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Summary.

The chief aim of thie work has been to

contribute towards the development of a rechargeable

metal « air battery. This part of the work is an

investigation of factors affecting the rechargeability

of the air electrode in particular, the mechanism of

gas evolution from porous teflon bonded electrodes in

general, Platinum black and silver on graphite electrodes

have been chosen as examples since they are the two

most commonly used oxygen reduction electrocstalysta in

primry metal -air cells.

The problems of using porous electrodes for gas

evolution are (a) finding an electrode structure which

is not damaged by and makes effective use of the

available surface area during gas evolution, (b) finding

an electrocatalyst which is steble under strongly anodic

conditions, which has a surface oxide which is

reduced at potentials > I.2V and which has a low

oxygen evolution overvoltage,

Sinee teflon bonded electrodes have proved to

be the most effective for ges dissolution reactions

it was decided to use this type of electrode structure.

Oxygen and hydrogen evolution currents were drawn from

several teflon bonded electrodes using different

electrocatalysts (eg. platinum black, silver on graphite,

platinised graphite, platinised tungsten trioxide and

tungsten carbide) and current collectors (eg. nickel

sereen, platinum gauze and graphite cloth) and it was

found that only graphite based electrodes were damaged

by gas evolution. Since these electrodes were damaged

by both oxygen and hydrogen evolution and no carbon



monoxide or dioxide was formed it wes concluded that

the damage was due to mechanical weakness rather than

oxidation. By increasing the teflon content of the

electrode, graphite electrodes cen be mde to withe

stand gas evolution.

All common oxygen evolution electrocatalysts form

surface oxides at high positive potentials, These

surface oxides lower the oxygen evolution performance

and if not reduced at potentials above I.2 Vv they

seriously lower the oxygen reduction performance. Only

gold fulfills this condition; the oxide film on

platinum remains more then a monolayer thick until

the potential is “(0.85 V while the oxide layer on

graphite cannot be completely removed even by hydrogen

evolution, which rules out the use of grephite for

rechargeable eir electrodes.

Graphite and nickel are the materials with the

evolution overvoltege and «a recently

cobalt nickel

lowest oxygen

developed oxygen reduction electroestelyst,

performance equivalent to silver on

nm evolution taking

evolution overe

oxide, with 9

graphite, can be used for oxyge

advantage of the relatively low oxygen

voltage on nickel.

The oxygen reduction reaction on bare and

oxidised platinum foil surfeces was compared with the

oxide reduction reaction on oxidised platinum foil

surfaces and it was shown that in order to obtain

accurate kinetic deta for oxygen reduction on an oxide

surface it was important to ensure that the transient

oxide reduction current had decayed to zero, and that a

monolayer of oxide still remined on the electrode.



The kinetics of the oxide fornstion reaction on

platinum foil were studied and shown to obey the

EBlovich lew. However, it was also shown that the oxide

film can grow to thicknesses greater than a monolayer

and this together with the deesy of current with time

over long periods conflicts with the currently accepted

mechanism for oxygen evolution and oxide formation. A

method of separating oxygen evolution and oxide formation

currents wes developed from an analysis of current « time

curves in the potential renge I.0 2.0 V.

A comparison between gas evolution on porous

and planar electrodes showed that the percentage

reduction in effectively employed eurface due to blockage

by gas bubbles is of the game order for both types

of electrode. The potentiostatic pulse technique was

applied to porous electrodes making a correction for

double layer charging, the instantaneous currents thus

determined enabled the effectiveness factors and intrinsic

exchange current densities of porous electrodes to be

determined,

The effect of teflon content on gas evolution

from a teflon bonded platinum black electrode was

minimal, This corresponds to a model postulated for

teflon bonded gas evolution electrodes where the factor

limiting mass transfer of gas away from the electrode

ig the pressure needed before gas can escape from the

micropores of the electroostalyat.
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The Problem Areas.

I) Electrolytic gas evolution reactions are widely

used in industry but comparitively little is known

about how they are affected by electrode shape and

structure.

2) In industry, planar electrodes are often used

when it might be expected that the high surface

area exposed by porous electrodes could improve the

performance characteristics. For gas dissolution reactions

it hes been shown that porous electrodes are essential

if the reaction rate is to be high enough for

viability. Little is known however, as to whether

the scale up from planar to porous is quantdtative

end what factors affect the mess transfer of reactants

and products in porous electrodes.

3) In fuel cells and batteries porous electrodes are

often used. In some fuel cells gas is produced

eg. hydrazine fuel cells and methanol fuel cells,

while in the case of batteries it is destrmble to

heve a cell which. is rechargeable, and this again

usually involves gas evolution; eg. zinc-air cells sre

high energy density, primary batteries and their

versatility could be greatly increased if the electrodes

could be made rechargeable. However, it is important

that nothing happens to the electrode during the

recharge period. which is going to effect its discharge

charecteristics, eg. in aqueous solutions hydrogen

evolution proceeds without any type of film formation,

while oxygen and chlorine evolution involve oxide films

which until stripped off cen effect the discha rege



characteristics.

4) There is no evidence as to whether the life

expectancy of porous electrodes is affected by gas

evolution. This is critical if these electrodes are

to be used in industry, since electrode replacement

is an expensive operation in labour, meterials and

time.
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CHAPTER TI

A__ Review of the literature.

A) ENERGY CONVERSION.

A modern industrial society can

be viewed as a complex machine for degrading high

quality energy into waste heat while extracting

the energy needed for creating en enormous number

of goods and services. Steadily increasing efficiency

of conversion of energy to useful heat, light and

work between the years 1390 to I960 helped to

maintain the annual rate of increase in fuel

consumption to only 2.7 per cent, which was less

than the average annual rete of growth of the

gross national product of the U.S.A, . However

since 1967 annual increases in fuel consumption

have risen faster than the gross national product,

indicating that gains in fuel economy sre becoming

harder to suneeiel The use of nuclear fuels will
do little to overcome this as nuclear plants tve

a net efficiency of about 30 per cent compared

with about 40 per cent for the best fossil fuel

plants. As it is predicted that this trend will

continue, resulting in an energy shortage crists

in the next century, it can be seen that research

aimed at increasing the efficiency of energy

conversion mst have a high priority.

The majority of the fuel energy, which

appesrs as waste heat, is released either to an



adjacent body of water or into the surrounding

atmosphere. The problem could be partially solved if

uses could be found for large quantities of bow

grade energy. For example low pressure steam can be

used for space heating or in the chemical industry

as process steam. Nationwide, however, there appears

to be no attractive use for the waste heat, which

unless limited, has the additional disadvantage of

hsrming the environment.

The internal combustion engine accounts for

about 16 per cent of the total fossil fuel

consumed in the U.S.A. (All forms of transportation

account for 25 per cent of the teten The net
efficiency of the average automobile engine is

25 per cent and the average miles per gallon of

fuel is now wie hence an improvement in the
energy convesion for automobiles would be of major

importance.

Electrical energy is the only form of energy

which can be easily made, is convenient to transport

and can be used in a controlled mnner. Energy is

most easily stored in the form of electricel energy

which is easily transformed into other forms of

energy with nearly 100 per cent efficiency. Since

the form of energy most frequently required by man

is electricity, it is obvious that methods of

direct energy conversion from its primary forms

eg. chemical, solar, nuclear and gravitational, is

of great importance. The conventional methods, apart

from hydro- electric power generation, pass through



the intermediate stage of conversion of heat energy

to mechanical energy, Thus, inherent in them is the

Carnot limitation, ie. the maximum sachieveable

efficiency is T eT where r is the absolute

: ae :

T

t

temperature of the input gas and ‘ is the absolut

temperature of the gas leaving the heat engine.

This effectively limits the maximum efficiency to

60 per cent, Also the moving parts of conventional

Systems are subject to mechanical failure. The

Rovent of space research hes resulted in the
development of direct methods of energy conversion

because’ of the simplicity, reliability and lessened

Weight and. volume required in these methods, If

the conversion of energy from a primary source to

electricity can be made in one step, the efficiency

should be higher then were the conversion to occur

in many more steps apart from considerations of

the Carnot cycle, which intrinsically limits the

efficiency of conventional indirect and some direct

methods,

A compe rative Study of the various direct

energy conversion systems is a very difficult task.

For example if is necessary to know whether the

device is required for space or terrestrial, civilian

or military applicstions. The choice of system

would then depend on the required power level, the

duration of the operation and whether” the device is
to be used for a ststionary or mobile power source.



On a fairly general basis, the following criteria

have to be considered in a comparative study of

direct engey conversion devices: (I) efficiency,

(2) power/weight ratio, (3) power/volume ratio,

(4) life expectancy, (5) cost per kilowatt of power

produced. Of course, for any particular application

it does not follow that all these criteria are .

important.

There are eve ee methods of direct
55657

energy conversion. oe These are (I) Thermoelectric

devices whose operation is based on the Seebeck and

Peltier effects, (2) Thermionic devices which cenvert

heat directly to electricity by the heating of an

emitter cathode to high temperature and ® consequent

emission of electrons from it, (3) Photovoltaic systems

which convert light to electricity using a pn

junction, (4) Magnetohydrodynamic converters in which

a high temperature plasma, consisting of a mixture

of positive and negative ions, moves through a

magnetic field and in a direction perpendicular to

it, thus inducing an electric field in 2 direction

mutually perpendicular to the direction of the

magnetic field and the direction of motion of the

plasma, (5) Electrochemical devices which convert the

free energy chenge of a chemical reaction directly

into electricity. These devices give a direct

electric current, which although suitable for many

outdoor applications eg. cars, lawn cutters, are not

suitable for many indoor appliances which are

designed to use A.C. current from the mins supply

voltage. It would be necessary to convert these



ABLE |.

A Comperien of Eneagy Conversion Devices,

ty

Efficiency, Powerlwt hp Ib? Powerfvol. hp ft-> Life expectation Cost|power § hp-*

Best Best Best Best Best
avail- — Maxi- avail- Maxi-~ avail- Maxi- avail- Maxi- arail- Mini-

Method of able mum able mum able mum able mum able mum «
energy till feas- till feas- till fea till —feas~ till feas-
conversion 1969 “ible 1969 ible +=» 1969 ible. «1969 ible 1969 “ible Intangible factors Commentsi ; te oe
thermoelectric “T#) 10 120.03. rm) 2 3years Greater 409 200 No moving parts, Cost relatively

than virtually maine high. Covers
10 years tenance-free, wide range in

Noise-free, will power levels

operate over

wide tempera :

ture range.

Efficiency inde-

pendent of size

es <a A US, 
=

‘Thermionic "579232003 1 3 Weyears Greater 400 100 Sameasthermo- High temperature
» than electric ma- necessitry—

10 years {erials problems 2000".
owing to high Covers wide

temperature and range of power

Cs vapor levels,

Photovoltaic “**) 15 2561.0 80 130 Syears Greater 70,000 40,000 Simplest device. Wide range of
than Long life. power lev
10 years High tempera- Cost too high,

ture not Necessary to

required develop types
7% other than

silicon solar

s ' cells. Needs
cnergy storage

(uel cells)

’

Magento- “I-87 6 = 70.62 1,200 20,000 Tests Greater 70 45 Sameasthermi- Only for high
hydrodynamic carried than conics but power levels

out for 10 years higher tempera- — (>1 Mw).

1 week tures cause Field in
more problems infancy

Low-temperayure , 70 90 004 1 3 30 Greater Greater 400 100 High efficiency at Hy-O, cells best-
fuel cells) U9) than2 than 10 Tow tempera- developed.

years years tures. Cost of Hz and
operate. its storage are
problem of main problems

° corrosion

igh Guene G0Juin OD a2 10-50. tyear = Greater 100 30 Polarization is Problems of cor-

Hime G30) a than 10 Jow at both rosion, Wide
years electrodes. range of power

\ Carbonaccous _levels

fuels may be

used in molten

carbonate or

solid electro-

lytes

Gas turbine 55) 28 1 70 1 year 25 Many moving Low initial costs,
parts cheap fuel, No

cooling or

o ignition

Intema- (53) 27 03 7 5 years 3 Many moving Low initial costs.

combestion parts Operates well
engine over wide range

Fs of temperatures
: ’ and pressures

je ‘
Dieser _(53/ 42 02 02 8 10 years 3 Many moving’ Low fuel costs.

engine’ parts Hard starting
in cold weather

(below 5°C)



appliances to D.C. power sources. This can be done

by high efficiency rectifiers. Only methods (3) and

(5) are free from the Carnot limitation. Table (I)

shows a comparison of these direct energy conversion

systems together with some of the common indirect

conversion devica§s taking into account the main

performance criteria. As most of the work on

direct energy conversion devices has taken place in

the lnst few years and considerable improvements are

still being achieved, two types of figure are used

in the table: the best availeble to 1969 and the

apparent limits of what seem feasible. It should

be noted that the figures in the table are

dependent on the magnitude of the power output of

the device.

The low weight/energy retio and the reliability

of HeO fuel cells makes these devices the best

for <caith missions ranging from a few hours to a
month and for power levels up to I00 Kw. An

analysis of the possible terrestrial uses of electro-

chemical energy convertors as a source of mechanical

pewer for (I) delivery and industrial trucks,

(2) automobiles, (3) construction equipment, (4) light

aircraft, (5) locomotives, (6) outboard motors and

(7) marine applications was carried out by Adams et Ags
For az mobile power source high power/weight and

power/volume ratios are required. In this respect the

best fuel cells have power/weight ratios only one *

fifth that of the internal combustion engine although

the power/volume ratio is compsrable. An advantage of
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fuel cells over internal combustion engines as a

mobile power source is that fuel cells have higher

torque charecteristics at low speeds whereas aa

opposite is true with internal combustion sane

The torque at lower speeds is required for acceleration.

Furthermore the efficiencies of fuel cells are higher at

lower speeds, whereas the converse is true for internal

combustion engines. Air pollution is a serious problem

in many cities, with fuel cell driven cars this problem

could be lergely eliminated. There are many medical

applications eg. cardiac pacemakers that make use of

batteries at present which require replacement after

reletively short periods. The implentation of fuel cells

in the body which operate with oxygen dissolved in the

blood, would significantly increase the life of these

(4)
pacemakers,

Even if other direct energy conversion devices

become more effective than fuel cells eg. ( thin film

photovoltaics ) the storage of the electricity is still

mandatory and electrochemical devices provide the mly

prectical way of storing electricity if it is to be

available on demand,

var military terrestrial purposes the chief

advantage of direct energy conversion devices is that

they operate silently due to the absence of moving

parts which also results in longer life and in the

case of fuel cells, the difficulty of detection by

infrared devices,

In an electrochemical energy convertor the

reactants , which are commonly gaseous) are transported

to the anode and cathode where the anode reactim
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produces electrons which are transported through the

external circuit to the cathode, where the cathode

rersction occurs, using up the electrons. The circuit is

completed by the transport of ions from one electrode

to the other through the electrolyte. The efficiency of

an electrochemical energy convertor is given by:

E =_5G° =| enFE 9 Te ee
“Br SHz aH r

-H
(1)

where G = free energy change

“H = enthalpy change

& = thermodynamic reversible cell potential

AS = entropy change

T = absolute temperature

Generally, “G is quite close to ““H and hence the

maximum efficiency of fuel cells is not much less

than I0Q per cent. In the practical case the value

of E and hence G, falls as the current density

dats. from the cell increases causing the operating
efficiency to fall.

This section summarises the importance of the

efficient direct conversion of various energy sources

to electricity and its subsequent storege. In this

research it is proposed to study electrochemical energy

convertors and stores.

B) POROUS ELECTRODES.

An electrochemical energy convertor

has an intrinsic maximum efficiency given by equation (I)

This is usually about 85-100 per cent for fuel cell

reactions under standard conditions, For example at 25

. for the reaction

H +20 = HO
2 2 2



vu

is 83 per cent, and for the reaction

CH + 20 = CO + 2HO
4 2 2 2

E is 92 per cent. For a reaction in which the

ehtoads change is negative it can be seen from equation
(I) that E decreases with increasing temperature. The

converse eerese is observed with heat engines and this

reduces the advantages of fuel cells over heat engines

at high temperatures. This, however, is partially offset

since at high temperatures the rate of reaction is

increased and the overvoltsge decreased thus reducing

the need for expensive electrocatalysts. The Faradaic

efficiency is defined as

where I is the observed current from the fuel cell

and I is the theoretically expected current assuming

that he overall fuel cell reaction proceeds to

completion. In most fuel cells 6 is IOO per cent,

but sometimes it is less due to Y osae reactions of
the reactants and products. The voltage efficiency, e

Vy

is defined as

eee (E<E )
v cs 2 r

where E is the cell voltage under load. As the load

is increased E and hence e fell. From these
Vv

defimitions it can be seen that the intrinsic maximum

efficiency and the faradaic efficiency depend only on

thermodynamic factors while the voltage efficiency is

dependent mainly on kinetic factors. Most of the

profitable research into fuel cells has the aim of
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improving the voltage efficiency ( kinetic factors ) and

hence improving the overall efficiency, e , which is

defined as

e=E.e.e
£4 forty,

Attempts to reduce e have proceeded along two

main lines: ¢
(I) to. find cheap electrocatalysts with high

exchange current densities, i .

(2) to produce Gilotress structures which have
a high surface area/bulk volume ratio and which can

sustain high limiting currents.

At present the i's of most reactions of interest

in fuel cells are = o cir) eg. reduction of
oxygen, oxidation of hydrocarbons. Using planar electrodes

in a hydrocarbon fuel cell, a cell potential oat arate ie
and with i for both electrode reactions as I0 A.cm

the ieee density, i , achieved is only to” I:
assuming no concentration and ohmic overpotentials ( from

Tafel's law.) This is far below the current density

required ie. I Accom o) Byen® 42. the 14 for one electrode
is high as in the , - . fuel 4021 the current ee
density under the same conditions is only about IO A.cm

Another important factor influencing the performance of

fuel cells is the solubility of the fuel and oxygen

in the electrolyte which for the common fuels and

oxygen is only th easdasaly « This results in limiting
current densities at planar electrodes of the order
4 -2

IO A.cm . itis thus essential to use an electrode

structure other then planar in order to reduce the

activation overpotential and to facilitate mss transfer
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to the reaction sites, even if electrocatalysts with

high i values could be found. The aim of this thesis

is to vats the electrode structure aspects of
electrochemical energy conversion.

As planar electrodes are unsatisfactory an

obvious solution to the problem would seem to be the

use of rough or porous electrodes. With roughened

electrodes the current density can be increased about

one hundred times and the limiting current about ten

times which is not sufficient improvement. Porous

electrodes which consist of either powdered electrocatalyst

or electrocatalyst deposited on a conducting support

can increase the sufface area by about one thpusand

times. Research into electrode reactions in porous

media is only about five years old. The chief points

made so far are;

(I) the reason for the higher power

densities of porous electrodes, compared with planar

electrodes, is only partly due to the high ratio of

real to apparent surface area,

(2) porous electrodes permit a limiting

current density mich higher than plenar electrodes

because of the much lower diffusion layer thickness in

porous electrodes thus improving the power dangite.

(3) current densities are not uniform

within porous media because the diffusion and ohmic

overpotentials vary throughout the length of the pores,

hence the contribution of activation, diffusion and

ohmic overpotentials to the total is different at

(9)
different points within the porous structure,
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Basically two kinds of porous electrodes have

been considered, They are the two phase and three

phase systems. The phases present in the former are

solid and liquid and this type of electrode is of

limited application in fuel cells which iepatay employ
gaseous reactants. In a two phase system the reactant

is dissolved in the electrolyte and is transported to

the active sites by diffusion ané migration. In the

three phase system the reactant gas dissolves in the

electrolyte at the gaseelectrolyte interface and diffuses

through the electrolyte to the active sites of the

electrode. The two phase systems which are used in the

methamol fuel cells have been studied by Newman and

Pe and by seme
Several physical models have been proposed for

three phase electrodes which are known as gas diffusion

Sidsbiedelec sn the analysis of these models, which
follows, it should be noted that the choice of model

will be dependent on the manner of preparation of the

electrode eg. teflon is sometimes added to the catalyst

particles, which has the effect of decreasing the

wetting character of the electrode.

(I) The simple pore model for non wetting piccatbecs °°
In this model the electrode is assumed to

consist of uniform, parallel, cylindrical pores in which

the solid/liquid contact angle is assumed to be 90°.

These assumptions enable the total current-overpotential

relation, and the current distribution within a pore to

be calculated. These results, however, must be considered

to be of doubtful application since the model considers



neither the tortuousity, pore interconnection nor pore

size distribution of an actual porous te

(2) The thin film model for wetting electrodes,

The basic assumption is that a comparatively

lengthy thin film of liquid extends above the liquid

meniscus and is in contact with the solid phase in

the pore.

(3) The finite contact angle meniscus model for partially

wetting nea ce
This is intermediate between the above two

models and is based on interferometric and reflection

studies which showed that the meniscus made a finite

contact angle with the electrode surface, It is

predicted that close to the region at the upper end

of the meniscus the current density should be high

since the diffusion path is short. However, this is

partly offset by the high ohmic drop in this region

due to the thinness of the meniscus.

(4) Stable meniscus ia

In the above three models cylindrical pores of

uniform radius have been assumed, In a pore there is

an equilibrium at the gas- electrolyte interface due to

the gas pressure, which tends to force the electrolyte

out of the pore, and due to the capillary forces of

the electrolyte, which tends to flood the pore. Hence

there is a critical pore redius and in non _ homo-

porous electrodes ie. actual electrodes, it follows that

many of the pores will be non active. This has been

overcome in two models: a) the double porosity scale

structure in which wide pores face the gas side and
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narrow pores face the electrolyte side, producing 4

stabilized meniscus at the junction of the small and

la rge Nearer b) cone models in which the pores are

conical in shape, the wide end facing the gas and the

narrow end the electrolyte, thus producing a stabilized

SA iiakt Gaokwete considerations make model (a) the
more useful ( it has been used in the Apollo space

program.) (16)

(5) The intersecting pore model

It is assumed here that the electrode consists

of an intersection of micropores with macropores and

that due to gas pressure, capillary forces and these

intersections, that the entire surface of the macropore

is covered wibh a film of electrolyte, and that

electrolyte fills the micropores and reactant gas fills

the macropores.

From the above analysis it can be seen that two

main lines of approach have been taken, nemely (I) to

determine the distribution of current within the pore

with the simplifying assumptions of cylindrical, straight,

or uniform pores. (2) to find the influence of pore

size distribution, shape, tortuousity and pore intere

connections on the electrode performance per unit external

area.

Both these theories have usefullness but it is

necessary to combine them if a model to approach the

practical case is to be developed. Theory (2) has a

major disadvantage in that in order to achieve an

analytical solution the effects of activation and

concentration overpotential on the distribution of



current within a pore have been left out. This means

that only the maximum current which could be expected

from a certain distribution of pores is obtained.

So far researches on porous electrodes have been

predominantly of a theoretical nature there being little

or no experimental verification of the above models,

except for the finite contact angle meniscus at

wetted surfaces. In particular present theories are

lacking in that they either consider the current and

potential within a single pore or alternatively the

electrode kinetic aspect is played down while more

importance is attached to the size and distribution

of the pores and the entry into them of liquids. So

far the two aspects of the theory of porous electrodes

have not been joined in mathematical equations mainly

due to complexity, so that analytical solutions cannot

be derived without prohibitive approximations. Further

advances in the theory of porous electrodes will have

to involve numerical solutions. Some of the principal

questions in porous electrode theory at present are:

(I) The current has a very limited penetration down

a pore especially in reattions with a high i value.

This suggests that a considerable downward neviaten of
catalyst costs could be achieved by a device which

gives rise to localisation of catalyst in a region

where the pore shows its electrochemical activity.

This is also likely to be true for reactions with

low i when the electrode is of the non wetting,

FEB bonded type. However, in situations of partial

wettability calculations based on the thin film model
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predict that the localisation of current to a small

area of pore is not pee. Mek, the difficulty
is that there is no evidence to support the existance

of thin films in fuel cell electrodes. Calculations

besed on the more reliable finite contact situation

for wettable electrodes ieee that the localisation
of electrocatalyst is highly destrable. There is also

some evidence to suggest that electrolyte pumping may

help to remove concentration hold ups in the diffusion

of the fuel from the gaseliquid interface in the non

wetting situation. Z.
Apart from their use in fuel cells porous

electrodes are or could be profitably used in many

other electrochemical situations eg. storage batteries,

electrosynthesis, preparation of hyd ten and chlorine

gases and as counter electrodes in various metal

extraction cells. In general porous electrodes are only

regularly used in storage batteries, the other systems

using simple planar electrodes. The purpose of using

porous electrodes in these devices is the same as in

fuel cells, namely to improve the voltage efficiency

of the cell. However the main difference between the

fuel cell case and the other applications is that in

the fuel cell electrode gas is consumed, while in most

cases, gas is produced in porous electrodes used for

the other applications, which results in somewhat

different problems with these electrodés, such as

mechanical strength of the porous structtre and the

escape of the gas produced within the small pores in

the interior of the electrode. This is also the case



in some fuel cells eg. hydrocarbon-O cells and

methanol-O cells produce carbon Contew, and ammonia-0
and ie uiasio cells produce nitrogen. Porous media
are also widely used for gas phase heterogeneous
chemical catalysis and occasionally for liquid phase.

Porous electrodes are rarely used for gas

evolution and since it my be advantageous to increase

the electrochemically active surface area of these

electrodes, this work includes a correlation between

electrode structure, electrode performance, and surface

area. This should give an indication of the

feasibility of using these electrodes for rechargeable

batteries, as opposed to the introduction of a third

electrode into the cell or simply using planar

electrodes.

C) RECHARGEABLE ELECTRODES,

The common classification of batteries is into

primary and secondary groups. However, this is

inappropriate since primary batteries are simply fuel

eells which have internal fuel storage. It is the

secondary battery which has the unique function of

storing electricity and having it available on demand

ie. it accepts it and redelivers it, which distinguishes

it from primary batteries and fuel cells. This

electrochemical device is the only known way of

storing electricity and having it available on demand.

This facet greatly widens the scope of use of these

batteries and for this reason it would be advantageous

if methods for recharging fuel cells and primary

batteries could be established.
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In low temperature H - 0 fuel cells no attempt

has been made to make the pee rechargeable in situ,
possibly due to the high overpotential for the oxygen

e¥lution reaction. Ad an alternative, attempts have been

made to produce a regenerative fuel cell in which the

product of the fuel cell reaction is reconverted into

its reactants by various methods eg. thermal, photochemical,

chemical, radiochemical or electrical, Since there are two

stages in a regenerative fuel cell the overall efficiency

of such a cell is equal to. the product of the

efficiencies of the two stages. Electrically regenerative

fuel cells are the closest analogy to rechargeable

systems in that the fuel cell products are reconverted

to the reactants electrically. The difference from a

storage (secondary) battery Js that the latter are always

sealed units, the charging and discharging processes

being carried out within the battery itself, while

in electrically regenerative fuel cells the fuel cell

reaction takes place in one cell and its products are

led into another cell, where the regeneration takes

place. In fuel cells, because either product or reactants

are gas .es, recharging in situ is not easy since

insoluble gag es cannot be stored within the cell.

In secondary batteries the function of recharging

is to reconvert the products of the discharge rection,

although in the case of batteries this often ind udes

the electrodes themselves eg. lead - acid batteries. In

batteries the discharge reaction reactants and products

are not usually gases, other than air, hence the fuel

storage problem associated with fuel cells is abeent.
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Hence it shoyld be possible to convert primary

batteries to secondary batteries. This, however, ms

rarely been achieved since often the electrodes are

damaged or altered during the recharge cycle thus

reducing their performance on the discharge cycle.

This has sometimes been overcome by using a third

electrode in the system which only operates on the

recharge ea.
The important quantities in the study of

storage batteries are: (I) Electricity storage density

which refers to the maximum total amount of electricity

which can be withdrawn from unit weight of a substance

when it undergoes an electrochemical reaction. This ig

not a very useful quantity since it Says little about

the actual behaviour of a substance as an electrode

or the possibilities of making an electrode from ite

(2) Energy density. This is the energy which may be

extracted from unit weight of the substance ie. maximum

energy density = electricity storage denity x

reversible cell potential

This quantity has the same limitations as (I) in. that

no account is taken of the weight of the container,

electrolyte, grid etc. and also that the cellp potential

is reduced under load due to overpotential effects,

Hence this quantity is dependent on the electrode

kinetics,

(3) Power density. This. is the rate at which the

storer could release energy. ie.

power density = current density X working potential

The power density depends on the eam factoes as the
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power density of fuel cells. Hence a combination of

these three factors, the last being the most

important, gives a good guide to the usefulness of a

battery.

Based on these three definitions the following

factors are desirable in batteries; (I) cell reactions

should have a high reversible potential , (2) cell

reactions should have a high n value, (3) reactants of

low molecular weight shoul@ be used, (4) electrode

reactions with high i values should be chosen, (5) a

physical electrode Seta to give high limiting
currents, (6) geometric structures so that ohmic drops

are small, (7) a high solution conductance and

solubility of dissolved discharge reaction products,

(3) highly insoluble reactants to avoid diffusion onto

the other electrode and consequent self discharge,

(9) the lightest possible construction mterials

compatible with stability and mechanical strength. These

factors are important in both primary and secondary

batteries. In addition secondary batteries have the

following requirements if they are to have an

extensive cycle life: (I) the active cathode must have

a very low solubility in the electrolyte in order

to minimize the concentration of heavy metal ions in

solution which would diffuse to the anode, and plate

out producing local action cells conducive to rapid

deterioration of the ancde. (2) the electrocrystallisation

characteristics of the electrode should not involve

major changes in molar density to provide the basis

for the structural integrity of the porous electrode



and the preservation of desirable microporosity

characteristics in going from the state of charge to

discharge and viceeversa. (3) the anodic discharge

product, usually a hydroxide or salt, should be insoluble

to ensure the availability of the product and to

reduce the mass transfer problem within the pores when

recharging to the metallic state is attempted. (4) all

electroactive species in both oxidation states must be

stable towards the electrolyte to avoid side reactions

or losses through dissolution. (5) the anode oxidation

product must not be passivating at reasonably high

current densities ie. it edt” cove dense non conducting
films, since the diffusion and migmtion of metal ions

through the oxide or salt layer constitutes the basic

transport mechanism in the discharge of these electrodes.

Very few electrochemical systems are capalile

of meeting the above criteria, hence the small number

of commercial secondary batteries. The best known

secondary battery at present is the leadeacid type,

which although it gives very high current densities

per unit volume, has very poor energy and power density

characteristics and undergoes a spontaneous discharge

causing the phenomena known as sulphation. The more

modern silver/zinc cell has very high energy and power

densities but can stand only a few hundred charge.

discharge cycles. The sodiumesulphur battery gives high

current densities but suffers from Corrosion problems.

Metalegas cells represent a hybrid between a

fuel cell and a battery, by combining in situ a

metal anode with a dymamically supplied gas cathode.

The cathodic reactant can be a halogen, nitrogen
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dioxide or more usually oxygen from the air. Only

oxygen cathodes have reached a developed stage. The

attraction of metaleoxygen cells lies in the high

theoretical energy densities which are possible. The

‘achievement of a practical system is limited by factors

such as the thermodynamic stability towards the

electrolyte, kinetic behaviour of the metal, passivation

phenomena, etc. . The past five years have witnessed an

increasing interest in metaleair cells, particularly the

zinceair cell. Recently zinceair primry batteries have

been marketed by two companies, showing characteristics

superior to those of other conventional primary

batteries eg. high energy and power densities, good

energy/volume ratios and the ability to provide a

constant output until 90 per cent of the stored

energy has been used. These batteries are about a

quarter the volume and an eighth the weight of

Leclanche and leadeacid types of comparable capacity

and rating. a It would be very desirable if these
zinceair cells could be converted to secondary

batteries as the present batteries have discharge

properties which would make them suitable for overnight

recharging similar to heavy duty leadeacid cells. Some

research has been done with this aim in mind but two

main problems have been found, one associated with each

electrode. These are (I) the considerable mass transfer

polarization in the case of a soluble anode leads to a

rapid reaching of limiting comditions conducive to

electrodeposition of the anode metal in dendritic or

powdery nonadherent forms. This is the case with ie
in alkaline electrolytes, the dendrites causing shorting



23

between the electrodes, producing momentary very high

currents and hence buckling of the plates, which must

be positioned as close to each other as possible to

reduce ohmic losses.

(2) One of the chief problems in improving the power

density discharge characteristic of this cell was in

the cathode. This was solved by using a teflon bonded

graphite electrode containing silver, which has proved

to have good oxygen reduction characteristics.

Unfortunately its recharge ie. oxygen evolution,

characteristics are not satisfactory, mainly due to the

destruction of the electrode when evolving oxygen. One

of the main aims of this project is to find the

reason for this breakup and to find possible

alternatives to produce an efficient rechargeable

cathode for the zinceair system , which also has good

Gischarge characteristics. At one time porous nickel

was used as the air cathode but although this is

rechargeable its discharge characteristics are poor.

Other possible types of secondary battery are

(I) Alkali metalehalogen jedi aaten combines the
reactions

ioe a and K+ 20 = ox

This gives a high reversible cell potential and a high

power density because of the high i values for both

electrode reactions. This overcomes the min disadvantage
of Pee cells. The main problem with these cells is

one of construction material stability in a molten

alkali metal halide.

(22)
(2) Storers involving Non-aqueous solutions.
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It is desirable that batteries should have a

high cell potential and consist of reversible (high i )

electrodes. However, if the cell potential exceeds nav
this would cause electrolysis of water thus making

aqueous solutions unsatisfactory. This problem can be

overcome using non-aqueous electrolytes which decompose

only at much higher potentials. From the materials

aspect this is better than using molten salts since

non-aqueous electrolytes like acetonitrile, cause few

corrosion problems. However, problems exist , and a

satisfactory oxygen electrode in noneaqueous media has

not yet been developed. The min problems are:

(I) water is formed in the oxygen reduction reaction,

(1) the solubility of salts is smiler in non-aqueous

solution resulting in lower limiting currents,

(M1) voltage losses due to the high resistance in

non-aqueous electrolytes.

(3) Batteries based on the electrically regenerative

hydrogen-oxygen fuel we
Since non carbon rechargeable oxygen electrodes

invariably form an oxide film during the recha rge

cycle, it will be necessary to study the formation

and reduction of these films and their effect on the

Subsequent discharge cycle,

D) THE OXYGEN ELECTRODE.

It has been shown that the oxygen electrode

performance is a major obstacle in fuel cells and

secondary batterfes, for the reasons of low i for

the oxygen reduction reaction and the oxygen Ccesie Neon
reaction and of low mechanical strength of the commonest
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oxygen cathode (carbon) when subjected to oxygen

evolution. Hence the oxygen electrode is one of the

most important to study.

Although the oxygen electrode has been widely

studied there are still doubts about the true

mechanism of the oxygen reduction and evolution

reactions and only limited progress has been made

in finding alternative electrocatalysts to the noble

metals. The main work on the electrocatalysis aspect er

has been with silver supported on graphite electrodes

and with semi-conducting metal oxides ae doped
metal ao The silveregraphite electrodes are

much cheaper than noble metal electrodes and give a

similar oxygen reduction performance, however, as already

mentioned, this type of electrode breaks up if oxygen

evolution is attempted. Until recently the semi-

conducting oxides have not achieved comparable oxygen

reduction performances, however, work on some nickel

cobalt oxides suggests that this Problem could be

Sedan It is the intention of this work to
Study the oxygen evolution characteristics of these

compounds as possible alternatives to the noble metals

and silveregraphite electrodes for use in seconda ry

zinceair cells. (The silver graphite electrodes are

suitable for fuel cell applications.)

The following is a short Survey on the main

aspects of the work done on the main oxygen electrode

materials.

Carbon electrodes.

Porous carbon structures are made by

mixing ground coke with a binder such as pitch and
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then heating in the absence of air at about 000°C

causing some of the binder to be pyrolized leaving a

porous structure. Porous graphite is made by Teo

porous carbon to 2500-3000°C in the absence of air.

Porous graphite is a more desirable product because it

is purer and has better thermal, mechanical and

electrical properties than porous carbon. The suitability

of various porous carbon structures for fuel cell

applications has been siceiaamitn
Because graphite is a good electronic conductor

and because interfering oxide films such as _ those

found on most metals are not present on carbon

spaceead eh tack materials are thought to be suitable
for making good inert oxygen electrodes, However, graphite

electrodes are not suitable for use in acid solutions

especially if an oxidising agent is present, since the

electrode swells with the formation of graphitic oxide

and finally the electrode breaks up and falls to the

bottom of the cell as a black iokgdsty 8GaieS
effects have not been reported in alkaline solutions.

Yeager and Riu ae noted that it is
difficult to interpret steady state polarization

measurements obtained at porous cerbon or graphite

electrodes due to complications associated with mass

transport and non evenly distributed ohmic drops

within the pores of the electrode. To overcome this

problem they used porous graphite filled with paraffin

wax and pyrolytic graphite. Reproducible polarization

curves for the reduction of oxygen on graphite

electrodes in the absence of hydrogen peroxide could



not be obtained because graphite is a poor catalyst

for the decomposition of hydrogen peroxide and the

hydrogen peroxide concentration builds up continuously

during a period of cathodic dia cepetiente As the
composition of the system changes so do the polarization

characteristics eg, the higher the hydrogen peroxide

concentration the lower (less noble) the rest pieces

The results obtained by a number of coden’ ie
shown that the potential determining reaction on graphite

electrodes in alkaline solution is the es couple:

One e Hid hey Be ee HO. OR
e 2 2

(38) 18
Oxygen tracer studies using O showed that

in the reduction of oxygen on carbon electrodes all

the peroxide produced comes from the oxygen molecules,

and that the reaction has a current efficiency of

I0O0 per cent. Consequently the 0-O bond is not broken

in the reduction of oxygen on carbon electrodes, and

reproducible results cannot be obtained on carbon

cathodes until the peroxide composition builds up to a

stable value. edie fou shown the oxygen reduction
mechanism on carbon electrodes to be:

Ors ahie ie A060?)
2 2 ads,

(0) + HO = (HO) + OH
2 ads, 2 2 ads,

(HO ) + e * HO
2 ads, 2

Polarization studies on anodic oxygen evolution

on graphite were not reproducible and no mechanism has



been suggested.

In order to be used as a fuel cell cathode

it was necessary to increase the active surface area

end this was originally achieved by pasting finely

powdered graphite into a porous carbon body. anc
carbon is a poor hydrogen peroxide decomposer the end

prodict of the reduction of oxygen is hydrogen peroxide

with a consequent transfer of only two electrons per

molecule of oxygen, compared with the four electrons

per oxygen molecule for the Sr couple. Also the

electrode potential for the two electron process is

only 0.682 V compared with 1.229 V for the four electron

process (potentials measured against the hydrogen electrode.)

Hence it is important to incorporate an active peroxide

decomposing catalyst on the cathode surface. Various

metals have been tried, silver and platinum being the

most effective, Research on the development of zinc-air

batteries has lead to the development of activated carbon

electrodes having a long life ih alkaline isieiake
Barly attempts to convert. the zingeair cell into

@ secondary battery used a catalysed porous nickel

diffusion cathode operating on pressurised oe
This electrode was satisfactory for recharging, but in

the discharge mode was not sufficiently active. Kordesch

and dntgheeese Valve described various methods of
catalysing porous carbon electrodes. In alkaline sdlutiong

silver, cobalt and manganese have been most effective,

while platinum is by far the best in acid soluti ns.

Porous Nickel Electrodes.

Various porous metal electrodes
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have been employed as oxygen electrodes, notably the

high ot veel) aatatacoss made of niekel, the
pa electrodes using Raney silver catalyst, and

silver/aluminiun alloys. The great advantage of using

porous metal electrodes over using porous carbon

electrodes are high. mechanical strength, good electrical

conductivity and the ease with which electrical contacts

are made. Unfortunately porous metal structures do not

usually have a sufficiently high surface area. Attempts

have been made to conbine the high surface area of

graphite with the good mechanical strength of porous

Se ac the mechanical weakness of the graphite
is still a major disadvantage, attempts to improve its

strength by pressing having little effect when the

electrode is used for oxygen evolution.

Pasted Diffusion Electrodes.

Electrode reactions in porous

media occur only on a smill area of the total surface,

hence it is advantageous to make diffusion electrodes as

thin as possible. This keeps the diffusion path short

and also decreases the size and weight of the cell.

This type ef electrode was originally made by pasting

a slurry of the catalyst onto a metal screen and

then jes. The disadvantages of this electrode
wee its great fragility and wettability. These problems

were bl ora by using a hydrophobic binder such as

fering nebe thin’ electrodes are particulerly
effective when used as air electrodes, as the blanketing

(46,49)
of the pores by nitrogen is less significant.



The Oxygen eleetrode Reaction on Platinum.

This electrode is used in all earth based fuel

cells and metal-air batteries. The advantage of using

oxygen from the surrounding atmosphere rather than this

or other oxidants in a tank is that -the tank and

oxident weights decrease the energy/weight retio about

two to four times. Hence it is the most important

reaction in electrochemical energy conversion end storage.

The understanding of the oxygen reduction reaction

in the steady state is still fairly limited. The oxygen

electrode reaction is one of considermble difficulty

with vespect to mechanism elucidation and electrocatalysis.

These difficulties are:

(I) the range of potential in which the reaction occurs

is about I.0-0.5 v, This is in a relatively

enodie region where most metals either dissolve or form

passivating, catalytically inactive, oxide films. Hence the

number of electrocatalysts which can be used for this

reaction is severely limited to platinum and the tungsten

bronzes in acid solution and somewhat limited in

alkaline solutions eg, lithiated nickel oxide, silver,

graphite.

(2) the oxygen reduction reaction is slow (low i)

compared with many other common electrochemical netsins
eg. hydrogen oxidation and evolution, chlorine dissolution,

silver deposition, reduction of yee to a
(3) the anodic region in which the reaction occurs

causes substrate changes to occur within it eg. for

pletinum there is a change in the nature of the

surface at about I,0V which seriously complicates the

data.
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(4) the reversible oxygen electrode potential, I.23 v,

is close to that for several other reactions eg. on

platinum the reversible potential for reduction of Pto

occurs at I.13 V and for PtO at I.00V. Further, ‘ie
oxygen reduction reaction competes with a similar reaction

in which oxygen is reduced to hydrogen peroxide rather

than water,

(5) the normal oxygen reduction reaction sometimes

produces hydrogen peroxide as an hihavietivesr
The fact that the effective potential range for

oxygen reduction is less than I,0 V means that there

is a type of "“autopolarization" of about 0.25 V

resulting in a severe loss in power, The reason for

this is not well understood. Wroblowa et aan te eos
investigated the phenomenal aspects of the observed rest

potential on platinum electrodes.

Several explanations have been proposed for the

I.OV rest potential eg.

(I) the formation of hydrogen peroxide as an

tpeereable oe Calculations have shown that the
concentration of hydrogen peroxide would not be sufficient

to support the observed currents,

(2) that the rest potential is due to one of the oxide

couples ie. Pt/PtO or peo/pto, «7? ante explanation does
not account for the variation of rest potential with

oxygen partial pressure.

(3) the Pt/solution interface is polarizable in the

region below 1.0 V, the variation in rest potential

with oxygen pressure being explained by the replacement

of water dipoles in the surface with oxygen atoms, the
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difference in dipole moments of metal-O and metalewater

Gipoles eccounting for the kia This theory
does not , however, explain. the substantial currents which

can flow in the 0.9-1.0 V region. Wroblowa et al 28
have concluded that the I.0V rest potential is a

mixed potential of the cathodic oxygen reduction reaction

and an anodic reaction which has not been elucidated.

A number of probable anodic reactions were investigated

of which only one was consistent with the experimental

results. This is the anodic oxidation of an unknown

organic impurity which is present in low concentrations

and which has a reversible potential of 0,200.3 V.

This is in fact the observed rest potential of 4

large number of hydrocarbons in acid solutions on

platinum electrodes. This model is also supported by

thorough electrolyte purification producing the reversible

potential(1.23 V eta slight variation of the I.0V
reste potential (eg. I.00 0 I.I5V.) can be explained by

the variation of the amodic reaction electrode potential

which depends on the specific organic impurity. Various

purification schemes have beenused to obtain a

temporary reversible electrode Pieeais. hae the re
is some evidence that the ah he coe Aha is only

obteined on oxide covered electrodes.

The importance of the presence of oxide films

in mechanistic studies of the oxygen electrode has lead

to some research on the mature of the surface of

platinum electrodes in the neighbourhood of the reversible

potential for the oxygen electrode reaction. The main

methods of study have been:
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(I) Coulometry involving galvanostotic charging curves

for the formation and reduction of oxygen layers. This

gives the oxygen coverage as a function of potential,

but no information on film thickness unless speculative

estimates are made for the number of electrons required

to form one molecule of the oxide and the density of

the oxide. This method does not distinguish between the

different oxides (PtO and PtO ) or between definite films

of oxide and adsorbed cave. The terminology of oxide
film and adsorbed oxygen has been used somewhat vaguely

on ocecasions= an oxide film is where there is at least

a monolayer of oxygen in whdé¢h the oxygen is bowd

to several metal atoms and the coeordination number is

such that the oxygen mst be surrounded by metal atoms

on all but one side; the term adsorbed oxygen is used

when oxygen is bound to surface metal atoms and the

metal atoms have not entered into bonding with oxygen

in the plane of adsorption.

(2)Chemical methods. Analytical wukios wees shown that
oxides of platinum do exist on anodically polarized

surfaces. The evidence predicts that most of the oxide

is PtO. The disadvantage of this method is that the

electrode has to be removed from the solution for the

subsequent amalysis thus introducing the possibility of

air oxidation. This, however, is unlikely as comparison

with coulometry experiments has shown.

(3) Bllipsometry. ea technique enables the detection
of films and the investigation of their thickness from

a fraction of a monolayer upwerds. The method is

sensitive to I and can be used to examine the



electrode in solution. (This is an advantage over the

usual electron microscopy and infrared spectroscopy

methods of studying catalyst surfaces.) There is a

fundamental disadvantage of the method in that there

are only two measured perameters related to three

unknowns which represent the film thickness, refractive

index and electronic conductivity. Hence the method can

only be used if a second method is available to

provide parallel information on one of the three

unknowns. In this case the estimated film thickness as

a funetion of potential hes been found gov eaalieciag ot
It was found that the oxide was PtO and not PtO , and

that below 0.95 V no film was observed even suas
the coulometric results predicted one. es was
explained as pion above 0.95 V an oxide film is

present, below 0.95 V the film is due to chemisorbed

oxygen atoms or OH radicals and is less than a

monolayer thick and has optical properties similar to

water and hence is not detected by ellipsometry.

Ellipsometry has also shown that the film is an

electronic sonsulalee

Mechanism of the oxygen reduction reaction and the

oxygen evolution reaction.

This is one of the most difficult and

complicated electrode reactions from the point of view

of mechanism investigations. The oxygen evolution reaction

is less subject to these difficulties because it takes

place in a potential region well removed from that in

which the complicated alternate reactions, including that

of change of substrate, occur. It is always desirable
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to study both the anodic and cathodic behaviour of

an electrode reaction since informtion on the mechanism

of one process can be instructive about the mechanism

of the other and vice versa. For example, some

mechanistic criteria, such as stoichiometric number, cannot

be evaluated unless both processes are studied, and

also in the application of the principd&® of microscopic

reversibility. This principle can be extended away from

equilibrium if the evidence suggests ® continuity of

mechanism, at significant overpotentials, compared with

that at the reversible potential.

Because of the complexity of the oxygen reduction

reaction mechanism a considerable amount of tl informtion

about this mechanism has been inferred from the study

of the four electron oxygen evolution process. This is

a justified approach for the oxygen reduction reaction

occurring at potentials higher than about 0.95 V

but around this potential there is a change of substrate

from oxide to bare metal and hence at potentials below

this value the oxygen reduction reaction occurs on a

substrate different from that on which the oxygen

evolution reaction occurred, making comparison between the

two processes invalid. 2 Hence the mechanism of the
oxygen reduction reaction at potentials less than 0.95 V

requires seperate study. j

The oxygem: evolution reaction is not in itself

an easy reaction to study for two main reasons: (I) it

takes place in a potential region which in acid

solution mkes most electrode materials unstable, (2) the

reaction is highly irreversible (low em on nearly all



electrocatalysts hence, owing to competing reactions of

impurities with higher i values, great difficulty in

obtaining reversible gotentiete has been encountered,
thus necessitating stringent electrolyte purification.

There are two chief approaches as to the

mechanism of the oxygen evolution reaction; one involves

a hydrogen peroxide intermediate; the other proposes

that he intermediates sre oxides, hydroxide or

oxyhydrates and that there is mo peroxide intermediate.

The latter mechanism is supported by the fact that

oxides eee) re to form at the potentials of oxygen

evolution end tracer studies have. shown that oxygen

evolved on bt surfaces contained the . heavy isotope.
The peroxide mechanism was inferred from cathodic studies

and such data from steady state, long time cathodic

measurements in which hydrogen peroxide my be produced

cannot have direct implication for the anodic

reaction mechanism owing to the change of substrate.

More’ recent work by Bockris et as shown
that Langmir adsorption is likely and Temkin adsorption

improbable, and that the rate determining step is the

charge transfer reaction from water to form OH mdicals.

The probable mechanism for the oxygen evolution reaction

is +

M+ ene = MOH + EH + e (rate determining step)

24H = MO + M + HO

2

2m — aM + 0

aN 2

Applying the principle of microscopic reversibility the

mechanism of the oxygen reduction reaction on an oxide
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surface can be inferred from the mechanism of the

anodic oxygen evolution reaction. Thus the rate

determining step is the charge transfer from adsorbed

hydroxyl or oxygen radicals to water after initial

chemical reactions of oxygen involving adsorption on

the oxide substrate. There is also a considerable

amount of evidence proposing s mechanism where the

oxygen is first reduced to hydrogen peroxide (2 electron

process) which is itself reduced to weter in another

two electron eR gre ea the standard potential
for the O/HO couple at 25°C is 0.68V,. 10 cis

possible, at A eailieee more negative than this, that
both reactions ie. 0 /H 0, four electron process and

oes > two cineweed sate, occur simultaneously.
This would explain the presence of hydrogen peroxide.

Experiments using a rotating platinum dise electrode

with a pletinum ring have enabled a quantitative

estimtion of the amount of hydrogen peroxide formed

during oxygen reduction to be ee ee This has
shown that in purified sulphuric acid solutions no

hydrogen peroxide is formed at potentials above O.I V

hence above thie potential the oxygen is reduced

directly to water in a four electron process. In

unpurified sulphuric acid solutions the ring current is

appreciable over the entire potential range 0.7 V «0.0 V

showing that oxygen is reduced to both water

end peroxide in parallel reactions and that the

peroxide is not further reduced at the ieee In
purified alkaline solutions eg technique has shown
that oxygen is reduced to water and peroxide in
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parallel reactions and that the peroxide is further

reduced at the disc, thus showing it to be a true

intermediate, Further evidence for the cathodic reaction

on oxide surfaces being the reverse of the anodic

evolution reaction is the intersection of the anodic

and cathodic Tafel lines at the reversible potential,

wes V, : and determinations of proton iene:

number on oxide surfaces is approximately four.

Carbon and platinum are the most commonly used

oxygen electrodes although both suffer from disadvantages

especially when used for oxygen evolution. Carbon

electrodes, although cheap, disintegrate while platinum

electrodes are expensive and form oxide films in common

with all other metals, These electrocatalysts will be

studied since no other materials are easily available

with comparable exchange currents for the oxygen

reduction reaction.

E) GAS EVOLUTION REACTIONS.

As already mentioned electrodes undergoing this

type of reaction are important in a nuuber of

applications, notably: (1) rechargeable air electrodes for

metaleair batteries, (2) electrically regenerative fuel

cells, (3) fuel cells using liquid fuels eg. methanol

and hydrazine, (4) mnufectuee of chlorine and related

processes, (5) preparation of pure hydrogen, (6) as

counter electrodes in the electrolytic extraction of

some metals, and (7) in various electro oxidations and

reductions in organic electrosynthesis. Considering this

wide range of applications suprisingly little work has

been done on this type of electrode eg. little has



been done to improve their efficiency suchas using

porous electrodes. Porous graphite electrodes are used

in preparation of chlorine and in some of the other

applications although they must be frequently replaced.

However they are generally used for their chemical

inertness rather than to supply a higher surface area,

Similarly in methanol and hydrazine fuel cells no work

hag been done on the effect of electrode structure

on the evolution of gases. Most of the work done on

gas evolution electrodes has been of a mechanistic

nature. The oxygen evolution reaction which has already

been described is perhaps the most important, the others

of importance being chlorine and hydrogen and to a

lesser extent, carbon dioxide and nitrogen evolution.

The standard potentiel for the Cl 7c. couple

at 25% is I.36V and as such on might be
expected to take place similtaneously with oxygen

evolution, However, the former reaction is much more

reversible than the latter so that practically, except

at high overpotentials, the amount of oxygen evolved is

very small. Never the less in this potential regbon

it is obvious that the chlorine evolution reaction

occurs on an oxide surface if a platinum electrode is

used and this is a complicating factor as it is in

the study of the oxygen electrode reaction. Nearly all

the work done on the chlorine evolution electrode has

been to elucidate its mechanism and carbon and platinu

have been the chief electrode materials used.

The hydrogen evolution reaction is one of great

industrial osetuae’ ade also one of great importance
in the development of modern electrochemistry. The
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mechanism @f and electrocatalysis of this reaction have

been widely studied and are now both fairly well

understood. Its technological importance is well known

eg. it is a stendard method of preparing pure hydrogen

and also of preparing heavy water since hydrogen is

evolved faster than deuterium. Also this reaction plays

a dominant role in the corrosion of metals in acidic

solutions and since it can occur on a wide range of

metals in acid media it has enabled a detailed study

of the effect of the substrate on the kinetics of

the reaction to be made. The dependence of i, for a

given metal for this reaction, on other factor, is
somewhat insignificant eg. i is not dependent on

concentration or type of janohadeeee and, more important,
was affected neither by pretreatment of the electrode ie.

there are no competing reactions resulting in surface

films as there are in the oxygen and chlorine evolution

reactions, nor by the state of aggregation ie. i for

solid and liquid gallium were the same. These destin
make the hydrogen evolution reaction both a useful

and relatively simple gas evolution reaction to study

from the electrode structure aspect. However as oxygen

evolution is one of the commonest cases of this type

of reaction and is significantly different from hydrogen

evolution in that {it occurs on an oxide film and

oxygen has widely different physical properties to

hydrogen eg. density and diffusion coefficient; it is

also important to study this reaction in porous

materials,
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Chapter 2.

Lxperimental Techniques.

2,1, Materials used in Electrochemical Half-cell Testing.

Electrolyte s.

The two electrolytes used were 5N potassium

hydroxide and 5N sulphurie acid. Both solutions were

prepared from ‘analar' grade chemicals and conductivity

water of resistance greater then 4 MQ.cm. . These

solutions were purified by anodic and cathodic pretreate

ment or durcen two lerge platinum foil plates of area

20 cm at a constant current of 5 mA for IO hours.

Althourh this purification procedure made little

difference to the results on porous electrodes it wae

found to be essential when working with platinum foil

electrodes (see chapter 3).

Gases.

Four gases were used ie. oxygen, air,

hydrogen and nitrogen. The oxygen, nitrogen and hydrogen

we re white spot grade supplied by B.0.C.. The air

supply was obtained directly from the atmosphere without

purification.

Electrocatalysts.

(I) graphite

(2) earbon black

(3) ‘silver on graphite or carbon black

(4) platinised graphite

(5) platinum dlack

(4) platinised tungsten trioxide

(7) cobalt nickel oxide

(8) tungsten carbide

(9) platinum foil
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The sources and/or preparation of these electrocatalysts

is. as follows:

(I) Peete) Petroleum coarse graphite powder (surface

area 5 m/g) was ground under vacuum in a vibratory

ball mill for 8 hours resulting in a fine graphite

powder of B.E.T. surface area 500 tes
(2) Active graphite supplied by ACHE acH Industries which

had a B.E,T. surface area of 510 m/g and 93% of the

surface area wes attributable to pores below 50 ® radius.

(3) Carbon blacks were supplied by the Cabot

Corporation. The samples used are given in the table

below.

Types Sterling MT Vulcan XC 72R

2 2

B.E.T. Surface area 7m/g 220 m/g

Particle Diameter 462 m 15 m

by B.E.T. 7% a

Electrical Resistivity Medium Low << 0.25hem

(4) Silver deposited on graphite or carbon black

supports can be prepared in three ways:

(a) by grinding the coarse support with a» silver

compound, such as silver nitrate, under vacuum in a

vibratory ball mill. This produces a silver deposit

which X ray diffraction shows is very highly Muth e
(b) by impregnation. This consists of evacuating the

support (graphite or carbon blsek), soaking the support

with the impregnating solution (silver nitrate), drying

and finally heating to reduce the silver nitrate to
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silver metal (210°C),

(ce) by freeze drying (see below).

(§) platinised graphite wes prepared by soaking grephite

Bower in a solution of chloroplatinic acid, drying

and finally heating in a stream of hydrogen at 80°C

in a tube furmace to reduce the chloroplatinic acid

to platinum. The sample prepared had a_ platinum

content of, 5% by weight and a surface area of

498 ote:
(6) platinised tungsten trioxide was prepared by

impregnation of a slurry of tungsten trioxide with

chloroplatinie acid solution, followed by freeze drying

and reduction in hydrogen, initially at 50°C ie, below

the melting point of chloroplatinic acid, for one

hour and then at 80°C for two hours,

(%) cobalt nickel oxide begs ga PGs wes prepared by freeze

drying a solution containing cobalt(TI) and nickel(IT)

nitrates. The solid solution formed was decomposed by

heating under vacuum giving the metal oxides which

were heated in air at 400C for five hours. ‘The

resulting oxide hag been shown to possess a spinel

erystal stmucyures The sample used had a surface
area of 40 m/g and an electrical resistance of I0Qem,

(2) Tungsten carbide was supplied by British Ropes Ltd.

and hsd a B.E.T. surface area of \m/g.

(9) platinum foil was supplied by Englehard Ltd.

(10) the platinum black was catalyst grade supplied by

Johnson Matthey Co.Ltd.

Another sample was prepared in the laboratory by

the reduction of hexachloroplatinate with formildehyde in
(169)

alkaline solution,
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2 - - -

Gri + 2HCHO + 60H —> Pt + 2HCOO + ee + 6C1

- 2-

Cened. + HCHO + 60H -5> Pt + ba

The platinum black is assumed to form by an

+ 4HO + 6C1
2

initial nucleation process with subsequent development

of the platinum crystallites by an electrogrowth

mechanism. The surface area of the platinum black

prepared is very sensitive to preparation parameters

such as reactant concentration, order of addition, pH,

temperature and presence of oxygen. These parameters can

be varied to give the desired product.

The common chemicals used in these preparations

were of analar quality, except for chloroplatinic acid,

tungsten trioxide and tungsten carbide which were

laboratory reagent grade.

in general it has been found better to prepare

electrocatalysts, especially supported electrocatalysts, by

the freeze drying technique rather than powder

impregnation. With any impregnation method, during drying

the salt (eg. ae or AgNO) tends to crystallise

from solution producing concentrated areas of salt. This

problem is overcome by freeze dovibay seavtthen in a
much better dispersion of platinum or silver, The

general method of freeze drying can be summrised as

follows: the powder to be impregnated is slurried with

the salt solution eg. chloroplatinic acid of silver

nitrate, and then quickly sprayed into liquid nitrogen

before the suspended powder has time to settle. In this

way the intimate mixture between powder and solution is

frozen in. The ice wes then removed by sublimation

below the triple point for water by evacuating at
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room temperature, so preventing any melting which

would result in the growth of chloroplatinic acid or

silver nitrate crystallites. It is important that an

efficient vacuum pump is used so thet the water

vapour is removed 2s soon as it is formed in order

to keep the ice below the triple point. when all the

ice has sublimed the chloroplatinic acid is reduced to

platinum by warming in a hydrogen atmosphere or silver

nitrate is decomposed by heating to 210°C, The greater

the degree of dispersion of supported electrocatalysts

the easier the surface migration of adsorbed species

and the lower the electrical contact resistance between

the two phases.

2.2. Electrode. Fabrication.

Weighed amounts of the electrocatalyst powder

and an aqueous polytetrafluoroethylene (P.T.F.E.)

Gispersion (I.C.I. grade G.P.1, 60% solids of particle

diameter 0.200.5 micron) were slurried together and

painted onto either platinum gauze (80 mesh, I3 s.weg.)

nickel ‘gauze (I00 mesh) or graphite cloth screens,

(manufactured by Morganite Modmor Ltd. from ecsrbon fibre

resistance I ohn/square). After drying at 70°C for one

hour the electrodes were cured at 300°C for one hour.

This procedure removes the wetting agent present in the

teflon dispersion and causes its partial seintering, thus

increasing the strength and hydrophobic nature of the

electrode. The curing temperature is critical since at

temperatures above 330°C the P.T.F.E. is transformed into

a plassy state, rendering the electrode completely

hydrophobic and consequently inactive. Electrodes containing

carbon were cured under nitrogen since crrbon is slowly
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oxidised at 300°C,

The electrocatalyst loading was calculated from

the weight changes of the screen before and after

fabrication, assuming that the components of the

catalyst - P.T.F.£. slurry were transferred to the screen

in the same proportion as in the original slurry.

Complete transfer of the mix was not possible. The

dispersion of the electrocatalyst powder in the P.T.F.E.

suspension was sometimes improved by using an ultra-

sonic vibrator. esentgcs yee loadings were usually

within the range @e20 mg.cm and the most. satisfactory

P.T.F.E. content has been shown to be 25035% by weight

of the ES RT Sag
‘ The platinum, nickel and graphite cloth screens

act as current collectors and when the electrode is

used for oxygen reduction or hydrogen oxidation they

contribute only a negligible current. However when. the

electrode is used for oxygen or hydrogen evolution

they can contribute a significent current and a

correction is necessary.

2.3. Half cell testing.

(a) Cell design.

The cell design show in Fig. I is a ‘modification

of the floating electrode cell described by bag

The working electrode wes spot welded into a piece of

gold foil wedged at one end. The geometric area of

exposed electrode was measured. The electrode thus

mounted was clamped between a pair of teflon rings on

the central tube of the upper compartment. The referene

electrode system wes housed inside this tube which

terminated in a 'U' shaped luggin capillary which
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reached to just under the working electrode which

floats on the electrolyte surface. In this cell the

electrode compartment is sealed off from the *»tmosphere

outside by the electrolyte and the electrode compartment

ean be fed with eny ges required, either bubbled

through the electrolyte or simply blown through the

chamber, The gas flow rate was controlled by a needle

valve and calibrated ‘gap meter’ (Gallenkamp). The

electrolyte temperature can be varied by the thermo-

stated water bath supplying the jacketed lower cell

assembly,

(bo) The reference electrode system.

The iechner eo Nalt e reference electrode system

(D.H.E.) was used Fig. 2. This consists of two

vertically hag platinised platinum electrodes, each

of eeu 0.5 cm between which a constant current of

2 mA.cm was passed. The lower electrode, connected to

the negative bsttery terminal, evolved hydrogen while

the oxygen evolved from the upper electrode escaped

upwards and did not interfere with the electrode

evolving hydrogen. The potential of the working

electrode is measured against the potential of the

lower reference electrode. The voltage of this reference

electrode, measured against a normal bubbling hydrogen

reference electrode in the eame electrolyte (R.H.5.),

remained constant at 25 mV - 4 mV over a few months

before replatinising became necessary.

(ce) Method for determining steady state potentiostatic

pola risation curves.

(I) The cell was set up as in Fig. 3 and the system

allowed to reach a steady temperature.

(II) The required atmosphere is obtained by padsing



oxygen, nitrogen, hydrogen or air and the open

circuit voltage (0.C.V.) measured with a high impedance

digital voltmeter (D.V.M.) (II megohm). /

(III) The potentiostat was set to the 0O.C.V. and

switched to the cell.

(IV) The potentiostat was then set at the desired

potential and the current measured when it became

steady. This procedure was repeated at different poten-

tials as the polarisation increased and again at the

same potentials as the polarisation was decreased.

(V) The correction for the ohmic overvoltage was made

by the interupter method (see below).

pola risa tion data.

The procedure is the same as for the

potentiostatic method except that the potentiostat is

used to apply a constant potential across a_ standard

resistance thus producing a constant current. A _ suitable

constant current is applied to the cell and the

potential between the working and reference electrode

is measured, when steady, with the D.V.M. . Thige is

repeated at different constant currents and the current-

potential curve plotted. (eco Fig: 3).

(e) The potentiostat.

This was a chemical electronics TR40-3A model

which had the following specifications:

Maximum output current 3.0 A

Current measurement accuracy +1% full seale deflection

Output voltage 40 V

Control voltage span +3 to -3 V (accuracy +0.5 mV)

Control voltage stability + 0.1 mV
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Long term drift Continuslly monitored and corrected

with potentiostat controls.

Rise time (to 90%. of selected voltage) 0.3 microsec,

Response time (to I00% selected voltage) IO microsec,

input current Bi:.6¢ mA
A potentiostat is used to maintain a constant

potential between the test electrode and a given

reference electrode. A potentiostat has an inbuilt

standard voltage adjustable to any value and the ability

to measure the potential between the test and reference

electrodes. The two potentials are electronically

compared and the current flowing in the power circuit

is automatically adjusted by an operational amplifier

so that the electrode potential is maintained at the

same value as the standard. This implies that a current

must flow through the reference electrode but with

moderm instruments this is very small, although it is

necessary to check that the reference electrode is not

polarised,

(f) Origins of errors in steady state half cell testing.

(I) Bleetrocatalyst loading.

Possible errors are the accuracy of weighing,

measurement of electrode geometric area and the assumption

that each component in the catalyst mix is transferred

to the electrode in the same proportions. This last

error can not be estimated and depends mainly on an

efficient dispersion procedure. The maximum error in the

geometric electrode area was £0,2 Lf in ®J ae te. 20%
and the error in the electrocatalyst loading + 5%.
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Another possible error which is difficult to assess

is whether the electrocatalyst - P.T.F.2. mix has been

pasted evenly over the whole current collector surface,

Thdéds depends largely on the skill of the maker and a

rough guide to uniformity was achieved by visual

inspection.

(II) Dispersion of electrocatalyst on support.

This should be quite reproducéhle for samples

prepared by freeze drying but significant. errors are

probable in samples prepared by powder imprepnation,

(III) Current and potential measurements.

The current was measured to + 2% of full seale

deflection and the potential to £0.5% hence the error

in these measurements is very small except at very

low currents and potentials.

(Iv) The correction for ohmic overvoltage.

During the estimtion of the iR drop the main

source of estinetabe error wes imposed by the
inaccuracy of reading the oscilloscope grif. Measurement

limits were to 0,2? cm. iR drops were usually in the

region of 0.05 - 0.2 ohm. Using a current of IO mA,

measured across a 100 ohm standard resistor, and

oscilloscope vertical sensitivities of 200 wie seae and
< Wow for current and voltage measurements respectively

the iR drop was measured to within 0.02 ohm, resulting

in errors of IO - 40%. When measuring the actual

voltage drop of an electrode it is sometimes difficult

to assess the difference between the voltage drop due

to ohmic effects and that due to activation effects

and this can result in errors greater then those

estimated above.
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From the above account it can be seen that the

chief origins of error are the electrocatalyst

preparation, electrode fabrication and the mensurement of

the ohmic overvoltage. Hence the accuracy of -a single

currentevoltage Tone is high, being. limited only by “the

accuracy of the iR correction, while the eee

using either (a) another sample from. the same 6 om

original electrode, (b) a new electrode fabricated from

the same batch of electrocatalyst, or (c) a new

electrode fabricated from a different batch of electroe

catalyst is mech poorer, especially for (b) and (c).

The scatter of the results shows that the reproducibility

is ustally better than +1I5% for a given electrocatalyst

batch, Different batches pose a much greater problem in

that the B.=.T. surface areas of different batches of

the same material often vary substantially.

264, The correction for ohmic overvoltage.
An ohmic overvoltage exists wherever there is a

resistance to current flow, é€g. connecting wires,

resistance of working and counter electrodes, and the

electrolyte resistance. The resistance of connecting wires

end the counter electrode are very low and this usually

applies to the working electrode also. Hence the min

source of ohmic overvoltage is the electrolyte resistance

which, in these experiments, was also quite low #.

(5N sulphuric acid and 5N potassium hydroxide). The

electrolyte resistance is. minimised by using a luggin
capillary, the tip of which is located close to the

working electrode surface. The resistance between the

luggin and the working electrode can be determined in

three. ways:
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— (a) from the luggin - electrode geometry it is Coenen

to ecaleulate the iR drop from the relationship

/) a 8b

aa
K

where i. =. current

K = specific conductivity of the electrolyte

L> = 1.67.4

where d is the external diameter of the luggin capillary

tip placed at a distance of 24 from the working

electrode surface. This. method is likely to be

unreliable at high currents when the electrolyte

resistance will vary over the luggin - cspillary gap.

A similar method is to measure the. electrode

potential as a function of luggin gep and then

extrapolate the results to. give the potential at zero

a nee as high currents the potentiel- gap relationship
is not linear, thus mking extrapolation difficult. Both

these methods depend on the accurate determination of

the luggin tipeworking electrode gap, and while this is

simple for a plansr electrode it is virtually

impossible for a porous electrode whose surface is rough

end #11 defined,

=(b) by using an A.C. conductivity Withee connecting
the working electrode to ome arm and completing the

circuit by placing a probe at the luggin tip.

~(ec) by the -interupter suthie’ — ohats a steady D.C.
polarising current is. interupted at mains frequency

(50 Hz) by means of a fest acting, mercury ‘wetted relay

producing a train of square current weves through the

cell. The components of the total overpotential can be
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estimated asa result of their different time dependence

of decay or growth. Thus ohmic polarisation is

instantaneous while activation and mass transfer

polarisation require finite times to grow or decay.

Hence when the potential between the working and

reference electrodes is displayed on an oscilloscope

end the voltage - time curve traced, this will

differentiate between the three component overpotentials.

(See Fig. 4). From the current flowing and the vertical

portion of the voltage - time trace, the working

electrode e luggin gap resistance can be calculated from

Ohm's law and then used to correct the electrode

potential. The circuit diagram for this method is shown

in Fig. 4. The ohmic drop depends on the electrode

reaction and when measuring the ohmic drpp it is

important to ensure that the electrode is undergoing

the same electrode reaction as that for which the

correction is to be used eg. gas evolution reactions

often resulg in a higher ohmic drop due to partial

insulation by gas bubbles. If the electroentalyst has

a high resistivity it is possible that only a fraction

of the electrocatalyst resistance will be included in

the interupter determination.

In this work the electrolytes. were highly

conducting and the luggin + working electrode distance

wes short (~0.2 em) resulting in ohmic resistances

from 0,05 to 0.30 ohm.

2.5. The correction for mass transfer overvoltage.

Two methods have been used for plenar electrodes:

(I) The rotating dise electrode.

By rotating the electrode horizontally under
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carefully. controlled hydrodynamic conditions the limiting

current for a process under mass transfer control is

(175)
given by

0.5 2/3 /-1/6i sow [o.sanF eo ee |

where i = limiting current

L

Ww = angular velocity of electrode

number of electrons involved in the

electrode process

3 a

= the Faraday

= bulk concentration of reactant

= diffusion coefficient of reactant speciesay nee° = kinematie viseosity of the electrolyte

Thus for a process operating under mss transfer

control the plot of i v W is a straipht line.

Current limitations webistae from other. sources of
polarisation will be independent of rotation speed.

Hence by increasing the rotation speed at a fixed

potential it is possible to eliminate mss transfer

which is indicated. when the limiting current is no

longer dependent on rotation speed. At very low and

high rotation speeds modifications of the above equation

are ua eee The rotation speed can only be
increased to a certain level dependent on the cell

design before turbulence sets in. Hence very fast

reactions are difficult to treat by this method and in

order to eliminate the mss transfer component of the

overpotential it is necessary to extrapolate the linear

plot of 1/4 v VW to I/JW =O when the rotation speed

is ceeshetes It is not possible to study porous teflon
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bonded electrodes by this technique.

(II) The potentiostatic and galvenostatic pulse techniques.

Consider an electrode, immersed and equilibrated

in an electrolyte solution containing a reactant at

concentration, eA « At the instent of applying a

current or overpotential to this electrode the 1%)

relationshép will be governed solely by the charge

transfer reaction (neglecting ohmic and double layer

charging effects). Mess transfer effects will be

negligible at this instant, but will become more

significant as the reaction | time increases. After an

infinite time the steady state condition will be

attained.

In principle the transient behaviour of an

electrode, either at constant current or overpotential

under mass transfer free conditions prevailing at zero

time, can be measured using an oscilloscope. However,

it fs not possible to teke measurements at exactly

zero time due to double layer charging effects. The

electrode behaves as a condenser and at the instant

of applying the potential or current a very small, but

finite, time is required to charge the electrode. This

time depends on the capacity of the electrode double

layer and consequently, on the electrode surface area,

and can be eas long as several micro seconds, Hence at

the instant of polarisation and over the first few

micro seconds the current is at least partly none

faradaic. During this short time some mss transfer

polarisation occurs, especially with very fast electrode

reactions and hence it is desirable to keep the

electrode area low to minimise the double layer

x
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eharging time.

Two procedures may be used to interpret

electrode transients:

(I) Measurements are taken at the shortest time interval

at which double layer charging is complete and a

certain amount of mass transfer polarisation accepted.

The double layer charging time can be measured from

the electrode transient in the absence of any reacting

species,

(II) A more accurate measurement can be obtained from

the mthematicsl relationship for the transient. It can

be shown that, for a stationary electrode, at constant

overpotential, whereby the reactant arrives solely by

diffusion from the bulk electrolyte, which extends to

infinity in a perpendicular direction to the electrode

surface ie. semi-infinite linear diffusion, the current

transient is given by:

ios 1 exp ~ «nF Y) it tote fe (ete (4)

RT RT

The first two terms are identical to the equation for

a reaction controlled solely by electron transfer and

are independent of time. The last two terms correct the

equation for mass transfer where

» ig frst). wo geta)
eee Ceo

°
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where i = exchange current density

s = transfer coefficient
ey and oe are the bulk concentrations of reactant and
casas acest
D and D are the diffusion coefficients of the

Risse: aus product respectively.
At t= 0, agra iercoOae is unity ie. mss transfer
effects are absent. As t—>0o, Geeekiey osteo) °
ie, mass transfer effects become more dominant as the

time increases. For short time intervals when On yet
the term bitedve can be expanded to

pag ( se
ro'5

0.5
Hence a plot of iv. t at short times is linear.

If this plot is extrapolated to Fe OQ then the i
intercept is the current at zero time ie. in the

absence of mass transfer effects. Since the term on?)
Gepends on i it follows that for very fast reactions

is tele? feteiens.: ok ead Cher )< I my ve too
short to make reliable measurements.

A similar Y) - ee relationship can be derived when a
constent current pulse is applied and the overpotential-

time transient recorded.

The above relationships are derived under the

simplest possible diffusion conditions viz. semi infinite

linear diffusion. This type of diffusion is obtained

with planar electrodes but with more complicated

electrode structure the derivatives become increasingly

complex and it is unlikely that an analytical

relationship can be derived for highly complex porous
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electrodes. Also the equations do not apply when other

forms of mass transfer are possible and measurements

should be confined to short time intervals to

minimise mass transport by convection or vibrations.

Apart from the application of potential og

current pulse§ methods are available in an alternating

component of overpotential superimposed on the steady

State condition.. By postulating an equivalent ctrouit

for the electrode reaction and measuring impedance and

phase shifts between i and » kinetic data can be

obtained for the OR These methods are very

useful but. the analysis of data becomes increasingly

involved as the complexity of the. reaction increases.

Mass transfer through porous media is more

complex than mass transfer to a planar electrode and

therefore is unlikely to obey the laws of semi infinite

linear diffusion. Hence the mathematical treatment

cannot be used unless the iet or Y)- t relationships

can be empirically established. However it is sometimes

essential to use porous electrodes in applied studies

and in these cases the less precise method of

eliminating mass transfer overpotential must be used.

The experimental procedure for measuring electrode

transients is as follows:

The electrode is mounted in the floating

electrode half cell containing the appropriate electro-

lyte. In the case of teflon bonded porous electrodes

the electrode wes electrochemically floodedin order to

ensure that all the electrocatalyst area was being

used. The electrode was then left to equilibrate in

the chosen atmosphere until the 0.C.V. was steady.
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The potentiostat was set to this value end switched

to the cell and a single potential jump applied to

the electrode by means of a pulse generator (Chemical

Electronics, RBI). The change in cell current with time

was measured across a suitable known resistence in

series with the cell and displayed on an_ oscilloscope.

This trace was photographed using a 35 eee cu
the pulse generator, oscilloscope and camera being

suitably synchronised, This procedure was repeated for

varying values of potentisl jump. A schematic circuit

diagram of the system is shown in Fig. 5,

The possible errors are:

(a) potential measured with a digitel voltmeter and

accurate to tI mV in IV ie, O.I¢.

(>) potential measured across a standard resistance in

the counter electrode circuit using an oscilloscope.

+0.4 cm in 4 cm

(c) an error which is less erasilg estimated is

encountered when it is required to measure the current

at very short times when the possibility exists that

non faradaic currents are present. This problem is

only likely to be significant for high surface area

porous electrodes since for planar electrodes the non

faradaic double layer charging current is known to

decay to zero very quickly.

te CR

ce D
where t = time constant

= double layer capacity

= electrolyte resistance between luggin tip
and working electrode

© 4s low for a planar electrode end since R is low
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+
On this basis, for the porous electrodes used in the

present study, the time constant should be ~w~ OOpsec ,

assuming complete electrocatalyst ubilisokion. The response

time of the potentiostat is 10 sec so it follows

that even for planar electrodes accurate measurements

cannot be made at times less than I0\sec.

Statically in a potential eee no faradaic

processes occur eg. 0.50 VE in 5N sulphuric acid

electrolyte for the platinum electrodes and 5N potassium

hydroxide for the graphite electrode which had been

pre-electrolysed and well purged with nitrogen. Anodic

and cathodic pulses were then applied using the pulse

generator (+50 - 100 mV) and the response recorded on

the oscilloscope. Tests were repeated for verying

electrode surface areas. Typical traces are shown in

Figs. I\ for platinum foil, platinum black and

graphite electrodes, The general shape is shown below.

currant

fe
Stew)

The sharp spike on the trace is due to the charging

time

of the double layer and the double layer charging time

t can be measured as shown. The minimum of the trace

and the continuation of the trace to longer times can
be explained in three ways:

(1) An oscillatory effect in the potentiostat - pulse

generator - cell circuit. (Chemical Electronics Ltd. report

that this is a definite possibility.)
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(2) Im a porous electrode most of the surface is

charged during t but some of the surface in the

pores which is ont easily accessible requires a
considerably longer time before it is fully charged,

(3) It could be due to a presen ert

Although there is some evidence that

inaccessible pores teke longer to charge than readily

accessible surface this explanation seems improbable in

this case since curves of similar shape were

observed for platinum foil electrodes of roughness

factor 1.6.

In any event the readings taken after t are

reasonably free from non faredaic effects dbeiethtne
they are greater than I0% of the double layer

charging peak current, since the height of the smaller

maximum was found to be ~ I0% of the peak charging

current, at times within the initial 2 msec,

The effect of varying the applied pulse

amplitude from 50 to I00 mV had the effect of doubling

the height of the double layer charging peak and the

remainder of the trace without effecting t.

The effect of varying the saastiode® surface area
had no effect on t which is to be expected for

planar electrodes oiaee t in this case is probably
due to the response es of the electric circuit.
However, varying the surface area of porous electrodes

suprisingly has no effect on t eg. doubling the

surface area has the effect “ doubling the charging
peak height but leaving t unchanged. The area of the

curve from t=©C to t= t is the double IJnyer charge
e

and can be approximted as 0.5 it where

pe
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i = peak charging current. Since the double layer

ceoansey is proportional to the surface area of the
electrode it follows that doubling the surface area

should result in a doubling of the double layer

charge as observed. This doubling is achieved by.

increasing i,t Yvemining constant.

nce. it appears that this is a reasonable

method of determining the time to charge the double

layer of a porous electrode and that within the

limitations mentioned, currents measured at longer times

can be said to be virtually free from non faradaic

effects, The results of double layer charging experiments

are shown in Pig. 12.

Fig. Neds:

Electrode t + L (mA) Surface .Pulse
e Pp 2 amplitude

area cm

platinum foil 25h8> She 60 342 +50 mV

I20 3.2 +100 mv

120 6.4 +50 mv

180 9.6 +50 mW

platinum black 00st 2048 925 Iunit +100 w

460 Tunit +50 mw

900 2 units +50 ov

1380 3 units +50 nv

graphite — I ms *0.2 ms 160. Iunit +50 mv

320 ITunit +100 w
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Note: (I) area of platinum foil corrected for surface

roughness,

(2) I unit of yetrncs area for platinum black

electrode = 0,5 cm geometric area of s teflon

bonded electrode of loading 5.2 mg/cm and B.E.f

surface area of platinum black = %.\ wlg

(3) I unit of surface area of graphite electrode

= 1.0 os of a teflon bonded graphite

electrode of loading 3.0 aa but of unknown
B.E.T. surface area,

In the double pulse Sea problem of
double layer charging at short times is overcome by

applying two constant current pulses. The first is as

short as possible eg, ps and adjusted in magnitude so

es to just charge the double layer. The second pulse

is of much smaller magnitude snd longer duration. The

overvoltage resulting from the second pulse is

measured directly with an oscilloscope.

The problem of double layer charging is most

acute for very fast electrode reactions when diffusion

effects are well established before the double layer

is fully charged. In a potentiostetie cirevit the

most serious problem is the ohmic resistance between

the electrode and the luggin capillary, which impedes

the setting up of potentiostatic conditions. In addition,

the internal resistance of the circuit results in a

longer time constant before potentiostatic conditions are

set up. As potentiostatie circuits involve feedback, there

is a stability problem which limits the response time

of the circuit to values greatér than 3 paces wien
galvanostatic circuits it is predominantly the double
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layer charging which impedes the establishment of

galvanostatic conditions. The charging time of the

double lseyer condenser is relatively long because the

charging current is limited by the constant ‘current

applied to the asaystem.

The effect of double layer charging can be

conveniently summarised by Fig. 10.

Fig.I0.

r

curccent

time >

A e charging current

Be total current ie. charging and faradaic currents

C © faradaic current

For fest electrode reactions such as hydrogen

evolution or oxidation there is likely to be a

significant error in measuring the current free from

mss transfer overvoltage since in the time taken to

charge the double layer or for the potentiostat response

to settle the mass transfer overvoltage reaches a

finite value. Hence the current cen be measured

immediately after double layer charging is complete or

the faradaie current at zero time can be estimted

0.5 0.5
from an extrapolation of an iet plot to t =0,
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A comparison of these two methods for the hydrogen

evolution reaction on platinum foil and teflon bonded

Platinum black shows that the error involved in

measuring the current follo wing completion of double

layer charging rather than extmpolating an i - oe
curve was about 25% for platinum foil and 20% for

teflon bonded platinum black. (F5.8)

2.6. Linear Sweep Voltammetry.

A useful technique for studying electrode

processes is the application of a linearly changing

voltage function to a stationary working electrode. The

resultant current - potential plot or voltammogram consists

of a pattern of current mxim along the potential

axis, whose heights and positions are characteristics of

the electrode process. The occurrence of maxim for any

given electrode process is a mass transfer effect

end is predicted from we considerations of

simplified diffusion conditions eg. linear diffusion.

The exact profile of the voltammogram is affected by

parameters such as temperature, electrolyte composition,

voltage scan ate eas the number of voltage cycles.
Linear weseb) voltammetry has many applications in

electrochemistry. In the study of electrochemical

reaction mechanisms it can be used to measure kinetic

parameters such as = and of, using single sweeps on

plane electrodes, and to determine the reversibility

by comparing cathodic and enodic sweeps.

By selecting s sufficiently slow sweep rate the steady

State polarisation curve may be automatically plotted.

In this work the linear sweep generator (Chemical

Electronics) was used in conjunction with the



aie:

potentiostet and floating half cell, and the results

recorded on an X-Y pen recorder (Bryans Model 21001).

The technique was usually employed to determine current-

voltage curves under reproducible conditions when a

steady state current could not be obtained due to

oxide film formtion or ges bubble formtion. A schemtic

diagram of the system is shown in Fig. 6.

<e7. Measurement of electrocatalyst surface area.

In order to find the intrinsic exchange current

density it is necessary to know the surface area of

the electrocatalyst in the electrode. ;

There are two min approaches to determining

the electrocatalyst surface area:

(I) The total surface area which can he determined by

tests on the electrocatalyst alone, such as gas

adsorption, electron microscopy of X my diffraction.

(II) The electrochemicel surface area ie, the electroe

catalyst area that is available for reaction, excluding

areas not in electrolyte contact, areas which are inert,

or ohmically insulated due to high resistivity in the

catalyst layer which is determined by tests on the

electrode itself, such as hydrogen or oxygen stripping.

When the total surfece area equals the electro-

chemical surface area the electrocatalyst is being used

at maximum efficiency and the current density will be

essentielly uniform. The electrocatalyst utilisation

factor, U, is defined as

U = Electrochemical surface area
x. 100

Total surface area
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In the present investigations the total surface

area was determined by the gas adsorption technique.

The physical adsorption of many gases on solid

surfaces at temperatures close to the gas boiling point

follows an 'St shaped isotherm. This shape is a result

of multimolecular layer formtion 28 opposed to mono-

layer formation observed for chemisorbed gases eg.
(130) (181)

Langmuir adsorption. Bregmer, Emmett and Teller

have derived an equation for this isotherm by considering

the adsorption process as a condensation of gss onto

the solid surface and then applying a modified

langmiir treatment. The relationship is

x = I es Cie Fe
L=-x qac qc

m n

where x = the relative pressure ie. P/P where

°

P = actual pressure

P = saturated vapour pressure of the liquid
0 adsorba te

qQ = quantity of gas adsorbed at a given value

of x

= the monolayer capacity
nm

= a constant involving the heats of adsorption

of successive adsorbed layers

From the above equation a plot of x ve x gives
q(I = x)

a straight line of slope C-I and an intercept of
qc

n

—i_. The value of q is given by q = x
qc m m Slope + Intercept
m

From a knowledge of q and the cross sectional area
mn

of the adsorbed molecule the powder surface area can be

determined. The B.E.T, equation holds between relative
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pressures of 0.05 and 0.25. Below 0.05 the surface

contains active adsorption centres and is not

homogeneous and above 0,25 the heats of adsorption of

the outer layers vary markedly from the initiel layers

end capillary condensation occurs at x—I. For nitrogen

adsorption at its norml boiling pout (73°K) this

relative pressure renge corresponds to nitrogen partial

pressures of 20 = 200 torr.

The isotherm data can be obtained by two

methods:

(a) the volume of gas adsorbed is measured as a

function of pressure’ with the sample contained in a

vacuum ae?
(b) the weight of adsorbate is determined using. a

aiivthatance, oe
in this study the latter method was applied.

The gravimetric determination of the adsorbed

layer is much more accurate than the volumetric method

which is prone to large "dead space" errors. The error in
the linearity of the B.E.T. plot in this york was
greatest for samples of surface area < 20 m°/g. The

estimted error in B.E.T. plot linearity for the platinum

black samples is «+ 20% and for the high surface area
graphite sample + I0%.

The ‘electrochemical surface area wes measured by

equilibrating the electrode with hydrogen in the cell

shown in Fig. 7 and then passing a constent anodic

current and recording the potential - time response

using an oscilloscope. The potential is approximately

constant until all the hydrogen has been stripped from

the electrode when the potential rises sharply through

a double layer region until some other process can

support the current when a potential arrestment will

occur. The product of the constant anodic current and



\ B. Golvanosktre Hydrogen Stepping | Cell |

pone

$i

GAS

INLET

a



Diageam For Gatanosraric Rising.

PULSE GENERATOR

Forse (Vv)

I————>» CAMERA

Decay (msec) TagGeR 1» SCoPE

PotenriostTaAT

W R ic

—

ResisToR

(loo 2)

WV woewina | T°", | counreg

STANDARD

RESISTOR

(to)

Ue al

Dw.z.

ReeERENce

Score



83

the time taken to strip the hydrogen completely gives

_the quantity of electricity involved. From this it is

possible to determine the amount of surface hydrogen

from Faraday's law and with a knowledge of the

electrocatalyst active site area ie. 8.9 . CePA is i,
then possible to determine the electrochemical

surface area, assuming the platinum : hydrogen ratio is

ceers

During this stripping process, hydrogen is

prevented from diffusing from the bulk electrolyte to

the electrode by purging with nitrogen prior to

stripping, and by choosing anodic currents that result

in short stripping times. The apparatus. used for this

process is shown in Fig./S and is especially designed

to ensure rapid equilibration of the ges.

The possible errors are:

(a) in the oscilloscope time reading. From the start

of the constant current pulse to the time when all

the adsorbed hydrogen has been oxidised is not sharply

defined and the resulting mximum error is +025 cm in

5 om fe. I0% This results in «a I0# error in the

charge measurement.

(>) the error in» the constant current is quite smill

ef. 40.2 m in IO mA or 2%,

(ec) errors. which tive difficult to assess are, whether
the bulk electrolyte ta free from dissolved _ hydrogen

when the constant current pulse is “applied, whether the

nitrogen purging ‘has any effect on the adsorbed hydrogen,

whebher electrochemical flooding produces electrolyte

contact with all the electrode surface.

An alternative method of determining the
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electrochemical surface area is by recording a fast

linear sweep and measuring the area under the hydrogen

oxidation peak. The disadvantage of th@€se methods is

that Fey can only be used for materials which are

efficient hydrogen oxidation electrocatelysts.

A typical potential - time response curve to the

step gelvanostatic input in a teflon bonded platinum

black electrode is shom in Fig. € .

2.3. Determination of the Roughness Factor of Planar

Electrodes.

This cen be determined by double lnyer capacity

measurements since the double layer capacity is

Girectly proportional to the surface area. In the

absence of faradaic currents the double layer capacity

is given by

ae CES

ce D dt

where i = double layer charging current density

c. = double layer capacity
z = potential
t = time

If a triangular wave of small peak to peak

amplitude (<I0O0 mV) is applied to a working electrode

whieh behaves as a pure condenser ie. without faradaic

current or ohmic resistance, the current response is in

the form of a square wave. The peak to peak amplitude

of the square wave represents the current required for

charging and discharging the double layer, This method

is conveniently applied by superimposing a triangular

wave on a potentiostatically controlled voltage, selected

to avoid faradaic currents. This was. achieved using the~

potentiostat and pulse generator previously mentioned
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and the resulting square wave was displayed on an

oscilloscope. From the double layer capacity of the

electrode it is possible to- estimate the surface

roughness factor of the electrode, yneguaing the smooth

Surface has a capacity of 17 pF cm » based on ‘the tae)

eapacity measurements on smooth liquid mercury surfaces.

te.wwiC = roughness factor

Wr
kp This eine) was a wider application than

galvanostatie hydrogen stripping in that it can be used

for any conducting surface subject to the following

limitations:

(a) the double layer capacity is sensitive to impurities.

(b) a potential region in which no faradaic processes

occur must be chosen.

(e) the ohmic resistance, r , which in any real system

always exists in series with the capacitance, is small

so that the time constant 1 is small. The high

values of @ in porous alsarenies limits the application
of this ioantecins to fairly low surface area electrodes.

In. this investigation, a triangular wave of

amplitude 50 mV and a scan rate of 2 «4 V/see were

used, giving a triangular wave which was supe rimposed

on a D.C. voltage of 500 mV. The cell was purged with

nitrogen before taking measurements to ensure the absence

of faradaic processes. The method was used to determine

the roughness factor of a platinum foil electrode, The

The values obtained were in the range-I.5- 1.9.

(See Fig, Il-).

The main error in this determination is in. the

Getermination of i using the oscilloscope.
e



If the response curve is a close approximtion to a

square wave then the mximm error is +0.4 em. in 6 em

or JF.

2.9. Comparison of volume of oxygen produced during the

passage of anodic currents and the enodic charge

passed,

A gas burette is used to measure the volume of

gas formed and the gas produced at the reference

electrode and counter electrode escapes into the

atmosphere because there is an effective gas lock

between the working electrode compartment and the

reference and counter electrode compartments, The charge

passed was Getermined by plotting a current - time curve

and measuring the area enclosed by it. in the case of

a potentiostatic study or simply from the product of

time’ and current in the case of a galvanostatic study.

Unfortunately the gas burette was not sufficiently

sensitive to measure smll volumes or rapid changes

in volume. This could be achieved by replacing the

gas burette with some thin glass tubing which could be

ealibrated.

2,10, Determination of the particle size distribution

of an electrocatalyst using a Coulter tunic”
In this method the powder to be measured is

diapemed in a solvent contained in the outer

compartment of the apparatus shown in Fig. 9. The inner

compartment is connected to the outer by means of a

small orifice of known dimensions. The dispersed powder

is pumped through the orifice and by monitoring the

change in current flowing between the two electrodes on
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either side, the powder may be classified according to

particle size,

The change in resistance as the particle passes

through the orifice is given by

Re ee ; Per
‘oar

Ge 1=(P/ p) A

where fe = electrolyte resistivity

Pp = effective particle resistivity

Vv = particle volume

A = orifice area norml to axis

A = projected area of particle as it is

orientated when passing through orifice,

(projected parallel to orifice axis).

For a given sample and electrolyte all factors on the

right hand side of this equation are constant with only

Vi and A changing with particle size. If the particle

diameter ad below 30% of the orifice diameter A/A can
be neglected. /%7, is independent of the sgl

electrolyte - solid suspension tested for a given

particle size and a reasonably conducting electrolyte.

Hence AR < V irrespective of the material of the

particle. In general this holds for porous particles,

the response referring to an envelope volume of the

particle.

if n is the number of pulse (ie, particles)

recorded above a given threshold sensitivity (ie.

possessing a minimum particle diameter) and assuming the

particles are spherical and of density, 8, then

vnet. outer surface of particles = >a n

net mass of particle = VTA Sa

lo



where dG = diameter of particle

Hence the mean aggregate specifie surface area, 3S
av

r

Sh PEN: POG

3

SSdn

end the mean particle diameter, d
av

hee
S Sov.

The lower limit of particle size measurement by

this technique is 0.2 micron. This method was used to

determine the particle diameter of gohnson Matthey

platinum black, which was shown to be less than

0.2 micron (ie. aggregate size is less than 0.2 micron).

Hence this technique is. only suitable for course

electrocatalyst.

2.i1, Determination of the electrical conductivity of a

powdered electrocatalysts.

The powder was packed and pressed into a gleas

tube of known dimensions with two conducting metal

probes. The resistance between the probes was measured

(167)
with an Avo meter.
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Chapter 3

The Effect of Gas Evolution on the Electrode Structure

and Surface State of Carbon and Platinum Electrodes.

3,1.1. Introduction.

3.1.%. The effect of oxygen evolution on the oxygen

reduction performance of carbon based electrodes.

Graphite or carbon is a material widely used

for electrodes as it is quite a good electrical

conductor, is cheap, and is generally chemically

inert. However, it is known to corrode under certain

conditions, notably in its most common application,

the anodic electrolytic production of chlorine and

chlorates. It has been shown that a graphite anode

evolving chlorine from a chloride solution is slowly

(IOI, 102)

oxidised to CO and CO thus causing a change

in the characteristics ae the electrode comprising a
change in nature of the graphite surface and an

increase in surface area. Various explanations have

been given for this corrosion:

(I) the chemical action of active oxygen formed at

the anode during jhstaetie te the action of
oxygen containing oxidising agents such as hypochlorous

acid. gue a result the individual graphite grains
become separated from one another and crumble away

leading to mechanicel destruction of the anode.

(2) the degree of graphitization of the carbon eg.

artificial grephite electrodes are more wear resistant

than charcoal euasttles
(3) the destruction rate is imereased by increase in

temperature, decrease in electrolyte concentration,
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increase in pH, and is more severe in chlorate

(104,108)
production than in chlorine production, possibly

due to a higher hypochlorous acid esttentati cc
This destruction is not limited to the outer

layer of the electrode but may permeate deeply into

it causing internal losses (up to 40% of the total

Lose) | tht is suprising since the current density
falls rapidly with distance from the surface (pore

entrance) and should be low in the interior of the

electrode. Investigations into the causes of this

internal wear have suggested that it is due to

chemical attack by hypochlorous side aes recent
work. on this phenomenom suggests that the destruction

is due to unstable graphite surface oxides, formed on

oxygen evolution in alkaline or neutral solutions,

decomposing to give CO ev Gos not to hypochlorous
acid which has been satis to be soeedh.ce con acid
solutions no oxygen is evolved and the wear is only

idee aioe cats wear is greater in chlorate baths
than in chlorine baths, since the sodium chloride

concentration is lower in the former case both at

the electrode exterior and interior resulting in an

(104)
increase im oxygen evolution. The presence of

chromate ions in chlorate cent) has been shown to
To

increase the electrode wear. Studies of chlorine

evolution in saturated brine show that in electrodes

made of graphite powder and pitch binder, the latter

is the more severely corroded causing graphite Cae
In aqueous chloride solutions, anodic polarisation’ can

cause both oxygen and chlorine evolution. At high



overpotentials mainly chlorine is evolved, at lower

overpotentials near the cayer reversible couple

potential, more oxygen is evolved. In porous electrodes

the potential at the surface is much greater than

the potential in the interior, hence chlorine is

evolved on the surface and oxygen in the interior

ie. oxygen causes electrode damage and an increase

in surface area which accentuates the Re oe
No work appears to have been published on

related phenomena for the oxygen evolution reaction

on graphite electrodes in alkaline solutions. Oxygen

evolution in acid solutions causes degradation due to

the formation of graphite intercalation cence
Internal wear is an important feature of the

behaviour of graphite anodes as it causes an increase

in their specific electrical resistance resulting in

an increase in consumption of graphite and electrical

energy.

_Ifthe graphite surface oxide mechanism is

correct then degradation of graphite electrodes would

be expected to occur on oxygen evolution from aqueous

solutions containing no chloride ions. If corrosion of

the chlorine electrode is due chiefly to chemical

attack by hypochlorous acid then the oxygen evolution

electrode should not be significantly degraded.

Statements that graphite is attacked by nascent oxygen

during oxygen evolution do exist in the isiamene e
but no experimental data is given.

In this investigation potassium hydroxide

solutions are used since this electrolyte is widely

used in metal-air batteries and in some fuel cells,
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and also because graphite is chemically unstable in

strongly .acid solutions. For fuel cell and metal-air

battery applications it is necessary for the electrode

to be very thin (2mm), whereas in electrolysis

cells graphite electrodes of substantial thickness are

used (~I5em). Hence structural damage to such a thin

electrode would be far more serious in that the

electrode life would be very short. In the thick

electrodes only the surface region (~ 5mm) is being

effectively used at any time and as this region is

destroyed fresh electrode is exposed; hence by using

sufficiently thick electrodes a substantial life can

be obtained. This, however, does not solve the problem

for fuel cells and batteries where the weight and

volume of the cell are of major importance, and

where it is necessary to use closely spaced

electrodes to reduce the cell iR drop. It is also

heal ak platinum is the only metal which
ean survive alternating use es an anode for oxygen

evolution and a cathode for oxygen reduction. The

silveregraphite electrodes which are used as cathodes

in modern fuel cells are oxidised to carbon dioxide

and silver oxide which dissolves in the electrolyte,

when used as anodes. Hence an alternative solution

must be found. It is possible to design a cell

with three electrodes, one reversible hydrogen

electrode and two oxygen electrodes (one for dissolution

and one for evolution.) One of the edvantages of

such a_ rechargeable 7 cell is that the hydrogen

and oxygen formed during recharging can be used
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(I09)
in the discharge stage. This process has been used

before in the form of a regenerative fuel cell which

uses two seperate cells to effect the recharge, This,

however, was not developed on a commercial basis

since the efficiency of the electrolysis cycle was
(110, TIT)

less than 50%, The three electrode cell

provides a definite improvement on the two eleckcode

regenerative cell, but even so, systems which

necessitate gas storage are by nature bulky, hence

limiting these cells to non mobile applications. In

(TIA)
these three electrode storage cells the oxygen

evolution electrode is chosen to have a low over-

potential eg. nickel, and a high resistance to

corrosion in the porous state. The overall efficiency

of such a system is comparable with that of a hydro-

electric storage plant, lead-acid and alkaline storage

Meese “Atthcags this type of gas storage cell
is not suitable for mobile applications, since it

would introduce prohibitive increases in weight and

volume, it is very suiteble for stationary plants since

its storage capacity can be increased stepwise by

adding more hydrogen and oxygen containers, For mobile

applications it would be desirable if a system, not

involving gas storage, could be developed. The metal-air

cells fulfill this objective but at present problems

exist at both electrodes during recharging. As three

electrode cells are unsuitable and electrode and

electrolyte replacement Gaines <0 aso weeiieab air
electrodes mst be sought.

3.1.2. Experimental.

Potentiostatic, steady state, oxygen reduction
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current-voltage curves were plotted before and after

galvanostatic, anodic» oxygen evolution treatment at

various currents, for various times, at S236, in 5N

potassium hydroxide, using an air atmosphere. The

electrode used was a silvere graphite (Acheson) teflon

bonded electrode.

3.4.3 Results and Discussion.

It was observed that the current increased

slowly with time when the electrode was first placed

in the electrolyte, however a steady value was reached

after about two hours if the electrode was held at

about 850 mV.This suggests that the electrolyte

permeates the pores slowly, taking some time to

achieve a stable interface, probably because graphite

has a hydrophobic surface. It is necessary to study

this ageing effect in order to interpret the results

correctly.

Grephs I and 2 show the effect of galvano-

static, anodic pretreatment, at current densities up

to 40 aa on the oxygen reduction polarisation

curve. Electrode damage occured at anodic current

densities greater than 13mA.om_ - Graph 2 shows the

effect of potentiostatically holding the electrode at

a potential slightly anodic to the reversible oxygen

electrode potential for a long time, on the oxygen

reduction polarisation curve. In this test only very

small currents passed and electrode damge was not

visible. The oxygen reduction polerisation curves have

been corrected for the smll iR drop between the

working electrode and the Luggin capillary using the
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Graph 2.

Oxygen reduction performance of a teflon bonded silver graphite electrode before and after anodic
pretreatment in which no oxygen was evolved,
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interupter technique. As the iR correction is small,

it will be used in the following text only where

it is essential to the comprehension of the results.

These experiments show that the oxygen reduction

performance is reduced aube epee by anodic current

densities as low as 7.5 mA.cm applied for thirty

minutes. The reduction in performance is 40% at 800 mV,

61% at 900 mV, and 35% at 700 mV. For subsequent

periods of anodic pretreatment, the oxygen reduction

current continued to fall eg. anodic pretreatment of

I5 Som 4 for thirty minutes caused the oxygen
reduction current to fall by a further 40%. At the

end of the galvanostatic anodic pretreatments the oxygen

reduction current was only 8% of its original vahe at

800 mV. Visible electrode degradation was observed

Guring this sequence, in the form of electrocatalyst

falling off the current collector to the bottom of

the cell.

Potentiostatic, anodic pretreatment at I.40 V for
-2

19.5 boune at currents in the range 2 mA.cm to

0.05 mA Jen resulted in a fall of 94% in the oxygen

reduction current at 900 mV although there was no

visible damage. These experiments show that the greater

the anodic current the greater the visible electrode

degradation and that below a certain anodic current no

visible damage occurs, although the oxygen reduction

performance is reduced. These results show that oxygen

evolution causes electrode degradation which severely

reduces. the oxygen reduction performance of the electrode,

The reasons for this are not definitely known at present.
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For instance, it might be caused by oxidation of the

graphite to carbon dioxide, or by the formation of

solid graphitic oxides, or by mechanical rupture due

to high oxygen pressures in the graphite pores. The

fact that the oxygen reduction performance falls when

no visible damage is observed does not rule out any

of these possibilities, since even at low current

densities mechanical pore rupture could be occuring

within the electrode, resulting in disruption of the

eritical teflon bonded electrode structure, without

visible signs of damge. The fact that the oxygen

reduction performance after anodic pretreatment, recovered

partially on the passage of high cathodic currents,

(I00 Mem and that the anodic current at a given
potential fell rapidly with time (see Table 3) suggests

the possibility of some form of graphite oxidation.

The drastic fall in oxygen reduction performance,

after potentiostatic treatment at I.40 V for 19.5 hours,

was not caused by the electrode flooding. This was

shown by running a blank, without the anodic

pretreatment, but left in contact with the electrolyte

for 24 hours.

Brief tests on solid graphite plate electrodes

show that these are also degraded by oxygen evolution,

although not so rapidly, presumably because of their

relatively low porosity.

3.2 Possible reasons for electrode degradation.

3.2.1 Introduction.

These ares

(I) oxidation of graphite to CO and CO
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Table 3.

currents from a teflon bonded

silveregraphite electrode held at constant potentials,

I35V

. mus .

mA .cm t

To. 2 secs

705 30 secs

52 I min

343 2

265 3

med, 4

1.6 6

0.90 25

0.82 30

Electrolyte

Atmosphere

Pressure

Temperature

O.C.V.

Electrocatalyst

Current collector

Loading

Eleectrocatalyst S.A.

Ohmic resistance

PE. con”,

I.50V

se
mA,cm t

Too 2 secs

To 30 secs

6.7 I min

5.1 2

4.1 4

3.6 6

364 8

33 Io

3.1 r2

108

38

36

34

34

33

31

23

5N potassium hydroxide

Air

I atmosphere

20°¢

I.OI V

silver on graphite

nickel screen
=e

II mg.cm

2

510 m/g

0.20 ohm

2 secs

30 secs

I min

105
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(2) oxidation of graphite to solid graphitic oxides;

(3) disruption of the teflon bonded structure due to

high gas pressures within the porous electrode;

(4) evolution of gases from the current collector.

(I) When carbon is in contact with oxygen

(116)

physical and chemisorption may be detected.

Physically adsorbed oxygen rh 35) desorbed under vacuum
117

but chemisorbed oxygen cannot. When a sample of

chemisorbed oxygen on carbon is heated , oxygen is not

detected but CO and ee are, indicatdéng ma

breakdown of the chemisorbed oxygen layer. The presence
(118,II9)

of surface carbon-oxygen complexes is well known

and the mechanism for the combustion of carbon

involves these TIE te RES surface carbon-oxygen
complexes have been reported to play a mjor part in

the electrochemies1 combustion of Etienne formation
of oxide complexes as intermediates in the electro-

chemical combustion of carbon to CO and CO’, in
(102) .y2

chloride solutions, has been reported. Very little

work has been done on the electrolytic combustion of

carbon in aqueous solutions containing no chloride

ions.

It is proposed to investigate this possibility

by amalysing the electrolyte and the atmosphere for

a after holding the electrode in an anodic region.

(2) Graphitie oxides are formed by the action

of oxidising mixtures on dictag or Wieataks of
graphitic oxide produces CO, ey and o.9 althou: ie

Slow decomposition rates no oxygen was observed,

Surface layers of graphitic oxide have been reported
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(102)

on graphite surfaces held in an anodic region,

but it is mot known whether subsequent electrode

degradation is due to the formation of this oxide

or its decomposition to CO and CO. Although the

latter seems more feasible, the sil of graphitic
oxide could alter the activity of the electrode

surface for the oxygen reduction process. Investigations

at low anodic currents, at which no electrode damage

is observed, should help to elucidate this point.

Graphitie oxide has been shown to be a non-conductor

of ashy
(3) It is proposed to investigate this

possibility by hydrogen evolution studies, since this

should eliminate the possibility of degradation caused

byoxidation effects. The hydrogan evolution reaction (ies

on carbon has only been studied in bisulphate melts.

(4) This point can be investigated by using

different current collectors, preferably those which do

not evolve gas to a significant extent in the potential

range of the experiment.

3.2.2 Experimental.

(a) The electrolyte (5N KOH) was tested for the

presence of carbonate ions after evolving gas at an

anodic potential (2.0V) for a given time. This was

compared with the carbonate content of another sample

of electrolyte which was exposed to the atmosphere

for the same length of time under the same conditions

but no electrolysis was carried out. This test should

give a clear indication as to whether or not carbon

dioxide is formed during electrolysis.

(>) The gas produced when a similar electrolysis
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was carried out under an inert atmosphere eg. nitrogen,

was tested for the presence of oxygen. It has been

reported that under certain conditions carbon dioxide

is the chief product with only traces of oxygen

formed. This simple qualitative test should elucidate

this point.

(ec) A constant anodic current was passed for

a given time and the volume of gas formed was

measured using a gas burette. This volume can be

compared with the theoretical volume for oxygen

evolution under the prevailing conditions. If carbon

Gioxide were formed this would dissolve in the

electrolyte resulting in »* smaller volume.

(dé) The electrode was held potentiostatically

at potentials between 1.261.346 V where no gas

evolution or visible degradation are observed. Steady

state end transient measurements on the oxygen

reduction polarisation curve can then distinguish

between whether the catalytic surface has been

changed or whether the electrode structure has been

damaged.

(e) Oxygen evolution studies of other

electrocatalysts on the same current collector show

whether gas evolution from the current collector is

important. Aconfirmatory test was carried out by

evolving oxygen on current collectors which are poor

oxygen evolution electrocatalysts.

These tests (aee) have been carried out using

both teflon bonded graphite electrodes and teflon

bonded silveregraphite electrodes.



(f) If the electrode degradation is due to

oxidation effects hydrogen evolution should not cause

similar effects. If the damge is due to mechanical

weakness in the porous structure or to weak binding

to the current collector, hydrogen evolution would be

expected to cause similar damage. A platinised graphite

electrode was held at potentials at which hydrogen

evolution occurred and then the hydrogen oxidation

polarisation curve peatsden in a hydrogen atmosphere
was compared with the curve obtained before hydrogen

evolution. Nickel screen and graphite cloth were used

6s current collectors. Hydrogen evolution on plain

graphite was not easy as it is associated with a

high overpotential.

3.2.3. Results.

(a) Analysis of 5N potassium hydroxide electrolyte for

the presence of carbonate ions.

A current of I00 ta wes passed through the
test electrode for four hours. The blank was placed

in a similar cell adjacent to the test electrode

System. Both electrolyte solutions weve treated with

excess dilute hydrochleric acid and any gases formed

passed over anhydrous calcium sulphate to absorb water

vapour and then over soda lime to absorb carbon

dioxide. The soda lime was weighed before and after

adding the hydrochloric acid.

Blank Test

O.1610g 0.1632¢ increase in weight of soda

lime.

0,00 0.1440¢ theoretical increase in

weight if all the oxygen
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produced by the current was converted to earbon

dioxide and the electrolyte was pteviously free of

carbonate ions.

Solubility of carbon dioxide in 100 ccs. of water at

2I°c is 0.164g.

Weight of carbon dioxide calculated from the weight of

oxygen formed, by Faraday's Law, Converted to carbon

dioxide

Cc +0 =O

2 2

(b) Qualitative test for the electrolytic formation of

oxygen and carbon monoxide.

Anodie currents were passed in a nitrogen

atmosphere and the gas collected in a microburette

over pyrogallol solution. Although gas was clearly

seen to form no increase in volume was detected

indicating that the gas is oxygen, which is absorbed

by the pyrogallol. The gas evolved on anodic

polarisation did not contain enough carbon monoxide to

register on 2 I0e300 p.p.m. Drager tube.

(ec) Quantitative test for the volume of oxygen

produced.

A constant anodic current of 25 dae was

applied to the electrode and the volume, pressure and

temperature of the gas produced, measured after given

times. The volume of gas corrected to S.T.P. was the

same as that predicted for oxygen evolution by

Faraday's Law. If any carbon dioxide had been formed

it would have dissolved in the alkaline electrolyte

and the volume of gas collected in the gas burette

would be less than predicted.

Fes SW
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eg. when i = I00 mA.cm is passed for I hour the

volume of oxygen that should, theoretically, be

produced (Faraday’s Law) at S.T.P. = 20.9 ml. The

volume of gas actually collected, ( 22.0 ml at 20C

end 750 mm) corrected to S.T.P. was found to be

20.7 ml.

(d) The effect of. oxygen evolution at very low rates.

When grephite or silveregraphite teflon bonded

electrodes are held at potentials between 1.26 and

1.36 V no gas is observed te form even though smll

anedie currents pass. Using the gas burette attached

to the cell and holding the electrode in this potential

range for periods up to 24 hours confirmed that no

gases were produced. After this pretreatment the steady

state and transient oxygen reduction polarisation curves

were recorded and compared with similar curves before

anodic treatment. (See graphs 2 and 3.) No visible

damage to the electrede eccured during the anodic

pretreatment.

(e) Oxygen evolution at comparable potentials and current

densities on platinum bleck using nickel and platinum

sereen as current collecters, hydrogen evolution on

platinised tungsten trioxide using platinum screen as

current cellector and oxygen evolution on cobslt nickel

oxide on nickel sereen as current collector have not

resulted in damage to the electrode (see 3.4 ).

Graphs 4 and5 show the oxygen evolution

polarisation curves for three current cellectors ie.

nickel end platinum screen and graphite cloth. Using

these results it is possible te determine what

proportion of the oxygen evolution current of teflon



Graph 3,

Transient oxygen reduction performance of a teflon bonded silver graphite electrode before and after

anodic pretreatment in which no oxygen was evolved.
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Graph 4,

Steady state oxygen evolution performance on nickel and platinum current
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Graph 5,

Oxygen evolution performance on graphite cloth current collector,

Electrolyte 5N KOH
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bonded electrodes can be attributed to the electroe

catalyst and what proportion to the eurrent collector.

(f) Greph 6 shows a hydrogen evolution polarisation

curve for a teflon bonded graphite electrode on a

graphite cloth current collector. Hydrogen gns bubbles

were first observed at e current density of 4.3 mA tour
at a potentiel of «250 mv and electrode damage in the

form of graphite falling off the electrode wes observed

at. 33 ee and 475 mV. This electrode was not active
for hydrogen ogidation in a hydrogen atmosphere, hence

the effect of hydrogen evolution on the hydrogen

oxidation performance could not be measured. cobequently

a teflon bonded, platinised graphite electrode using

graphite cloth as a current collector was employed.

This electrode wae held for fixed times at potentials

at which hydrogen evolution occuredd. After each

hydrogen evolution pretreatment the steady state hydrogen

oxidation polarisation curve was measured and compared

with a similar curve measured before any pretreatment

(Tables 4 and 5). This experiment was repeated using

nickel screen as the current collector. The steady

state polarisation data for hydrogen evolution on the

graphite cloth current collector are show in graph 7.

The graphite cloth was not observed to be physically

damaged by hydrogen evolution, although it was not

possible to test this by the hydrogen oxidation

reaction since graphite is non active for this reaction.

The steady stete polarisation deta for hydrogen

evolution on nickel screen are given in graph 8. With

gas evolution studies, steady state polarisation curves

are best obtained by a controlled linear



Graph 6.

Steady state hydrogen evolution polarisation curve for teflon bonded graphite on graphite cloth,

Electrolyte 5N KOH

Atmosphere hydrogen

Pressure I atmos,

Temperature 22 C
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Table 4.

The effect of hydrogen evolution pretreatments on the

steady state hydrogen oxidation polarisation data for

a teflon bonded platinised graphite electrode.
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Mean cathodic

current(mA)
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26

45

80 Eleetrode fully
submerged in

electrolyte.



The

ny

Table 5.

effect of hydrogen evolution pretreatments on the

steady state hydrogen oxidation polarisation data for

teflon bonded platinised graphite
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Mean cathodic

cu rrent_gens ity
(mA .emTM*)

723
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116
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870ee Se ag
Electrolyte
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Ohmic resistance
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Temperature
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Graph 7.

Steady state hydrogen evolution polarisetion curve on graphite cloth,

Electrolyte 5N KOH

Atmosphere hydrogen

Pressure I atmos.

Temperature 2I5¢

0.C.V. -0.17 V

Electrocatalyst graphite cloth 200-4

Ohmic resistance 0,30 ohm
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Linear sweep hydrogen evolution polerisation
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voltage sweep since in these processes the current

often varies as a complex function of time.

In order to determine whether the fall in

hydrogen oxidation performance after hydrogen evolution

pretreatment is due primarily to (I) loss of electro-

catalyst from the electrode or (2) disruption of the

teflon bonded electrode structure, the transient and sleodsy sole,

hydrogen oxidation performance was measured before and

after pretreatment (graphs 13-4) on platinised graphite

using a nickel screen current collector.

3.2.4. Discussion.

(a) The analysis of the electrolyte for carbonate

ions and the qualitative tests for oxygen and carbon

monoxide in the product gases, supports the assumption

that very little, if any, carbon monoxide and carbon

Gioxide are formed, and that the gas produced is

elmost entirely oxygen. The results are confirmed by

the quantitative measurement of the volume of gas

produced, which within the limits of experimental error,

was equal to the amount of oxygen produced, as

predicted by Faraday's law, for the quantity of

electric charge passed. Any carbon dioxide formed by

the reaction of electrolytically produced oxygen and

the graphite electrode material would have been

dissolved in the electrolyte, resulting in a lower

than predicted volume of gas productes

(>) The anodic pretreatment of electrodes at low

overpotentials ie, 1.26-1.36 V, shows that fall of the

oxygen reduction performance is not caused by damege

to the electrode structure resulting from gas evolution

since no gas is observed to form and there are no



Graph 13,

The effect of hydrogen evolution pretreatments on the

teflon bonded platinised graphite electrode,

Data and Key for graphs I3 and I4,
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Graph I4,

The effect of hydrogen evolution pretreatments

teflon bonded platinised graphite electrode,

a

A. cm

5S -4

the transient hydrogen oxidation performance

dl Volts .
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visible signs of electrode damage, which would be

expected from the magnitude of the performance reduction.

Also, the transient performance of the electrode after

I msec was. reduced substantially and by a similar

amount, to the steady stete performance, suggesting

that the activity of the electrode surface had been

reduced by the anodic pretreatment rather than hindrance

of oxygen mass transfer by damage to the teflon

bonded electrode structure. These results are consistent

with the formation of cnrboneoxygen surface complexes,

possibly a surface layer of graphitie oxide. Grap}itic

oxide is a non conductor of electricity and even a

partial coverage of the graphite surface would be

expected to result in a substantial loss of electrode

performance. Surface oxide formation can also explain

the decay of the oxygen evolution current with time

(table 3).

(ce) Oxygen and hydrogen evolution tests on teflon

bonded platinum black, platinised tungsten trioxide and

cobalt nickel oxide, on platinum or nickel screen

current collectors resulted in no electrode degradation

even st high current densities eg. 0.5 eas Since
these eleetrodes are all prepared in the same way as

teflon bonded graphite electrodes and all the electroe

catalysts are powders of similer surface area, it would

be likely that if gas evolution from the screen was

the reason for the electrode damage, then all these

electrodes would behave similarly in this respect.

Comparing the results in graphs I and 4 on

silveregraphite and nickel screen electrodes, it can be

seen that damage to. the silveregraphite electrode was
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first observed at about 1.50 V when the current had

been flowing for about 20 mins at I3 mA.cm . This can

be compared with a current of 0,2 mA.cm on nickel

sereen after about I5 secs at the same potential.

Since the anodic current on nickel screen decays with

time, after 20 mins it would be substantially lower.

The mate of gas evolution from the nickel screen

under these conditions was very low in comparison to

the total current and gas. evolution from the current

collector would not explain the electrode degradation,

Platinum sereen and grphite cloth are also

poor oxygen evolution electrocetelysts (see graphs 4

and 5) giving only low currents at 1.90 V. Hence if

gas. evolution from these current collectors was the

cause of electrode degradation this would only occur

at higher potentials, Tests on teflon bonded platinum

black on platinum sereen and graphite cloth current

collectors at potentials up to 2.2 V have shown that

no degradation occurs. Hydrogen evolution on teflon

bonded platinum or platinised tungsten trioxide on

platinum screen involves a considerable current

contribution from the platinum screen at low over-

potentials without electrode degradation. Hence it seems

improbable that vigorous gas evolution from the

current collector is the cause of electrode damage on

graphite based electrodes.

This comparison between the current densities on

the current collector and current collector/electro-

catalyst system at the same potential gives the

maximum contribution of the current collector to the

overall electrode current density at a given potential

since only part of the sereen surface will be wetted



123

by the electrolyte in the

eatelyst system.

(d) So far it has

carbon-oxygen complexes are

overpotentials and that at

oxygen gas is produced and the

ph$sically dGamged. This damge

combustion or gas evolution on the

current collector/electroe

been shown that surface

formed at low anodic

higher snodic

electrodes

ove rpotentials

are

is not due to carbon

current collector

and the fall in oxygen reduction performance is

observed even when no electrode

evolution is visible during the

The questions posed are (I) is the fall

performance due mainly to the

or to the electrode degradation, and (2)

degredation and gas

anodic pretreatment.

in

carboneoxygen complexes

is the

formation of carboneoxygen complexes a necessary

condition for electrode degradation.

To investigate the second question hydrogen

evolution tests were carried

graphite electrodes using grephite

out on teflon bonded

collector. Damage was first observed at

the currengé wes 33 mA.cm

cloth as current

9475 mv when

(graph 6) 3 at the same

potential the hydrogen evolution current density on

2

the current collector wes I2 mA.cm

with all these gas evolution tests the

(graph 7). As

rate of

destruction increased with increasing anodic current

density. Platinised graphite electrodes gave more

useful results since the electrode was much more

active, especially for the hydrogen oxidation reaction.

The results in table 4 show that these electrodes,

using a graphite cloth current collector, first show
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signs of destruction at about 90 mA.cm . At lower

currents no damage was observed and the hydrogen

oxidation performance remained constant.

Sometimes hydrogen evolution tests at low

current densities for short times do not cause any

electrode damage while hydrogen evolution for longer

times at the same current densities does cause

Gamge. Tests ofup to two hours duration have been

earried out on platinised meen tts on graphite cloth

in the current ange T6-60 mA.cm (table 6). At currents

less than 30 mA.cm no destruction was observed be

two hours, while at currents between 30-60 mA.cm

destruction was observed between six and sixty minutes

after the application of the cathodic current, the

higher the current the sooner the degradation

occured. This suggests that at lower hydrogen evolution

current densities no degradation occurs even after

long periods. A possible explanation for these results

is that at low current densities the pressure of

hydrogen produced in the pores is not sufficient to

cause degradation but is sufficient to permit the

escape of hydregen from the interior of the electrode

by diffusion through the electrolyte ie. concentration

of hydrogen in the electrolyte in the interior of

the electrode is higher than in the bulk solution

due to the higher hydrogen’ gas pressure, Although
more @xhaustive tests are required this could mean

that this type of electrode could be used for

recharging purposes if the recharge rate is low.

Forty five seceue hydrogen evolution

pretreatment at 90 mA.cm did not affect the hydrogen



Table 6.

The effect

constant currents

of a

of hydrogen

for varying times

teflon bonded platinised graphite

evolution pretreatments at low

on the endurence

electrode.

Time Cathodic current Observations

density taaceas

I hour Io No degradation

I hour Io No degradation

I hour 20 No degradation

I hour 20 No degradation

4 hour 30 No degradation

4 hour 30 Slight degradation

14 min 40 Slight degradation

6 min 60 Slight degradation

Electrolyte 5N potassium hydroxide

Temperature arc

Atmosphere hydrogen

O.C.WV. 0.075 V

Electrocatalyst

Eleetrocatalyst loading

Eleetrocatalyst S.A.

Current collector

Resistance

platinised graphite
-2

I2 mg.em
2

500 m/g

graphite cloth

0.25 ohm
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oxidation performance although electrode damage was

observed. Suprisingly even after pre tee Seanee K,L,M

and N,(see table 4 ) 100-200 mA.cm for I - IO minutes

where substantial degradation resulted, the hydrogen

oxidation polarisation curve was unaffected over a wide

potential range. This indicates that either the teflon

bonded structure is not entirely disrupted by hydrogen

evolution or that this structure has little affect

on the hydrogen oxidation performance, The latter is

improbable since the hydrogen oxidation performance of

a flooded platinum black electrode is very poor in

comparison with the teflon bonded electrode because of

the slower mass transport of hydrogen to the active

sites. Pretreatments 0 and $~ 5 mA.cm tee 30 + 60 minutes,
resulted in small losses in hydrogen oxidation

performance while 4,R,S and T, O - 80 minutes at -I.575 V,

which resulted in severe electrode damage produced an

electrode with much poorer hydrogen oxidation

characteristics. The electrode damage is also reflected

in the fall in hydrogen evolution current with time

at the seme potential. The reduction in hydrogen

oxidation performance was most marked after pretreatments

Qand R, even though similer currents flowed for a

shorter time than in S and T. This is probably because

the graphite cloth, which is made from carbon fibres,

traps a considerable amount of the electrocatalyst

between the fibres, thus making it difficult to

remove all the electrocatalyst from the current

collector, cf. nickel and platinum foil and screen

current collectors. In pretreatments B «I although no

electrode damage was observed, it seems likely that
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this could have occurred if. the current had flowed

for a longer time (table 6). This cen be seen eet

©, where electrode damage occurred at only 40 mA.cm .

This is an example of a general phenomenom observed

in gas evolution on these electrodes ie. when

degradation has been initiated it can be maintained

at considerably lower gas evolution rates.

A gignificant quantity of electrocatalyst mst

be lost from the electrode before the hydrogen

oxidation performance is affected. This suggests that

the subsequent loss of performance is simply due to

the loss of electrocatalyst resulting in a lower

electrocatalyst losding. This also explains why initially

no loss in hydrogen oxidation performance was observed

ie, with teflon bonded electrodes the gas dissolution

performance increases with electrocatalyst loading up

to a certain level beyond which increases in

electrocatalyst loading have little effect. This is

because these electrodes use the available electroe

catalyst surface srea most usefully only when they

are very thin. The critical loading is usually about

fees: and the electrodes used in this study were
made with loadings of about 10-5 aac > hence the

initiel losses of electrocatalyst during hydrogen

evolution do not affect the hydrogen oxidation

performance.

The results in graphs 13 and I4 show that the

transient hydrogen oxidation performance of platinised

graphite on nickel screen after hydrogen evolution

pretreatment, which resulted in slight electrode

Gestruction but no loss of hydrogen oxidstion steady
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state performance, was slightly reduced. This is

consistent with the above results since the transient

performance is due to the use of the entire electrode-

electrolyte interfacial area and any loss of electro-

catalyst would reduce this area, It can be seen from

the results that as the quantity of electrocatalyst

which had fallen off the electrode increased, the

transient hydtogen oxidation performance decreased, Also

the height of the double layer capacity peak at very

short times is reduced as electrocatalyst is lost.

The results of a similar experiment using nickel

screen instead of graphite cloth as current collector

produced very similar results (see table 5). The first

visible signs of Seep none degradation occurred at a

current of 33 mA.cm and this resulted in a slight

fall in the steady state hydrogen oxidation performance.

At lower hydrogen evolution currents ( B,C,D ) no loss

of performance oecurred. In general the fall in

performance was dependent on the amount of electro-

catalyst lost from the electrode eg. pretreatment I

produced very rapid degradation and a major drop in

the hydrogen “oxidation performance. After this

pretreatment the electrode was so weakened that further

steady electrode ppeecmme tion occurred at currents as

low as 44 mA.cm . At the end of the experiment only

a little electrocatalyst remined on the nickel screen.

In a separate test the electrode was completely

submerged in the electrolyte and although this had

little effect on the current at which degradation was

first observed, it did facilitate the degradation at

higher currents, probably enabling electrocatalyst to be



124,

lost from the top of the electrode more easily.

These results are only approximate since the

errors in the geometric electrode area, electrocatalyst

loading snd oscilloscope readings are all about 10-15%.

However if the electrocatalyst loading was measured

after each pretreatment then the effect of this

parameter on the steady state and trensient hydrogen

oxidation performance could be determined. This would

assume that the electrocatalyst and teflon were lost

from the electrode in the same proportion as they

were originally present, and the electrode would need

to be thoroughly washed and dried, thus introducing

possible errors, before the loading wes measured.

Graphs IO-J2 clearly show the fall in

hydrogen oxidation performance with time at a given

constant hydrogen evolution current density. Even at

40 sitda when hydrogen evolution causes only slight
electrode damage, the performance drops by about 40%

after 200 minutes.

The conclueioné that can be made so far are:

(I) electrode degradation is caused by both hydrogen

and oxygen evolution and is probably due to the

mechanical weakness of carbon electrodes.

(2) This electrode degradation reduces the oxygen

reduction and hydrogen oxidation performances,

(3) Oxygen evolution *t low currents causes 2 fall in

oxygen reduction performance without causing electrode

damage. This is probably due to the formation of

surface cerbon-oxygen complexes. Section 3.3. studies

this effect in more detail.
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3.3. The Effect of Oxygen Evolution on the Carbon

Surfece.

3.3.1. Experimental.

Teflon bonded graphite and pletinised graphite

electrodes on both nickel screen and graphite cloth

current collectors were subjected to various anodic

pretreatments and the steady state oxygen reduction

performance subsequently determined. Attempts were made

to reduce any carbon-oxygen complexes by passing

cathodic currents ie. hydrogen evolution, It was hoped

that the electrolytic reduction of these surface

complexes would restore the electrode surface to its

original form, thus making it possible to distinguish

between the effects of the surface oxygen complexes

and the electrode Gegradation, on the lowering of

oxygen reduction performance.

3.3.2. Results end Discussion.

Table 7 shows the effect of various anodic/cathodic

pretreatments on the steady state oxygen reduction

polarisation date for teflon bonded graphite on

graphite cloth.

These results indicate that:

(I) The electrode, as prepared, has certain surface

groups, probably carboneoxygen complexes, which can be

reduced by evolving hydrogen on it (see A and B). These

Surface groups lower the activity of the surface for

the oxygen reduction reaction.

(2) Oxygen evolution at low current densities reduces

the oxygen reduction activity of the electrode without:

causing any visible demage. The fall in performance
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oxygen reduction performance
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Pretreatment

process

No pretreatment

evolution
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evolution

evolution
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QO evolution

QO reduction

O evolution

no pretreatment

left overnight

QO evolution
2

O evolution

2

o. evolution
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O evolution
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O evolution
2

O evolution

2

no pretreatment

O evolution

2

133

Current

density

-2
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Comments

no degradation

no degradation

no degradation

visible
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Pretreatment Current Potential Time Comments
process density | (v) (min)

j (mA.cm )
|

T no pretreatinent - - - O reduction

2 reverse

Girection

U O evolution 205-100 3.10 3 visible

2 : degradation

V E_ evolution 200 -J.0 5 visible
a degradation

Electrolyte

Atmosphere

Temperature

0.C.V.

Electrocatalyst

Electrocatalyst loading

Electrocatalyst S.A.

Current collector

Chmic resistance
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Oxygen at I atmosphere

enc

+0.94V
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15 me sou

890 m /g

graphite cloth

0.35 ohm
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@epends on the anodic charge passed (see © and D).

(3) Oxygen evolution at very high overpotentials causes

a. large drop in oxygen reduction performance at

potentials > 0.60 V. However at about 0.60 V the

current increases steadily with time eventually reaching

@ value which is only slightly less than the original

current at that potential. This suggests that the

oxide groups formed during the anodic pretreatment are

being reduced at around 0.60 V. Since visible electrode

Gamage occurred during the pretreatment it can be said

that the main cause of the loss of oxygen reduction

performance was due to the formation of surface oxides

and not to disruption of the electrode structure.

(see 57H and I), It should be noted, however, that

severel oxide species are probably formed depending on

the potential and it eppears that only those formed

at high potentiale eg. above 2.7 V, are easily reduced

at potentials in the range 0.5 - O.6V.

(4) After holding the electrode at 0.4 V subsequent

hydrogen evolution slightly increases the electrode

activity even though it causes electrode degradation.

It is possible that hydrogen evolution reduces another

different oxide species (see F).

(5) Oxygen evolution at 3.10 V followed by holding the

electrode at 0.35 V had little effect on the oxygen

reduction performance ie. the oxide surface groups

were reduced when the electrode was held at 0.35 V

(see GG)

(6) Although oxides are formed at all potentials in

the range 1,00 - 3.10 V it appears that this process

has a much greater effect on the oxygen reduction
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performance at potentials greater than about 2.7 V. It

is possible that this is due to the formtion of a

different oxide species and this is supported by the

fact that only oxides formed abovew2.7 V can be

reduced at 0.6 V (see K,L,M,N,O,P,Q and R).

(7) As this process of oxygen evolution followed by

oxide reduction at about 0.6 V was repeated, the

oxygen reduction performance gradually declined, probably

due to the electrocatalyst lost during oxygen evolution.

At the end of this series of tests the electrode was

subjected to hydrogen evolution in order to ensure

the reduction of all the surface oxide groups formed

at high potentials. Hence the loss of oxygen reduction

performance from R to V is due to electrode

Gegradation (see R,S,T,U, and V).

(8) The formation of oxides on these electrodes at

potentials >/v2.7 V results in a change in the open

circuit voltage ie. the O.C.V. of these electrodes is

normally in the range 0.95 - 0.97 V, oxygen evolution

pretreatment at 3.J0 V causes the 0.C.V. to rise to

about I.08V after equilibrolicn.The 0.C.V. wes

measured after holding the electrode at potentials in

the range 0.90 - 0.50 V. At potentials > 0-70 V the

O.C.V. remained I,08V and the oxygen reduction

performance was severely depressed; at potentials in

the range 0.70 = 0.50 V the O.C.V. gradually fell to

less noble values (0.95 V) and the oxygen reduction

performance recovered. On returning to higher potentials

eg. 0.80 V, the O.C.V. end oxygen reduction performance

were maintained.
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The main conelusions are:

(a) The loss in oxygen reduction performance is caused

mainly by the formation of oxide surface groups and

secondly by electrode damage.

(b) Oxides formed at potentials >2.7V can be

reduced at potentials < 0.6 V and hence they need not

result in any permanent performance loss, oxides

formed at potentials <_2.7 V cannot be reduced in this

way and hence result in a permanent and cumulative

performance loss. The electrode damage resulting from

oxygen evolution also causes a permanent and cumulative

drop in performance, In zinc-air and other cells in

which graphite cathodes are used the potential is never

likely to reach values as high as 2.7 V and hence the

formation of the reducible oxide groupd is of little

significance in this connection. Nevertheless a

considerable amount of the current research on carbon

is concerned with the detection and effects of various

Surface groups and in this respect the electrochemical

formation and reduction of surface oxide groups, which

has not previously been reported, should be of interest.

The results in table 8 for platinised graphite,

teflon bonded electrodes used at potentials <_2,0V

confirm the above conclusions. The anodic -pretreatments

in this experiment were carried out as follows: the

potential was increased gradually from I.0V to the

final value so that the high transient currents

normally observed over the first minute were avoided,

The results obtained followed a similar pattern to

those in table 7. One difference was that the oxygen

reduction current recovered somewhat in the potential



Table 8.

The effect of anodic pretreatments on the steady

oxygen reduction performance of a teflon bonded

platinised graphite electrode.

. -2

-E(mV) i(mA.cm )

A B Cc D E F G H

TOO; T53" °O29 90.4-:0.2°. O14 ss ts 2

975 Seeneeo Aad 0.710.391 = = e

950 8.5. 6.0 3.6 1.5 0.65 0.21 0.17 0,16

900 29% oF 7) T2246. 9, 0 v65..0,4040025

850 BO wm. BG 23: 7.65 Bed ees MO S5G. C432

800 TOT 734A 39. ID FOG 7 * OF79<01460

750 T3525 100s 545 ) 16) Gel SSS LT Oe
to to to

13 179.2'0.8

700 Lobes L397 266-4 oT : 2B Hie oer STAT

600 280); 202:= 104°. 33° 28 857 3.56) a7

500 380-265 148. 49.241 TH 5.7" BhI

Electrolyte 5N potassium hydroxide

Atmosphere oxygen at I atmosphere

Temperature Pete:

O.C.V. 1.04 V

Electrocatelyst

Electrocatalyst loading

Electrocatalyst S.A.

Current collector

Ohmic resistance

platinised graphite
<2

16 mg.cm
2

500 m/g

nickel screen

0.20 ohm

state



Key to table 8,

Reads aaa
i(mA.cm

20.1.5

20 = 306

20 - 6.0

20 ~ I2

62 ~ 49

140 ~ Ico

230 ~ 130

)

134

E (Vv) Time Ss
(min)

D277 25

139) 17

1.45 23

T.55: 22

I.65 15

1.75 15

1,85 24

Comments

No pretreatment

No visible degradation

No visible degradation

No visible degradation

Visible degradation

Visible degradation

Visible degradation

Visible degradation



region 0,80 -0.70V and it is thought that this is

due to reduction of platinum oxides formed during the

anodic pretreetment. N.B. Platinum oxides are reduced in

this potential region, Hydrogen evolution at <0.10 V

had little effect on the oxygen reduction performance

which is to be expected since the surface oxides

were formed at low potentials (less than 2.0 V) and

most of the hydrogen evolution current at -0.1I0V is

due to hydrogen evolution on the platinum.

The electrode damage was observed in two forms:

(I) very small particles of graphite, too smll to be

seen individually, fell off the electrode and gave the

solution a brownish yellow colouration. The particles did

not sediment over a period of one week ie. colloidal

graphite. This colouration wes most pronounced near the

electrode during oxygen evolution.

(2) small, visible graphite particles fell from the

electrode and sank to the bottom of the cell.

3.4. Possible Alternatives to Carbon based Electrodes in

Rechargeable metal-air Cells.

3.4.1. Introduction.

It has been shown that carbon based air electrodes

are completely unsatisfactory for use in a rechargeable

sel « An alternative electrode must have similar
oxygen reduction characteristics and be unaffected by

oxygen evolution.

Various electrodes have been used as oxygen. or

air electrodes eg.

44
(a) Bacon dual porosity s@intered nickel electrodes,



which use oxygen at high pressure and temperature.

(bo) DSK yraney silver-aluminium sieavieees which
use oxygen at ambient temperature and pressure.

(126) (2
(e) Porous noble metal and ietet electrodes .

(4) Kordeseh composite electrodes which use the high

mechanical strength of nickel sereen end porous nickel,

the high surface earee of activated carbon and the

hydrophobic properties of teflon to produce an air

breathing cathode.

(e) Teflon bonded gas diffusion electrodes using porous
(128) (136)

noble metals, powdered graphite, supported noble
(3B7) 16)

metals and semiconducting metal oxides as

electrocatalysts,

For metaleair cells (a) would not be suitable

as it operates on oxygen at high temperatures and

pressures, (b) uses too much silver to be economically

viable and (e) are not air breathing electrodes ie,

low performance, (d) are air breathing and use

inexpensive materials but suffer from the disadvantages

of carbon electrodes. (e) appear to be the most

Suitable except that graphite and noble metals are

unsatisfactory electrocatalysts. Supported noble metals

(not @ carbon support) and semiconducting oxides
provide the most likely answer. Possible Supports for

alkaline media are nickel oxide and boron carbide

although these are unlikely to be as good ag graphite

which is an active support ie. it is not simply

an electronically conducting extender of high surface

area , it also takes part in the electrode reaction,

nor are they as cheap as graphite, Semiconducting

metal oxides have not been sufficiently active oxygen
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reduction eleetrocatalysts for them to be considered

for use in commercial batteries. However, recent work

in these laboratories has resulted in an electrode of

satisfactory oxygen reduction haveotesseeion sc.

The stability of teflon bonded electrodes,

which do not contain carbon, to anodic polarisation

has been investigated. The number of materials which

can be used for oxygen evolution is limited, especially

in acidic solutions, because of the hich positive

potentials at which the process occurs. Many metals

Gissolve at these high potentials and in acid solution

only the noble metals are stable. Semiconducting oxides

are usually stable in alkaline solution but only a

few are stable in acid solution eg. tin oxide. For

stable metals the oxygen evolution process causes an

oxide film to cover the metal surfaee. This. oxide

film can be difficult to remove and generally has a

much lower oxygen reduction activity than the bare

metal surface. Oxygen evolution on semiconducting metal

oxides usually results in raising the oxidation state

of the metal. In this section the stability of three

types of teflon bonded electrode have been tested when

being used for oxygen or hydrogen evolution. ‘The

criteria of stability are (a) mechanical strength and

(b) the activity of the eleetrode surface for the

oxygen reduction or hydrogen oxidation reactions. The

electrocatalysts tested were platinum black, platinised

tungsten trioxide and cobalt nickel oxide.

3.4.2. Experimental,

The platinum black electrodes were tested for

the effects of hydrogen and oxygen evolution in both
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acid and alkaline media, After gas evolution the hydrogen

oxidation and oxygen reduction steady state polarisation

data were measured and compared with the readings

obtained before gas evolution. The platinised tungsten

trioxide electrodes were tested in a similar way

except that only acid electrolyte and the hydrogen

electrode reaction were studied. ( Tungsten trioxide is

soluble in alkali.) The cobalt nickel oxide was tested

only in alkaline media and for the oxygen electrode

reaction. ( Cobalt nickel oxide is soluble in acids.)

The effect of rapidly switching on and off

g2s evolution currents on platinum black electrodes

and the long term endurance of these electrodes

under conditions of gas evolution were investigated.

The rapid on-off switching was achieved using a

suitably programmed pulse generator,

3.4.3. Results.

(I) Platinum black.

These electrodes were not

Gamaged by oxygen evolution current densities up to

I.0 ete by extensive periods of up to two days

of continuous oxygen evolution at high current densities,

by rapidly switching the current on and off at

repetition rates of the order of one second, for perdods

of up to one hour, or by intermittent use over two

months with an average weekly running time of seventy

eight hours. These results apply for acid and alkaline

electrolytes and for nickel screen or platinum sereen

current collectors. = order to obtain anodic currents

as high as I.0 A,cm it was necessary to use potentHlls

up to 2,2 Vv. The rapid switching of the current was



achieved using a pulse generator.

The second criterion of stability ie. whether

oxygen evolution affects the oxygen reduction

performance wes also studied under the above anodic

conditions. The oxygen reduction performance was found

to vary in two ways: (I after anodic pretreatment

the performance in the potential region I.0 - 0.30V

was significantly depressed. In the potential region

0.80 - 0.60 V the current was observed to increase with

time until it reached the same value as prior to

the anodic pretreatment. When the potential was then

returned to the 0.80 - 1.0 V region the current had

returned _to its initial value.

(2) Over an extended period of time there was a

permanent but slight fall in performnce, es. after two

months use the performance was about 80% of the

initial performnce.

Tables I0,II1 and I2 show the results for

platinum black on nickel screen in 5N potasstum hydroxide

electrolyte. In each case the oxygen reduction

polarisation data shown were recorded after holding the

electrode at O.6V for ten minutes. Similar results

Yor platinum black on platinum screen in SN gulphuric

acid electrolyte are shown in tables 13,14 and 15,

For the hydrogen evolution studies the use of

a mickel screen current collector has the advantage

that nickel has a higher overpotential for hydrogen

evolution than platinum and consequently contributes

little to the totel current at low overpotentials

(see graph 8). However, the use of acid solutions

necessitating platinum screen current collector is more
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The effect

oxygen reduction performence

platinum bdack electrode.

“E(nv)

A B Cc D

975 etic l<Oe LeO 1.0

950 4.2 4,0 4.0 4,0

goo Cpe e wee, ee

850 9-5 80.78 78

800 139 137 137 136

750 165° 164: 185 183

700 ete, 210; 210 3209

Key

A B c D

anodic

current = = I0 20 50

Geney

(mA .em)

time <—— one

A-no pretreatment

Electrolyte

Atmosphere

Tempe re ture

0.C.V.

Eleetrocatalyst

Electrocatelyst S.A.

Eleetrocatalyst loading

Current collector

Chmic resistance

14S

Le

of galvanostatic

IO"

anodic pretreatments on the

of a teflon bonded

~2

i(mA.cm )

5 Fr G

TsO eee 1.0

SoF 309 309

oe sek OF

BO! FE7B. £1075:

UG 3535

184 184 182

208 208 208

E F G

I0O 200 500

hour —————____-+

5N potassium hydroxide

oxygen at I atmosphere

21°C

1.4 V

pletinum bleck

es)

SA ie

6 mg.cm

nickel screen

0.10 chn
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Table II.

The effect of rapid switching of the anodic current

on the oxygen reduction performance of a _ teflon

bonded platinum black electrode.

. . “2
EB (mv) i(mA.cm )

A B e D B

950 + 3.0 3.0 3.0 2.9 2.9

900 16 I6 16 16 I5

850 70 69 69 20 638

800 123 128 128 127 125

750 172 170 172 170 170

700 200 198 201 200 198

Key

c 3 constant anodic Z on time : frequency : total time
current density off time (Hz) (hours)

- (sec)

(mA.em )

A - - « «

B to 0.5 I I

Cc 50 O55 at x

D 250 0.5 I I

E 500 0.5 I z

Electrolyte 5N potassium hydroxide

Atmosphere oxygen at I atmosphere

Temperature 2r°¢

0.C.V. I.4 V

Electrocatalyst platinum black

Electrocatalyst S.A.

Electrocstalyst loading

Current collector

Ohmic resistence

EN:

Bel ow 3
22

6 me.em

nickel screen

0.10 ohm
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Table I2,

Comparison of initial oxygen reduction performance with

the oxygen reduction performance two months lester after

the anodic passage of 117,000 couloMva sous .

-2

E (mv) i(mA.om )

before, ater

950 3.4 2.8

900 19 a5:

850 72 58

800 132 107

750 175 140

700 205 168

-2

maximum anodic current = I000 mA.cm

average switching frequency = 3 times a day over the

two month period.

Electrolyte 5N. potassium hydroxide

Atmosphere oxygen at I atmosphere

Temperature (ave rage) 20°C

0.C.V. I.04 V

Electrocatalyst

Electrocatalyst S.A.

Electrocatalyst loading

Current collector

Ohmie resistance

platinum black

elet.g
2

6 mg.cm

nickel screen

0.10 ohm
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Table I3.

Oxygen reduction polarisation data before and after

constant current oxygen evolution pretreatment at

055, aaa for one hour for a teflon bonded platinum

black electrode.

22

E (mv) i(mA.cm )
before after

950 2.0 2.0

900 Tsk 7.0

350 25 25

800 50 49

750 61 60

700 70 70

Teble I4,

Oxygen reduction polarisation data before and after

rapid switching of a constant anodic current of

0.5 A.cm for a teflon bonded platinum black electrode.

on time = 0.5 sec frequency = I Hz total time = I hour

-2

E (mV) i(mA.em )
before after

950 2.4 2.3

900 8.6 8.3

850 30 30

800 58 59

750 70 70

700 82 80



Data for tables I3 and 4, also I5.

Electrolyte 5N sulphuric acid

Atmosphere oxygen at I atmosphere

temperature are

O.C.V. I.05 V

Electrocatalyst platinum black

Electrocatalyst S.A. Bd veg)

Eleetrocatalyst loading 6 ierone

Current collector platinum screen

Ohmic resistance 0.10 ohm

Table 15,

Comparison of oxygen polarisation data for e teflon

bonded platinum black electrode before and after two

months. intermittent anodic pretreatment.

-2

E (mV) i(mA,cm )
before after

950 2.5 I.9

900 9.0 71

850 32 25

800 60 48

750 71 54

700 81 64

2

anodic charge passed 103,000 coulombs/cm

maximum anodic current Kees
average switching frequency 3 times per day

average temperature 20°C
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common in practice. Both types of electrode were

subjected to hydrogen evolution and then the hydrogen

oxidation polarisation date were recorded. The results

were very similar for both current collectors and those

for platinum sereen are shown in tables 16,17 and 18.

These results show that the electrode is not

permanently damaged by hydrogen. evolution, although over

a long period of intermittent hydrogen evolution the

performance does fall by about 30%. This could be due

to’ other. factors eg. partial flooding of the electro-

catalyst, poisoning .of the electrocatalyst.

(2) Platinised tungsten trioxide.

The results in table I9 indicate that there

was no electrode damege end no loss in hydrogen

oxidation performance ences passing hydrogen evolution

currents up to 330 mi.cm for -periods of one hour,

(3) Cobalt nickel oxide.

The results in table ?0.show that these

electrodes were not damaged by oxygen evolution currents

up to T acne and that no oxide films were © formed

which were stable in the oxygen reduction potentdal

region ie. there wes no loss in the oxygen reduction

performance. Graph I5 shows the steady state oxygen

evolution polarisation curve for ‘this electrode. The

0.C.V. following oxygen evolution was increased to high

values eg. sfter oxygen evolution at I.60V the 0.C.V.

was, 1.52.V and steady., However when a potential léss

than’ 1,52'V, wae’ appliéd =the. 0.0,V«.: decreased and. when

the’ oxygen reduction potential. region was reached the

0.C.V. had returned to its. norml value of 1.03 V ie.

all the high oxidation state cobalt and nickel species



Hydrogen

bonded platinum black electrode

hydrogen evolution pretreatments

EB (nv

32

ag

40

50

61

75

go

150

200

250

300

Electrod

Key

we "Ob

Si

Table 16.

oxidation polarisation data for a teflon

)

3.0

10.5

22

4g

73

108

147

295

400

510

635

constant cathodic

current density

2

(mA .om

10

50

250

1000

after constant current

for one

i(mA)

B Cc D E

3.0 3.1 3.1 2.9

ro To Io Io

22 22 er 2r

48 47 47 45

75 76 73 74

108 107 I05 105

46 4145 «461420143

295 298 295 296

398% 399... 392.2 400

509 510 510 508

635 633 635 633

2

0.50 em

comments

no pretreatment

hour.

time (hours)

HH HH H
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Table I7.

The effect of rapidly switching cathodic hydrogen

evolution currents on the hydrogen oxidation performance

of a teflon bonded platinum black electrode, —

EB (mv) i(mA)
before after

32 2.9 3.0

35 10 10

40 21 21

50 45 44

6I 74 72

75 105 105

90 143 142

150 296 292

200 400 395

250 508 505

300 633 633

Pretreatment =

constant current = I A.em

on time-off time = 0.5 sec

I Hzfrequency

total time I hour
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18.

Hydrogen oxidation polarisation data before end after

two months intermittent nysxoye® evolution pretreatment

in which 203,000 coulombs.cm were passed,

E (nV) i (mA)
before after

35 9.3 6.7

40 20 14

50 42 29

60 69 48

150 282 I9I

200 380 260

300 Re 612 435

maximum current = I A.cm

average switchimg frequency = 2/ day

average temperature = 20 C

Data for tables 16,17 and 18.

Eleetrolyte 5N sulphuric acid

Atmosphe re hydrogen at I atmosphere

Temperature 2r°¢

O.C.V. 0.930 V

Electrocatalyst platinum black

Electrocatalyst S.A. Bot.

Eleetrocatalyst loading 6 hers,
Current collector

Ohmic drop

Electrode area

platinum screen

0.10 ohm

2

0.50 em



1s

Table 19.

The effect of hydrogen evolution pretreatments on the

hydrogen oxidation performance of a teflon bonded

platinised tungsten trioxide electrode.

“2

= (mv) i(mA.em )

A B 2 D E F

20 10 9.7 967 9.6 9.9 9.7

25 17.5 16 16 16 16 16

30 25 24 25 25 26 25

35 31 31 29 29 30 29

50 50 49 49 50 50 49

75 77 97 79 76 75 75

Too 104 105 103 103 IOI 103

125 1993.) ax 124 120 123 120

150 147146 149 1497 146 14?

175 167 162 167 165 Tha 165

200 184 134 183" I8I 183 18

Key

constant cathodic

eurrent eke’ thenrhe) ee
A - - no pretreatment

B 25 I no electrode damage

c 62 I no electrode damage

D 125 I no electrode damage

E 250 I no electrode damge

F 375 I no electrode damge
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Data for table I9.

Electrolyte 5N sulphuric acid

Atmosphere hydrogen at I atmosphere

Temperature 2r°c

O.C.V. +0.018 V

Electrocatalyst papten een tungsten trioxide

Electrocatalyst loading 9 mg.cm

Current collector platinum screen

Ohmic resistance 0.15 ohm

Data for table 20,

Electrolyte 5N potassium hydroxide

Atmosphere ‘ oxygen at I atmosphere

Temperature 20°e

OC. 1.035 V

Electrocatalyst oe nickel oxide

Electrocatalyst S.A» 40 m/g

<2

Eleetrocatelyst loading IO mg.cm

Current collector nickel screen

Ohmic resistance 0.10 ohm



The effect of anodic pretreatments on the

reduction performance of a

oxide electrode.

‘

= (mv)

A

1000 0.19

950 3.1

900 25

850 60

800 96

750 146

700 202

Key

a

A -

B T.40

c 1.60

D I.70

E 1.80

F 1.90

G 1.95

1S

Table 20.

i(mA.cm )

B c D

3.1 3.0 3.0

24 24 24

58 59 59

144

200

145

200

145

202

Anodic current

(mA.om )

9002.6

30-24

154-133

520-497

866-813

TO00-932

E

3.0

24

58

96

144

202

Time

(min)

15

15

5

5

15

60

oxygen

teflon bonded cobalt nickel

F G

50:7 5Hs0

25 24

53 53

94 93

143 144

200-198

no pretreatment



Graph I5,

Oxygen evolution polarisation curve for a teflon bonded cobalt nickel oxide electrode,

Electrolyte 5N KOH

Atmosphere oxygen

Pressure I atmos.

Temperature 20°C 2:0 4

O.0.Ve I.035 V

welts,
Electrocatalyst cobalt nickel

oxide

E

Electrocatalyst S.A. 40 nig

ee Ss +4
Electrocatalyst loading IO mg.cm 1

Current collector nickel screen

Ohmic resistance 0.12 ohm

i-t

i A. cw
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had been’ reduced to their stable state at I.00 Vv.

3.4.4. . Discussion.

The results show that mone of these eleetrodes

are physicelly damaged. by oxygen. or hydrogen evolution

even under quite severe conditions. Over a long period

ie. two “months , there is 9 significant fall in

performance but this is probably not csused by the

gas evolution since teflon bonded electrodes which have

not been subjected to gas evolution show similar effects

over a long period of time. Wetting and poisoning

problems, which can be improved by using electrodes

backed with teflon tape end by carefully purifying the

gases and electrolyte, are probably responsible.

The platinum black eleetrodes form a surface

oxide during oxygen evolution which limits their

effectiveness as rechargeable oxygen electrodes but no

surface films are formed during hydrogen evolution which

are stable in the hydrogen oxidation potential region,

thus making them satisfactory as rechargeable hydrogen

electrodes,

Teflon bonded platinised tungsten trioxide

electrodes would make suitable rechargeable hydrogen

electrodes since hydrogen evolution causes neither

electrode degradation nor a change in the electro-

catalyst surface state which is mainteined in the

hydrogen oxidation potential region,

Teflon bonded cobalt nickel oxide electrodes

would make suitable rechargeable oxygen or air electrodes

for the following reasons:

(a) Oxygen reduction performance is equivalent to that

of silver/graphite electrodes used at present in
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commercial zinc/air © cells. :

(b). Unlike carbon based electrodes, oxygen evolution

results in no electrode degradation.

(c) Oxygen evolution causes no change in the surface

atate’ of the electrocatalyst which is waintained in the

oxygen reduction potential region, cf, carbon. based and

noble “metal black electrodes.

The-electrode materials are far cheaper than

noble metal black electrodes and at least as cheap as

silver/graphite electrodes. Electrode fabrication techniques

for all three types of electrode are similar. Hence,

cobalt nickel oxide is the best, known, rechargeable

oxygen or air electrode at the present time.

3.5. Oxygen Reduction and» Oxygen Evolution on Teflon

Bonded Graphite Electrodes in the Absence of ae

3.5.1. Introduction.

Yeager et ake have noted that it is difficult
to interpret steady state polarisation measurements et

porous graphite electrodes because of problems associated

with mass transport in the pores of the electrode

and because of a varying hydrogen peroxide concentration.

Since carbon is a poor catalyst for hydrogen peroxide

decomposition the. hydrogen peroxide concentration builds

up continuously during cathodic polarisation, thus

changing ” the polarisation characteristics. Anodic oxygen

evolution data is also affected by the presence of *

“hydrogen peroxide since this is decomposed at the same

- potentials at which oxygen evolution. occurs. These ES

problems can be overcome by using the potentiostatic

~ pulse technique to ‘eliminate ost mass transfer effects

and to limit the quantity of hydrogen peroxide formed
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by cathodic polarisation.

3.5.2. Sxperimental.

Potentiostatic transients were measured over a

range of oxygen reduction and oxygen evolution potentials,

the 5N potassium hydroxide electrolyte containing no

hydrogen peroxide.

3.5.3. Results and Discussion.

The ©.C.V. was measured before and after the

Oxygen reduction transients were recorded as aaa a

useful guide to the amount of peroxide formed. The

O.C.V. was found to fall by ?mV to less noble values

after the I msec transient run and by 6 mW after the

4 sec steady state run. Graph I6 compares the oxygen

reduction polarisation data after I msec and 4 sec. The

i meee transients should eliminate most of the mass

transfer polarisation while the effect of hydrogen

peroxide is negligible on the I msec transient results.

The results were corrected for the ohmic overpotential

by the interrupter method.

The oxygen evolution transients (graph I7) are

complicated by the fact that the anodic currents

decay with time, probably due to the formation of

graphitic oxides and to the contribution of the nickel

screen whose current also decays. This makes it

difficult to separate the oxygen evolution and oxide

formation currents, especially at short times and to

allow for the effect of the oxide surface on the

Oxygen evolution reaction. It appears that a large

proportion of the total transient current (I msec) at

low overpotentials is due to oxide formation since it.

falls rapidly with time to relatively very low values,



Graph I6,

Oxygen reduction transients for a teflon bonded graphite electrode measured after Imsec and 4 sec.

Ries peaiete 5N KOH Current collector pokey screen

Flectrocatelyst S.A. 300 m/e
Atmosphere oxygen Electrocatalyst loading IO mgson”—

Pressure I atmos. EFlectrocatalyst graphite

Temperature 25°C 0.C.V. 1,02 V
Ohmic resistance 0.2 ohm

a) current recorded after I msec. b) current recorded after 4 sec,
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Graph I7.

Oxygen evolution transients for a teflon bonded graphite electrode measured efter I msec and 4 sec,

Electrolyte

Atmosphere

Pressure

Temperature

0.C.V.

5N KOH

oxygen

I atmos.

22°C

I.02 V

recorded after I msec,

Electrocatalyst graphite

Electrocatalyst S.A. 390 m/e

Electrocatalyst loading 10 mgoom7-
Current collector nickel screen

Ohmic resistance 0,2ohm

b) current recorded after 4 sec,

-o

191
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Vhe results recorded after 4 sec. do not eldminate

the mass transfer effects within the pores but the

oxide formation current should have decayed to low

values. Possible solutions to theses problems would be

to: (I) eliminate the use of nickel current collector

by using graphite cloth or a’ thin sheet of graphite.

(2) initially pretreat the. electrode at 2.00 V_ to

produce a stable graphitic oxide Insyer.

3.6. ° The [Effect of Oxide Film Formtion on Rechargeable

Oxygen Electrodes.

3.6.1. Introduction.

The potential range in which the oxygen reduction

and oxygen evolution reactions occur is about 0.5 «

I.9 ¥V. Reference to tables of standard potentials

shows’ that this range is in a relatively anodic region

where most metals either dissolve or fom passivating

oxide films. This is especially true in acid solutions

where. only the noble metals, tungsten bronzea and tin

oxide are not corrodede Several other electrocatalysts

such as lithiated nickel oxide and silver can be

used in alkaline solution. Obviously any material

which dissolves in the electrolyte in this potential

range is unsuitable as a rechargeable oxygen electrode.

lowever, even the noble metals, silver and semi-

conducting oxides which do not dissolve have the

complication that they are themselves oxidised during

the oxygen evolution cycle. With metals this takes

the form of sn oxide film while in semiconducting

oxides the oxidation state of the metal is inereased,

This oxidation is often en essential step in the

oxygen evolution reaction mechanism. For rechargeable
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oxygen electrodes this is not important providing the

oxide is formed and decomposed at a potential greater

than 1.26 V ies. the reversible oxygen electrode

potential. Unfortunately this is not usually the. case

and since these oxide films are generally very poor

oxygen reduction eleectrocatalysts and are not electronic

conductors, the electrode cannot be used for this

reaction until the potential has been reduced to low

values to strip off the oxide or hydrogen has been

evolved on the electrode surface. In addition, some

metal. oxides are umstable and dissolve in the electro-

lyte making electrodes containing these metals unsuitable

for recharging.

Table 9 shows the standard electrode potentials

of a number of metal/meteal oxide couples. All data

for this. table is taken from the Parbaix atlas of

From this table it can be seen

that only gold is free from oxide st the reversible

oxygen electrode potential. Under anhydrous conditions

silver is also free from oxide at this potential.

Apert from these metals only iridium, platinum and

mercury form their lowest oxide at potentials greater

than 0.90 V. Hence even if the oxygen electrode system

were intensively purified in order to achieve the

reversible oxygen electrode potential, the oxygen

reduction performance st low overpotentials would still

be very poor for the vast majority of metals due to

the presence of omide films, These Wms oxollen aoacondustors
ANA Poot OMAQen Tedudkon Aedhkocakalusks,

For metals of atomic number 76-79 platinum is

the most active for oxygen reduetion in potassium

hydroxide electrolyte because while an oxide surface
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inhibits the reduction of oxygen to hydrogen . peroxide

it. promotes. the catalytic. conversion. of hydrogen

peroxide to water. This is probably because the

negative dipoles of the oxide film inhibit the first

stage which ooawel eonly through an electron transfer

process while the oxide film can participate in (33)

chemical conversion of hydrogen “peroxide to water.

H Os +. PteO =) Pt 4#° 05-4 HO

ae 2 2

For this reason pletinum, which has an Sew EPE

surface coverage of. about 25% at its rest potential

is more effective as an oxygen reduction electrocatalyst

than gold which has avery low oxygen HY

coverage of about 3% at. its rest potential which

inhibits the second stage of the reaction. Platinum

appears to have the optimum oxygen surface coverage

of this group of noble metals, causing severe inhibition

of neither reaction. However, after anodisation at .1.9 V

old is ten times more active than platinum at 0.9 V

Be the platinum still hss a high coverage
of oxide (said to be a monolayer at ses
which is mot reduced until lower potentials are reached

while the gold oxide was fully reduced at potentials

higher than I.0V,.It has been reported that for

platinum it is necessary to reduce the potential below

©.55 V to completely reduce the ae Hence the
importance of the formation end reduction of oxide

films on metals and their effect on the oxygen

reduction performance of rechargeable electrodes can be

clearly seen.

3.6.2. Sxperimental.

The steady state oxygen reduction polarisation



data for a. teflon bonded platinum bleck eléctrode

were compared before and after anodic pretreatment at

2.00 V for ten minutes. After this pretreatment the

electrode was left overnight to reach equilibrium

before taking the oxygen reduction polarisation measure-

ments, This procedure was repeated recording the oxygen

reduction polarisation date by linear sweep voltamograms

at moderately fast sweep rates (0.5 V/min). This is a

more accurate and reproducible method of plotting 4/E

eurves when i varies with time. Sxperiments. were

carried out in air and oxygen satmospheres.

3.6.3. Results. ‘

After oxygen evolution the rest potential is

raised to a value of about 1.45 Vv. This rest potential

degays with time and after leaving overnight had

fallen to I.0I7 V which was steady within + Im’ over

a period of thirty minutes. This is .not much

different from the 0.C.V, before anodic pretreatment

ie. 1.045 V. Care was taken to ensure that the. 0.C.V.

was constant otherwise the current varies with time

Guring the polarisation run, due to the reduction of

higher platinum oxides eg. PtO or PtO. The results

are compared in tob\ec 27, 5 3
Before pretreatment the 0©.C.V. under air and

oxygen differed by about IO mV, the air electrode

having the lower value. After pretreatment and

equilibr’amion the 0.C.V. under air and oxygen was the

Same (#2 nV), The steady state polarisation curve

under an oxygen atmosphere shows that the oxygen

reduction is inhibited at potentials above O.45 Vv after

anodic pretreatment. The linear sweep voltamograms
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recorded under oxygen and air atmospheres (graphs 2I

and 22) show clearly that the oxygen reduction

performance is inhibited over four sweeps (two forward

end two reverse) after pretreatment.

3.6.4. Discussion.

When platinum is held at a potential of 2,00 V

three surface oxides are formed (Pt0O, ey and gah he

Following this anodic pretreatment the 0.C.V. is

increased to about I.45V and this value falls steadily

with iene thie electrode is switched to a potential
in range 0.85 V< E<I.0V for five minutes and then

back to open cirevit the 0.C.V. remins significantly

greater than the 0.C.V. prior to anodic pretreatment.

If the electrode is switched to a potential less than

0.8V for five minutes the 0.C.V. returns to a value

close to the original. This indicates that the oxide

film is only reduced at potentials less than 0.85 Vv.

The decrease in the 0.C.V. with time indicates

that some of the oxides are decomposing. The final

steady 0.C.V. could correspond to a clean surface or

to a PtO surface. If it were a clean surface the

oxygen reduction performance would be expected to be

the same as before the anodic pretreatment. The limits

of the domains of relative stebility of platinum and

its oxides are shown in table 9, and it can be seen

that at the steady 0.C.V. after anodic pretreatment

the only steble oxide is PtO, the other two oxides

decomposing spontaneously at higher potentials. The steady

state current which wes measured after 30 secs. at each

potential, increased with time when 345 mV > E> 660 ov.

This is due to the reduction of the surface oxide.
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Graph 2I, Data.

Electrolyte 5N B20)

Atmosphere air

Temperature 2I Cc

0.C.V. (anodised) T0250

0.U.V. (clean) I.03 V

Electrocatalyst platinum black

Electrocatalyst S.A. 16 n’/g
Electrocatalyst loading 6 mg.cmTM~
Current collector platinum screen

Sweep rate 550 mV/min

Resistance 0.15 Ohm

Pretreatment 3 min at 2,00 V

Graph 22, Data,

Electrolyte k5N #80

Atmosphere Cian at Er atmos,
Temperature 22 C

0.C.V. (anodised) 1,02 V

Electrocatalyst platinum black

Electrocatalyst S.A. 16 at /s
Electrocetalyst loading 6 mg. om

Current collector platinum screen

Resistance 0.15 ohm

Sweep rate 400 mV/min

Anodisation time 3 min

first sweep following pretreatment

third and subsequent sweeps after anodic

pretreatment

A first sweep following anodic pretreatment

B_ second sweep following anodic pretreatment

C fourth sweep P ly ae (alloxide reduced



Graph \S Open circuit potential - time curve following ancdic pretreatment ( 5 min at 2,00 V),

6 5

16g

c sake Electrolyte 5N #580,

= Atmosphere oxygen at I atmos,

Temperature arc

Electrocatalyst platinum black

A 4 Electrocatalyst S.A, 16 «ig!

Electrocatalyst loading 6 mz.cm ~

Current collector platinum screen
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The steady state current fell with time when

I.02 V>E 7345 mv due to a reduction in the thickness

of the oxide film which has been shown to be a

linear function of aihiniaat a This suggests that
above. 845 mV the pletinum oxide film is passive, while

at lower potentials it is spomtaneously reduced to the

bare metal.

A comparison of the polarisation data before and

after anodic pretreatment shows that at potentials above

850 nV the current after anodic pretreatment is more

than two orders of magnitude smaller than before the

pretreatment. This is especially significant when one

considers that the current is decaying with time, In

the potential range 850-660 mV the performance gradually

recovered reaching the original level at about 625 mv.

A polarisation curve recorded after the oxide had been

stripped off showed that the reduction in performance

due to, the oxide was only temporary. It can be seen

that if platinum were to be used as 2 rechargeable

oxygen electrode in, for example, ametal.-air battery

it would be ineffective for oxygen reduction after

recharging at the normal operating potential ie. zinc-

air cells are operated at about 1.4 V and: have an

O.C.V. of I.6V. Hence it would be necessary to apply

a heavy polarisation to the battery, initially after

recharging, to reduce the PtO, although unless this

procedure is timed carefully, a large current will be

Grawn from the cell, reducing its discharge time at a

given current. From the results in ~+ob\e 37. it can

be seen that a potential less than 700 my is required

for rapid oxide reduction. Although this is a
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disadvantage it does not preclude the use of this

type of electrodatalyst as rechargeable oxygen electrodes,

ef. carbon based electrodes, and is much superior to

employing a third electrode in the cell.

The linear sweep voltemograms show that the

eurrent at 900 mV after pretreatment is nearly two

orders of magnitude less than before pretreatment under

oxygen while under air at 700 mV the current after

pretreatment is two orders of magnitude less than before

pretreatment (graph 23). Possible reasons for this

difference are: (a) oxygen reduction currents on the

oxide surface under oxygen are greater than under air.

(>) pretreatment for oxygen atmosphere was twice as

long at the same potentiel as the pretreatment under

air, hence there is more oxide on the electrode

tested under oxygen resulting in a higher oxide

reduction current than that for the electrode tested

under air. The fact that the oxygen electrode required

more sweeps to remove all the oxide than the air

electrode can be explained by (b) above, in both cases

- oxygen electrode I.,02 V+ 0.65 V, air electrode 1.02 Vv «

0.45 V. Because of the interference by anodic oxide

films it was decided to study some aspects of the

formation and reduction of these films on platinum in

greater detail,

347. Oxygen Reduction on Pletinum Oxide Films and the

Electrolytic Reduction of these Films.

347.1. Introduction.

The growth of anodic oxide films on platinum

depends on the polarisation potentiel, temperature,

duration of anodisation, and especially on the surface

state of the electrode, which can be altered by



Graph 23,

Comparison of oxygen reduction on clean and anodised surfaces under air and oxygen atmospheres,

Blectrolyte 5N 150, Electrocatalyst loading 6 mg.cm->
Tempers tive 20° Current collector platinum screen
lectrocatalyst platinum black
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pretreatment. If any of these conditions is not

stipulated reproducible results will not be obtained.

Although there have been many investigations of the

anodic oxide film formed on platinum, there is still

little agreement on its nature or extent, often

because the conditions of formation and reduction of

the film have not been fully stipulated.

The enhanced catalytic activity of platinum

after anodisnation, for a number of electrochemical

processes, has been explained as being due to

facilitated electron transfer from the aenanes platinum

surface by the oxygen bridge mechanism > or
alternatively a chemical reaction is responsible in

which the reagents react directly with the oxidised

bebe which is unstable in the presence of reducing

egents. a The enhanced activdty of platinum which | has
been oxidised and then reduced is said to be due to

the formation of a thin plstinised ao This
theory is supported by the marked roughening on the

platinum surface under asec Plidinting’ and disputed by
Ghent who has shown thet only a small increase in
area is produced by one polarisation cycle and then

only if the oxide is reduced very quickly. Feldberg

et Pe Sacenutes the enhanced activity to a layer
of PtOH while Wieke and Welbus m6 have suggested
impurity desorption.

The effect of an oxide film of platinum has

usually been shown to inhibit the oxygen reduction

eetian hs although sometimes it has been shown that
the reaction rate wes eccsiceities, , The mechanism of
the oxygen reduction reaction on a clean platinum
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surface is confused because some workers claim the

formation of hydrogen Biscctei ts adie others have
shown its Bihcics as is evident from the literature
that a wide variation of results has been obtained

under different conditions in acid electrolytes even

when the platinum has not been anodised. This situation

has resulted from the ingfficiently precise specification

of the experimental conditions. Recent work under high

purity conditions has shown that oxygen reduction on

clean platinum and oxidised platinum is kinetically

(63) (74)
different and thet hydrogen peroxide is produced by

adsorbed impurities in a reaction whith occurs parallel

to the main reduction of oxygen direct to water.

Hence the importance of specifying the purity level of

the electrolyte and reactant can be seen.

owe has studied the oxygen reduction

reaction in 85% ortho phosphoric scid on platinum foil

which had previously been subjected to a variety of

pretreatments. Three different surfaces were produced,

each having different oxygen reduction kinetics:

(I) a fully oxidised surface produced by anodising at

2.00 V;

(2) an oxide free surface, considered to have oxygen

adsorbed in less than monolayer quantity, and

(3) an active surface consisting of a partially

reduced oxide film. This active platinum surface was

found to be a better oxygen reduction. electrocatalyst

than either the oxidised or the oxide free surfeces.

However neither the active or oxidised surfaces are

stable with time at about 300 mV, both being gradually

converted to the oxide free surface. Under typics1 fuel

eell opersting conditions it was shown that the oxide
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free surface was superior to the oxidised surface but

inferior to the active surface although the performance

of the latter declined as it was converted to the

oxide free state. The nature of the active surface has

not been definitely characterised although it probably

involves dermasorbed oxygen in the disordered outermost

layers of the plstinum. (oe)

It has been shown that anodisation of platinum

causes a penetration of oxygen into the metal lattice

deeper than the dermsorbed layer, in a similar way

to the action of concentrated nitric wie the
higher the anodisation potentiel the more deeply the

oxygen penetrates. This dissolved oxygen has been used

to explain the different properties of anodised and

clean platinum electrodes and the fact that initially

the amount of charge required to form a monolayer of

adsorbed oxygen anodically is not equal to the charge

needed to reduce the monolayer Steaiean oto
Another explanation for the temporary enhanced

activity of platinum following an oxidation - reduction

cycle is that rearrangement of the platinum atoms

occurs when te latinumeoxygen bonds are formed in

the surface film. When the oxygen stoms are removed

on reduction the rearrenged pletinum atoms teke a

finite time to return to their regular Inattice positions,

the time increasing with the potential and duration of

the anodisation.

Two models have been proposed for the growth

of anodic oxide films on platinum: (I) The high field

ionic conduction Bs he which the overpotential
eppears across the anodic oxide film and the log of
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the ionic current density is proportional aay field

in the oxide, (2) The place exchange model. At

present neither model has sufficient experimental

becking. If the high field model is applicable then

oxygen evolution would be due to an electronic

tunnelling current which flows through the oxide film

to the metal once its potential is high enough. Optical

measuremants on the high field model suggest that a

monolayer starts to form at I,0V and is complete at

I.IV. There is little experimental evidence for the

place exchange model except that the film thickness

is e linear function of potential, a fact which is

true for both models.

At very high enodic potentials eg. 2.I V miltie-

layer oxide films have been wae The growth
rate of these films is very slow compared with

monolsyer films and at potentials above 2.19 VY cease

to fom at all. Reduction of these multileyer oxide

films results in large increases in the roughness

factor of the electrode surface. The lowest potential

recorded for the formation of multileyer oxide films

fe I.8v.

Anodic oxide filme on platinum often inhibit

electroeoxidation processes eg. oxidation of ethylene.

Hence the rate at which these films can be removed

by hydrogen gas dissolved in the electrolyte is of

some significance. The reaction has been shown to

proceed at a rate inversely proportional to the oxide

edaikasnt’ tae has been interpreted es being due to
the inhibition of the electrochemical oxidation of

hydrogen by adsorbed oxygen species. Hence as the oxide
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is reduced the inhibition of hydrogen oxidation is

reduced resulting in an increase in the rate of oxide

reduction.

In the present work it wes decided to investigate

the stability of the oxide film formed by the pree

anodisation of platinum. The potential renge in which

the oxide film is passive is to be determined and

with this information the oxygen reduction kinetics on

the oxide film are to be studied in the passive

potential region and compared with the oxide reduction

polarisation data in both passive and active potential

regions.

As an extension of this work the process for

oxide formation by the electrolytic discherge of water

molecules is to be investigated in an attempt to find

the rate law for oxide film growth. With this

informtion it is hoped to elucidate some of the

problems associated with the oxygen evolution reaction

by investigating the rate of decay of the oxygen

evolution current and attempting to relate it to the

growth of an oxide film.

3.7.2. Experimentel.

Potentiostatic transient measurements in the

potential range 0.6 Ve I.0V were mde on a pres

anodised electrode in oxygen and nitrégen atmospheres

in order to determine the proportion of the current on

an oxide surface that is due to oxygen reduction and

the proportion that is due to oxide reduction. The

separetion of these two components is important in the

study of oxygen reduction on oxide surfeces.
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Linear sweep voltamograms in the oxygen reduction

potential region on preanodised electrodes under oxygen

and nitrogen atmospheres were recorded, This should be

a better method of seperating the two currents since

in the region where the oxide film is passive the

oxide reduction current decays with time to very low

values of the order of phon. However, it is
important to know the limit of this passive region and

the current decay characteristics under oxygen and nitrogen,

3.723. Results and Discussion.

Current-time data for oxide/oxygen reduction under

oxygen and nitrogen i the potential range I.00V - 0.70 V

for platinum foil electrodes preanodieed for one minute

at I.80V, are shown in table 21. The time period over

which measurements were taken was 5 sec. to about 4 min,

These rSults show that at potentiels > 0.90V the

current at times up to 3 min. is almost the same under

oxygen or nitrogen. At potentials < 0.80 v the current

under oxygen is higher than that under nitrogen the

difference increasing with time ie. at 0.80V after

IO sec, the current under nitrogen is 0.74 of the

current under oxygen while after 2 min. the current under

nitrogen is only 0.15 of the current under oxygen. The

explanation is that the oxide film is not reduced until

the potential falls below about 0.80 V and that at

higher potentials almost the entire current is due to a

reduction in the thickness of the oxide film If any

Oxygen reduction on the oxide surface oecurs the

resulting current must be very small in comparison with

the oxide reduction current. The most likely reason for

the difference in current observed with oxygen and nitrogen
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Cathodic current - time curves for ea preanodised
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atmospheres at potentials 20.90 V as the time increases

is that as oxide is reduced some bare platinum metal

is exposed on which oxygen reduction oecurs. In the

Study of the reversible oxygen electrode on a platinum

oxide surface about the potential I.26V it has been

reported that in order to obtain the cathodic oxygen

reduction data these measurements must be taken quickly,

and immediately following eS dealivente re At potentials
less than about 0.80 V the oxide film is reduced

spontaneously and consequently this limits the potential

to the range 1,26 -0.35 V. However even within this

range the oxide film thickness varies with potential,

hence when the potential is lowered a current flows

which is due to (a) oxide reduction and (b) oxygen

reduction on the oxide surface end/or (c) oxygen

reduction on the bare metal surface, With increasing

time (a) falls to near zero and the current ig due to

either (b) or (c) depending on whether a complete

monolayer film still exists. The decay of (a) to zero

can. take up to five minutes, hence if the cathodic

measurements are made quickly after preanodisation a

significant proportion of the current would be due to

oxide reduction, This is especially true at potentials

above about 1,07 V where the tease platinum oxides are

\

spontagously reduced, Damjanovie and appaens® Samat until
recording

an approximate steady state is achieved before

This method allows the oxide reduction
the current.

current some time, one minute in Appleby's experiments,

to decay. However this time is not sufficient for the

oxide reduction current to decay to zero and since this

current is initially much greater than the oxygen
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reduction current on a clean surface it remins

significant even after 4 min. If readings in the potential

range I,26V-0.85V are to be mde after, say 5 min. ,y

it is mecessary to check that the surface is still

covered with a monolayer after this time. This seems

likely since the oxide is not spontaneously decomposed

at potentiels > 0.85 V. The coverege can be determined

by measuring the area under the oxide reduction current -

time curve. Assuming that the oxide surface tee

monolayer corresponds to about 640 pscoulombs .cm. Graph WS)

The importance of the influence of oxide

reduction currents on oxygen reduction polarisation data

on a platinum oxide surface is emphasised in table 22

where linear sweep polarisation curves on preanodised

platinum ook electrodes, recorded under oxygen and
nitrogen, are compared with oa similar curve on a clean

platinum surface under oxygen. Using 9 sweep rate

0.40 V/min, it was shown at potentials > 0.80 V the

eurves for the oxide surfece under oxygen and nitrogen

were almost identical and that at 0.70 V the current

under nitrogen is still approximtely 25% of that under

oxygen. These currents on the oxide surfsce at potentiak

70.80 V are more than an order of magnitude smaller

than equivalent oxygen reduction currents on a clean

surface, Hence it is essentdal to check that the oxide

reduction current has decayed to zero and that there is

at least a monolayer coverage when the oxygen reduction

current is recorded. The oxide coverage is determined

by pretreating the electrode for one minute at I.80V,

followed by holding it at the required potentisl for a

certain time before a cathodic potential sweep was



Graph 45,

Linear sweep oxide stripping curve for a platinum foil electrode pretreated for I min, at I.80 V and then

held at 0.85 V for 5 min.

Electrolyte 5N BPO;

2

Temperature 20°C joes

Atmosphere nitrogen oO 4

Pressure I atmos.

20 +

Electrocatalyst platinum foil

Resistance 0.06 ohm 1

Sweep rate 0.8 V/min.

€é0 4
Area under curve between 0.50 V and

0.85 V = 1160 he,onTM*

§cO :

oh a-& O-8 1-0

E Nels.
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Table 22,

Linear sweep voltammogram data on preanodised platinum

met. under oxygen and nitrogen.

clean surface - oxide su rface - oxide surface
under oxygen under oxygen under nitrogen

<2 -2 -2
i(mA.cem ) om i(mA.cm ) ~ mw i(mA.cm ) iV

3.4 960 0.2 915 0.4 922

6.0 915 0.8 870 I.2 880

20.6 870 2.2 825 2.0 333

52 825 7.0 780 4.2 796

I02 780 25 25 8.0 754

168 735 86 690 16 712

248 690

Electrolyte oN ong

Tempe rature 212¢

Atmospheres oxygen and nitrogen at I atmos.

Electrocatalyst platinum black

Sweep rate 0.4. V/min

Pretreatment 5 min at 2.00 V then held at Te0p- Vinal:

i=0
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applied and the area under the curve measured. These

results confirm that at potentials > 0.85 Va monolayer

of oxide exists evem after times of up to 5 min. The

current-voltage and Tafel plots for oxygen reduction on

a platinum oxide surface after the oxide reduction

eurrent had decayed to zero are shown in te

Comparing the results with those of Damjenovic and

appaide at can be seen that the Tafel slopes and
exchange current densities are in reasonable agreement

considering that Damjanovie used eee and IN KOH and

Appleby, 35% orthophosphoric acid, and that there were

emall differences in temperature. igpiee also shows
that at low temperatures fe. 25°C, a monolayer of oxide

exists on platinum after ‘several minutes at 350 mV v.

a bubbling hydrogen electrode in the same solution (H.R.E.)

following a similar anodic pretreatment. Since Appleby

states that PtO is unstable in 35% orthophosphoric acid

it would be expected that the coverage in 5N H SO

would be at least as great. The current deusteahe for
oxygen reduction in this work were about an order of

magnitude greater than those of Appleby and this could

be attributed to the high viscosity of his. electrolyte,

The results of this study do not, however, agree

so favourably with those of Damjanovie et al who base

their conclusions on measurements made in the potential

vange 1.02 V-0.79 V. It has already been shown that at

potentials below about 0.85 V the oxide is completely

reduced, leaving the bare metal surface and it seems

suprising that tafel points in the region below 0.35 V

still fall on the straight line, especially considering

that oxide reduction currents and oxygen reduction currents



Graph 24,

Polerisation and Tafel plots for ,;oxygen reduction on a preanodised platinum foil electrode,

i (A.cmTM") Temp? C
° 

Electrolyte 5N #80,

(Cissy ; zAppleby - =2505 25.1 13 Temperature 21°C
(G3) IO

Damjanovic 4x10 - 25 Atmosphere oxygen at I atmos,

=Present study 4.2 ede - ar [dca Electrocatalyst platinum foil
Resistance 0,10 ohm

leo 4
tafel slope Blectrolyte 

Anodic pretreatment I min at I.,80 V

(av) Current measured after 5 min at a givenAppleby -122 85% cxenopnosphon.S to potential
acid oo

Damjahoviec Too IN 5C10 4

1 @® Ppolerisation curve i-E
Present study IT4 5N E80, a

Grete es % tafel plot log i-£E

log | x

INS
O-4 +3 <<

oN
\

o-2 4

é° : ; v

eG fet eee oO]
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on bare metal are much greater than the oxygen

reduction currents on the oxide surface. The current

densities for oxygen reduction on the oxide surface in

Damjanovie's study were about an order of magnitude

greate@ than those obtained in this investigation, At

potentials less than 0.85 V Damjanovies eurrent densities

were almost two orders of magnitude greater, This

Suggests that these results contain a contribution due

to oxide reduction at potentials > 0.35 Vv and also to

oxygen reduction on the bare metal at potentials lower

than this.

This work shows the great care that mst de

observed when measuring oxygen reduction currents on

anodically pretreated platinum . surfaces, ie. measurements

should only be made in the range from I.00V to 0.85 V

since at higher potentials the oxygen reduction current

is very small eg, 10 - 10” are and edgequently
difficult to measure unambiguously, while at lower

potentials the oxide film is continuously removed leaving

the bare metal surface, resulting in higher currents thn

the true oxygen reduction current on the oxide surface,

because of the oxide reduction and oxygen reduction on

the bare metal surface.

The results in table 23 show current-time data

over the initial 100 msec. at potentials in the range

Ty0O 30 0.75 V on platinum foil electrodes pretreated for

one minute at I,80V in oxygen and nitrogen atmospheres

and similar results for a bare platinum surface under

oxygen. The preanodised eleetrodes give almost identical

current-time curves under either oxygen or nitrogen over

the entire potential range and for a given time and
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Table 23.

Transient cathodic polarisation data for clean and

preanodised platinum foil under oxygen. and nitrogen

atmospheres.

(a) Clean surface under oxygen.

Potential (mV)
Time

(msec) 750mV 350mV 950m TOOOmV
i(mA/em)

0.1 16,3 9.2 4.5 Rept

0,2 732 4.4 1,33 0.87

0,4 3.36 1.72 0.77 0.38

I,0 1,54 0.72 0,34 0.115

4 0.43 0.25 0.14 0.048

Io 0,21 0.105 0.042 0,024

40 0.096 0.05 0.023 0.0095

100 0.029 0.011 % =

490 0.014 = om eS

(b) Preanodised surface under oxygen.

Potential

ge 750mV 850mV 7 950mv Tooomv

(msec) i(m/em )

0.1 3147 20 10.6 5.4

0.2 25.0 15.3 6.7 3.3

0.4 19.2 To 34 1.73

0.9 II.0 4.3 0.77 0.334

4 3.1 1.34 0.39 0.144

qu 1.7 0.76 0.15 0.057

40 0.52 0.19 0.075 0.019

90 0.31 0.076 - S

470 0.067 0.038 - =

970 0.029 - cs
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Table 23 (cont.)

(ce) Preanodised surface under nitrogen.

Potential

Time 750mV 850mV 950mV IOOOnV
(msec) -2

i(mA.cm )

O.1 29.5 19.1 Il.5 54

0.2 23.4 14.8 6.9 3-4

0.4 19.2 Io a8 T.83

0.9 II.4 4.3 0.36 0.48

4 2.36 1.43 0.39 0.144

9 Te7I 0.76 0.15 0.057

40 0.43 0.17 0.067 0.023

90 0.27 0.057 - 0.0096

470 0.096 s i a

970 0.038 - - -

Electrolyte 5N HpS0,

Tempera tuee 2r°c

Atmospheres Oxygen and nitrogen at I atmos.

Electrocatalyst Platinum foil

Resistance 0,10 ohm

Pretreatment I min at 1.80 V then held at I.05V till i=o



graph 20. Transient oxygen reduction polarisation curves on clean and anodised platinum surfsces.

Electrolyte 5N #80,

Atmosphere oxygen at I atmos

Temperature ar

0.C.V, 1.04 V 0-5 5

Electrocatalyst platinum
black

Electrocatalyst S.A. bomig

Electrocatalyst loading 6 ng.cmTM>

Electrode ares 0.50 en*? O-T 4

Current collector platinum screen

Ohmic resistance 0.06 ohm

current measured after 0.2 msec.

A clean surface—

B anodised surface

(5min at 2,00 V)

1-0

Lst



potential the current density on the clean pletinum

surface was about half that on the preanodised surface.

These results support the view that the oxide reduction

current is much greater than the oxygen fteduction

current on a preanodised platinum ‘surface and consequently

that -it is essential to let the oxide reduction

current decay to zero before taking resdings.

Table 24 shows eurrent-time curves on clean and

preanodised platinum surfaces in the. potential range 1.26

- IOI V. These results show that in this region the

oxygen reduction current on an oxide surface is too

low to be deteeted and that the current from the

electrode which was not preanodised is only slightly

less than the preanodised electrodes because the oxide

coverage at I.26V is greater than at 1.05 Vv.

This work is in agreement with the work on

platinum black which also showed tht the oxide

reduction current decayed with time at potentials above

0.85 V but that below this potential the oxide film

was sonbtenous ye eetyiee off. Also, +romsienti-E curves

for preanodised platinum, black

under both oxygen and nitrogen were almost identical.

(see araphs 19 -Q0),

Oxygen reduction currents on anodised surfaces

are very low compared with oxygen reduction on the

elean surface even if platinum bdlaek is diet. nes
increases the surfsee area about a thousand times and

although the oxide reduction currents sre much greater

they fall to zero with inereasing time at potentials

above 0.85 V. Hence if platinum black electrodes are to

be used as rechargeable air/oxygen electrodes their



Table 24,

Cathodic current - time curves for a preanodised andchean

platinum foil electrode under oxygen and nitrogen.

I.itV I.0I V T.2IV

Time . onidesurfacs . oxidesurloca . Oxidesurroce..

(sec) under under under under under under
Np oe 0, No

iGad.om )
5 4.6 «4.6 Vedi hed 2.5 209.

Io 2670 2eD Fa8 53 35 1.7 I.7

15 £59: = Bee B28 4251S ‘t52. T.3

30% OL T7 Ose 1.03 0.90 0.53 0.60

60 0.19 0.19 0.47. 0.40 0.19 0.19:

120. zero zero 0.27 0.27 zero zero

180 - ) 0.19. 0.15 - -

240 - - zero zero - -

E = 1I.16V

Time clean surface oxide surface oxide surface

(msec) under oxygen under oxygen under nitrogen

ik ich 5
0.1 3.0 9.6 9.6

0.2 4.2 6.1 6.25

0.4 1.72 257. 2.9 :

0.9 0.39 nee 0.87

4 0.24 0.29 0.29

9 0.096 0.17 0.17

40 0.039 0.057 0.057

90 0.014 0.023 0.028

Electrolyte oN H,S0, Resistance 0.10 ohm

Temperature ei Anodic pretreatment I min at I.8V
then held at 1.26 Vv till i=0

Atmospheres Q> and N, at I atmos.

Electrocatalyst platinum foil



Fp VG Transient oxide reduction polarisation curve on anodised platinum black,

Electrolyte N HRSO

Atmosphere bo at I atmos,

Temperature 21°C

0.C.V. I.0I V

Electrocatalyst pletinum black

Electrocatalyst S.A. 16 ute
OSs Blectrocatalyst loading 6 meson?

Electrode area 0.50 cm

Current collector platinum screen

eG volk, Ohmic resistance 0.06 ohm

o-1§ 4

© o-§ io



Gragh3S _linear sweep oxide reduction polerisation curve on an anodised teflon bonded pletinum black electrode,

E

O-6

Electrolyte

Atmosphere

Pressure

Temperature

0.C.V.

Electrocetalyst

Electrocatalyst S.A.

Electrocatalyst loading

Current collector

Ohmic resistance

Sweep rate

Pretreatment

5N H,S0,

nitrogen

I atmos,

2T°C

I,OI Vv

platinum black

16 «.gTM

6 mg. ae
platinum screen

0.15 ohm

400 mV/min

I min at 2,00 V

ob)
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Gischarge performance following recharging will be very

poor at potentials greater than 0.85 V which is the

normal operating voltage. At lower potentials the

performance will improve with time ag the oxide film

is steadily reduced.

3.8. The Effect of Surface Oxides on the Oxygen

Evolution Reaction on Platinum.

348; fy. Introduction.

It has been observed that the anodic oxygen

evolution current on platinum at a given potential

falls with time and this has been attributed to the

increasing depth of oxide coverage with time causing the

gradual deactivation of the active deca O° 48 the
mechanism of the oxygen Seon? tie reaction is

(I) 4M + 4H O # 4MOH + 4H + 4e

2

(Ir) 2MOH = MO + =

(111) 2eMO = aM + os

where (I) is the rate determining step then the

surface oxide should be removed as fast as it is

formed and the current should not vary with time.

Since (II) and (III) sre chemienl reactions the electric

current is due entirely to (I) which is the oxide

formation reaction, which also occurs in the potential

range I,.0 e 1.4 V before any oxygen is evolved. If the

above mechanism is correct, irrespective of the rate

determining step, it implies that there must be a rapid

increase in the rate of oxide fornmtion at about I.A5v

when oxygen evolution is observed, although this seems

unlikely since in the potential range I.2 «1.4 Vv. the

oxide formation current does not vary with potential

Gna)



geek 2b. Linear sweep voltammogram for oxide formation on a clean platinum surface.

Electrolyte 5N S04

Atmosphere nitrogen

‘ Pressure I atmos.

\-O - Temperature 2r°c

E 0.0. 0.70 V

Electrocatalyst platinum black

Electrocatalyst S.A. 16 mg”

Electrocatalyst loading 6 mg. ome
Current collector platinum screen

O-F 4 E Ohmic resistance 0.15 Ohm

Sweep rate 400 nV/min

i Electrode area 0.50 ona

yolks :

os r S
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Anodic Linear Sweep Voltammogram

for a teflon bonded pletiaum
black electrode

Electrolyte SN HL So,,
Teme, QVC

At mosphere N, =

Electrocatalyst S.0. ibe pee
“ loading s:5 mg, cm

cuccteak collector PE qaure

suwe Coe Aw [rma ,
resishnw O16 chm

I (oA)

wv 4

Lo
E volts. 1-4,



142

and no new oxide species is known to form in the

region of I.45 V. Reactions (II) and (III) are not

potential dependent although they could be dependent on

the surface oxide concentration. However if, et about

I.45 V, the rates of reactions (II) and (III) increased

then oxide would be decomposed and the rate of (I)

would increase resulting in a higher current. Never the

less it is difficult to find possible explanations of

this phenomenom,

Bockris gees om analysed various possible oxygen
evolution reaction mechanisms and from the values of

anodic and cathodic Tafel slopes and stoichiometric

numbers has concluded thet only three are possible. All

three mechanisms possess only one electrochemical step

ie. reaction (I) which is saié to be unambiguously the

rate determinigg step for each mechanism. However this

does not explain the fall in current with time or why

no oxygen is evolved at potentisls less than 1.45 Vv.

Hence the oxygen evolution reaction mechanism still poses

problems of considerable complexity.

A possible explanation for these problems could

be achieved if the formation of nonstoichiometric

platinum oxides is assumed or if platinum oxide (Pto)

and platinum dioxide (PtO ) are assumed to exist

together at the same cptinkte. Platinum oxides could
quite easily be nonstoichiometric because platinum is a

very noble metal and its oxidation my not go to

completion resulting in an excess of platinum ions, The

oxides PtO and ~~, are formed at similar potentiels

and hence are likely to coexist. A mechanism involving

these species would explain the good electrical



193

conductivity of the electrode surface since pure Pt0O

or Pto should be poor conductors.

eae an oxide such as Pt0O is assumed to form
where the value of x is depenwant on the potential
then the fall in current with time at a constant

potential can be explained on the basis of a thickening

film at constant x. As the film grows ionic conduction

becomes harder, the resistanee increases and the current

falls.

The explanation of the overvoltage observed before

oxygen is evolved could be explained by assuming that

“the x value at a certain potential reaches a limiting

value (maximum value). At lower potentials the favoured

reaction is either Pt -» PtO or PtO cates but at the

eritical potential the oxygen evolution reaction is

favoured because nearly all the surface platinum has

been converted to PtO . At higher potentials the oxide

ions formed can jithes contribute to film growth by a
diffusion mechanism or they can be discharged as oxygen

molecules. The latter process is the easier and hence

most is evolved as oxygen and the proportion going to

oxide film growth falls as the film grows thicker.

It is proposed to study the current decay of

platinum over a large time renge ( secs 4Sminutes) in

the oxide formation and oxygen evolution potential

regions, and to show whether all the current in the

oxygen evolution region can actually be correlated with

the quantity of oxygen formed. This should be true if

multilayer oxide films do not form below 2.0 gO
The current decay curves should determine whether the



Gecay is due to oxide coverage and whether or not the

decay law is the same for oxygen evolution and oxide

formation.

3.8.2. Experimental.

Potentiostatic current-time curves were recorded

in the oxide formation and oxygen evolution potential

regions in the time range I sec = 5 secs on platinum

foil in a nitrogen atmosphere by the pulse technique

and by normal ammeter clock measurements in the range

5 sees - If min. on electrode surfaces which had been

pretreated to contain (a) no surface oxide and (b) a

fixed amount of surface oxide.

The charge passed, calculated from current-time

curves, was compared with the charge required to

produce the volume of oxygen, corrected to S.T.P.,

collected in a gas burette,

3.8.3. Results and Discussion.

The current-time curves for a platinum foil

electrode in the time range Ssec - I5 min., at constant

potential between I.6 and 2.0V are plotted in graph 25,

The slopes of these curves were measured at various

times. The slope represents the rate of current decay

with time at a given time. This is equivalent to the

rate of oxide formation in the potential range I,0 - IQ.

The curves show that in the oxide formation region

the current falls to very low values es the time

increases, while in the oxygen evolution region a

significant current is observed even at long times.

The area under the curve enclosed by the time period

O- 10 min. was measured and plotted ageinst the potential

(graph 30). This curve was linear in the potential



Graph 25, (a) Current - time curve at 1,90 V for platinum foil.

Data for graph
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Graph 25.

(b) log charge - log time curve at 1.9 V for

platinum foil,

LO

Log charge

Log time

(c) charge - log time curve at I.90V for platinum foil.

Mon

(cocoon +

charge

Svooo 4

to. coe

1-0
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(e) charge - log time curve at I.40 ¥ for platinum foil,

2000 +

Graph 25,raph 25 charge

(d) current - time curve at 1.40 V for platinum foil. a

ACom

Ades?vom: 1000 4

so 7

|

: °
to

So 4

lo +

o + t
5 io

Time — (min)

2-0 30 Log time

(£) charge - time curve at I.40 V for platinum
Zooo foil,

charge

AC.c8* 6

{000

Seo le + T
S 5 to

Time (mia)



Graph 25,

LA cai?

(g) current - log time curve at I,40 V for platinum

40 -

1

20 4

o

° : = :

os 20 3-0

<2

A Can

g00

boo

00

(nh) current - log time curve at I,90 V for platinum foil,

Log time

sbi



14

Table 25,

Current = time data at constant potentials in the range

I.0 - 2.0V for a platinum foil electrode,

Potential I.,05 v I.I0 Vv I.20V I.30V I.40V I,51 V

Time : i 1 (mA) y : 4(sec)

5 40 4i 90 120 210 300

6... 2h op 26 55 80 170 160
15 22 20 40 61 90 TIO

30 I5 i 13 24 36 47 58

45 I2 Io 18 26 33 -

60 10.2 8 14.5 20.5 26.45 33

75 - Fak T2 17 22 io

90 - 6.3 10.5 2 a5 19 23

T20 7 Soo 9 II.5 ° 19

180 - 4,2 6.8 8.6 II.3 14

240 4,1 309 iS - 965 -

300 364 365 4.6 6.0 7.8 10.0
600 - - - - - 6.5
To50 - - - - - 5.0

660 0.5 I.4 - 3.9 4.8 -
300 - Tod - = = :
720 - foe 3.1 - - -

960 a ee 2.8 3.2 . si

150 oi < 2 s 12.5 “

Electrolyte . SN H,80, Resistance 0.08 ohm

Tempers ture orc Electrode area 5.0 em?
Atmosphere nitrogen at I atmos,

0.C.V. O.9V

Electrocatalyst platinum foil



Table 25 (cont.)

Potential

Time

(sec)

5

Io

15

30

45

60

75

90

120

180

240

300

600

1050

900

720

1200

660

20

I.60 V

500

220

I60

94

46

42
ets

27.5

23

20

"13.3

II

I.70 V 1.80 Vv

1 (mA)

500 1000

300 “800

235 650

155 450

123 390

103 340

71 255

58 ‘233

50 190

- 196

30 -

= 107

I.90 V

3000

2200

1850

1430

1240

Iro

2.00 V

II,000

7000

5250

4.800

3900

3600

3200

3000

2800

2300

6060



Graph 30.

Charge v. potential plot for a platinum foil electrode in the renge I.0 V-1.5 V.

Electrolyte 5N #80,

o he C an
Temperature arc y S

Atmosphere nitrogen Charge

Zovo4

Pressure I atmos,

°

0.C.V 0.9 V
Joco 4

Electrocatalyst platinum foil

Resistance 0.08 ohm jo00 =

charge measured after I0 min. at a given potential.

° = tT tT Tr
Oo 1-2 ie 6

E volts.
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region I.,05 = 1.50 V confirming the previously reported

linear relationship between potential and oxide

Foedenue. | the deviation from this linear relationship at
potentials greater than I.50V suggests a different

reaction,

The area under these current-time curves was

determined after different times in the range O - IO min.

and the oxide coverage plotted against time and log

time at each potential. The charge v. time plots were

logarithmic in the range I.0 - 1.5 V and the charge v.

log time were consequently linear in this potential

range. At higher potentials this is not true but the

log charge v. log time curve was linear.

In the potential range I.0 -I.5 V the slope of

the charge - log time lines is a linear function of

potential as shown in graph 31. This shows that the

rate of growth of the oxide film is a linear function

of potential.

Graph 28 shows the rate of fall of current with

time as a function of log time, ie. slope of i-logt

curves v. log t for a given potential and graph 29

shows. the rate of fall of current with log time as a

function of potential at a given time ie. slope of

i-logt v. E at a given time. This shows that over

the entire time range the rate of fall of current with

log time increases rapidly at potentiels above 1.90 V

which is in agreement with the fact that the current

density for a given time increases rapidly at potentials

above I.80V. If the only electrochemical step in the

mechanism is discharge stenete to form an oxide species
then an increase in current density must correspond with



Graph 28,

The rate of current decay v. log time for a pletinum foil electrode at a) I,9 V and »b) 1.40 v,

Electrolyte oN #80, The rate of current decay is the slope of the current - log time curve in graph 25,
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Graph 29.

Rate of current decay v. potential on a platinum foil electrode after a) IO secs. and b) 1000 secs,

Electrolyte 5N #50, 0.C.V. 0.9 V

Temperature ear’c Electrocatalyst platinum foil

Atmosphere nitrogen at I atmos. Resistance 0.08 ohm

Rate of current decay is the slope of the current - log time |curves in graph 25,
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Graph 31. Graph 34,

Curve of the slope of charge - log time plots (graph 25) Oxide formation proportion of total current v. log time

ie. rate of growth of oxide film v. potential. at 2,00 V.

Electrolyte 5N 1,80, 0.C.V. 0.9V

Temperature are Electrocatalyst platinum foil

Atmosphere nitrogen at I atmos. Resistance 0.08 ohm
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an inerease in oxide coverage.

Using the above data a method hss been

developed for sparating the oxide formation and oxygen

evolution components of the total current at different

times at potentials above I.50V. The method is based

on measuring the relative rate of current decay from

the current - time curves. This wes done by comparing

the current after 2 time t with the current after

TO sec. (t>IO sec.) and representing the comparison as

® vatio eg. i/i_. These ratios were calculated at

different vetaea ie t in the potential range 1.0 e 2.0V.
Between I.0+1.5V for a given value of t the ratio

was approximately constant showing. that the relative

vate of current decay was constant and this would be

expected at potentials where the chargeelog time curve

is linear, At potentials above I.50V the ratio increases

rapidly indicating a much slower relative rate of

current decay. This is the potential at which oxygen

evolution is first observed.

In order to separate the oxygen evolution and

oxide formation currents, the current after I0 sec. is

read from the currentetime curve at a_ suitable potential,

It is assumed that the current after I0 sec. on an

initially clean platinum surface is due entirely to

oxide formation. From the constant value of i/i

between I.0 + I.5V the value of the oxide Sitesi tis
current efter t seconds can be calculated and compared

with the actual value of current after t seconds the

difference being due to oxygen evolution. This process

is repeated for different values of t and E (graph 27).

This separation enables:



Graph 27.

Curve of the ratio of the current at 1000 sec, to the current at IO sec (relative rate of current decay)
v. potential for a platinum foil electrode.

Separation of oxide formation and oxygen evolution currents.

Electrolyte 5N 1,50, At 2,00 V the predicted value of tro00 found by extrapolating

é the linear region of the curve to 2.00 V was 2404, The totel actual

menpers ture otad current at 2,00V wes 2100uA after 1000 sec,, therefore oxide formation
Atmosphere nitrogen comprised II,4% of the total current at 2.00 V after I000 sec,
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(I) current-time curves for oxygen evolution and oxide

formation to be plotted at potentials above I.50V.

(Table 26).

(2) the oxide formation content of the total current

at a given potential to be determined as a function

of time. (Graph 34).

(3) the oxide coverage to be determined at potentials

above I.50V. (Graph 32).

The method wes checked by plotting curves of

oxide formation current v. time between I.5 and 2.0 Vy

measuring the area under the curve after various times

and plotting ea charge-log time curve which was linear

de. typical of oxide formation, Also the relative rate

of current decay was the same as in the 1.0 01.5 V

range, see graph 36.

Graph 32 shows the oxide coverage as a function

of potential over the range I.0 - 2,0 V, the results

from 1.5 - 2.0 V being calculated from current time

curves drawn uging the oxide formation current separated

from the total current. The rate of oxide film growth

determined from the area under the same current-time

curves is plotted against potential in graph 33. Both

these. graphs are linear in the range I.0-1I.5V_ but

deviate from linearity rapidly at potentials above I.7 V

when the oxide film grows much more quickly,

If in the potential range I.5 = 2.0V the fall

of current with time is due entirely to oxide formation

then the difference between the total current at t and

Me should be the same as the difference between the
oxide formation component of the total current between

the same times. Although this is approximately correct



Table 26.

Separation of oxygen evolution and oxide formtion

currents in the potential range 1.6 - 2.0 V and the

time. interval 20 - I000 sec.

i(total) i(oxide) i(0, evol.) Time

ps Fra ft (sec)

E=2.0V 3800 770 3030 Too

?I00 182 1913 TOOO

2800 350 2450 300

5800 3850 1950 20

E=I1.90V 940 242 698 Too

420 57 363 I000

640 IIo 530 300

1700 T2I0 490 20

E = 1.90V 270 88 182 I00

rig 2I 98 TOOO

170 40 BO 300

580 440 140 20

E = 1.70 V 80 33 47 Too

25 7.8 17.2 1000

46 1§ 31 300

190 165 25 20

E = I.60V 40 24.2 1g.8 Too

Il 567 5.3 1000

20.5 II 9.5 300

130 I2t 9 20

Electrolyte 5N H,S0, Eleetrocatalyst platinum foil

Temperature arc Resistance 0.08. ohm

Atmosphere nitrogen Pressure 7 —

O.C.V 0.9 V Electrode area 5.0 om



Graph 36,

Electrolyte 5N 5,50 i

Temperature 2r°C

Atmosphere nitrogen at I atmos.

(a) Plot of the oxide formation component of the

electrode,

|oo -
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total

current at I,80 V against time for a platinum foil

0.°.V. 0.9 V

Electrocatalyst platinum foil

Resistance 0,08 ohm

(bo) Charge - log time plot for the oxide formation

component of the total current at I.80 V for a

platinum foil electrode
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Graph 33,

Rate of growth of oxide film v. potential for

a platinum foil electrode,

Electrolyte
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over the first I00 seconds at longer times it is

found thet the total current falls more than ‘the

oxide formation current, indicating that as the omide

film builds up the oxygen evolution current falls.

The method of separating the two components of
the current at potentials above I.50 V ig based on the

assumption that the current after IO seconds is entirely

due to oxide formation. This is not strictly true

however, although the relative rate of current decay

in the time range 5 - 20 seconds approximates to that

predicted by Elovich kinetics. Hence the assumption is

a reasonable approximation. The error will be in the

form of an over compensation for the oxide current

ie. the oxide proportion will be too high and the

oxygen evolution proportion will be too low. The error

can be reduced by measuring the current after shorter

times and this can be achieved by recording potentio-

static ‘transients over the first second.

This separation of the two main components of

the anodic current from pletinum electrodes at potentials

above 1,50 V enables a better understanding of the

anodic polarisation of platinum electrodes. For example

the determination of oxide coverage at potentials above

I.50 V has been hindered by the oxygen evolution

reaction occuring at the same potentials. Direct

measurement by holding the electrode at s given potential

for a given time followed by reducing the oxide by a

eathodic current is complicated by the reduction of

oxygen formed, at the ancdsc potential. Even constant

nitrogen purging cannot overcome this difficulty since

it is necessary to reduce the oxide immediately after
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formation since it is only stable eat its formation

potential. Indirect methods such as the extrapolation of

oxide coverage v. potential curve from I.0+¢1.5V up

to 2.0 V are unsuitable because there is no justification

for such an extrapolation.

In this study it was hoped to check the results

from the separation technique ba ahe vamount of oxygen

formed and comparing the charge reauired to produce

this amount of oxygen with the totel charge passed,

the difference being assigned to oxide formtion.

Unfortunately, although this techniave is practically

feasible it was found that a gas volume or weight

detector of high sensitivity end fast response is requiéed

to follow the changes in current. The gas burette used

in these experiments was not sufficiently sensitive, as

although it could measure volumes reasonably accurately

after extensive times at 2.00 V the oxide formation

content of the total current falls rapidly with time

end after only I5 min. it is less than 10%, It is

hoped to calibrate some suitable capillary tubing to

produce-a sensitive micro ges burette to measure the

very smll volume chenges.

The fall of anodic currents with time on

platinum confirmed by the above results, shows that the

Bockris mechanism cannot be correct. Bockris assumes that

the oxygen evolution reaction will cease if all the

platinum surface sites are converted to oxides. The

following calculation shows that the oxide film can

grow to a thickness of several monolayersie

The area of a platinum site has been shown to be

she NSC L) 2
QA « Hence on Iem of platinum surface there
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16
will be 10 platinum sites.

3.9

23
There are 6 x IO platinum sites in a gram atom of

platinum .

henee the bis of a monolayer of Pt0,
I

Wier TO 10 211
23

8.9 x6 x I0

=<

2

The volume of a monolayer of PtO = Iecm x t where

t is the monolayer thickness.

ips Cee We where 14.9 is the density of Pt0.

14.9

16 -7 °
Boyes SIQts xo OEE = 0.26 IO = 2.64

9*6xI0 ‘ 14.9

A similar calculation to find the thickness of a

monolayer of FOP gives a value of 3.9 A « ( The density

of PtO is not known but an estimated value of

IO g.cm % was used.)

Whe charge required to grow a monolayer of PtO is

determined as follows:-

Pt + aoe = PtO + on + 2e

16
To form a monolayer 2x IO. electrons must be passed.

8.9

To form I gram molecule of PtO two Faradays

73
(2 6 TIO ) electrons must be prareee

16
.. number of gram moles in Icm monolayer = 2x IO

23
8.9x2x6 xI0

ae n

s 2

«number of coulombs to prepare Icm of monolayer of

PtO = nx2x96,500 = 320 pe
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A similar calculetion for the formation of rs gives

a value of 64040.

If these values ere compared with the charge

v. potential curve in graph 30 it can be seen that

several monolayers of the oxide can exist and that

the thickness grows with time.

The decay of the oxygen evolution current with

time indicates the growth of oxide even on surfaces

containing more than 2 monolayer of oxide. i/hen @

platinum electrode was preanodised at 2.00 V for

different times and then switehed to « potential of

I.35 V and the oxide layer stripped off the coverage

was shown to increase with the time of pretreatment.

Graph&7. These phenomena cannot be explained by the

Bockris mechanism but they can be explained by

assuming the coexistance of PtO and Pt or the

presence of nonstoichiometric oxides ie, oP restriction
on the thickness of oxide film and the thickness of

the film affects the conductivity.

In order to determine x at a given potential

it is necessary to know the exact thickness of the

film from ellipsometer measurements, the monolayer

thickness and the total oxide charge coverage. A

knowledge off x would be very useful since the value

of x as oxygen evolution starts et about I.45V

could be significant.
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The linear relationship between the oxide

coverage and log time for platinum foil in the

potential range 1.05 - 1.50 V is similar to that

commonly observed for gas chemisorption kinetics and

known as Elovich kinetics. This relationship has elso

been found for the chemisorption of onygey on platinum

surfaces under open cireuit conditions.

The application of the Elovich equation,

a ~o

+e ae (2)
where q = amount adsorbed at time t

a and X are constants

is best made using an integrated form of equation.

Assuming that q =O when t =0

4 = nee log (+ ack) (2)

ov

y > “48 lot +%,) ~ aan ° @)

where Meh 2 a
Aa

If a volume of gas is adsorbed instantaneously

before the Elovich equation is obeyed, then equation

(I) can be amended to

9q = 23 log lt+k) - k
HK

2:3 \o
Sooe ees (4)

where Ke Bs exP rq,

If k is negligible in comparison with t, then

27255 out
ee (6)
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If axt >>I then equation (2) reduces to equation (6).

If k values are practicslly larger than zero then the

q-logt plot is not linear and must be linearised

by provision of a constant, k, of stitable magnitude so

that a plot of qe log(k +t) is linear. If k is

negligible then equation (6) applies and the qe logt

plot is linear.

From the above equations the rate of adsorption

dg,
at

The constant, x, being inversely proportional

LS

at

to the ambient rate of adsorption when ax is large

or k or t very small. Hence the constant, ox, can

be used to describe the adsorption over its entire

course.

Deviations from Elovich kinetics are sometimes

observed at long times when the mete of adsorption

has fallen to very low values when experimental

precision is low.

Elovich kinetics can be accounted for in a

number of ways:

(I) by a decrease in density of the active sites on

the surface,

(2) by a decrease in adsorption energy with an

increase in coverage, or

(3) by the formetion of energy barriers in an electron

transfer process at an interface.

In the present study it is unlikely to be (I)

as suggested by Week eta atncs the oxide coverage on
exceed monolayer proportions. It appears more likely

that the energy barrier to oxide formation increases

as the coverage increases.
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The oxide coverage of platinum in the potential

renge 0.5 V to I.O0V has been reported to follow

Elovich Gea wae the reason given for the increase
in activation energy with time is that at potentials

highly enodic to ‘the potential of zero charge,

uncharged species may have considerable difficulty in

reacting at the metal surface.

It was postuleted thot at potentials more

positive than the potentiel of zero charge, there is

strong electrostetic interaction between the negatively

charged, oxygen end of the water dipole in the

inner region of the double layer and metal surface.

Compression of this lsyer of water molecules is

probable due to the interaction between the outer,

negetively charged ionic layers and the positive field

at the interface. However, neutral species such as

oxygen, containing Ty electrons can bond strongly to

the positively charged metal surface, producing chemical

bonds rather than electrostatic bonds. As a result of

these strong chemical bonds the oxide film is not

displaced by an adsorved water layer at high positive

potentials,

Kowever, at potentiels in the range I.0 e I.5V

the oxide film is not formed by adsorption of the

oxygen molecule but by Gischarge of water molecules

resulting in the formation of chemicel metal - oxygen

bonds. The results of the present investigation show

thet oxide is formed by electrolytic discharge of water

at potentials above 0.35 V. Hence there is some doubt

as to whether the oxide layer in the potential range

0.85 - IOV is formed by adsorption of oxygen
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molecules, discharge of water or both simultaneously.

It is possible that at very high positive potentials

(1.45 V) the oxide film is desorbed and replaced by

water molecules resulting in oxygen evolution of the

Gesorbed oxygen, followed immediately by more oxide

formation from the electrolytde discharge of water

molecules and subsequent decomposition to oxygen.

As the potential increases the rate of decomposition

and the rate of formtion of oxide increases. However,

et a given potential the overall rate of formation

must exceed the rmte of decomposition (ie. current falls

with time.) :

Beeksie bee shown a linear relationship
between overvoltage and log time at a constant oxygen

evolution current density. Two linear regions were

observed with different gradients before the current

became steady. It was assumed that when the steady

current was achieved the surfsce was completely

covered with oxide and a new rate determining step

was operating. An equation of the following type was

postule ted:

OH-
ee Lon cf a eel S“E | + Keay eon exp (AOE |

where k = mte constant of bare metal active sites
act

zt ; = rate constant of oxide coated metal active sites
nac

o = fraction of surfece covered with oxide at time, t

after commencing polarisation

The rate determining step for the resection on the

active sites results in current Gecay while the rate
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determining step on the inactive sites results in a

time invarient current. On this basis the current

should become constent when a monoleyer of oxide has

formed. The results of the current investigation show

that the current continues to fall even when the

oxide coverage exceeds monolayer proportions. Bockris

attributes this phenomenom to impurities in the

electrolyte poisoning the catslyst. However, the

electrolyte had been extensively preelectrolyesed thus

making this explenation improbable.
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4.9. The Strength of Porous Materiels.

3q. Little work hes been done on the mechanical

strength of porous mterials. In the following section

four possible models are considered.

(a) a very simple model for the strength of a single

pore from basic mechanical engineering theory.

(»). an empirical model based on the porosity of

continuous solid ph-se structures.

(ce) a theoretic?l model based on the strain energy of

ea pore and the gas pressure developed within it due

to hydrogen evolution.

(a) a theoretical model based on the determine tion of

the bond strength responsible for the attraction between

individuel aggregate particles. The effect of binders is

investigated.

These models are discussed in relation to the

experimental results slready observed on teflon bonded

electrodes and also with the effect of varying the

teflon content.

(a)

Before any current is passed the electrocatalyst

pores are filled with electrolyte. When a potentisl is

applied at which hydrogen is evolved, gas is produced

in these pores. This gas will escape from the pore

when its pressure exceeds a certain value given by

Poe 2s. cwsd
tC

where p is the gas pressure

o is the surfsce tension

r is the pore radius

8 is the contact angle
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If we assume that 8 =O then the maximm

pressure which can be developed in a pore of radius, r

is, 26/r. This pressure is of the order of I000 atmos,

for a 10 A pore radius and about 100 atmos. for a

100 A pore radius using aqueous solutions.

Consider a thin walled cylinder closed at both

ends and subject to a uniform internal pressure, p. Let

the wall thickness be h and the inner radius r. To

determine the circumferential stress, s , consider a

section of the cylinder of length,l, nee be removed
from the vessel, see Fig. (2). Fig. (b) shows the forces

acting on a cross section. The horizontal components

of the radial pressures cancel one another by virtue of

symmetry about the vertical centre line. In the vertical

(I)
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Hence using the known values of s 7 tT and hy, it is

possible to find the maximum poseeue that the cylinder
can endure.

For platinum black, assume are 20,000 psi = tensile

strength e platinum,

let h= 10 cm and r=2xIO om

7 -2 6
For graphite assume 8, = 6xIO dynes.cm and h=I10O ecm

and r = 2 eae db
then p for platinum black = 6 x10, atmos.
end p for graphite =3xIO atmos.

Hence pores of radius < io 4 are stable in platinum

black while graphite pores of radius < 50 A are liable

to rupture.

Applying the Neernst equation for the reversible

hydrogen electrode in a solution of protons of unit

activity

d) - RT in p
/ oF Hy

where /) ta the overpotential necessary to produce a
hydrogen pressure, p, it can be taken as a crude

condition of breakage,

po eae 20/r (2)
ED

The above treatment ig only a very. approximate likeness

to a pore in a teflon bonded electrode for a number

of reasons: (I) in the model it is assumed that the

pore is completely surrounded by solid of a given

thickness. As the pore is formed by the pushing

together of several electrocatalyst particles this is

not really justified unless there is some form of
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metallic bonding between these particles. Probably the

electrode is significantly less strong than the

tensile strength value for the solid material.

(2) The tensile and compressive stresses in the

eylinder wall must be uniformly distributed over the

thickness of the wall and stresses must be symmetric

about the axis of the cylinder.

(3) The well thickness should be less than the radius

of curvature.

(4) The argument given is quasi-thermodynamic in nature,

the effects of kinetic hindrances being neglected. In

this case at cathodic overpotentials greater than thet

given by (2), degradation is possible although its

actual occurrence will depend on kinetic factors.

(b)

The effect of the amount of porosity on

elastic moduli of continuous solid phase structures is

given by the tec oee

Zz we ‘ 5(3K, + 4G,).P + Ape

85 9K, + 3¢ |

where G = rigidity modulus

K = bulk modulus

P = volume frection of pores

A = constant

zero subscript refers to solid material

This law has been shown to be roughly obeyed by most

materials, slight discrepancies being due to different

types of porosity. For aluminium oxide of porosity 70%

vhe elastic modulus is only I0% of the value of non

porous aluminium oxide. Similarly for 60% porosity the



trensverse strength of alumina is less than I0% of

the non porous value. These changes in strength ere

expected to be the minimum changes with porosity, since

the samples are continuous solic phase, with isolated

isometric pores. Hence for porous materials made from

powders the loss of strength with increasing porosity

would be significantly greater.

(e)

Another possible approach, which overcomes. the

limitations of the thin walled cylinder calculation,

is to consider the strain energy as the work done to

increase the strain of the pore from e=Otoe =e

under the action of a stress, ©, which srises from

the gas pressure within the pore.

e

ane Sq fis de
However S = Ye where ¥ is the Young's Modulus

e@

SORE do My
° pers 25),

This is the strain energy per unit volume. Hence for

te.

the pore considered, the strain energy is:

Pewee 3 DOTS

DY.
If the pore wee ao cylinder of radius, r, the

volume would be V = wri where 1 is the length of
pore

the cylinder. Alternatively if we consider a spherical

3
pore, V = 4%r. If we assume that the total

pore 3

Surface energy of the crack is yA where y is the

surface tension and A = 4703 (sphere) or 2 7\rl (cylinder)

then for a cylindrical pore

Us se atl o git.
2Y



223

If the hydrogen pressure is large enough the

pore will fracture. One can find the critical value

of o& and the gas pressure in the pore by finding

what value of & corresponds to:

= Sealy + 2un\
Y tie

Som Ea

For a spherical pore

= ate + yhare®
ry 3

a
i Tee ae + SyTtr =o
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Applying the Nearnst equation for the reversible

hydrogen electrode

ey = —-RT \a
2 QF

for a unit active proton solution

Pa,

L
<aeo [2a 2

a RT A for a cylindrical poreeye e oo S

Hence the pressure of gas in the pore required to

cause breakage is related to a certain hydrogen over-

potential. Teking typical values of y, Y and r this

gives a pressure of about 10" atmos. However, in a
capillary of radius, r the maximum gas pressure which

can exist is ae Sinton. which, using typical values
comes to about I00 atmos. ie. less than the breaking

pressure. Hence this model predicts no pore breakage

and this is not in agreement with the experimental

data. This model would probably apply more accurately

to a material containing relatively isolated pores

unlike teflon bonded porous electrodes which have a

porosity in the range 60 - 90%.

(4)

The strength of porous bodies can be studied from two

approaches: (I) by considering the sample to be of

continuous solid phase with isolated isometric pores, or
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(2) by considering the sample to be composed of

individual small particles mde into a pellet and held

together by some type of bonding force at their points

of contact. In this second approach the spaces between

the individuel particles can be filled with air or

either partly or entirely with strength transferring

material. This approach is more applicable to the

situation of teflon bonded porous, gas diffusion

electrodes.

Solid aggregates or agglomerates form by

different kinds of bonding mechanism, namely: (I) by

forming solid bridges between the particles. This type

of bonding can occur by seintering, by chemical

reactions, by melting and, more importantly, for porous

teflon bonded electrodes, by hardening, bonding agents

which can form a bridge between the grains during

curing. Another important process by which solid bridges

may be formed is by crystallisation ie. when solids

dissolved in a liquid crystallise they can form solid

bridges at the points of contact, this being more

significant in that the dissolved and crystallised

components may be either the electrocatalyst o@ foreign

matter.

(2) by interfacial forces and capillary pressure in

tiovable liquid surfaces. Intergrenuler liquid can influence

adhesion in different ways. When the liquid has a

movable surface the agglomerate can be formed in three

ways?

(a) The void spaces between the particles sre only

partly filled with liquid which forms bridges between

individual particles. At the solid - liquid - gss contact



lines, the surface tension is directed along the

liquid surface while a negative capillary pressure

exists in the liquid bridge, if the solid is wetted.

Both these components result in mutual attraction

between the particles at the liquid - gas interface.

(tb) if the void space is completely filled with liquid,

but the liquid does not completely envelop the

agglomerate, interfacial forces exist only at the

surface of the agglomerate and a negative capillary

pressure exists throughout the liquid space giving the

agglomerate a certain tensile strength.

(c) when the liquid completely envelops the agglomerate

all interparticulate capillary bonding forees vanish and

the bulk of the grains are held together only by

the surface tension of the liquid droplet which

envelops it.

(3) by adhesional and cohesional forces fm bonding

bridges which are not freely movable. With this type

of bridge the following bonding mechanisms are

possible: (a) thin layers of viscous binders adhering

to the solid, are introduced between the particles.

Such a binder will retain any surface shape given to

it, because the energy required for deformstion would

be much greater than the decrease in surface energy.

The bonding strength can be increased by several orders

of magnitude, compared with the bonding strength of

freely movable liquid bridges. After a certain time

many viscous binders harden and form solid bridges.

(o) Adsorption layers. Capillary condensation is only

observed at a pore radius greater than a certain value,

Adsorption layers which are thinner than this transmit



the entire force of molecular attraction from one

particle to another if they touch or penetrate one

another.

(4) Even if no material bridges exist between the

particles, attraction may exist and trensmit tensile

forces. These attractions can be molecular of electroe

static in mature. At particle distances of about iI00 ke

Van der Waals forces have significant values and may

occur in the agglomerate complex. Valence forces may be

Gisregarded because of their very short range. Electroe

static charges can be picked up by particles as a

result of contact friction and although charge

equalisation should occur to some extent, these forces

can still contribute to the agglomeration.

(5) By form - closed bonds. With suitable motion or

compression, particles can interlock or mat with each

other, a bond being supported by this form closure.

This type of bonding is prevalent with fibrous, bulky

and flat shape particles.

In practice pellets are strained by impact,

compression, bending, abrasion and shear. Normally tests

are designed for each particular application eg.

compression tests, drop tests. If a pellet is strained

by some force, tensile, pressure and shesring stresses

are caused. Expansion under the pressure stress and

sliding under the shear stress are not possible for

most agglomerates because of their rigidity. Hence it

is the tensile stresses which lead to fracture.

Only very moist agglomerates are plastic where the

particles are not closely packed. hiaeee? hae derived
‘an approximation for the tensile strength of agglomerates



and confirmed it by measurement. This theoretical

model ig only ®n approximetion giving the order of

magnitude. of tensile strength to be expected since the

actual structure of the agglomerate cannot be considered.

The main assumptions made are

(I) the number of bonds in the stressed cross section

is very high.

(2) the bonds are statistically distributed across the

section and over the directions in space.

(3) the particles composing the agglomerate are spherical

and of uniform diameter.

(4) the particles are statisticelly distributed in the

granule,

(5) the effective bonding forces are distributed around

a mean value which can replace them in calculntions.

The expression derived by Rumpf is

Wo wel! Clave) eae

Sa ke

where T.S. = tensile strength

e = porosity

a = particle diameter

k = mean coordination number

H =mean bonding force at point of contact

d and e can be obtained easily from size distribution

analysis and from the density of pecking. The relation

between k and e has been determined for spheres of

uniform size and shown to “oe

Ket S83 ee 8 is

This leaves the value of H to be determined.

Estimates of this value can be obdteined if the type

of bonding mechanism is known.



In practice a uniform particle size is not obtained

and dG should be replaced by 4, the mean equivalent

perticle diameter which depends a iare on the fine
particle size since the larger particles contribute

little to the tensile strength of the agglomerate.

When the agglomerate is filled with a strength

_transferring material the stress distribution of a cross

section strained by tension depends greatly on whether

the agglomerate is filled with a movable liquid or

whether the bonds sre due to non movable liquid or

solic binders.

The plane of fracture of agglomerates with

non movable binders follows the weakest path. If . the

strength: of the binder .is much less than that of the

particles, the fracture follows the particle edges.

Depending on the relative strengths three possibilities

for fracture exist: (I) through the particle, (2) along

the boundary edges and (3) in the binder,

Van. der Waals forces are able to transmit quite

high tensile loads if the distance between appreciable

portions of the grain surface can be reduced to less

than I0O B. eg. IO eas when all the surface is

brought to a separation distance stay EX Sct
shows Rumpf's. curve for the theoretical tensile strength

of agglomerates as a function of particle size, which

shows the regions for various bonding mechanisms.
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Rumpf has confirmed this plot experimentally for the

capillary pressure bonding mechanism.

The value of: the mean bonding force. at the

point of contact can be determined for capillary

forces, Van der Waals forces and electrostatic forces.

Dimensional analysis for liquid bridges involving

capillery pressures gives

H ~ <d.F (9A)
where o is the surface tension

> is the contact angle

fis the sector angle of the liquid ring.
(140,141)

£ (Sp) has been evaluated ‘i for complete wetting
between tO: and 40° as

(S.A) =. 222 te 2c8

Van Ger Weals forces for particle distances below I000

may be obtained by the Heitler - London theory. It has

been shown thet for oxides or water the bonding. force

is given by

H- GM)

2

A



-I2

where A is a constant equal to I0

a is the distance between the surfaces of the

two ‘spheres.

It is known that small moisture contents greatly

increase the strength of agglomerates formed from fine

grained material. Under these conditions 211 the water

is bound to the surface by adsorption anc ‘increasing

thickness of these layers reduces the distances

between the particle surfaces. This would result in

forces greater than capillary forces. The adsorbed

layer can be as thin as a monolayer and cen increase

in thickness until the water becomes mobile. It would

seem that Van der Waals forces would have little effect

on the strength unless a was consistently small

throughout the agglomerate. The conditions for electroe

static bonding are very specific and this form of

bonding ig rarely encountered.

(142)
Some experimental work on the tensile strength

ot pelletised alumina has shown that up to a cértain

pressure the strength increases with compacting pressure

although it is independent of the pressing time. The

compacting pressure hes little effect on the smil pores

but ‘tends to reduce the size of the macropores. However,

the catalytic activity and surface area were little

affected by the compression. The values of tensile

strength obtained were fitted to Rumpf's model and

-showed that the bonding forces were in the Van der ‘aals

region.

In teflon bonded porous electrodes the possible

bonding mechanisms are

(1) by the formation of solid bridges by, hardening



bonding agents or by the crystallisation of dissolved

material.

(2) by interfacial and capillary forces.

(3) by adhesional and cohesional forces in bonding

bridges which cannot freely move ie. viscous binders

and adsorption layers (note teflon is actually a solid

binder).

(4) Van der Waals attraction between solid particles

(before placing in the electrolyte).

The table below compares the capillary and Van

der Waals bonding forces, aggregate tensile strengths

and solid tensile strengths calculated from the known

particle dimensions of platinum and carbon black.

particle eapillary Van der Waals
dimensions Ts; - bonding . bonding.

A 2 %% Ts5
Ke/ om H “2 ae 2

dynes Ke/em dynes Keg/em

3 <4 “6
Platinum a = I0 T.3a10 1. 3x10 85 4.2xI0 2
black

d = 100

<3 o7 -4

ca rdon a = 200 30 5 x%I0 4 2.6*I0 3*I0
black

@ = 2500

assume porosity = 0.7

a = inter particle distance within an aggregate A

d = particle diameter A

Ts = tensile strength of solid material ‘ibe,
Ts = tensile strength of porous mterial ah

H = bonding force dynes

The tensile strength values predicted by Rumpf assuming a

porosity of 0.35 are
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for 100 i particles

Van der Waals bonding << ‘aven
Van der Wasls adsorption layer bonding IeIOO ke/em -

Capillary forces I0O = I000 Kales

Bonds due to scintering and solid bridges >I000 kp/em

for 4 = 25004

Van der Waals bonding {0.05 belent
Van der Waals adsorption layer bonding 0.05 - § ke/gn

Capillary forces 5 e 8 he a

Bonds due to seintering and solid bridges >80 ks/om

Tests on the tensile eevee of alumina pellets of

surface area about 200 m/g and particle size 50 e 100 %

showed a mximum strength before compacting of O.I to

2 kg/om st after compacting a maximum strength of

I = 6 kg/om. (142)

Tests have shown that the compressive strength

of coal pellets 20 mm in diameter composed of particles

abou 10 = 0a in dfemeter are in the range O.I « IO
2 (143)

kg/om .

3.9.2. The effect of teflon content on@)the mechanical

strength and ()oxygen reduction performnee of graphite

based electrodes.

(a) Experiments on teflon bonded graphite electrodes

with varying teflon contents (0 - 50% by weight) were

made under anodic conditions and the current at which

electrode damage wes initially obeerved was noted,

see table below. 2
Slectrolyte KOH Electrocetalyst S.A. 500 m/g
Temperature 20 C -2

Atwosphere -- air Eleetrocatalyst loading 0 mg.cm

OC Ve ©.397 V current coliector nickel screen
J Resistance 0.15 ohm
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Teflon content by Brea ka ge, current Breakage potential

weight mA.cm v

O% 2 I.3

20% 25 1.5

30% 60 1.56

40% 560 1.8

50% 71500 >2.6

Hence it can be seen that by increasing the

binder content above the 30% value which is optimum

for gas dissolution reactions an electrode can be

manufactured which will support high gas evolution

rates without mechanical damage although a corresponding

reduction in gas dissolution performance mst be

accepted,

Hence it would be quite a simple matter to

optimise between the teflon content, gas dissolution

discharge performance and the recharge rate. It can be

seen that for recharge mtes involving current densities

not exceeding 50 mA.cm (a figure commonly quoted in

eonnection with the overnight recharging of electric

vehicles) a graphite based electrode could be

conveniently used if the graphite surface oxides could

be easily reduced.

(b>) Teflon bonded platinised graphite electrodes

containing varying teflon contents were prepared and

their oxygen reduction current measured at 0.75 V under

oxygen.



2

i(mi.cm ) teflon %

(by weight)

BO 30

Tio 40

BO 20

60 To

19 50

Electrolyte SN KOH

Temperature 20°¢

Atmosphere oxygen at I atmos.

O.0.Ve I.03 ‘2

Riectrocatalyst @.A. $00 m/g

Electrocatelyst loading 9 mg.cn

Current collector nickel screen

resistance 0.12 ohm

These results agree quite closely with those obtained by

Fay esi teflon bonded pletinum bleck electrodes.
Although the current at 0.75 V does not vary much

between teflon contents of 20 - 40% it should be noted

that at the lower end of the range the electrode tends

to sweat after long periods of use while at the upper

end of the range the electrolyte takes a long time to

wet the electrocatealyst causing deleys before new

electrodes are ready for use.

The fact that the electrode strength increases

vapidly as the teflon content increases suggests that

the low teflon volume concentretion of the electrode

is probably the cause of its low strength. If the

following data is assumed ;:
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»

particle/aggregete desity

1355 :
diameter

grephite a 2.2

teflon 2 (after curing 4.0
at 400°C)

ell

Then ext. volume of graphite aggregate = 4% ) =3.2«xI0 ml

3 -12
4nr =4xIO ml

ext. volume of teflon particle = 3

-II

mss of I gmphite aggregate of porosity 0.8 = 2.2x3.2~10 x 0,3
eIl

= 5.4x10 g

-II

mass of I teflon particle of porosity 0.0 = I.4xI0 g

9
IO mg of graphite contain 0.I13xIO aggregates

3. mg of teflon contain 2 ~ particles
Volume ratio in normal teflon bonded (30% by weight)

graphite electrodes is given by :

volume of teflon particle ~no. of teflon particles in electrode

and volume of graphite aggregate,no. of graphite aggregates in

electrode

and is found to be 88% graphite and 12% teflon by

volume.

If the graphite aggregate is completely surrounded by

teflon particles the structure should have maximum

strength,

no. of teflon particles to surround I grephite aggregate

= 21r(r +a) ~yY 20

2a

where r= redius of graphite aggregate

a = redius of the teflon particle

For this condition the volume ratio would be 7I% teflon



an

29% graphite and the mass ratio would be 35% teflon

and I5% graphite.

Hence it can be seen that there is a large

difference between the teflon content of the normal

electrode and the teflon content of an electrode of

maximum strength. The teflon particles supplied as a

dispersion are approximately sperical in shape with a

Giameter of 0.5 micron. During the curing operation

these particles grow to about I -2 micron. An electron

microscope as of teflon bonded electrodes has
shown that the teflon is in the form of fibrils and

Spheres and it is suggested that the fibrils are

produced during the stripping of the replice from the

electrod> surface when platinum aggregates and individual

particles of teflon become separated (replication). Fibrils

formed in this wey would not contribute to the strength

of a teflon bonded electrode. It is however, possible t

that a group of adjacent teflon particles could form

the source of a fibril which could be formed by

expansion during curing at 300°C, The true nature of

the platinum teflon bonds was notelucidated and a

microscopic examination of platinum - teflon dispersions

before and after curing at 300°C could show which

factors sre important in the bonding.

3+9e3. The effect of electrocatalyst structure on the

strength of teflon bonded electrodes.

It is probable that electrocatelysts prepared

by precipitetion from solution form interlocked particles

as the crystallites grow, resulting in a material of

higher mechanical strength than an elect rocatelyst
*)

Produced by Binding or are vapourisation,





234

Electron micrographs for carbon black and mteriald

produced by arc a a show clearly that
particles are not interlocked while electron micrographs

for platinum bleck produced by precipitation show

that interlocking is possible although the resolution

was not sufficient to identify individuel pletinum

crystallites clearly. This phenomenom could explain why

teflon bonded carbon based electrodes are mechanically

weaker than teflon bonded platinum bdleck electrodes.

Hydrogen evolution tests on # tungsten carbide

electrode conteining 30% by weight of teflon showed

that the electrode wes not damaged eat current densities

up to 0.5 Aen - The tungsten carbide powder prepared

by grinding shovld not have any interlocked particles

and electrode damage might have oer expected. However,

the relatively low surface area Im/g of the sample

could explain the greater strength ie, large pores and

a higher volume concentration of teflon in the electrode.

Conclusions.

(I) The degradation of graphite based electrodes on

gas evolution has been shown to be due to mechanicel

weakness rather than oxidation to solid and/or gaseous

oxides. The gradual destruction of bulk praphite

electrodes of relatively low porosity by oxygen evolution

is often considered to be caused by oxidation to

gaseous omides but the present work suggests that the

destruction could be caused by oxidation to solid

oxides and/or mechanical rupture of the pores. The

slow rate of destruction is explained by the low

porosity and thickness of the electrode

(2) The surface oxide groups formed on graphite
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surfaces under normal oxygen evolution conditions cannot

be reduced electrochemically even by hydrogen evolution.

These oxide groups reduce the oxygen reduction performance

to low values. These results show that graphite

electrodes could not be used 9s rechargeable air

electrodes for metal - air cells.

(3) The surface oxide film formed under anodic recharge

conditions on metel electrocetslysts is not in general

reduced until potentials below that for oxygen reduction.

Sinee these films reduce the oxygen reduction performance

this limits their use as rechargeable air electrodes

especially if the films are thick.

(4) Cobalt nickel oxide, a semi conducting oxide

electrocatalyst, was found to be strong enough to with-

stand gas evolution and the higher oxides of cobalt

and nickel formed during recharge are readily reduced

at potentials above thet for oxygen reduction, Since the

oxygen reduction and evolution performances are

comparable with silver on graphite and platinum black

it follows that this electrocetalyst could be used

successfully in a rechargeable sir electrode,

(5) In order to measure the 4, value for oxygen

reduction on a platinum oxide surface it is essential

to ensure that the trensient oxide reduction current

has decayed to zero and thet the surface is still
covered by a monoleyer of oxide before measurements

are made because both oxide reduction and oxygen

reduction on a clean platinum surfece support much

higher currents than oxygen reduction on the oxide

surface.

(6) The rete of oxide formation on platinum in the

potential rangel.O - I.5 V obeyed Flovich kinetics.
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Chapter 4.

The Effect of Electrode Structure on the Activity of

Gas Evolution Electrodes.

4,1, Introduction.

The feasability of using porous, high surface

area materials as electrodes for fuel cells and

batteries has been studied for the case of gags

(157,153)
and itdissolution reactions in the liquid phase

hes been shown that this type of electrode gives a

very much better performance than the equivslent weight

of the same material in the form of a planar

electrode. The main advantages of the porous electrode

ave: (I) at a given potential it gives a much higher

current than the planer electrode due to its higher

surface area.

(2) it has a much higher limiting current than a

planar electrode due to its favourable mss transfer

properties.

(3) it provides a great saving on the cost of

electrode mteriel especially if this is expensive, as

it usually is.

The main disadvantages re:

(I) the difficulty in producing powders of high surface

area. This adds substantially to the cost of this type

of electrode compared with a planar electrode.

(2) porous electrodes are mechanically much weaker than

planar electrodes and it is usually necessary to

increase the strength by using some form of binder.

The methods used for preparing high surface area

powders are:
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(165)
(I) grinding using a vibratory oo mill

(169
(2) precipitation ae solution

7
(3) freeze drying

(19)
(4) are © vapour method

Grinding 418 only suitable for materials which

can be fractured by shearing, like graphite. For other

substances the maximum surface area obtained by ball

milling is about I ae and the minimum particle size

about I micron. In order to obtain finer powders more

energy could be supplied by using a vibratory ball mill

and smaller grinding elements, However as the particles

become very small they tend to have a cushioning effect

and the lowest particle sizes achieved even by vibratory

ball milling are >0.1 micron. When the particles become
also occur.

very small agglomeration due to welding or flocculation can

Precipitation from solution is suitable for some

substances eg. metal powders, but it is necessary to

take precautions if the small crystallites initially

precipitated are not to grow into large particles.

Freeze drying has been found to be an excellent

method for producing very high surface area powders

and highly dispersed supported electrocatalysts.(see

Chapter 2.)

Recently the arc - vapour method has been

developed which is capable of producing very high

surface area powders.

High surface area porous powders are now

regularly used for fuel cells and batteries involving
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a gas dissolution reaction. They are usually used

with a hydrophobic binder which increases the mechanical

strength and facilitates the mess transfer of the gas

to the active sites of the electrocatalyst. Even

though this type of electrode has a performance far

superior to a planar electrode of the same material

it has been reported that only a small proportion

of the total surface area of the porous electrode

is effectively used (see I.B).

Litt€@&@ work has been done on the feasabdility

of porous electrodes for use in electrolytic gas

evolution reactions, which are common industrially and

of great importance. In general planar electrodes are

used for this type of reaction and it is possible

that porous electrodes could prove more efficient. The

aim of this chapter is to study the feasability of

porous electrodes for electrolytic gas evolution

reactions,

4.2, Model of a gas evolution electrode.

Porous electrodes prepared by using a high

surface area powder have a biporous structure; that is

they possess a dual scale of porosity. In the

electrode the small perticles of electrocatelyst of

particle size of the order of 100 F (diameter) form

aggregates of particle size of the order of eae The

dual scale of porosity consists of (a) the microporosity

which is due to the voids within each aggregate and

(>) the macroporosity which is due to the voids

between the aggregates.

In general the surface area associated with

the microporosity is about I0O times greater than
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(159)
that associated with the macroporosity. In teflon

bonded porous electrodes the eggregates are held

together by teflon particles situated between the

ageregates snd these produce hydrophobic gas channels

which do not contain electrolyte. (te?) micropores are

completely filled with electrolyte. These teflon

bonded porous electrodes my be thourht of as heving

certain advantages .over the porous electrode contsining

no hydrophobic binder in thet they have much greater

mechanical strength and that the mass transfer rate

of geseous reaction products from the interior of the

electrodes should be increased by the presence of

hydrophobic gas channels. This type of electrode. has

been used in the present study.

This model predicts that all the gas will be

produced in the micropores and consequently mst find

its way to the outer surface of the aggregate and

then flow away down the ges channels and escape from

the electrode. The problem is, how does the gas escape

from the interior of an agrregate ?

If a single pore is considered

mic ropore

mac ropore

atmosphe re
= macropore

atmosphere

~electrolyte gaseous e

reaction

product

ectrolyte

in omer for the gas to escape it is necessary for

a certain gas pressure to develop which depends on

the pore size, the surface tension and the contact

angie.

ie. P= ue ces S

se



if we assume the data to be
J

i

eS =70 Spe seas

r = 210°? om

8 =0°

then ei oe x10" dynte.cnTMTM ~ 700 atmos.
At lower pressures the only method of escape

is for the gas to dissolve in the electrolyte under

pressure and move to the outer surface of the

aggregate by diffusion through the electrolyte. when

the required pressure is reached the gas and most of

the electrolyte Mali be forced out off the micropore.

Hence it can be seen thst a substantiel part of the

micropore surface area will not be in contact with

the electrolyte for most of the time. This raises the

problem of just how mech of the availeble surface

area is effectively used over a period of time. It is

possible thet most of the interior of the aggregates

is usuelly dry and that the reaction only occurs on

the film of liquid on the outer surface of the

aggregates. If this is the case then the advantages

of using porous electrodes for gas evolution reactions

would be seriously questioned. For a teflon bonded

(157-8, 160)
platinum bleck electrode of typical peremeters

density = 20 g.omTM3

microporosity = 0.9

ms croporosity = 0.5

aggregate diemeter = oe = 10~*om

micropore redius = 20 ‘a0? am

consider an aggregate

-rvoid volume of aggregate = x Fel] sy 0 2 0.9om
3
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totel micropore volume of aggregate = void volume of arrregate

ol

“43.14% 125 072 0.9 = 3.14 <400 x 107261
3 ;

ie.

where 1 = total length of pores in aggregate

Pad. SES ST ee

surface area of 3.75 cm of pores of radius 20 107°om
= 2.3.14 x20 107% 3.75

«Ae? «30°C ome
oIvolume of solid in aggregate ,V= 43.14 «1.25.10 iS o.1I

3

-I2
mass of solid in aggregate = 2W = 1.04 I0 gz

for an electrode of catalyst loading,IO mg, the number of

aggregates in 10 m = Io = ro?
I xI07’

total surface area of 10 mg of microporous aggregates

=a. pe IO’ 10-9
4 2

= 4.7xIO om

-I0 2surfece area of a non porous apgregate = 4x 3,14 x25 x10 Com
total surface area of IO mg of non porous aggregates

2
= 31.4 om

since the number of non porous sgrregates in I0 mg is 102

Hence the loss of surface area, if only the outer

surface of the aggregates is used, is very great.

4.3. Comparison of hydrogen evolution polarisation

curves on platinum foil and platinum black.

4.3.1. Experimental.

Steady state polarisation curves for hydrogen

evolution were recorded on

(I) a sample of pletinum foil of known § geometric

area, whose roughness factor had been determined,

(2) a ‘teflon bonded pletinum black electrode of known
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geometric area, electrocatalyst loading and electrocatalyst

surface area,(S.O.).

4.3.2. Results and Discussion.

Graphs 37 and 38 show that the platinum black

electrode has a better performnce than the platinum

foil electrode over the potentiel range +25 mV to e300 aWV,

although as the potential increases the difference

between the two electrodes becomes less. However, in

the potential range +25 mV to e50 mV the platinum black

current density is about two orders of magnitude

greater than the plstinum foil current, thus the

porous electrode is a substantial improvement especially

in the low overvoltage region. The fact that the

superiority of the porous electrode is most marked in

the low overvoltage region is useful in that batteries

and fuel cells which operate at low overvoltages have

a higher power density since the working potential is

higher. It can be seen that these trends are

repeated for another platinum bleck electrode made

using a different sample of platinum bleck. (Graph 39).

Although the current per unit geometric area

is better for pletinum black then platinum foil it

does not follow that the tme current densities te.

current per unit electrochemically active surface area

are equal for porous and plenar electrodes and that a

quantitative scale up has been achieved. The true

surface area of the platinum foil was found by

determining its roughness factor by the method given in

chapter 2, while the true surface area of the platinum

black electrode was determined by two methods: (a) from

the electrocstalyst loading and surface area which was



Greph 37.
Steady

Electrolyte

Temperature

Atmosphere

Pressure

0.C.V.

Ricowocatalyas

Roughness factor

Resistance

Surface area corrected for roughness

factor.

5N H,S0

state hydrogen evolution polerisation curve on platinum foil,

4 300-

PLAC

hydrogen ‘ j 2

I atmos, [mic

40.052 V

platinum foil 200 +

1.8

0,06 ohm

1oc +

oP t T t T

+5So ° -5O ~1SO -350E (=) -250

be



Graph 36,

Steady state hydrogen evolution polarisation curves for a teflon bonded platinum bleck electrode

(a) floating on the electrolyte surface. (») completely submerged.
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Graph 39.

Hydrogen evolution polarisation date on a platinum black,
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determined by the B.E.T. method, and (b) by anodic

hydrogen stripping (see chapter 2.)Since the electrode

fabrication technique involved heating to 300°C for

one hour the B.E.T. determination was performed on

platinum bleck which had been heated to 300°C for one

hour. The results in table 27 show that the area

determined by hydrogen stripping is only slightly less

than that found by the B.E.T. method showing that

most of the platinum black is wetted by the electroe

lyte. Using this data, polarisation curves of the true

surface area v. potential were siopeeas’ Foon these it
can be seen that the true current density for the

porous electrodes is less than that for planar

electrodes over the potential range +25 to =300 mv. At

high overpotentials the true current density for the

planar electrode is more than two orders of magnitude

greater than that of the porous electrodes. Comparing

the two porous electrodes prepared from different samples

of platinum black it was seen that the sample of

higher surface area gave the best true current density

at a given potential in the range +25 to -250 mV.

However the shapes of the two polarisation curves

Suggest that the electrode containing the high surface

area platinum is approaching 2» limiting current

condition at +250 pV while the low surface area

platinum black electrode shows no limiting current

region even at eI.00 V. Hence at high overpotentials

(ie. high currents) the electrode with low surface area

platinum black would have a higher true current Gensity.

if me assumes the hydrogen evolution activity of

Iem of platinum foil is the same as I ome of
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Table 27.

Surface area of platinum blacks.

(Johnson Matthey) Sample

(Laboratory preparation) Semple

Loading

2

5.5mg/em Electrode made from A

2
8.0mg/om Electrode made from B

Surface ereas measured after

A

B.E.T.

16 u/s

2
8.1 m/g

B.E.T. area of

I fe of

electrode

880 on”

650 cu

Hy stripping

2
14 m/g

6.8 m/e

Hy stripping

area of I om*

of electrode

770 em

540 on?

hour st 300 in air.
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pletinum black (absolute surface area) then it is

possible to calculate the proportion of the total

platinum black surface which is not being effectively

utilised. Care must be observed however, since part of

the active surface area of the platinum foil is

lost. due to bubble coverage. Hence a stright

comparison will not give very meaningful results. The

difference between the hydrogen evolution performance on

planar and porous electrodes in 5N sulphuric acid is

probably due to the difficulty of mass transport of

the hydrogen gas produced, away from the electrode.

The mass transfer of hydroxonium ions into the active

sites occurs st a rapid rate because of the abundent

supply of these ions. The comparison between the two

porous electrodes shows that the one using the higher

surface area platinum black, which has the smaller

micropore size, has e considersbly lower limiting

current than the other platinum black sample. This

would be expected from the model of a porous catalyst

undergoing gas evolution (42.). Another factor which

probably affects the rate of mass transfer of hydrogen

away from the electrode is the teflon content of the

electrode. The higher the teflon content the more gas

channels, but since the major problem is the escape

of gas from the micropores this is likely to have

less effect than the micropore size.

These results show that porous electrodes are

superior to planar electrodes especially if the gas

evolution rates are not high, but the increase in

performance is not quantitative with the increased

surface area. If high hydrogen evolution current
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densities are rGuired resulting in rapid gas formtion

it is better to use platinum foil than platinum black

since a fine platinum black with high surface area

and low micropore size has a fairly low limiting

current end course platinum blacks with low surface

area and high micropore. size give a performnce

slightly smaller than plstinum foil at high over-

voltages even though their limiting current is higher

than for fine platinum blacks. It is possible that a

pore size could be found which would optimise between

the limiting current and the slope of the linear

region of the polarisation curve. These results also

confirm that hydrogen evolution polerisation curves for

porous electrodes are linear over a much wider

potential range than for planar Riastecdse or
The reminder of this chapter involves a more

Getailed investigation of the limitetions of using

porous electrodes for gas evolution reactions. The

hydrogen evolution reaction has been chosen as_ the

example since the other common electrolytic gas evolution

reactions, namely oxygen and chlorine, both involve a

change in the surface state of the platinum electrode

fe. oxide film formation.

4.4, The effect of the teflon content of porous

electrodes on the gas evolution performance.

4.4.1, Experimental.

For this type of electrode mde from fine

microporous powders, the teflon is essential for gas

evolution reactions end an electrode without teflon is

extremely fragile and cannot endure gas evolution.

Actually the teflon content must be at least 1% if
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the electrode is to sustain high gs evolution

currents. In this work three teflon bonded platinum

bleck electrodes were tested. The electrodes were

prepared from the same ssmple of platinum black, had

the same electrocatalyst loading but three different

teflon contents were used ie. 20%, 30%, and 50%.

Higher teflon contents could result in low electrécal

conductivity and severe nonewetting problems.

4.4.2, Results and Discussion.

The hydrogen evolution performance decreased

slightly with increasing teflon content but the

limiting current of the high teflon electrode was

slightly higher (graph 40). This is not very

significamt since the hydrogen oxidation performence of

these teflon bonded electrodes is very critically

dependent on the teflon content which mst be about

20 © 30% if a good performance is to be achieved.

However the experiment does show that although

hydrophobic gas channels do slightly help the mss

transport of hydrogen away from the electrode the

effect is small compared with the effect of electroe

catalyst micropore size.

4.5. To investigate the use of teflon bonded gas

evolution electrodes in the floating and submerged

positions.

4.5.1. Introduction.

From the values of total and electrochemical

surface srea it can be seen that floating teflon

bonded electrodes can effectively use about 357 of

the available total surface area. When the electrode

is submerged the electrochemical surface area should



Graph 40.

The effect of varying the teflon content of a teflon bonded platinum black electrode on the hydrogen

evolution polarisation curve.
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be almost the same as the total surface area

especially if the electrode has been electrochemically

flooded to ensure that there are no ges locks within

the electrode. Hence a submerged electrode should give

slightly better performance for gas evolution reactions

in the initial instance. However as the ges is

produced it has to escape from the electrode, which

when the electrode is submerged requires a slightly

higher gas pressure to overcome the liquid head than

it does in the floating position, and when the gas

has escaped from the micropores of the aggregate it

cannot escape easily up the teflon gas channels since

in the submerged position these are flooded. These two

factors should decrease the performance although not by

a large amount since they are relatively unimportant

compared with the escape of gas from the interior of

the electrocatslyst aggregate. For example the diameter

of the teflon pores is about 2000 A and consequently

the escape of gas from these pores is far less

hindered than the escape of gas from the micropores

which have a pore diameter of about 50 A. Hence one

would not expect mech difference between the

performance of 2 gas evolution electrode in the

floating and submerged positions.

4.5.2. Experimental.

The same platinum black electrode wes tested in

the floating and submerged positions for the hydrogen

evolution potentiostatic polarisation.

The rate of fall of hydrogen evolution current

with time was determined for the electrode in both

positions, df the escape of gas from the submerged



electrode is more hindered than for the floating

electrode then the rate of current decay should be

greater.

The recovery time of the electrode was

determined by evolving hydrogen at a set current and

for a given time and switching off for a set time

before retesting to see if eny surfsce sree was still

blocked from electrolyte contact. It is likely that at

the instant when the current is switched off there is

ges present in the micropores at a pressure

insufficient for ejection. If this is the case it is

possible that this gas will be trapped and the

performance of the electrode would not recover its

initial velue. This should be true for both floating

and submerged positions elthourh the escape of gas

from the electrode interior will be even more

difficult in the submerged position due to the hydroe

static hesd and the flooding of the teflon pores,

4.5.3. Results and Discussion.

Polarisation curves for hydrogen evolution on

platinum black in the floating and submerged positions

are shown in graph 38. At low overpotentials the

submerged electrode current density is sbout 10% higher

then for the floating electrode probably reflecting the

slightly higher surface area availeble in this position.

At high overpotentials there is little difference in

the current densities for the two positions indicating

that the submerged electrode probably does trap slightly

more ges within it. In general the two curves are

very similar in shape and magnitude.

Graph 4I shows that the fall of hydrogen
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Graph 4I,
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evolution current density with time over the first

second is very similar for both floating and

submerged electrodes. The slightly higher surface area

of the submerged electrode is responsible for the

slightly higher currents from this electrode position.

These results indicate thst the factor hindering the

escape of hydrogen gas is similer for both floating

and submerged electrodes which is further evidence that

the rate limiting step is the escape of hydrogen gas

from the micropores within esch electrocatalyst

aggregate and the effect of hydrophobic gas channels

in the floating position is of only minor significance

in comparison. The current e time curves were measured

over a very short time interval because the electrode

veaches a steady state very rapidly, when the current

fluctuates randomly up and down as gas is formed and

escapes from the electrode. This condition is reached

in approximately the same time for both floating and

submerged electrodes. The currents were measured after

5 minutes st e75 mv when the floating electrode current

density was 430 akc caee while the submerged electrode
was 450 wA.cmTM= (average values measured from 4 - 6 min

as the current fluctuated randomly). This shows that the

submerged electrode has not trapped substantially more

gas within it than the floating electrode. The current

from the submerged electrode after I0 ms was I0%

higher than that on the floating electrode while after

5 min it was only 5% higher, which gives some

indication that the submerged electrode does trap

slightly more gas than the floating electrode although

the results are of limited significance owing to the



current fluctuations.

The difference between the recovery time of

floating and submerged electrodes is the most obvious

difference between the two electrode positions, The

electrode was sudjected to a» potential of «75 m for

5 min in both positions before switching off for times

verying from o.5 mine I0 min and measuring the height

of a double layer charging peek for a given voltage

step input. The peak height is directly proportional

to the surface area and hence can monitor the

reduction in surface area during and after gas evolution.

This peak height was determined prior to hydrogen

evolution and compared with the values obtained after

hydrogen evolution. In the floating position the

electrode had fully recovered within 0.5 min while

in the submerged position the double lsyer charging

peak gradually regained its original value over a

period of 5 min. Hence after switching off a gas

evolution current the trapped gas can leak away much

more rapidly from the floating electrode than from the

submerged electrode. In this case it is the hydro-

phobic gas channels present in the floating position

which facilitate the leakage of the trapped gas within

the electrode.

Since there is little difference in the loss

of effective surface area on gas evolution between

floating and submerged electrodes the fact that they

are normally used industrially in the submerged position

is not important.



4.6. The application of transient measurements to show

the loss of effective surface area during hydrogen

evolution on teflon bonded platinum black electrodes.

4.6.1. Experimental.

The potentiostatic transient current densities

(100 ,seec = I sec) were determined over the potential

range -250 0 +300 nV for the hydrogen evolution and

hydrogen oxidation electrode reactions and compared with

the steady state polarisokion data over the same

potential range,

4.6.2. Results and Discussion.

Graph 42 shows the steady state polarisation

curves for hydrogen evolution and hydrogen oxidation

from which it can be seen that the electrode is

reasonably reversible over the overpotential range

+100 mv. The hydrogen oxidation limiting current is

due to mass transport of hydrogen gas molecules into

the electrocatalyst active sites while the limiting

current in the hydrogen evolution reaction is due to

mass transport of hydrogen away from the active sites.

Two curves have been drawn for hydrogen evolution

representing the maximum and minimum currents observed

at a given potential. It can be seen that the

hydrogen oxidation limiting current lies between the

two hydrogen evolution limiting currents and this

deviation from reversibility is due to the irreversibility

‘of the two limiting processes at high current densities.

This irreversibility is also shown in graph 43

where current - voltage curves are plotted at different

times in the range Ims toIs. for the hydrogen

oxidation and evolution reactions. For the hydrogen
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oxidation reaction the deviation from reversibility is

observed after significently shorter times than for

hydrogen evolution. A possible explenation for this is

that hydrogen can escape from the electrode by two

processes:

(I) by ejection as a gas from the micropores and

then by passage up the hydrophobic gas channels.

(2) by dissolving in the electrolyte under the high

pressures experienced in the micropores and subsequently

by diffusion through the electrolyte to a region

where the gas pressure is lower ie. a macropore where

the hydrogen gas can easily escape to the atmosphere.

All the hydrogen diffusing to the active sites

during hydrogen oxidation mst initially dissolve in the

electrolyte and even though the electrolyte - gas « active

site interfaces are very close together this is the

only means of mass transport of hydrogen to the

active site.

4.6.3. Experimental.

Potentiostatic current - time transients for

hydrogen evolution were measured over the potential

range +23 to e250 mV. If the process was completely

activation controlled the current would be independent

of time, However the reaction is limited by the

mass transport of hydrogen away from the electrode and

the degree of limitation depends on the current

density. From the current - time transients the loss in

performance due to trapped gas can be estimated.

4.6.4. Results and Discussion.

The resulgs shown in table 28 show that at low

overpotentials the current falls only slightly with
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Table 25.

Comparison between transient and steady state hydrogen

oxidation and evolution polarisation data for a teflon

bonded platinum black electrode.

(a) Hydrogen oxidation.

i a) i

ca *(o.1) * (900) esl 00 he ee
a (0.1) (0.1) (900)

mA.cm

2 20.5 16.5 T1155; 0.80 0.56 0.70

5 47.5 $1.2 26 0.466 0.55 0, 83

10 34 54 54 0.64 0.64 I.00

20 185 Ir5. 106 0.62 0.57 0.92

50 490 275 250 0.56 0.55 0.91

Too 990 500 450 0.51 0.45 0.90

150 1475 - 620 - 0.42 =

200 2025 800 760 0,40 0.375 0.95,

250 2300 940 820 0.41 0.36 0.87

300 ~~: 3000 960 340 0.32 0.28 0.87

350 3425 Iore2 860 0.30 0.25 0.85

400 4000 ~ 1075 380 0.27 0.22 0.82

Electrolyte 5N H5SO,

Temperature 21°c

Atmosphere hydrogen at I atmos.

O.C.V. 0.026 Vv

Electrocatalyst platinum black

Electrocatalyst S.A. Ve mt] g

Electrocatalyst loading 5.5 mg.cm

Current collector platinum gauze

Resistance 0.08 ohm



Table 28 (cont.)

(0) Hydrogen evolution.

a2

mA cm
B (mv) ; ‘ ; : A

(0.1) (900) cae) _—

2 20. 16 14 -
5 58 48 32 s

To 94 76 57 -

20 190 170 roo -

50 482 365 250 175

roo 940 £00 480 360

150 1350 850 680 400

200 2150 1125 790 440

250 2650 — 1237 890 460

350 3750 1625 990 490

E (mv) 4 i $
(900)/4 (98)/4 (ss)/4(0.1) (900) (0.1)

z 0.80 0.38 - 0.70 °

o 0.83 0.66 - 0.55 -

Io 0.81 0.75 - 0.61 -

20 0.90 0.59 aoe ot a

50 0.75 0.467 - 0.51 -
Too 0.64 0.80 0.60 0.52 0.38

150 0.63, 7K 0.80 0.47 0.50 0.30

200 0.52 0.70. 0.39 0.37 - 0.20
250 — 0.46 0.72) 0087, 0.34 _ 0.17
300 0.43 0.62 0.30 0.26 0.13

i = current after t secs and i «= steady stete current(t) (ss)
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increasing time indicating that the process is almost

entigely activation controlled. In this low overpotential

region the steady state current e voltage plot is

linear showing that very little of the surface area

of the electrode is not in electrolyte contact. It is

probable thst in this potential region the hydrogen

escapes by dissolving in the electrolyte under pressure

and then diffusing away through the electrolyte. As the

current increases the hydrogen formed starts to build

up within the electrode and substential surface area

is lost. At this point the current « time transient

falls much more with time and the current - voltage

plot is no longer linear but tends towards a limiting

current. The determination of double layer capacity

peak height by applying a step voltage while the

electrode is evolving hydrogen at «2 low current when

the current « voltage curve is in a linear region

shows that even in this region » small amount of

Surface area is lost eg. fall in surface area ~ 10%,

In this linear region the retio of the steady state

current to the current after ene is constant

indicating that the hydrogen can escape by diffusion

at a sufficiently fast rate and that if any surface

area is lost due to ges bubbles this does not vary

in this region. Also from the potentiostetic hyd rogen

oxidation transients for the same electrode the ratio

of the steady state current to the current after

TOO us is constant over the linear region of the

current - voltage plot and the value of this ratio is

almost identical to the equivalent ratio for hyd rogen

evolution. This is further evidence that the hydrogen
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gas transport mechanism is the same for both reactions.

The linear region of the current - voltage

curve for both reactions is approximately from

W)= 0+ 90 mW. At higher potentials the current tends

towards e limiting value and the ratio of steady state

current to the current after 200/18 falls steadily

with inereasing overpotential. For hydrogen oxidation

this represents the point where the concentration of

hydrogen at the active sites has fallen to zero while

for hydrogen evolution it represents the point where

the ges bubbles start to build up. The value of the

ratio in the limiting current region is different for

hydrogen oxidation and hydrogen evolution suggesting a

different hydrogen transport mechanism for the two

processes. The gas in the interior of the electrode

meets at the pore mouths end tends to form large

bubbles on the outer electrode surface. ‘These bubbles

break off the electrode from time to time and as

electrolyte rushes into the pores to replece the gas

there ig a surge of current. However, even this

Surge current is the result of only a partial

recovery of the total surface area lost to ges bubbles

and in order to comppare the true current with the

current assuming no loss of active surface srea it is

necessary to extrapolate the linear part of the

current « voltage plot.

| Hence it can be concluded that over the
linear region of the current - voltage curve the active

surface area of ea hydrogen evolution electrode is

constant and that the limiting current observed at

higher overpotentials is due to a loss in active
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surface area due to a build up of hydrogen gs.

This can explain why in platinised graphite electrodes

no electrode damage is observed at low hydrogen

evolution currents since at low currents the hydrogen

ean diffuse away while at high currents the gas

builds up within the electrode attaining high pressures

before it can escape. These high pressures can cause

the electrode to disintegrate. It can be seen that the

ratio of the steady state to the zo0 a current in

the limiting current region is significantly less for

hydrogen evolution than for hydrogen oxidation showing

that although the charge transfer process of the

hydrogen electrode reaction may be reversible the mass

transfer process is not. A further factor which shows

the difference in mase transfer for hydrogen oxidation

and evolution electrodes is the ratio between the

steady state current and the current after I sec. For

hydrogen oxidation this ratio is ealmost unity showing

that after I sec a steady state has almost been

obtained, while for hydrégen evolution the ratio is

substentially less than unity showing thet a longer

time is required to achieve a steady state condition.

Separate tests involving current - time curves for

hydrogen evolution over periods of 5 sec to 5 min

showed that in the potential range 0 = I0O mV a steady

State was attained in §0 secs +5 secs, and that at

higher potentials, times of up to 2 min. were needed,

4.7. The effect of gas bubbles on planar platinum

foil hydrogen evolution electrodes.

4.7.1. Introduction.

In the comparison between porous and planar gas
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evolution electrodes it has so far been tacitly

assumed that the gas bubbles formed do not reduce the

ective surface area. This is unlikely to be true and

the aim of this section is to determine the effect

of gas bubble formation on planar electrodes so that

a better comparison my be made with porous gas

evolution electrodes.

aeleae Experimental.

Potentiostetic current - time curves were

recorded in the time range 5 sec « 40 min., the fall

in current over this range being due to the gradual

loss of surface srea to gas bubbles since for the

hydrogen oxidation reaction on platinum foil a steady

state is attained after about § sec.

The electrode was held at constant potentials

and the Goubdle layer capacity charging peak height

for a given potentiel step input was determined after

different times and compared with the peak height for

the electrode in the absence of gas bubbles.

4.7.3. Results and discussion.

The current e time curves (table 29) show that at

low overpotentials the current falls eteadily with

time for 40 min. while at hich overpotentials the

current only falls for a few seconds before a steady

value is obteined. At low overpotentisls the bubbles

form slowly and escape from the electrode slowly, while

at high overpotentials the bubbles form and escape

rapidly from the electrode. This experiment cannot de

used to obtain a quantitative velue for the surface

area lost to gas bubbles but it does show qualitatively

that as gas bubbles form the current falls and that
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Table 29.

(a) The decay of hydrogen evolution currents with

time on a. potentiostatically controlled platinum foil

electrode.

E = +0.0f0 V E.= -0.07 V

i (mA) time & i (mA) time i
(sec) (t)/i (sec) (t)/i

(5) (5)

1,30 5 15.5 5

i522 0 94 14.8 0 OF:

1.20 15 92 14.3 15 92

I.19 30 88 13.3 30 89

1,07 60 82 13.0 60 84

0.95 120 B 12.3 120 79

0.70 300 54 II.0 300 71

0.65 600 50 10.7 720 69

E = -0.175 V E = 20.90 V

i (mA) time x i (mA) time £
(sec) (t)/i (sec) (t)/i

(5) (5)

55 5 5.5 5

51 10 92 4.8 10 88

49 15 83 4.4 15 80

52 30 94 4.1 30 75

44 60 79 3.8 60 69

52 300 94 3.4 120 62

49 600 88 3.0 420 55

2.7 720 49

i = current after t secs.
(t)

i

(5)
= current after 5 secs.
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Table 29 .

(b>) The effect of ultrasonie vibrations on the anodic

performance of a platinum foil electrode.

E = I.30V E = I,80
ise -2

t(sec) i; (yA.cm 4, i/i, t(sec) i;(mi.cm ) 4, 4/4;

10 16 1é 1.0 15 0.14 GeIh =: 0678

90. = a@ 3.0 I.0 60 0.12 0.09 0.75

300 0.6 0.6 1.0 120 0.11 0.075 0.63

200 0.4 0.4 I.0 300 0.095 0.065 0.69

I200 0.085 0.050 0.59

E = 2.00 V

2

t(sec) i;(mA.cm ) i, ifi;y

15 4.8 3.8 0.80

60 365 a3 0.66

120 Fed 2.0 0.65

300 2.7 I.7 0.63

900 2.5 1.5 0.40

1800. 2.4 Tz 0.50

t = time

ip= current using ultrasonic vibrator

ins current not using ultrasonic vibrator

Eleetrolyte 5N H,SO,

Temperature 2m°c

Electrocatalyst platinum foil

(a) Atmosphere hydrogen at I atmos. (b) air

0.C.V. 0.03 V I.03V

Resistance 0.10 ohm 0.15 ohm
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the faster the bubbles form the sooner a steady

state condition is attained.

The double layer charging peak height for a

50 mV pulse at different hydrogen evolution currents

showS that about 50% of the active surface is

Dlocked by gas bubbles, the value tending to be

Slightly higher at low hydrogen evolution currents

than at high hydrogen -evolution currents because at

low currents the bubbles tend to build up while at

higher currents they break away from the electrode more

easily.(Table 32.) ) “Chese results are compared with

those in table 33 for an experiment on a_ teflon

bonded platinum black electrode in which

(a) the transient from 0+ Is was determined by

pulsing from the 0.C.V. to the given potential, Vz.

(b>) the transient from O «Is was recorded from a

potential, V,, at which hydrogen is evolved, to the

given potential, Vie This transient is added to the

steady state hydrogen evolution current at Vos

The values from (a) and (b) should be the

Same and any differences are attributed to the loss

of surface area in (b) due to gas bubbles. From the

results it can be seen that more surface area is

lost at high currents than at low currents.

4.8. Further evidence for the reduction in performance

of a gas evolution electrode due to gas bubbles

reducing the surface area.

4.8.1. Introduction.

The effect of gas bubbles on an oxygen

evolution electrode is difficult to estimate since

the oxygen evolution current decays with time due to



Table

whe effect of oxygen

Gouble layer charging

black electrode.

E (V) double layer

aes
(em)

I.25 0.42

1.40 0.42

1.50 0.42

1.60 0.39

1.70 0.36

1,30 0.34

=.90 0.30

2.00 2.29

0.80 0.42

Electrolyte

Temperature

Atmosphere

Electrocatalyst

Electrocatalyst S.A.

Electrocatelyst losding

Current collector

Resistance

2

31.

evolution on the height of the

peak of a teflon bonded pletinum

22

i(mA.cm ) % reduction in
peak height

FOpA °

0.7 °

1.5 °

5.5 7

27 I4

75 19

° 29

320 31

zero °

oN H,S0,

20°C

air

platinum bleck

16 avs

5.5 ng.cm
platinum gauze

0.14 ohm

i = steady state current

Pulse amplitude I50 mv
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Table 32.

The effect of hydrogen evolution on the double layer

charging peak height of se

22

EB (av) double layer i(mA.cm )
charging peak

height 22

(m.om )

210 2.5 2.0

+50 6.0 zero

40 3.0 6.0

-100 3.8 20

Pulse amplitude 50 mV

Electrolyte SN #80,

Temperature arc

Atmosphere hydrogen

0.C.V. 0.05V

Electrocatelyst platinum foil

Resistance 0.10 ohm

i = steady state

platinum foil electrode.

% reduction in
peak height

58

°

50

37

hydrogen evolution current
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Table 33 (cont)
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oxide formation. On a planar electrode it is easy to

remove the gas bubbles from the electrode as soon ag

they form by subjecting the cell to ultra sonic

vidvations but it is most unlikely that this method

would be effective in removing gas bubbles from the

interior of porous electrodes.

The determination of double lsyer charging peak

heights should be applicable for both planar and

porous oxygen evolution electrodes, since it is a

direct measure of surface area and is not affected

by surface oxide fe. the formation of surface oxide

does not result in an increase or a decrease in

surface area as shown by tests on pletinum electrodes

in the potential range 1.0 - I.4 V where no oxygen is

evolved and all the anodic current is used for oxide

formation.

4.3.2. Experimental.

(a) Oxygen evolution was carried out on a platinum

foil electrode at different potentiale and the currents

compared with and without the ultra sonic vibrator

(graph 44) operating. Assuming that when the ultra

sonic vibrator was operating 911 the gas bubbles are

removed the amount of surface area lost to pas

bubbles can be calculated (table 29).

(>) the double Jsyer charging peak height was

determined for 2 given potential step input for a

teflon bonded pletinum black electrode and for a

platinum foil electrode evolving oxygen at different

rates and compared with the value obtained on the

same electrode in the absence of gas bubbles (table 30).



Graph 44.

The effect of ultrasonic vibrations on the oxygen evolution performance of a platinum foil electrode.

Electrolyte 5N HA80,

Temperature 20°C

Atmosphere air 5 >

0.C.V. 1.04 V

Electrocatalyst platinum foil

Resistance ; 0.15 ohn j

Potential 2,000 oh cent

@® ultrasonic vibrations

x no ultrasonic vibrations

lo 20 30 tone (m0)
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Table 30.

The effect of gas evolution on the height of the

double layer charging pesk of a pletinum foil electrode.

EB (v) double layer
charging peak

height -2
(mA.om )

1.25 12 0.01

1.40 12 0.02

1.50 i2 0.03

1.60 T2 0.04

1.70 I2 0.07

1.80 10,4 0.45

1.90 8.8 1.3

2,00 8.2 3.8

0,80 12 zero

Pulse amplitude TOO mV

Electrolyte aN #80,

Temperature 22°C

Atmosphere air

0.0. I.0Ol V

Blectrocatelyst platinum foil

Resistance 0,12 ohm

i = steady state anodic current

i(mA.cm © reduction in
peak height
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4.3.3. Results and Discussion.

Both these tests on oxygen evolution electrodes

confirm the results obtained for hydrogen evolution

electrodes ie, that the performance is reduced owing

to a loss of surface area caused by gas bubbles

expelling the reacting species from the electrocatalyst

active sites, A comparison of the two methods for

oxygen evolution on platinum foil shows reasonable

agreement. The proportion of the total surface area

blocked off by gas bubbles is approximately the same

for the porous and planar electrodes for the oxygen

evolution reaction and hence there is a definite

advantage in using the porous electrode.

A comparison of the polarisation data for

hydrogen oxidation and evolution on platinum foil and

platinum black electrodes, taking into account the

roughness factor of the foil and the active surface

area of the platinum black, shows that for hydrogen

oxidation the polerisation date are very similar over

the linear region of the curve. Differences occur in

the potential region where the current becomes limited

by mess trensfer considerations. This is to be

expected as mass transfer to planar and porous

electrodes is very different. A similar effect is

observed for the hydrogen evolution reaction, However,

for a given potential in the limiting current region

the ratio of the platinum foil current density to

the platinum black current density is much greater

for the hydrogen evolution reaction then for the

hydrogen oxidation reaction. In fact the limiting

current for the hydrogen oxidation is reached at a
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lower overpotential and current density on platinum foil

than on platinum bleck. For the hydrogen evolution

reaction a limiting current is only observed on the

platinum black and not on the platinum foil, This is

because the diffusion of hydrogen gas awsy from the

electrode is very much easier for a planar electrode

than for a porous electrode. This my be compared

with the hydrogen oxidation reaction where the diffusion

of hydrogen ges into the electrode is much easter

for the porous electrode than for the plenar electrode.

This clearly suggests that the mass transfer mechanism

ts éifferent in both reactions, which is consistent

with the assumption that in the hydrogen oxidation

reaction the hydrogen gas dissolves in the electrolyte

at the electrolyte - gas interface and then diffuses

to the active site, while in the hydrogen evolution

reaction the hydrogen gas produced collects in the

micropores of a porous electrode or on the planar

electrode surface and when a sufficient pressure of

gas is generated it can escape directly to the

atmosphere without dissolving in the electrolyte. This

process would be easy on a planar electrode but in

a microporous electrode it is necessary to build up

high pressures before the gas can escape in this way.

4.9. The determination of effectiveness fectors for

porous teflon bonded electrodes.

4.9.1. Introduction.

When a reaction occurs simultaneously with mss

transfer within a porous structuge, a concentration

gradient is established and interior surfaces are

exposed to lower reactent concentrations than surfeces
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near the exterior, The average reaction rate throughout

a catalyst particle under isothermal conditions would

almost always be less than if there were no mass

trnasfer limitations. The effects of mss transfer

within a porous structure on observed resection

characteristics were first analysed quantitatively by
(162) (163) (164)

Thiele, Damkohler and Zeldovich . The

important result of this work is the quantitative

description of factors which determine the effectiveness

ofa porous catalyst. The effectiveness factor, e, is

Gefined eas the ratio of the actusl reaction rate to

that which could occur if all the surface throughout

the inside of the catalyst particle were exposed to

reactant at the same concentration and temperature as

that existing at the outside surface of the particle.

The effectiveness factor for a first order irreversible

reaction in a porous spherical particle can be related

m-1

to the reaction pearameters R,S, k, c Depp by the

equation

eaePs bien Po A,

where Lh R [Skew

D.aces

where R radius of particle

S = pore surface (om?/ em? of volume of the porous
structure)

x w is the intrinsic reaction rate constant for

a surface reaction of order,m .

e = local surface concentration inside the particle

Deer = effective diffusion coefficient for a porous

solid
= the ratio of flux to concentration gradient
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This equation has some important prectical

considerations. The effectiveness of the internal

surface of the porous catalyst approaches unity as an

asymptote as the pellet radius or rate constant is

made small or the diffusion coefficient is made large.

Conversely the effectiveness becomes small for large

particles, lerge rate constants or small diffusion

coefficients. Generally the most effective use of a

catalyst is attained by using the smliest possible

particle size. Very active catalysts tend to have low

effectiveness factors while inactive catalpts hawe high

effectiveness factors. When a catalyst is operating at

a low effectiveness factor the reactant concentration

Grops rapidly with distence of penetration into the

interior. Hence, the catalyst in the interior

contributes relatively little to the overall rate of

reaction. if the active ingredient of the catalyst is

expensive as is the case with substances such as

platinum or palladium, it may be deposited in a thin

layer on the outside pottion of the pellet to

maximise its usefulness. In some cases a catalyst may

be so active that to obtain an effectiveness factor

near unity, and hence high selectivity, the requisite

particle size is so small as to be impractical. In

such cases the problem may be resolved by using a

thin leyer of active catalyst on an inert or

nonporous carrier of suitable dimensions. it should be

noted that the effect of mass transfer limitetions

within a porous perticle depends on the fMhiele

modulus and not on the individual values of R, k and

Dore
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The effectiveness factor can be determined by

(a) en experimental method or (b) a theoretical method.

(a} The effectiveness factor enn be experimentally

determined by measuring reaction rates on several

catalyst. particle sizes under otherwise identical

conditions. The effectiveness factor approaches unity

when no incresse in rate per unit quantity of catalyst

occurs on subdivision. If data are available on

finely divided catalyst having an effectiveness factor

approaching unity, then the ratio of the rate per

unit quantity of catalyst for the larger size to

that for the finer is directly equal to the

effectiveness factor of the larger size.

(ob) If the date on the rate of reaction on 2

particular catalyst of one fixed size is available

and it 4s desired to estimte the extent to which

a diffusion effect my be present it is necessery to

Getermine the intrinsic kinetic constant. This can be,

achieved by using the dGimensionless modulus

b = isd (-+ dn) =
Piece iN. dkwecs

where Vo. = volume of the catalyst particle

edn/dt = rate of reaction (g-mol/sec)

Lveh using this expression it is still necessary to

know the values of R, Derr? e. Hence it can be seen

that both methods of determining the effectiveness

factors of porous catalyst particles are quite complex

necessitating the knowledge of factors such as rate

data, particle size, which in practise will cover a

range of values and effective diffusivity the accuracy

of which, depends on the selection of the correct

tortuosity fector for the porous structure.
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It is particularly difficult to predict effectiveness

factors due to uncertainties in predicting the

effective diffusivity under reaction conditions, the

nature of the intrinsic kinetics and the degree of

anisotropy which exists in the catalyst structure. For

complex particle shepes and structures, and intrinsic

kinetics the experimental determination or theoretical

prediction of effectiveness factors is very difficult,

Effectiveness factors of electrocatalysts have

not been measured. However, because of the fast

response of electronic circuitry a very direct method

of experimentally determining effectiveness factors is

available. At a given overpotential the current density

is determined (a) after a time, ty, when the value is

steady and (b) after a time, to, when doudle layer

charging is complete. The ratio of i at t, to i Jat

t, gives the effectiveness factor. The separation of

mass transfer and charge transfer components of the

total overpotential in chapter 2 enables the

effectiveness factor of various electrode systems to be

easily determined without a knowledge of the intrinsic

kinetics, particle structure or effective diffusivity.

Also the effect of electrocatalyst structure

(micropore size, macropore size, pore volume) on the

effectiveness factor can be determined. These electroe

catalyst structure parameters can be determined by

extensions of the B.E.T. technique and a range of

electrocatalyst parameters can be obtained by varying

the preparation conditions (see chapter 2).

4.9.2. Experimentel.

Effectiveness factors have been determined at



244°

Table 35,

Lffectiveness factors for the hydrogen oxidation reacti

on a teflon bonded platinum bleck electrode.

i = steady state current

ipa = transient current measured after 25k sec
e = effectiveness factor.

(on® sen)

$ ef 3 tad) ; tae é

2.5 12 25 0.48

5 26 50 0.52

Io 53 100 0.53

20 104 195 0.53

50 245 490 0.50

100 445 990 0.50

I50 405 1480 0,41

200 740 2020 0.37

250 803 2300 0.35

300 835 3000 0.28

350 855 3420 0.25

400 375 4000 0.22
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Table 3h.

Effectiveness factors for the hydrogen evolution

on a teflon bonded platinum tack electrode.

GA)
* *) ae’ caf, ee

(ss) trans

2.0 13 26 0.50

5.0 32 64 0.50

To 57 94 0.60

20 106 190 0.56

50 175-250 490 0.36 = 0.51

00 350-480 940 0.38 = 0.51

I50 400-680 1350 0.30 = 0.48

200 440-740 2150 0.20 = 0.35

250 460-890 2650 0.17 = 0.34

350 490-990 3750 0.13 - 0.26

Dora Por tobbles Bhpand BS-.

Electrolyte 5N H SO

Temperature ere P
Atmosphe re hydrogen at I atmos.

O.C.V. 0.024 V

Electrocatalyst platinum black

Electrocatalyst S.A. Ib mg

Electrocatalyst loading 5.5 ike

Current collector platinum gauze

Resistance 0.03 ohm

a = steady state current

(ss)
© = transient current measueed after 25 sec
trans

e = effectiveness factor

reacti
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different potentials for the hydrogen oxidation and

evolution reactions on teflon bonded platinum black

electrodes.

The hydrogen electrode reactions on platinum are

unusual in thet the catalyst is very active and the

mass transfer of hydrogen and hydrogen ions is very

rapid. The experimental measurements were (a) transient

current density values over the first millisecond and

(b) steady state current density.

4.9.3. Results and Discussion.

The results are shown in tables 3}, and 35. It

can be seen that the effectiveness factor is

approximately constant. over the potentiel range in

which the current - voltage curve is linear, The velue

in this region is similar for both hydrogen evolution

and oxidation ie, about 0.5. As the steady state

current tends to limiting values the effectiveness

factor decreases and the value at a given overpotential

for hydrogen oxidation is about the same as the

maximum value for hydrogen evolution. The minimum

value for hydrogen evolution falls to about half the

maximum value, the difference being entirely due to

gas bubbles blocking the electrode surface.

4,10. The use of the pulse technique to determine the

intrinsic exchange current density.

The same measurements made for determining the

effectiveness factor of a porous electrode for a

given electrode reaction can be used to find the

intrinsic exchange current density of the electroe

catelyst. This factor is the most accurate measurement

of the electrocatalytic activity of the electrocetalyst
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since it takes into account the true electrochemical

surface area and only considers the activation overs

potential. The electrochemical surface area is found

by galvanostatic hydrogen stripping while the ohmic

overvoltage is corrected by using the interrupter

technique and the mass transfer overvoltage is

corrected by measuring the current immediately following

the completion of double layer charging or more

accurately from the extrapolated value of current

Gensity at t=O of an i- 2 plot. The elimination
of mass transfer and ohmic overvolteges and using. the

true electrochemical surface area hes rarely been

employed in the study of porous electrodes. This

procedure is especially valuable for electrocatalysts

which cannot be moulded into sheet, wire or non

porous pellets. The intrinsic exchange current density

of a porous electrode should be the same as that

of a plenar electrode of the seme material. This

fact was confirmed by measuring the intrinsic exchange

current densities of platinum foil and platinum black

electrodes for the hydrogen electrode reaction. A study

of porous and planar zine Soles in which
the exchange current density wes calculeted using

the true surface area but without correction for

ohmic and mass transfer overvoltages showed that the

exchange current density was constant for different

zinc samples. This is suprising since mass transfer

to porous and planar electrodes is unlikely to

follow the same lew,

The exchange current density for the oxygen

reduction reaction is difficult to measure because:
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(I) the Tafel equation is often not obeyed by

porous electrodes and polarisation curves result which

are almost linear and consequently the Tafel plot is

logarithmic end not linear. This results from _the

reduced dissolved oxygen concentration in the

micropore structure at high current densities which in

part offsets the exponential increase in current with

increasing polarisation. This phenomenom has been

observed previously by Gna a showed that the
polarisation curve followed the Tafel equation more

closely as the porosity was reduced,

(2) the oxygen reduction reaction which occurs in the

potential range 0.6 V to 1.2 V is difficulg to study

on the basis of kinetics since at potentials greater

then 0,3 V the platinum surface is covered with an
and norure

oxide film, the coverage varying with potential. There

is also evidence for adsorbed oxygen eat lower potentials.

Considering this change in the platinum surface over

the entire potential range it is not suprising that

the current - voltage curve does not obey the Tafel

equation.

A comparison of the intrinsic exchange current densities

of platinum foil and platinum black electrodes for

the hydrogen evolution reaction.

Experimentak,

Transients from I TO00 usec were measured for

a platinum foil electrode and a teflon bonded platinum

black electrode. The roughness fector of the platinum

foil and the electrochemical surface area of the

platinum black were determined, The ohmic overvoltage

for each electrode was determined by the interrupter
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method.

Results.

Graphs .6¢43 show the transient current - voltage

curves, corrected for the true surface area and

ohmic overvoltage, for the planar and porous platinum

electrodes.

The slope of these polarisation curves at low

oovervoltages is used to determine the intrinsic

exchenge current density using the formls.

al at

"5 a Hie cae
v) ur

where i* = intrinsic exchange current density

i‘ = current per unit true surface area

= activation overpotential

stoichiometric number

= universal gas constant

= absolute temperature

= the FaradayBt oa oa a ae = number of electrons associated with the

rate determining step

it

Since the slope Om ) of polarisation curves

for the pprous and planar electrodes were 0.042 and

0.04 mA/aV respectively it follows that there is

very close agreement between the i, values for planar

end porous platinum.

ne “2

o mA-cm

Platinum foil 2.04

Platinum black 2.14

Discussion.

This experiment shows the validity of using

the pulse technique to separate mss transfer
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overvoltage from the activation overvoltege for

microporous electrodes and although the results for

platinum are not of great importance the application

of this method to supported metal electrocatalysts or

semiconducting oxide electrocatalysts, which cannot be

moulded into a non porous form could be of significance.



Suggestions for Further Work.

(I) Comprehensive endurance tests on teflon bonded

cobalt nickel oxide electrodes under both oxygen reduction

and oxygen evolution conditions. The short term

performance for these reactions compares favourably with

other electrocatalysts in terms of both performance

and cost, and if its long term endurance is

satisfactory, as the oxygen evolution results predict,

then it would fulfill the requirements for a _ recharge-

able air electrode.

(2) Surface groups on carbon substrates can be

investigated by infra red internal reflectance

jetaeteoe
Although surface oxides are known to be formed electroe

chamically on carbon surfaces, little work has been

done on elucidating the exact nature of these groups.

The results of this investigation show that oxides

formed at potentials 2.8V are reduced at potentials

about 0.7V while oxides formed at lower potentials

are difficult to reduce even under extreme cathodic

conditions. Hence an investigation of the nature of

these oxide groups would be interesting.

(3) A more detailed study of the strength of binder

electrocatalyst systems is needed. The strength of a

binder - electrocatalyst = pore system depends on (a)

relative particle size of electrocatalyst and solid

binder, (b) the volume concentrations of the binder

and electrocatelyst, and (c) the volume frection of

pores.

In general the strength of the composite system

is greater than that of the binder alone and a



maximum strength is obtained at a particular volume

concentration of binder ie. the voids between the

aggregates are just completely filled with binder,

Since for battery and fuel cell electrodes it

is desirable to use highly porous mterials ( porosity

between 70 = 90%) it is not feasible to improve the

strength by reducing the volume fraction of pores. It

would however be useful to determine the ratio of the

volume concentration of teflon to electrocatalyst which

gives the maximum strength, to investigate the effect

of teflon particle size on the strength and to test

other hydrophobic particulate binders of greater

mechanical strength (eg. polyethylene and P.V.C.). It is

possible that a mixture of hydrophobic and hydrophilie

particulate binders could be made which would have

greater strength but equivalent wetting properties to

the normal teflon bonded electrodes containing 30%

teflon.

(4) The good electrical conductivity of platinum

electrodes pretreated in such a wey as to form

multilayer oxide films suggests that the surface oxide

is either non stoichiometric or consists of oxides with

different platinum oxidation states. This possibility

ean be investigated by

(a) measuring the oxide film thickness by ellipsometry

after a given time at a constent potential,

(b) celeulating the thickness of a monoleyer of PtO

and POs, a (ce) determining the oxide coverage in

Coulombs.cm by oxide stripping after a given time at

@ constant potentiel.

The ellipsometric technique is sensitive to an



28

average thickness of the order of IA and can be

used to examine the electrode in solution in contrast

to most other optical methods.

(5) It is possible that there is an optimm particle

size for the electrocatalyst in teflon bonded electrodes.

This could be investigated by preparing electrocatalyst

samples over a range of particle sizes by slight

variations to the reaction conditions eg. platinum black

see chapter 2,

For gas dissolution reactions it is probable

that an optimim particle size (hence pore size) exists

sinee for large particles the surface area would be

low while for very small particles the contact

resistance could be high and it is possible that

liquid phase mss transport in very emll pores could

be restricted.

For gas evolution reactions the escape of bubbles

from large pores is easier than from smll pores but

this effect is balanced by surface area effect. Hence

an optimum particle size should exist.

(6) It is well known that the diffusion of gases in

small pores is restricted ( Knudsen diffusion). Little

work has been done on the diffusion of species in

liquid media in small pores, although there is some

evidence to suggest that it is severely impeded.

(i) when a thin tube (i.d. 2mm) fiadled with water, is

placed in a trough of coloured solution eg. potassium

permanganate, for the initial few minutes the front

of the diffusing permanganate ions shows a marked

upward curvature indicating that the diffusion process

is slower near the wells due to the presence of
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cohesive forces. At longer times the curvature

disappears as radial diffusion sets in. The effect can

be seen in a thin layer near the wall about 0.5 mm

thick which is not dependent on the overall tube size.

However, if the internal diameter (1.4.) of the tube is

less than 0.5 mm one would expect the rate of

diffusion to be less than that predicted by the

diffusion coefficient.

(ii) The Arrhenius activation energy for proton

conduction in smell capillaries is considerably greater

than in free iis”
(i441) The surface zone of liquid in the region of a

solid surface has been shown to extend from the

surface for distances of the order of 100A in low

molecular weight liquids and ooo k in liquids

consisting of long ay molecules. X ray etter
and refractive index experiments have shown the

éifference in the structure of liquids near solid

interfaces compared with the bulk liquid. The high

compressive strength of thin films of liquid also (194

indicates a more ordered structure near solid surfaces.

(iv) The viscosity of water has been shown to be

increased at distances within I.6 x aul of a solid
‘Hibeas This evidence suggests that water is highly
structured at distances of the order of 100 A from a

solid surface resulting in physical properties

significantly different from norml water. In particular

the inereased viscosity will result in redueed diffusion

coefficients for species diffusing through water in pores

of radius less than I00 ik: Since most of the pores

within an electrocatalyst aggregate are smaller than this



a reduction in mss transfer rates of the reactant to

and the product from the eaetive sites is to be

expected. Experiments have been planned to measure the

@iffusion coefficients of common species in Corning

glasses of pore radius 40 & to 000 Ae
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Appendix I,

The shapes of potentiostatic trensients on porous

electrodes,

Notes.

(I) A comparison of A, B,D and £ shows that the oxide

reduction current falls more quickly with time.

(2) The unusual slopes of cuves F,G and H for the

hydrogen electrode reactions is probably caused by the

very fast mass trensport of the electrosactive species

(Hi, or 0) from the hydrophobic phase to the active

site in contrast to the much slower diffusion through

the bulk electrolyte. As gas at the hydrophobic phase

fs depleted, transition from almost zero mass transfer

control to more norml conditions occurs and the

current falls with time.

(3) Curvee I and J show that the oxygen evolution

current decays more rapidly on the clean than the

preanodised surface.

(4) A comparison of K, F and J shows the different

hydrogen evolution transient shapes for platinum. foil

and two platinum black samples of different pore size.
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