gas stream is also essential.
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8.1. CONCLUSIONS

81T, Oxygen Reduction

The results presented in Chapter 3 for the.hydrogen
peroxide production have confirmed that the reduction of cxygén
on a graphite surface proceeds via the Berl mechanism? to
produce-HDE and since carbon does not decompose hydrogen
peroxide efficiently, the end product is hydrogen peroxide.
These results also confirm the conclusion that the further
reduction or decomposition of the peroxide on graphite proceeds

very slowly in comparison to the two electron process42.

Bals2. The Decomposition of H,0,

The hydroxide co-precipitation and freeze drying
methods used to prepare C0F8204 and NiC0304 respectively, were
successful in producing high surface area catalysts for the
decomposition of HZOZ’ A useful parameter for comparing
catalytic activities was the initial rate of oxygen evolution,
for a given H,0, concentration and temperature. If the
decomposition kinetics follow a known rate law, a more
accurate measure of catalytic activity is the reaction rate
constant. Since the activation energy proved to be a measure
of the intrinsic catalytic activity and independent of catalyst
microstructureﬁl, it was a suitable parameter for comparison
of the intrinsic catalytic activity of two different cafélyst,
(GoFeZO4 and NiCo,0,) which probably possess different micro-
structures (primarily due to the different methods used for

their preparation). NiCcZO4 powder proved, as expected to be
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a highly active catalyst for H,0, decomposition reaction. The
highest availability of o™ occurs at the composition NiCo,0,.

The occurrence of CoII on lattice sites, with its easy

conversion to CDIII, allows a highly effective redox system
to be set up initiated by ot centres.

On cost, activity and stability bases both CcFe?_O4 and
NiCo,0, catalysts proved to be the best candidate materials
to be used for the decomposition of H,0, in the present oxygen
extractor.

8.l:3. Oxygen Evolution

The criteria which have been suggested in this work,
.especially the role of the metal/metal oxide couple or lower
metal oxide)higher metal oxide couple in determining the
minimm voltage required for the oxygen evolution, together
with other essential requirements such as low electrical
resistivity and suitable electrode microstructure, for
selecting an active material for oxygen evolution have been
supported experimentally by the studies on NiCo,0, and
lithiated nickel oxide. The high activity, the excellent
stability and the low cost of NiCozo4 make it the most
favourable material for oxygen evolution in alkaline solutions.
Such a catalyst offers a great deal to the improvement of
water electrolysis and metal-air batteries as well as oé%gen
extractors. In the case of metal-air batteries, the Teflon

bonded NiCo,0, electrode would make suitable rechargeable

oxygen or air electrode, because oxygen reduction performance
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on this electrode is equivalent to that of the silver/graphite
electrode and is stable above 0.75V vs R.H.E. Moreover
oxygen evolution on such an electrode results in no electrode
degradation.

The experimental results of oxygen evolution on Teflon
bonded NiC0204 electrodes demonstrate the importance of
preanodization in improving reproducibility and performance
_of the electrode. This improvement could be attributed to the
formation of higher oxides, which may possess better
conductivity and catalytic activity.

Purthefmore, the results also showed that Teflon.bonded
electrodes offer the best electrode structures for oxygen (gas)
evolution, because of the greater utilization of the catalyst
surface area and the better mechanical strength.
| The cyclic voltammetric studies of the anodic polarizafion,
on NiCoZO4 and nickel electrodes (Chapter 6), provided further
support to the suggestion74’ £9 (Chapter 5 and 6) that oxygen
evolution proceeds only after the formation of the higher
oxides.

| Considering the complexity of the higher oxides formation
and gas evolution on porous electrodes, the potentiostatic
pulse technique was useful in solving some of the problems,
such as mass transfer and bubble formation, associated with
the study of the oxygen evolution reaction on the oxide
electrodes. The pulse technique is useful, particularly in

determining the effectiveness factor and obtaining reproducible
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and reliable measurements of some of the kinetic parameters
such as the Tafel slope. However, for the potentiostatic
pulse measurements to be reproducible, the electrodes must be
preanodized sufficiently to form stable higher oxides and the
potentials of the electrodes should be maintained above that
of the higher oxides reduction.

8.1.4. The Present Electrochemical-Chemical Method for

Oxygen Extraction

Oxygen gas is very important in many industrial,
medical and scientific areas. An inexpensive and efficient
oxygen extractor based on an integrated electrochemical-
chemical method has been demonstrated. The experimental results
shown in Chapter 7 (Table 7.2 A, B) supported our earlier
suggestion (section 1.4), that using the two electron process
of oxygen reduction on graphite would be beneficial, provided
the HUE produced was chemically decomposed and the resultant
'oxygen gas collected together with that evolved on the anode.

At 400C, SN KOH, the power consumption of this method
was only 2.69 RKwhr/1000 litres of oxygen, significantly lower
than the conventional electrﬁchemical oxygen extractors and
water electrolyzers. This oxygen extractor is particularly
suitable for village clinics in developing countries where
bottled oxygen is not readily available. Other Specialized
applications include oxygen supply for fighter aircraft pilots

and military field hospitals.
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8.2. SUGGESTIONS FOR FURTHER WORK

8.2:1. Oxygen Evolution

The high aéfivity of NiCb204 for oxygen evolution
make further investigation on this catalyst desirable.

In the nickel cobalt oxide series, NiCoZO4 has the
highest activity and the lowest activation energy. Moreover,
it has the lowest resistivity and the highest amount of loosely
bound oxygenzg. If the resistivity is too high, only oxides
adjacent to the nickel wire in the mesh current collector can
function. Hence, it would be of interest to investigate the
doping of the other compositions with lithium to decrease
their resistivity. The role of the loosely bound oxygen in
the NiCoZO4 lattice, in the oxygen evolution reaction remains
to be investigated. A possible approach is to use H2180 to
determine whether the higher oxides are decomposed at highér
potentials to form oxygen using similar procedures outlined
by Rozenthal and Veselovskiilos. Nickel screen is usually
used as the current collector in the Teflon bonded electrodes.
It has been shown earlier that the anodic performance of nickel
screen drops significantly after a period of time. The build
up of relatively low conductivity nickel oxide was suggested
as the reason for this decay. This consequently causes a
drop in the overall performance of the Teflon bonded electrode.
However, it has been shown that lithiated nickel oxide possesses
a high activity for oxygen evolution. Thus, lithiation of

nickel oxide (on the nickel screen) may be one possible solution
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to the problem. This could also contribute to a small extent
to improve the overall performance of the Teflon bonded NiCoZO4
electrode for oxygen ‘evolution. The correlation of physical
properties, such as the electronic structure, of the nickel
cobalt oxide series with their electrochemical behaviour needs
further investigation. This should add another criterion to
those suggested earlier for selecting an active material for
the evolution of oxygen.

The potentiostatic pulse measurements, presented in
Chapter 6, on preanodized Teflon bonded NiCoZO4 electrodes,
could be verified by obtaining'the potentiostatic pulse
measurements in a different manner. The anodic pulse from
the (o.c.v.) could be applied for a short time (» 10 ms),
followed by a cathodic pulse for longer time, i.e. sufficient
to reduce all the higher oxides formed in the earlier anodic
step. The net charge corresponding to oxygen evolution could
be calculated by substracting the charge of the reduction of
the higher oxides from that of the anodic pulse, the latter
being a combination of oxygen evolution and oxide formation.
I1f the potentiostatic pulse measurements of this approach
confirm those obtained earlier, the pulse technique could be
considered as adequate to overcome many of the problems
associated with electrochemical measurements, for oxygen
evolution, on porous electrodes and hence kinetic parameters

for the oxygen evolution reaction could be determined

accurately and the elucidation of a mechanism would be possible.
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It has been shown in this work that, for oxygen evolution,
Teflon bonded electrodes allow a higher utilization of
available electrocatélyst surface. Further work on the
optimization of the electrode structure in terms of aggregate
size, pore size as well as novel and more permanent methods
of modifying the hydrophobicity of the Teflon bonded electrode
surface could be very rewarding.

B2, Oxygen Extraction

Wynveen and.hbntgomeryll4 found the performance

of their "oxygen extractor" to be dependent upon the flow
rate and the pressure of the air supply to the cathode, the
power required to generate a given quantity of oxygen
decreased as the flow rate or the pressure increased. Therefore
these points need to be investigated in order to optimise
the design of the present oxygen extraction device.
Optimization will also demand studies of other parameters, such
as operating voltage, current density and temperature ranges.

It is necessary to perform life testing on single cells.
Life and performance testing of cell stacks upto 100 watt
would also be required to provide the information necessary
for the construction of the 1 kw prototype.

The heat and water balance of the oxygen extractor also
require investigation.

During the oxygen extraction experiments (Section 7.5.4),
using XiCanOI_1 coated nickel screen for H,0, decomposition, it was
observed that when the power was switched off, and hence

HOE ions production on the cathode ceased, the
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&ecomposition reaction continued for sometime (~ 10 min.).
However the total volume of oxygen produced (after completion
of HOE decomposition) was found to be the same as in the
earlier experiments using the more noble catalysts (platinized
platinum or silver screen). It was therefore apparent that
.\'iCoZO4 and C0F0304 are less efficient for the decomposition
reaction and hence optimization of catalyst loadings and

areas is essential in order that decomposition of peroxide
ions matches their cathodic production. This must be achieved
in order to supply the anode with the OH ions necessary for

the oxygen evolution reaction.
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APPENDIX A

Ohmic Losses in the Teflon-bonded Electrodeso’74

The conductivity measurements of the catalyst powder
(described in 2.2.4) were made on compressed samples, whereas
in the electrode there is no such constraint and the particles
are touching one another loosely, leading to high contact
resistances. The presence of a non-conducting (Teflon) phase
is a further complication.

Estimation of the resistivity effects in a porous,
Teflon bonded electrode is very complex, but approximate values
can be obtained if certain simplifying assumptions are made.

Consider a one cn’ portion of 100 mesh nickel screen,
there are a certéin number of holes. The electrocatalyst
could be considered to reside in the holes of the nickel
screen, that is in "‘boxes'.

Consider now a square element of side 2x whose centre is
also the centre of the hole; assume that the current gencrated
within each side of this element travels towards the adjacent

current collector thus:

$dx
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Let hole side = L cm , Current density = i A/cmz,
specific resistivity = p ohm/cm and thickness = t cm

Current generated in central square (I) = 4xzi

Resistance of square element (R) B git
R 4+ @R = ££§§§Eﬂ§l
v = IdR = 4x’i X

Assuming uniform current generation in all parts of the electrode,

IR drop in entire hole (and hence also that of the entire

electrode)

L/2
JL/zx dx = .:_".E . i

hﬂx




APPENDIX B
At present, commercial companies, such as Air Products
and British Oxygen charge £30 initially for each oxygen
cyliner, plus a rental charge of 90p per month. Each replace;
ment cylinder costs £3. e standard oxygen cylinder contains
6.79 x 10° litres of oxygen at N.T.P. If we assume that 3
cylinders of oxygen are used per day, then the total cost
based on 200 working days per year will be = 3 x £30 +
Sx 1 X EQ00 "+ 3 X200 x £3 = £1922:40.
The power consumption of the oxygen extractor is about 3 Kwhr/
1000 litres of oxygen.
To produce the same amount of oxygen in one oxygen cylinder

(6.79 x 10> litre) will require = 3 x 6.79 = 20.37 Kwhr

Total electrical power required to produce the same
amount of oxygen in 600 cylinders = 12222 Kwhr.

Total cost of electricity, if 1 Kwhr cost 3p will be £366.66.
Assuming the capital cost of oxygen extractor ~ £400 (when it
is produced on an industrial scale) and the maintenance of the
extractor and replacement of electrodes ~ £100/year, then the
total cost will be about £866.

At present over 1.2 million cylinders of oxygen are sold every
month in U.K. The use of the oxygen extractor in village
clinics is extremely cost effective. On average, a 4 hours
surgical operation requires 1000 litres of oxygen.

Thus, assuming the oxygen extractor is used continuously for
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200 days per year, the amount of oxygen generated would be

sufficient for 4200 operations i.e. only £866 _
1200 26p per

operation.
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This invention relates to the extraction of gases from

gaseous mixtures and, more especially, to the extraction of

oxygen from ambient air.
Portable oxygen providing equipment is finding increasing
5 applications in military field hospitals, in the village
clinics of developing countries, in oxy-acetylene welding and
in high altitude fighter aircraft. Besides oxygen cylinders, such
equipment comprises two basic types of oxygen generator; (a) chemical
generators, aﬁd (b) electrochemical génerators, which either

10 electrolyse water or extract oxygen from the air by using an

oxygen reduction cathode coupled to an oxygen evolution anode.

Chemical generators employ expensive chemicals and, to
date, the most common method used to generate oxygen has been
the electrolysis of water. However, the high overvoltage,

15 at the anode necessitates an operating ;oltage of about 2.2
volts at 100 mA/cm2 and, the production of hydrogen as a by-
product, épart from increasing the power consumption, is a
potential hazard. Quite recently, therefore, there has been
developed a more efficient electrochemical method in which a

20 polytetrafluoroethylene (PTFE) bonded platinum black cathode is
used to reduce oxygen in the ambient air to form hydroxyl ions

in accordance with the following eguations:

&)

5 0 + 4e —> 40H

+‘2H2

The hydroxyl ions diffuse through a suitable membrane, for

25 exzmple, a woven asbestos or glass fibre mat, to an oxygen

evolution anode, usually a platinum electrode. The working

e
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voltage of this cell, taking into account the unavoidable heat
losses, is about 1.3 to 1.4 volts at 100 mA/cmz, which is
significantly lower than the corresponding value for an
electrolysis cell. However, the capital and running costs
jnvolved are still relatively high and the use of this type
of -oxygen extractor has been limited to specialised applications.
The present invention is based on our surprising
observation that the efficiency of such electrochemical gas
extraction and regeneration methods can be improved significantly
in certain applicatiocns by employing an additional chemical
step in which one or moxre substances formed in the electro-
chemical reaction is itself converted to the desired gaseous
product, preferably by catalytic decomposition.
Accordingly, the present invention provides a method
in which an electrochemical cell is used to separate a gas
from a gaseous mixture by reduction of said gas at the cathode
and regeneration of said gas at the anocde, wherein one or more
substances formed in the cathodic reduction oranodic regeneration
is chemically converted to produce said gas and wherein the gas
formed by both the anodic regeneration and the chemical
conversion is recovered as the product. The present invention
also provides apparatus for carrying out such a method.
_ In its broad aspect the present invention may be applied
to the extraction of any gas from a gassous mixture provided
that said gas may selectively be cathodically reduced and

anodically regenerated by electrochemical reactions which produce
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a substance which can be chemically converted to said gas,
preferably by catalytic decomposition. However, it will be
appreciated from the foregoing remarks that the invention is
especially applicable to the extraction of oxygen from ambient
air and, for convenience, it will now be described in more
detail with reference to such an application.

It is known that the reduction of oxygen on certain
electrodes, especially graphite and carbon, is a two electron

process obeying the equation

02 + HZO + 2e — H02 + OH

This means that when such electrodes are used in a fuel cell,
they are not so efficient as electrodes which directly reduce
oxygen to hydroxyl ions via a four electron process. It has,
therefore, been proposed to add peroxide—decomposition catalysts
to a carbon cathode in a fuel cell so that the peroxyl ion is
decomposed to yield oxygen for recycling, thus leading to a
higher efficiency. In accordance with the present invention,
however, the catalytic decomposition of the peroxyl ion is

used in an oxygen generator to provide an additional supply

of oxygen as product.

In an especially preferred form of the present invention,
therefore, there is provided an oxygen extraction apparatus
comprising at least one cell which is provided with.a cathode
for the reduction of axygen by an electrochemical reaction which
produces peroxide ions and an anode which will regenerate oxygen,

said cell being further provided, externally of the cathode
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compartment, with means for the catalytic decomposition

of hydrogen peroxide.

It will be appreciated that such apparatus will also be

* provided with means for the supply of ambient air at a suitable

rate and also with means for collecting the oxygen produced
by the electrochemical and chemical reactions. In practice the
apparatus will typically comprise a plurality of such cells,
for example from 10 to 20, and may advantageously bé built to
a moduli design for ease of replacement and repair of the cells.
It will, in any case, be appreciated that the design of the
apparatus will depend upon the particular application and,
especially, upon the desired rate of production of oxygen.
Suitable physical constructions for the cell will be
apparent to those conversant with fuel cell technology. For
example it will, in general, te appropriate to provide means
such as a porous screen made, for example, from asbestos or
glass to separate the cathode compartment from the remainder
of the cell in order to prevent back diffusion oi oxygen
bubbles to the cathode compartment and to prevent diffusion of
air bubbles into the product stream. If the cell is compact in
nature it may be necessary to provide means such, for example,
as a net made from a plastics or other insulating material,
to ensure that there is no electrical contact between the anode
and the catalytic means.
Other constructional features which may prove advantageous

or necessary in certain applications include means for removing
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carbon dioxide, means for removing electrolyte, e.g. potassium

hydroxide entrained in the oxygen product stream and means for

_controlling the oxygen content of the final outlet gas by

admixture of the oxygen product stream with exhaust gas

from the cathode ccmpartment; this is essential in some
medical applications. It will, in addition, in general be
necessary to provide adequate means for controlling the

voltage, current density, temperature and operating pressure

of the cell and for monitoring the overall heat and mass balance
of the apparatus.

In this preferred application of the present invention
it is necessary for the cathode to reduce oxygen by an
electrochemical route which produces peroxide ions, usually
together with hydroxyl ions (generally via the two electron
process described above or a near stoichiometric variation
thereof) but which is made from a material which does not
possess significant peroxide deccmposition activity. For
example, cathode materials such as fuel cell grade platinum
black product peroxide ions, but because they have a relatively
high peroxide decomposition activity, will not, in general, be
suitable for use in the present jnvention because the peroxide
jon will be decomposed in the cathode compartment and the
oxygen so produced cannot be collected with the oxygen produced
at the anode.

In general it is preferred to use 2 high surface area

graphite powder which has been found to possess a Very high
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activity for oxygen reduction in alkaline solution. A suitable
graphite powder having a surface area in the range of 500 to

600 mz/g may be prepared by vacuum grinding of graphite in a

“yvibrating ball mill; the cathode may be prepared from the

graphite powder by bonding with PTFE. However, it will be
appreciated that other materials may be suitable for the
cathode in certain applications.

The main criterion for the oxygen evolution anode is
that it should operate at a low oxygen overvoltage. Thus
certain anodes such as PTFE-bonded platinum black and nickel
screens will not, in general, be suitable for use in the
present invention. However, amongst suitable materials there
may be mentioned, for example, PTFE-bonded lithiated nickel
oxide and, especially, PTFE-bonded nickel cobalt oxide
(Ni00204) which has a lower redox potential than a platinum
black anode.

Both the cathode and anode may, in some cases,
advantageously be formed by depositing the active materials
on a suitable support, such as a nickel screen.

The electrolyte itself is advantageously an aqueous
soluticn of an alkali metal hydroxide, e.g. sodium hydroxide,
or especially, potassium hydroxide, but it will be appreciated
that other electrolytes may be useful in certain applications.

The essence of this preferred application of the
present invention is to provide means for catalytically

decomposing hydrogen peroxide (oxr, more correctly, the peroxyl

0
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jon which it forms in the electrolyte) to produce an additional

supply of oxygen for collection in the anode compartment. In

this way, the effective current required for the oxygen

" extraction process is halved leading to a significant reduction

in power consumption. In certain instances it may be appropriate
to provide such means as a chemical substance in solution or
dispersion in the electrolyte, but, in general, it will be
preferred to provide the catalyst in the form of a solid member
or, more especially, absorbed or coated on a suitable solid
support. Amongst suitable materials there may be mentioned,
for example, certain spinel oxides and silver which may be
coated or absorbed on a graphite or carbon support. Preferred
peroxidé decomposition catalysts are C0F9204 and, especially,
Ni00204. These materials may be brought into suitable form
by bonding with PTFE, but, in general, it will be preferred to
coat them on a suitable porous or perforated support, e.g. a
nickel screen. It has been found that their activity is
considerably greater in the latter form because the catalytic
reaction can more easily occur con the surface of the screen
and because, in addition, the available surface of the screen
is entirely composed of the catalyst whereast about 50% of a
PTFE bonded member is composed of PTFE particles where no
catalytic reaction can occur.

Both CoFe,0, and NiCc>204 are relatively cheap materials
which can be produced in particulate form by freeze-drying
methods or by thermal deCOmposition or double precipitation

methods.
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In summary, it may be stated that the electrochemical
chemical method of oxygen extraction according to the present

invention provides significant advantages in cost reduction and

. in other respects as compared with the conventional electro-

chemical oxygen extractors at present available. At operating
voltages of around 1 volt and at an operating temperature of
40°C with 5N KOH as the electrolyte the approximate power
consumption of a cell constructed in accordance with the
present invention is only about 2.7 to 3 kilowatt hours per
1,000 litres of oxygen produced whereas conventional extractors
require about 4.4 kilowatt hours. Rough calculations indicate
that if the cells of the present invention are used in an
efficient manner they will be capable of producing oxygen in

a relatively cheap manner and will lead to significant savings
in cost in applications where oxygen cylinders are at present
employed.

The following Examples illustrate the invention.

A tnree compariment cell was constructed as shown in
Figure 1. It will be appreciated that the cell shown was
constructed for experimental evaluation of various aspects
of the present invention and is not to be considered as
typical of a cell to be used commercially.

The cell generally comprises a cathode compartment 1,

a catalytic decomposition compartment 2 and an anode
compartment 3. The cathode compartment 1 is provided with a

floating electrode 4 and, as shown, a Dynamic Hydrogen Reference
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electrode (DHE) 5 was used to monitor the potential working
electrode 4, the tip of the Luggin capillary 6 of the DHE
electrode 5 being positioned about 1 mm below the floating
electrode 4., If desired, the cathode compartment 1 may be
separated from the remainder of the cell by the provision of a
No. 4 glass frit 7. 5N KOH solution was used as the
electrolyte 8. The anode compartment 3 was provided with a
working anode 9 and with a DHE electrode 10. Air was passed
into cathode compartment 1 via inle£ 11 and the oxygen produced
in compartments 2 and 3 was collected by means of outlets 12
and 13, respectively. As shown, outlets 12 and 13 led to a

further combined outlet 14.

EXAMPLE 1.

In this Example a cell was used having two comparfments

separated by a No. 4 glass frit and provided with a 8 cm2

PTFE-bonded graphite floating cathode and a 20 cm2 nickel

screen anode. Current was passed at the fixed densities shown

using a Chemical Electronics Potentiostat (TR 40-3A). The

5N KCH electrolyte (80 ml) was thermostatted at - 25°¢C and an

air pump was used to supply air to the cathode compartment.
After 1 hour, the concentration of =E,0, in the

electrolyte was measured by titration against standard

potassium permanganate solution. The self decomposition

of H202 in 5N KOH under the same condition (but wiﬁhout passing

current) was measured and found to be 0.525 g/litre of H02

per hour. The number of runs is shown in brackets.

O -
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Table 1 shows the amounts of Hoz- produced at different
current densities and confirms that the reduction of oxygen
on graphite proceeds via the two electron process.

The 74% yield of HOZ- as compared with theoretical
was mainly one to decomposition on the nickel screen anode

and losses during pipetting and titration.

TABLE 1
Current Theoretical Experimental _  Experimental/

mA gm HO2 average gm H02 Theoretical

(in 80 ml. %

electrolyte)
200, 0.1230 0.0217 74,55 (2)
400 0.2460 0.1866 75.85 (2)
600 0.3693 0.2675 72.40. (2)
800 0.4924 0.3575 72.6%0.02 (4)

EXAMPLE 2

Various electrode combinations were evaluated using the
cell shown in Figure 1. A Chemical Electronics Potentiometer
(TR 40 - 3A) was used to feed a 400 mA current to the cell for
30 minutes and a gas burette was attached to outlet 14 to measure
the amount of oxygen produced (except that the glass £l 7
was omitted).

The PTFE-bonded electrodes were prepared in a con-
ventional manner, the NiC0204/nicke1 screen electrode and the
PTFE~-bonded NiC0204/nickel screen screen electrodes were

prepared as follows:

w4 =
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(a) Ni00204/nickel screen electrodes. 100 mesh nickel
screens were dipped into 2M Ni/Co nitrate solution
(Ni : Co =1 : 2) and the screens were heated in air
at 400°c for 10 hours. The formation of N:‘LC0204
spinel on the electrode surface was confirmed by
X-ray powder diffraction.

(b) PTFE-bonded screen electrodes. The electrocatalyst

NiCo,0, (prepared by freeze drying) was mixed with

GP1-Fluon dispersion (ex ICI). The catalyst : PTFE

ratio was 10 : 3. The mixture was then painted onto a

100 mesh nickel screen and dried at 100°C for 1 hour.

The results obtained with the various electrode com-
binations are shown in Table 2.

It will be seen that the best results were chtained

when operating in accordance with the present invention
(cells A and B) using a PTFE-bonded graphite/screen cathode
and a PTFE-bonded NiC0204/nickel screen anode with a Ni00204/
nickel screen catalytic decomposer.

When no catalytic decomposer was employed (cell C) the
power consumption was similar to that with a cell using
platinum black as the cathode (cell D). Even though,
in cell C, the cathodic reduction of oxygen occurred by a
two electron process, the peroxide ions diffuvsing to the
anode were not fully decomposed and when the power was switched
off gassing continued slowly for a long time.on th5 PTFE-bonded

N100204 anode surface (which is not so active as the thermally

- 13 -
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decomposed Ni00204/nickel screen catalytic decomposer). This
suggests thaﬁ when the anode is functioning electrochemically
the oxygen bubbles effectively blanket a large part of its
surface, making it unavailable for peroxide decomposition.

When a peroxide decomposer was placed between a
platinum cathode and the NiCozo4 anode (cell E) no improvement
was noted. This is not surprising because any Hoz- ions
produced at the platinum-cathode would be decomposed there,
yielding oxygen for further cathodic reduction.

It will be seen that in all cases the power
consumption was significantly lower than for a
conventional water electrolyser (cell F) and that cell B,
constructed in accordance with the present invention, gives
significantly better results than the previously proposed
cell {cell G) using a platinum black anode and cathode.

Finally, it will be noted that in the experimental
cells A and B, not all the peroxyl ions produced were
Jecomposed. 7This is mainly becaise of the large distance
between the anode and cathode and significant improvements
in peroxide conversion can be obtained by decreasing the

anode/cathode gap.

e
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~ 8870

Temp.

25 C

.40°¢

25°¢
25°¢C

25%

40°¢C

Cathode

4 cm?Teflon
bonded
graphite on
nickel screen

s

"

4 cmTeflon
bonded Plat=

inum black on Pt

screen (0;
reduction)
n

4 em?Teflon
Pt black on
PL screoen

(Mp evolving)

* Teflon bonded

Pt electrode
(02 reduction)

TABLE 2

Extraction of oxygen from air (400 m4 passed throupgh cell for 30 min)

1,0,
decomposer

4 cm® NiCopOy
on nickel
sereen

none

none

4 em? NiCoy0,

on nickel
screen

Anode

R
%ckTou bonded
NiCop0y on
nickel screen
(02 evolving)

"

Teflon' bonded
Pt electrode
(02 evolving )

Theoreticel

From 1,05 .7~ Trom 0y
decomposition evolution
ml (NTP) ml [NTP)
45,60 45.60

11 1]

1] 1]

N/A: 45,60

N/A 45.60

N/A n

N/A 45,60

Experimental
ml (NTP)

" 78.03%£3.18(5)

77,04%3,02 (4)
49,82£1,11(3)

46,96£0,68(5)

47,717

45,80

45,60

Voltage
iR free
volt

1.34

1.04
1.34
1.26

1,26

2,09

1.0

Power

. Consumption

KW hr/1C0Q ;
«litres ef 0y |,

3.46

2.69
5.41
5,36

5.26

9.1%

4,38
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EXAMPLE 3

The catalytic activity of NiC0204 and CoFe204
catalytic decomposers was measured by a conventional
gasometric technique.

In all cases the reaction rate constant was found

to be independent of the initial H202 concentration but
directly proportional to the catalyst mass, indicating
first order Kinetics.

Experiments were conducted at 25°C, 30°C, 35°C and
40°c. By plotting the first order reaction rate constant
against the reciprocal of the temperature (degrees kelvin)
the actlvatlon energy for the decomposition of H202 over
freeze dried N1C0204 (surface area 69.7 m /g was calculated
as 10.98 Kcal/mole. similar to the value of 10.60 Kcal/mole
obtained for CoFeZO4 (prepared by coprecipitation of cobalt
and iron;hydroxides followed by dehydroxylation at 100°¢).
having a surface area of 120 mz/g.

Taking differences in surface area into account this
shows the activity of NiCo,0, to be approximately egquivalent
to that of CoFe204. However Ni00204 is easier to prepare
and apply to a screen and is thus currently preferred for
use in the present invention.

Tt will be apparent from the above description that the
present invention is especially advantageous in that it

provides an oxygen generator which is highly efficient, which

g TR



has a lower power consumption than hitherto proposed cells
and which can be constructed from relatively cheap materials.
It will be understood, however, that the electrochemical/
chemical process described is not limited to such an appli-
cation and other applications, modifications and variations
falling within the scope of the.present invention will be

apparent to those skilled in the art.

ABEL & IMRAY
Chartered Patent Agents,
Northumberland House,
303-306 High Holborn,

PCM/BJIM London. WC1V 7LH.
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