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Summary.

The chief aim of thise work has bdeen to
contribute towards the development of 2a rechargeable
met2l « air battery, This part of the work is an
investigation of factors affeciing the rechargeability
of the air electrode in particular, the mechanism of
gas evolution from porous teflon bonded electrodes in
general, Platinmum black and silver on grephite electrodes
have been chosen as examples since they are the two
most commonly used oxygen reduction electrocatalysta in
primary metal - air cells.

The problems of using porousz electrodes for gas
evolution are (a) finding an electrode structure which
is not dJdameged by and makes effective use of the
available surfsce area during gae evolution, (b) finding
an electrocatalyst which is stable under strongly anodie
conditions, which has a surface oxide which is
reduced at potentials > I.,2V and which has a low
oxygen evolution overvoltage,

Since teflon bonded electrodes have proved to
be the most effective for gse dissolution reactions
it wss decided to use this type of electrode structure.
Cxygen and hydrogen evolution currente were drawn from
several teflon bonded electrodes using different
electrocatalysts (eg, platinum bdlack, silver on graphite,
platinised graphite, platinised tungsten trioxide and
tungsten carbide) and current collectors (eg. nickel
gecreen, platinum gauze =and graphite cloth) and 41t wae
found that only graphite based electrodes were damaged
by gas evolution. Since these electrodes were damaged

by both oxygen and hydrogen evolution and no csrbon



monoxide or dioxide wes formed it wes concluded that
the damage was due to mechanical weaknese mrther 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 potentisls, These
surface oxides lower the oxygen evolution performance
and 1f not reduced at potentials above 1,2 V they
seriously 1lower the oxygen reduction performsnce., Only
gold fulfills this condition; the oxide film on
platinum remains more then a monolayer thick until
the potential 48 <<0.85 V while the oxide layer on
graphite cannot be completely removed even by hydrogen
evolution, whieh rules out the use of graphite for
rechargeable air electrodes,

Graphite and nickel are the materials with the
lowest oxygem evolution overvoltage and a recently

developed oxygen reduction electrocs=talyst, cobalt nickel

equivslent to eillver on
evolution taking
evolution overe

oxide, with a performence

graphite, can be used for oxygeén

gdvantage of the relatively low oOxygen

voltage on nickel.
The oxygen reduction resction on bare and

oxidised platinum foil surfeces wes compared with the
oxide reduction remction on oxidiged platinum foil
surfaces and 4t wss sghown that in order to obtain
acocurate kinetic deta for oxygen reduction on an oxide
surface it was {mportant to ensure that the transient
oxide reduction ocurrent had decayed to zero, and that a
monolayer of o;tido gtill remeined on the electrode,



The kinetics of the oxide formstion reaction on
platinum foil were atudied and shown to obey the
filovich law, However, it was also shown that the oxide
film can grow to thicknesses greater than a monolayer
and this together with the decay of current with time
over long periods conflicts with the currently accepted
mechaniam for oxygen evolution and oxide formation. A
method of egeparating oxygen evolution and oxide formmtion
currente was developed from an analysiec of current < time
curvea In the potential renge I.0 «2.0 V.

A comparison bYetween gas evolution on porous
and planar electrodes showed that the percentage
reduction in effectively employed esurface due to blockage
by gas bubbles is of the seame order for bhoth types
of electrode. The potentiostatic pulse technique wee
applied to porous electrodes meking a correction for
double layer charging, the instantaneous currents thus
determined ensbled the effectiveness factors and intrinsic
exchange current densities of porous electrodes to Dbe
determined,

The effect of teflon content on gss evolution
from & teflon bonded platinua black electrode was
minimal, This corresponds to a model postulated for
teflon bonded gss evolution electrodes where the factor
limiting mass transfer of ges away from the electrode
is the pressure needed before gas can escape from the

micropores of the electrocatalyst.
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The Problem Areas.
1) Electrolytic gas evolution rveactions are widely
used in industry but comparitively 1l1little is known
about how they are affected by electrode ghape 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 chamcteristics. For gas dissolution reactions
it hes been shown that porous electrodes are essential
if the reaction rate is to be high enoush for
viability. Little is known however, as to whether
the scale up from planar to porous is quantdtative
and 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 1is produced
eg. hydmazine fuel cells and methanol fuel cells,
while in the case of batteries it is des#mble to
have a cell which ie rechargeable, and this again
usually involves gas evolutionj eg. =zinc-air cells =re
high energy density, primary batteries and their
versatility could be greatly increaged if the electrodes
could be made rechargesble. However, it is important
that nothing happens to the electrode during the
recharge period. which is pgoing to effect its discha rge
charecteristice, eg. in =aqueous solutions hydrogen
evolution proceeds without any type of film formation,
while oxygen and chlorine evolution involve oxide filme
which until stripped off can effect the discha rpe



chameteristics.

4) There 1is no evidence as to whether the 1life
expectancy of porous electrodes is affected by pgas
evolution. This d1s critical if these electrodes are
to be used in industry, since electrode replacement
is an expensive operation in 1labour, meterials and

time,
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CHAPTER I
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 extmecting
the energy needed for creating =2n enormous number
of goods and services., Steadily increasing efficiency
of conversion of energy to useful heat, 1light and
work between the years 1390 to 1960 helped to
maintain the annual mate of incresse 1in fuel
consumption to only 2,7 per cent, which was less
than the average annual rete of growth of the
grose national product of the U.S5.A, . However
since 19647 snnual increases in fuel consumption
have risen feaster than the gross national product,
indicating that gains in fuel economy =are becoming
harder to achieveEI) The use of nuclear fuels will
do 1little to overcome this as nuclear plants tave
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, resultihg in an energy shortape crists
in the next century, it can be seen that research
aimed at increasing the efficiency of ene rgy
conversion must have a high priority.

The majority of the fuel energy, which

appears as waste heat 6 is released either to an



adjacent body of water or into the surrounding
atmosphere. The problem could be partially soleed Iif
ugses could be found for 1large quantities of Dow
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 attrective use for the waste heat, which
unless 1limited, hes the additional disadvantage of
hsrming the environment,

The internal combustion engine accounts for
about I6 per cent of the total fossil f?al
consumed in the U.S.A., (All forms of transportation
account for 25 per cent of the totsgl) The net
efficiency of the average automobile engine is
25 per cent and the average miles per gallon of
fuel is now I2.2£I) hence an improvement in the
energy convesion for automobiles would be of mnjor'
importance.

Electricel energy is the only form of energy
which can be easily made, is convenient to transport
and c¢sn be used in a controlled menner. *nergy is
most easily stored in the form of electricel energy
which is easily trensformed into other forms of
energy with nearly IO0 per cent efficiency. Since
the form of energy most frequently required by man
e electricity, it 1is obvious that methods of
direct energy conversion from its primary forms
ef. chemical, solar, nuclear and gravitational, 1is

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 4is the
" Carnot limitation, ife. the maximum achieveable

efficiency is T e T where TI is the absolute
: P

T
I

temperature of the input gas and T2 is the abeoldte
tempemture of the gas lesving the heat engine,
r.This effeciively limits the maximum efficiency to
60 per cent, Also the moving parte of conventional
| systems are subject to mechanical failure., The
advent of space research hes resulted 1in the
development of direct methods of energy conversion
because’ of the gimplicity, reliability and 1lessened
welght and. volume required in these methods., If
the conversion of energy from a primnrﬁ source to
electricity can be mede in one step, the efficiency
should be higher then were the conversion to occur
in many more steps apart from considerationq of
the Carnot cycle, which intringically 1limits the

efficiency of conventional dindirect and some direct

methods ,

A comparative study of the va rious Girect
énergy conversion systems 1is a very difficult task,
For example 1€ is necessary to know whether the
devica is required for space or terrestrial, civilian
or 'militqry applicetions. The choice of system
would then depend on the resuired power level, the
duration of the operation ang whether the device is

to be wused for a ~8tationary or mobile power source,



n a fairly generml basis, the following criteria
have to be considered in a comparative study of
direct eé%gy 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 (fige )chief methods of direct
59697
energy conversion, o These are (I) Thermoeleck#ric

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 =2 consequent
emission of electrons from it, (3) Photovoltaic systems
which convert 1light to electricity using a pn
Junction, (4) Magnetohydrodynamic converters in which

a high temperature plasma, consisting of a mixture
of positive and negative 4ions, moves +through a
magnetic field and in =2 direction perpendicular to
ity thus 1inducing an electric field in e 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 wuse A.C. current from the mains supply

voltage, It would be necessary to convert these
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appliances to D.C, power sources. This c¢an be done
by high efficiency rectifiers. OCnly methods (3) and
(5) are free from the Carnot 1limitation. Table (I)
shows a comparison of these direct energy conversion
gsystems together with some of the common indirect
conversion devicds taking into account the main
performance criteria, As most of the work on

direct energy conversion devices has taken place in
the 1last few years and considerable improvemengs are
etill bveing achieved, two types of figure are used
in the table: the best availeble to I969 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 mtio and the reliability
of H?- 02 fuel cells makes these devices the best
for space missions ranging from a few hours to a
month and for power 1levels up to IO0 Kw. An
analysis of the possible terrestrial uses of electro-
chemical energy convertors as a source of mechanicsl
pewer for (I) delivery and industrial trucks,

(2) automobiles, (3) construction equipment, (4) light
aircraft, (5) locomotives, (6) outboard motors and

(7) marine applications wss carried out by Adams et agf)
For an mobile power source high power/weight and
power/volume mtios 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 matio is comparable, 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 characteristics at low speeds whereas the (
opposite 1is true with internal combustion enginea.3)

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 1largely eliminated, There are many medical
applications eg., cardiac pacemakers that make use of
batteries at present which require replacement after
relatively short periods. The implantation of fuel cells
in the body which operate with oxygen dissolved in the
blood, would significantly increase the 1life 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 1is still
mandatory and electrochemical devices provide +the only
practical way of storing electricity if it is to be
availeble on demand,

for 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 1life 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 reactien
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produces electrons which are transported through the
external circuit to the cathode,; where the cathode
renction 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 ‘= 5@ = «nFE = Te T
I .".F‘ r H

v - i

(1)

where G = free energy change

I
e o
L}

enthalpy change

2]
]

the modynamic reversible cell potential
entropy change

= Uy
n

absolute temperature
Generally, “+G 18 quite close to 'H and hence the
maximum efficiency of fuel cells is not much 1less
than ICC per cent, In the practical case the value
of E and hence G, falls as the current density
drawnr 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 1s 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 1s usually about 85 « I0O0 per cent for fuel cell
reactions under standard conditions, For example gt 25 é
EI for the reaction

H +30 = HO
2 2 2



"

ie 83 per cent, and for the reaction

CH + 20 = CO + 2HO

4 2 2 2

E ijg 92 per cent, For a vreaction in which the
agtrOpy change is mnegative it can be seen from equation
(I) that E decreases with increasing temperature., The
conve rse efgact is observed with heat engines and this
reduces the advantages of fuel cells over heat engines
at high temperatures. This, however, 1is partially offzet
gince at high temperatures the rate of reaction is
increased and the overvoltage decreased thus reducing

the need for expensive electrocatalysts. The FFaradaic

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 e is IO0 per cent,
buﬁ sometimes it 1is 1less due to fﬂide reactions of

the reactants and products. The voltage efficiency, e
Vy

is defined as

e = B (E<E )

v B r
where E is the cell voltage under 1load, As the load
is increased E and hence e fall, From these

v

defimitions it can be seen that the intrinsic maximum
efficiency and the faradaic efficiency depend only on
the modynamic factors while the voltage efficiency is
dependent meinly on kinetic factors. lost 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-:.a.e
i v

Attempts to reduce e have proceeded along two
v
main lines:

(I) to find cheap electrocatalysts with high
exchange current densities, 1 .

(2) to produce elegtrode structures which bhave
a high surface area/bulk volume ratio and which ran
sustain high 1limiting currents.

At present the 1 's of most reactions of interest
in fuel celle are *50 IO-R A.cm-z. eg. reduction of
oxygen, oxidation of hydrocarbons. Using planar electrodes
in a hydrocarbonj?fu.l cell, a cell potential OE'OO.SV iA
and with 4 for both electrode reactions as I0 A.cm
the currento density, 1 , achieved 1{is only 10-5 A.cm-z
assuming no concentration and ohmic overpotentiale ( from
Tafel's law,) This is far below the current density
required ide, I A.cm- o Sven if the i for one electrode
is high as in the H - O fuel celg the current
density under the samz coﬁdition& is only about IO.QA.cm.
Another important factor influencing the performance of
fuel cells 1is the solubility of the fuel and oxygen
in the electrolyte which for the common fuels and
oxygen 1is only IO-4moles.1-; « This results in 1limiting
current densities at planar electrodes of the order
I-I:).4 A.cm-a. Itis thus essential to use an electrode
gtructure other then planar in order to reduce the

activetion overpotential and to facilitate mass trmnsfer
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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 Ostudy 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 1limiting 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 ares by about one thpusand
times. Research into electrode reactione in porous
media is only about five years o0ld., 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 matio of
real to apparent surface area,

(2) porous electrodes permit a 1limiting
current density much higher then plasnar electrodes
because of the much lower diffusion layer thickness in
porous electrodes thus improving the power d'zmtaityr.(‘BD

(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 systeme. The phases present in the former are
s0lid and 1liquid and this type of electrode 1s of
limited application in fuel cells which uauall; employ
gaseous reactants. In a two phase system the reactant
is dissolved in the electrolyte and is transported to
the active sites by diffusion and migration. In the
three phase system the reactant gas dissolves 1in the
electrolyte at the gsseelectrolyte interface and diffuces
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
iobiaa(q) and by Micka.(IO)

Several physical models have been proposed for
three phase electrodes which are known as gas diffusion
electrndes.(11-17)1n the analysie of these models which
follows, it should be noted that the choice of model
will be dependent on the manner of prepamation 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 electrodea{ll)

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
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neither the tortuousity, pore interconnection nor pore
gize distribution of an actual porous electrod?iz)
(2) The thin film model for wetting electrodes.

The basic assumption is that a comparatively
lengthy thin film of 1liquid extends above the 1liquid
meniscus and is in contact with the so0lid phase in
the pore.

(3) The finite contact =2ngle meniscus model for partially
wetting electrodtn‘rﬁ)

This 1is intermediate between the above two
models and 1is 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 ohmiec drop in this region
due to the thinness of the meniscus.

(14,I5)
(4) Stable' meniscus models,

In the above three models cylindrical pores of
uniform radius heave been assumed, In = pore there is
an equilibrium at the gase electrolyte interface due to
the pgae 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 1s a critical pore mrdius 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 porese face the gas side and
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narrow pores face the electrolyte side, producing =
gstabilized meniscus a2t the Jjunction of the small and
1a rge poras,(14) b) cone models in which the pores are
conical in shape, the wide end facing the ges and the
narrow end the electrolyte, thus producing a stabilized
meniscua.(IK)Conatruction considerations meke 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 pgas fills
the macropores,

From the above analysis it can be seen that two
main 1lines 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 distridbution, shape, tortuousity aend 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 effecte of =activation end

concentmtion overpotential on the distribution of



current within a pore have been 1left out. This means
that only the maximum current which could be expected
from a certain distribution of pores is obtained.,

30 far researches on porous electrodes have been
predominantly of a2 theoretical nature there being little
or no experimental verification of the nbove models,
except for the finite contact angle meniscus at
wetted surfaces. In particular present theories nare
lacking in that they either consider the current and
potential within a single pore or altermatively the
electrode kinetic aspect 1is played down while more
importance 1s attached to the size and distribution
of the pores and the entry into them of 1liquids., 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 approximetions, Furtle r
advances in the theory of porous electrodes will have
to 1involve 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 reagtions with a high 1 wvalue.
This suggests that a considerable downward rev?sion of
catalyst costs could be achieved by a device which
gives rise to locslisation of catalyst in a region
where the pore shows its electrochemical activity.

This 1s also 1likely to be true for reactions with
low 1 when the electrode is of the non wetting,
teflonc bonded type. However, in situations of partial

wettability calculations based on the thin film model
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predict that the 1localisation of current to a small
area of pore 1is not great.(la)However, the difficulty
is that there 18 no evidence to support the existance
of thin films in fuel cell electrodes, Calculations
bssed on the more reliable finite contact situation
for wettable elcctrodes(13)auggsat that the 1localisation
of electrocatalyst i1s highly destrable, There ig 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 aituation.(II)

Apart from their use in fuel cells porous
electrodes are or could be profitebly used in many
other electrochemical situations eg, storage bdatteries,
electrosynthesis, preparation of hydﬂ%en and chlorine
gases and as counter electrodes in wvarious 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 dJdevices is the same as in
fuel cells, namely to improve the voltage efficiency
of the cell. However the mein differehce between the
fuel cell case and the other applications is that 1in
the fuel cell electrode gas 4is consumed, while in most
cagses, gas 1is 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 structdre and the
escape of the pgas produced within the small pores in

the interior of the electrode. This 1is also the case
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in some fuel cells eg. hydrocarbon-0O cells and
methanol-O_ cells produce carbon dioxide, and ammonia-02
and hydraiine-o cells produce nitrogen. Porous media
are also widol§ used for gas phase heterogeneous
chemical catalysis and occasionally for 1liquid phase.

Porous electrodes are rarely used for gas
evolution and since it may 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
feagsibility of wusing these electrodes for rechargeable
batteries, =28 opposed to the introduction of a third
electrode into the cell or seimply using planer
electrodes.

C) RECHARGEABLE ELECTRODES,

The common classification of batteries 1is into
primary and secondary groups. However, this is
inappropriate seince primary batteries sare simply fuel
cells which have intermal 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 havéng 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 primry
batteries could be established.
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In low temperature H « O fuel cells no attempt
has been made to mmke the Qaystim rechargeable 1in situ,
possibly due to the high overpotential for the oxygen
eé?ution 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 1is equal to the product of the
efficiencies of the two stages. Flectrically 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 dJdischarging 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 4s not easy since
insoluble garf es cannot be stored within the cell.

In secondary batteries the function of recharging
is to reconvert the products of the discherge rea ction,
although in the case of batteries this often ind udes
the electrodes themselves eg. lead - acid bdatteries. In
batteries the discharge reaction reactants and products
are not wusually gases, other than air, hence the fuel

storage problem associated with fuel cells 1is abeent.
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Hence it shoyld be possible to convert primary
batieries to secondary batteries, This, however, has
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 wusing a third
electrode in the system which only operates on the
recha rge cycle.(I93

The 1{mportant 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 1t undergoes an electrochemical reaction. This 1is
net a very useful quantity since it says 1little about
the actual behaviour of a substance as an electrode
or the possibilities of making an electrode from it,
(2) Energy density. This is the energy which may be
extracted from unit weight of the substance ie. maximum
energy density = electricity storage da%}ty *

reversible cell potential

This quantity has the same 1limitatioms as (I) in that
no account 1is taken of the weight of the container,
electrolyte, grid etc. end also that the cell, potential
is reduced under 1load due to overpotential effecss.
Hence this quantity is dependent on the electrode
kinetics,
(3) Power density. This is the rate at which the
storer could release energy. le,

power density = current density X working potential

The power density depends on the ssme factoes as the
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power density of fuel cells, Hence a combination of
these three factors, the 1last bYeing the most
important, gives a good guide to the usefulness of a
battery.

Based on these three definitions the following
factors are dJdesirable 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 should be used, (4) electrode
reactions with high I values should be chosen, (5) a
physical electrode strgctuee to give high 1limiting
currents, (6) geometric structires so that ohmic drops
are small, (7) a high solution conductance and
solubility of dJdissolved discharge reaction products,

(8) highly insoluble reactants to avoid diffusion onto
the other electrode and 'consequant self discharge,

(9) the 1lightest possible construction mterials
compatible with stability and mechﬁnical strength., These
factors are important in both primary and secondary
batteriess In addition secondary batteries have the
following requirements 1if they are to have an
extensive cycle 1life: (I) the active cathode must have
a very low solubilipy din the electrolyte in order

to minimize the concentration of heavy metal i1ons 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
characterigstics of the electrode should not d1nvolve
major changes in molar density to provide the Dbasis

for the structural integrity of the porous electwode
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and the preservation of desirable microporosity
characteristicse 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 speciea in both oxidation states must be
stable towards the electrolyte to avoid side resctions
or losses through dissolution. (5) the anode oxidation
product must not be passivating at reasonably high
current densities ie, it musﬂk*form dense non conducting
films, since the diffusion and migmation 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 capafile
of meeting the above criteria, hence the small nunber
of commercial secondary batteries. The best known
secondary battery at present is the 1leadeacid type,
which although it gives very high current densities
per unit volume, has very poor energy and power density
characteristice and undergoes a spontaneous discharge
causing the phenomena known as sulphation. The more
modern silvex/zinc cell has very high energy and power
densities but can stand only a few hundred chargee
discharge cycles. The sodiumesulphur battery gives high
current densities but suffers from <orrosion problems.
Metalegas cells represent a hybrid between a
fuel cell and a battery, by combining in situ a
metal anode with a dymamically supplied pgas 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 metal-oxygen cells 1lies in the high
theoretical energy densities which are possible. The
achievement of a practical system is 1limited 'by factors
gsuch 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 primary bdatteries Tthave
been merketed by two companies, showing chamcteristics
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 compamble capacity

and rating.(sg) 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 1leadeacid 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 maee transfer
polarization in the case of a goluble anode leads to =a
rapid reaching of 1limiting comditions conducive to
electrodeposition of the anode metal in dendritic or
powdery mnonadherent forms, This is the case with zinc(QO)
in alkaline electrolytes, the dendrites causing shorting
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between the electrodes, producitg momentary very high
currente and hence buckling of the plates, which must
be positioned as close to each other as possible to
reduce ohmic losses,
(2) Cne 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 1its recharge 1ie. 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 1is to find the
reason for this breakup and to find possible
alternatives to produce an efficient rechargeable
cathode for the zinceair system , which also hae good
discharge characteristics. At one time porous nickel
was used as the air cathode but although this is
rechargeable its discharge characteristics are poor,

Cther possible types of secondary battery are
(I) AMlkeli metal-halogen cell(gl)uhich combines the
reactions

+

M=M + e and X 4+ 2e = 2X
2

This gives a high reversible cell potential and a high

power density because of the high 1 wvalues for both
0
electrode reactions. This overcomes the main disadvantage

of HE-O? 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 1s desirable that batteries should have a
high cell potential and consist of reversible (high 1 )
electrodes, However, if the cell potential exceeds I.?qv
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
agpect this is better than using molten salts since
non-aqueous electrolytes 1like acetonitrile, cause few
corrosion problems. However, problems exist , and a
satisfactory oxygen electrode in noneaqueous media has
not yet been developed., The mein problems are:

(I) water is formed in the oxygen reduction reaction,
(L) the solubility of salts is smeller in non-aqueous
solution resulting in lower 1limiting currents, -
() voltage 1losses due to the high resistance in
non-aqueous electrolytes.
(3) Batteries based on the electrically regenerative
hydrogen-oxygen fuel cell.(23)

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 Dbeen shown that the oxygen electrode
performance is a2 major obstacle in fuel cells and
secondary batterges, for the reasons of low i for
the oxygen reduction reaction and the oxygen oevolution

reaction and of low mechanicel 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 doubte about the tre
mechanism of the oxygen reduction =2nd evolution
reactions and only 1limited progress has been made
in finding alternative electrocatalysts to the mnoble

metals, The main work on the electrocatalysis agpect

(24)
hag been with silver supported on gfag?ite electrodes
2
and with aemi—g?nducting metal oxides and doped
(2
metal oxides. The silveregrephite electrodez are

much cheaper than noble metal electrodes and give a
similar oxygen reduction performance, however, as already
mentioned, this type of electrode breaks up 1if oxygen
evolution is attempted., Until recently the semi-
conducting oxides have not achieved comparable oxygen
reduction performances, however, work on seome nickel
cobalt oxides suggests that this problem could be
overcome.(27) It 1is the intention of +this work to
study the oxygen evolution charecteristics of these
compounds as possible alternatives to the noble metals
and silver-graphite electrodes for use in seconda ry
zinceair cells, (The silver graphite electrodes are
suitable for fuel cell applications.)

The following 1is 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 piteh and
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then heating in the absence of air at about I1000°C
causing some of the binder to be pyrolized 1leaving a
porous structure, Porous graphite {is made by heating(23)
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 revieued.(zg)

Because graphite 1is =2 good electronic conductor
and because interfering oxide films such as those
found on most metals are not present on carbon
aurf!ces,(BO)such materials are thought to be =suitable
for making good inert oxygen electrodes, However, graphite
electrodes are not suitable for use in =2cid solutions
especially if an oxidising sagent 1s present, since the
electrode swells with the formation of gmaphitic oxide
and finally the electrode breaks up and falls to the
bottom of the cell as a black sludge.(aI)Similar
effects have not been reported in alkaline solutions.

Yeager and Kozaua(32.4)have noted that it 1is
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 polarization.(BS) Ag the
composition of the system changes so do the polarization
characteristics eg, the higher the hydrogen peroxide
concentration the lower (less noble) the rest 6potential.
The results obtained by a number of workers(3 '37)have
shown that the potential determining resction on graphite

electrodes in alkaline solution is the CE{H O couple:
Q0 2 2

O Ve BIQ e Qe L ie= " cHO . OR

e 2 2
(38) 18
Oxygen tracer studies using O sghowed that

in the reduction of eoxygen on carbon electrodes all
the peroxide produced comes from the oxygen molecules,
and that the reaction has a current efficiency of

I00 per cent, Consequently the 0-0C bond 1is 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
gstable wvalue, Ybager(35)has shown the oxygen reduction
mechanism on carbon electrodes to be:

(0] + e = (0)

2 2 ads,
{0 =) + HO = (HO ) + OH-
2 ads., 2 2 ads,
(HO ) + .8 = 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 surfeace area
and this was originally achieved by pasting finely
powdered graphite into a porous carbon body.(32)31nce
carbon 1s a poor hydrogen peroxide decomposer the end
prodict of the reduction of oxygen 1is hydrogen peroxide
with a conseguent transfer of only two electrons per
molecule of oxygen, compared with the four electrons
per oxygen molecule for the O /H O couple. Also the
electrode potential for the twi 31ectron process 1is
only C,682 V compared with 1,229 V for the four electron
process (potentials measured against the hydrogen electrode.)
Hence it 1is 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 1long life ih alkaline aolutionss39-42)
Early a%::gngp to convert thg zingeair cell into
8 secondary battery used a catalysed porous nickel
diffusion cathode operating on pressurised air.(43)
This electrode was satisfactory for recherging, bdut in
the discharge mode was not sufficiently sactive., Kordesch
and co-workers(37)have described wvarious methods of
catalysing porous carbon electrodes, In alkaline sdlutiong
gilver, cobalt and menganese have been most effective,
while platinum 4s by far the best in acid solutbns.
Porous Nickel Electrodes.

Varioue porous metal electrodes
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have been employed as oxygen electrodes, mnotably the
hig?ASgreseute Bacon(44)elactrodea made of niekel, the
DSK electrodes using Raney silver catalyst, and
silvey/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 combine the high surface area of
graphite with the good mechanical strength of porous
matals,(46)but the mechanical weakness of the gmphite
is still a major disadvantage, attempts to improve its
sirength by pressing having 1little effect when the
électrode is used for oxygen evolution.

Pasted Diffusion Electrodes.

Electrode reactions in porous
media occur only on a smll area of the total surface,
hence 1t is advantageous to mske diffusion electrodes as
thin as possible, This keeps the diffusion path short
and aleo decreases the size and weight of the cell,
This type ef electrode was originally mede by pasting
a slurry of the catalyst onto a metal screen =and
then drying.(4 The disadvantages of this electrode
wre its great fragility =nd wettability. These problems
were overcomé by wusing a hydrophobic bhinder such as
taflon.(48)These thin electrodes are particularly
effective when used as air electrodes, as the blanketing

(46,49)
of the pores by nitrogen is 1less significant,



The Oxygen electrode Reaction on Platinum,
This electrode is used in all earth based fuel

cells and metal-2ir batteries, The advantage of using
. oxygen from the surrounding atmosphere rather than this
-or other oxidents iIn a tank is that the tank and
oxident weights dJdecrease the energy/weight mtio about
two 'to four times, Hence it is the most important
reaction din electrochemicel 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 considemble difficulty
with w»espect to mechanism elucidation and electrocatalysis,
These difficulties =are:
(I) the mnge of potential in which the reaction occurs
is about I.,0-0,5V, Thie is in & relatively
enodiec region where most metals either dissolve or form
pessivating, catalytically inasctive, oxide filmg. Hence the
number of electrocatalysts which c¢sn be used for this
reaction 1is severely 1limited to platinum and the tungsten
bronzes in acid solution and somewhat 1limited in
alkaline scolutions eg, lithiated nickel oxide, silver, -
graphite,
(2) the oxygen reduction reaction is slow (low 1 )
compared with many other common electrochemical rgactiona
eg. hydrogen oxidation and evolution, chlorine .diasolution,
silver deposition, reduction of Fe3+ to Fe?+.
(3) the anodic region in which the reaction occurs
causes substrate changes to occur within it eg, for
platinum 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 vreversible potential <for reduction of PtO
occurs at I, I3V and for PtO at I.00V . Further, thg
oxygen :tduction 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 intermediste.csO)
The fact that the effective potential range for

dxygen reduction 4s 1less than I,0V means that there
is a type of "autopolarization" of about 0.25 V
resulting in a severe 1loss in power, The reason for
this is not well understood. Wroblowa et al.(sl)have
investigated the phenomenal aspects of the observed rest
potential on platinum electrodes.

Several explanations have been proposed for the
I,0V rest potentiesl eg,
(I) the formation of hydrogen peroxide as an
1ntarmediatef52) Calculations have shown that the
concentration of hydrogen peroxide would not be sufficient
to support the observed currents,
(2) that the rest potential 18 due to one of the oxide
couples ie., Pt/Pt0 or PLY/PtO .(53)This explanation does
not account for the variatioi of rest potential with
oxygen partial pressure. |
(3) the Pt/solution interface is polarizable in the
region Dbelow I.0V, the variation in rest potentisl
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 métal-o and metalewater
diﬁolta eccounting for the varintion.(qa) This theory
doeg mnot , however, explain the substantial currents which
can flow in the 0,9«1.0 V pegion. Wroblowa et al 2 H
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 4is the anodic oxidation of an unknown
organic impurity which is present in low concentrations
and which has a reversible potential of 0.2«0.,3 V.
This 4s in fact the observed rest potential of =
large nurber of hydrocarbons in acid solutions on
platinum electrodes, This model is also supported by
thorough electrolyte purification producing the reversible
potential(I.23 V ).(54)The glight variation of the I.OV
rese potential (eg. I.00 €0 I.I5V.) can be explained Dby
the variation of the anodic reaction electrode potential
which depends on the specific organic dimpurity. Various
purification schemes have beenused to obtain =
temporary reversible electrode potential(54.7)and there
is some evidence that the reversible potential is only
obtained on oxide covered alectrodea.(s')

The importance of the presence of oxide films
in mechanistic studies of the oxygen electrode has lead
to some research on the nature of the surface of
platinum electrodes in the mneighbourhood of the reversible
potential for the oxygen electrode reaction. The main

methods of study have been:



(53,60)
(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 filme
of oxide and adsorbed oxygen? The terminology of oxide
film and adsorbed oxygen has been used somewhat vaguely
on occasions- an oxide film 1is where there is at least
a monolayer of oxygen in whdéh the oxygen is bownd

to several metal atoms and the coe-ordination number is
such that the oxygen must be surrounded by metal atoms
on all but one aide; the term adsorbed oxygen 1is wused
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. Analyticel methoda( I)have 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 e to Dbe removed from the solution for the
subsequent =2analysis thus introducing the possibility of
air oxidation, This, however, is unlikely as comparison
with coulometry experiments has showh.

(3) Ellipaomatry.(62-4)Thin technique enables the detection
of films and the investigation of their thickness from
a fraction of 2 monolayer upwerds., The method is

gensitive 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
fundemental dJisadvantage of the method in that there
are only two measured pemmeters related to three
unknowns which represent the film thickness, refmctive
iﬁdex and electronic conductivity. Hence the method can
only be used if a second method 1is avsilable to
- provide parallel information on one of the three
unknowns. In thies case the estimated film thickness a€65)
a function of potential has been found coulometrically,
it was found that the oxide was PtO and not PtO , and
that below 0.95 V no film was observed even though
the coulometric results predicted one.(?B)This wag
explained =as follows:(ﬁd)above 0.95 V an oxide film is
present, below 0,95 V the film is due to chemisorbed
oxygen =atoms or OH wradicals and 1is less than =a
monolayer thick and has optical properties similar to
water and hence 1is not detected by ellipsometry.
Ellipeometry has also shown that the film 4is an
electronic conductor.(64)
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 investigetions. 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 4s always desimble
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to study both the anodic and cathodic behaviour of

an electrode reaction since informmtion on the mechanism
of one process can be instructive about the mechanism
of the other and vice versa, For example, some
mechanistiec criteria, such as stoichiometric number, cannot
be evaluated unless both processes are studied, and

aleo in the application of the principdR of microscopic
reversibility., This principle can be extended away from
equilibrium if the evidence suggests =2 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 the information
about this mechanism has been inferred from the study
of the four electron oxygen evolution process. This 1is
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 substmte
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.(7g>ﬁence the mechanism of the
oxygen reduction reaction at potentials 1less than 0.95 V
requires seperate study. 3

The oxygem: evolution reaction is not in 4tself
an eagy reaction to study for two main reasons: (I) it
takes place in a potential region which in acid
solution makes most electrode materials unstable, (2) the

reaction is highly irreversible (low i ) on nearly all
0



.electrocatalysts hence, owing to competing reactions of
impurities with higher 1 values, great difficulty in
obtaining reversible potegtiala 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 ghe intermediates are oxides, hydroxide or
oxyhydrates and that there is no peroxide intermediate,.
The 1latter mechanism is supported by the fact that
oxides afg4)known to form at the potentials of oxygen
evolution end 1tracer studies have shown +that oxygen
evolved on Pt-OI8 surfaces contained the heavy isotope.
The peroxide mechanism wes inferred from cathodic studies
and such data from steady state, long time cathodic
measurements in which hydrogen peroxide may be produced

' cannot have direct implication for the anodic
reaction mechanism owing to the cha?gg-‘gg substrmate,

More recent work by Bockris et al, has shown

that langmuir adsorption is 1ikely and Temkin adsorption
improbable, and that the mate determining step s the

charge transfer vreaction from water to fom OH mdicals.

The probable mechanism for the oxygen evolution reaction
is 4

M o+ _H20 = MOH +« H + e (rate determining step)

2OE = MO + M + HO
2

2M0 = 2 + O
. ]

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 mte
determining step is the charge tmansfer from adsorbed
hydroxyl or oxygen radicals to weter after initial |
chemical reactions of oxygen involving =adsorption on
the oxide substrate. There is =slso a considerable
amount of evidence proposing a mechanism where the
oxygen 1is first reduced to hydrogen peroxide (2 electron
process) which 1is ditself reduced to weter in another
two electron proceal.(7o-?2)51nce the standard potential
for the O/H O couple at 25°C s 0.68V,. it ds
possible, Et 2pitentials more negantive than this, that
both reactions ie, O /H O, four electron process and
O/HO , two electroﬁ groceaa, occur simultaneously.
Tiis? iould explain the presence of hydrogen peroxide,
Experiments using 2 rotating platinum disc electrode
with a platinum ring have enabled a quentitative
estimmtion of the amount of hydrogen peroxide formed
during oxygen reduction to be nnde.(73'74) This has
shown that in purified sulphuric acid solutions no
hydrogen peroxide is formed at potentials above O0.I V-
hence above thie potential the oxygen 1is 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 0,0V
showing that oxygen 18 reduced to both water
end peroxide in parallel reactions and that the

(74)
peroxide is not further reduced at the disec. In

(7%)
purified =alkaline solutions thie 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 surfeces being the reverse of the sanodic
evolution reaction is the intersection of the anodic
and cathodic Tafel 1lines at the reversible potential,
I.23V : and determinations of atoichiome?zég
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 filme in common
with all other metals, These electrocatalysts will be
studied seince no other materials are easily available
with comparable exchange currents for the oxygen
reduction resction,

E) GAS EVOLUTION REACTIONS.

As already mentioned electrodes undergoing this
type of reaction are important in 2 number of
applications, notably: (I) rechargeable air electrodeg for
metaleair batteries, (2) electrically regenemative fuel
cells, (3) fuel cells using 1liquid fuels eg, methanol
and hydrazine, (4) menufectuee of chlorine and related
processes, (5) preparation of pure hydrogen, (6) as
counter electrodes in the electrolytic extmction of
some metals, and (7) in verious electro oxidations and
reductions in orgenic electrosynthesis. Considering this
wide range of applications suprisingly 1little work has
been done on this type of electrode eg. 1little has



been done to improve their efficiency such as using
porous electrodes. Forous graephite 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 mther than to supply a higher surface area,
Similarly in methanol and hydrazine fuel cells no work
has been done on the effect of electrode structuee

on the evolution of geases, WMost 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 potential for the (1l /01- couple
at 25°%C 48 I, 36V and a8 such 211’. might be
expected to take place simultaneously with oxygen
evolution., However, the former reaction 48 much more
reversible than the latter o that pmctically, except
at high overpotentials, the amount of oxygen evolved 1is
very emall, Never the less in this potential regbon
it 1is obvious that the chlorine evolution reaction
occurs on an oxide surface if a platinum electrode is
used and this 1is 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

(77)

been to elucidate its mechanism and carbon and platinu

have been the chief electrode materials used.
The hydrogen (ezglution reaction is one of great
7
industrial dimportance and also one of great importance

in the development of modern electrochemistry. The
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mechanism & and electrocatalysis of this reaction  Thave
been widely studied and are now both fairly well
understood, Its technological importance is well known

eg. it 48 a standard 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 1 , for a
given metal for this reaction, on other factorg is
somewhat insignificant eg. 4 18 not dependent on
concentration or type of elSctrolyte and, more important,
wag 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 e, 1 for
80lid and 1liquid gallium were the same. These fgctora
make the hydrogen evolution reaction both a wuseful

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 eoccurs on an oxide film and

oxygen has widely different physical properties to
hydrogen eg. deneity and diffusion coefficient; it is
also important to study this reaction in porous

materials,
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Chapter 2.
Lxperimental Techniaues.
2.1, leterials used in Electrochemical FHalf-cell Testing.
“lectrolyte s.

. . The two electrolytes used were 5N potassium
hydroxide and 5N sulphuric acid, Both solutions were
prepared from 'analar' grade chemicals and conductivity
water of resistance greater then 4 M{l,cm. , These
solutions were purified by anodic and cathodic pretreata
ment between two large platinum foil plates of area
20 cm2 at a constant current of 5 mA for IO hours.
Although uﬁa purification procedure made little
differaﬁce te the results on porous electrodes it wee
found to be essential when working with platinum foil
electrodes (see chapter 3),

Gases,

Four grses weee used ie, oxygen, air,
hydrogen and nitrogen. The oxygen, nitrogen =2and hydrogen
we re wh_i_t.s 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 black

(£) platinised tungsten trioxide

(7) cobalt nickel pﬁ:lde

(8) t?.ungat.on.carbide

(9) platinum foil
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The sources and/or preparation of these electrocatalysts
is as follows:

(I) British Petrolsum coarse graphite powder (surface

area 5 m?/g) wags ground under vacuum in a vibratory
ball mill for 8 hours resulting in a2 fine graphite
powder of B.E.T. surface area 500 m?/g.

(2) Active graphite supplied by Acheson Industries which
had a B.E,T. surface area of 5I0 mzlg and 932 of the
surface area wes attributable to pores below 50 A radius.
(3) Carbon blacks were supplied by the Cabot

Corporation, The samples used are given in the table

below-
Types Sterling MT Vulean XC 72R
2 2
B.E.T, Surface area 7 m/g 220 m /g
Particle Diameter 462 m IS m
by BcE.To /A /A
Electrical Resistivity Medium Low << 0.250cm

(4) Silver deposited on graphite or carbon black

supporte can be prepared in three ways:

(a) by grinding the coarse support with a gilver

compound, such ae sgilver nitrate, under wvacuum in a
vibratory ball mill., This produces a silver deposit

which X rey diffraction shows 1is very highly disperaeéIﬁS).
(b) by impregnation, This consists of evacuating the

support (graphite or carbon black), 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),
(¢) by freeze drying (see below),
() platinised graphite wes prepared by soaking graphite
powder in a solution of chloroplatinic acid, drying
and finally heating 1in a stream of hydrogen at 50 C
in a tube furnace to reduce the chloroplatinic acid
to platinum, The sample prepared had a platinum
content of 5% by weight and a2 surface area of
498 nf/g.
(6) platinised tungsten trioxide wss prepared by
impwegnation of a glurry of tungsten trioxide with
chloroplatinie aecid 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 B80°C for two hours,
(7) cobalt mnickel oxide (602N104) wag prepared by freeze
drying & solution containing cobalt(7I) and nickel(IT)
nitrates. The solid solution formed was decompozed by
heating under vacuum giving the metal oxides which
were heated in air at 400 C for five hours. The
resulting oxide hags been shown to possess =a apinel
crystal strucgurn.(IGG) The sample used had a surface
area of 40 m /g and an electrical resistance of IO .em,
(8) Tungsten carbide wems supplied by Bgitish Ropes Ltd.
and hsd a B,E,T, surface area of | m'/g.
(9) platinum foil was seupplied by Fnglehard Ltd.
(I0) 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 formaldehyde 1in

(I69)
alkaline solution,
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2- - - -
(PtC16) + 2HCHO + 60H — Pt + P2HCOO + 4H?O + 6C1

2= 2=

(PtClG) + HCHO + KOH N PE. 003 + 4H20 « 601

The platinum black is assumed to form by =an
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 wvaried to give the desired product.

The common chemicsls wused 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. prtCIs or th03) tends to crystallise
from solution producing concentrated areas of salt, This
problem is overcome by freeze dryinge3ogeaulting in a
much better dispersion of platinum or gilver, The
general method of freeze drying csn be summarised as
follows: the powder to be impregnated 1is slurried with
the salt solution eg., chloroplatinic acid o# silver
nitrate, and then quickly sprayed into 1inuid 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 &t
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room temperature, o preventing any melting which
would result in the growth of chloroplatinic acid or
silver nitrate crystallites., It 3is important that an
efficient vacuum pump is used so thet the wster
vapour is vremoved 28 sgoon as it is formed in order
to keep the ice below the triple point. When all the
‘ice has sublimed the chloroplatinic acid 1is reduced to
platinum by warﬁing in a hydrogen atmosphere or eilver
nitrate 4is decomposed by heating to 2I0°C., The greater
the degree of dispersion of supported electrocatalysts
the eagsier the surface migration of adsorbed species
snd the lower the electrical contact resistance between
the ¢two phases,
2,2, Electrode Fabrication.

Weighed amounts of the electrocatalyst powder
and an aqueous polytetrafluoroethyleme (P.T.F.E.)
dispersion (I.C.I. gmede G.P.I, 607 solids of particle
dismeter 0,20,5 micron) were slurried together and
painted onto either platinum gauze (80 mesh, I8 s.w.g.)
nickel gauze (I00 mesh) or graphite cloth screens,
(menufactured .by Morganite Modmor Ltd., from csrbon fibre
registance I ohm/square), After drying at 20°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 ceuses 1its partial seintering, thus
increasing the strength and hydrophobic nature of the
elactrﬁde. The curing' temperature 18 criticel since at
temperafures above 330°C the P.T.F.E, is transformed into
a plassy state, vrendering the electrode completély
hydrophobic =and conseguently inactive. Flectrodes containing

carbon were cured under nitrogen since carbon 1is slowly
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oxidised at 300°C,

The electrocatalyst 1loading 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 wae not possible. The
dispersion of the electrocatalyst powder in the P.T.F.E.
suspension was cometimes improved by using an ultrae
sonic vibrator. Electrocataigst loadings were usually
within the mnge &#-20 mg.cm and the most satisfactory
P.T.F.E., content has b?gga)ahown to be 255 by weight
of the electrocatalyst,

' The platinum, nickel and graphite cloth screens
act ag current collectors and when the electrode is
used for oxygen reduction or hydrogen oxidation they
contribute only & negligible current., However when the
electrode 1is used for oxygen or hydrogen evolution
they e¢an contribute a significent current snd a
correction 18 necessary.

- $8 Half cell testing,
(a) Cell design.

The cell design shown in Fig, I is a modification
of the floating electrode cell described by Giner.(lga
The working electrode wes spot welded into a piece of
gold foil wedged at one end. The geometric amrea of
exposed electrode wae measured, The electrode thus
mounted was clamped between a pair of teflon ringson
the central tudbe of the upper compartment. The referenc
electrode system wes housed inside this tube which

terminated in a 'U' sghaped 1luggin capillary which
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reached to Jjust under the working electrode which
floats on the electrolyte surfasce. In this cell the
electrode compattment 1s sealed off from the =»tmosphere
outside by the electrolyte and the electrode compartment
can be fed with eny gee required, either bubbled
through the electrolyte or simply blown through the
chamher, 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 1lower cell
asgembly,

(b) The reference electrode system,

The dynamic hydrogen vreference electrode system
(D.H.E.) was uaed}I7I Fig., 2. This consists of two
vertically atag;d platinised platinum electrodes, each
of area 0,5 cm between which a constant current of
2 mA.cm- wag passed, The lower electrode, connected to
the negative bsttery terminal, evolved hydrogen while
the oxygen evolved from the upper electrode easgcaped
upwards and did not interfere with the electrode
evolving hydrogen. The potential of the working
electrode is measured against the potential of the
lower vreference electrode. The voltage of this reference
electrode, measured against & normel bubbling hydrogen
reference electrode in the eame electrolyte (R.H.E.),
remained constant at 25 mV : 4 iV over a few months
before replatinising became necessaypy,

(¢) liethod for determining steady state potentiostatic
_gomériﬁatiggwﬂpp:ygg.

(I) The cell was set up =8 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

cireuit voltage (0.C.V.) measured with =2 high impedance
digital voltmeter (D.V.M.) (II megohm). |
(III) The potentiostat was sgset to the 0.C.V. and
switched to the cell,

(IV) The potentiostat wae then set at the degired
potential and the current measured when it became
steady. This procedure wag 7repeated at different poten-
tials as the polarisation increased and again at the
gsame potentials as the polarisation was decreased.

(V) The correction for the ohmic overvoltage was made
by the interupter method (see below).

() Mebhod for determining _galvenostatic steady state
polariaatigg__gggg.

The procedure 1is the same 28 for the
potentiostatic method except that the potentiostat is
used to apply a constant potential across a standard
registance 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, , Thig 1is
repeated at different constant currents and the current-
potential curve plotted. (sce F’\g-'&).

(e) The potentiostat.

This wes a chemical electronics TR4O-3A model

which had the following sepecifications:

Waximum output current 3.0 A

Current measurement accuracy +I7 full scale deflection
Output voltage 40 V

Control voltage span +3 to =3 V (accuracy 0.5 nV)

Control voltage stability + 0, I mVv
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Long term drift Continu2lly monitored and corrected
_ with potentiostat controls.

Rise time (to 90% of selected voltage) 0.3 microsec,
Response time (to IO0Z selected voltage) I0 microsec,
input current I x IO~IOA

A potentiostat is wused to maintain a constant
potential Dbetween the test electrode and a given
reference electrode. A potentiostat has an inbuilt
“standard voltage adjustable to any velue and the ability
to messure the potential between the test and reference
electrodes. The two potentials ape electronically
compared and the current flowing in the power eircuit
is automatically adjusted by an operational amplifier
80 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 1is very small, although it is
necessary 1o check that the reference electrode is not
polariged,

(f) Originsa of errors in steady state half cell testing,
(I) Electrocatalyst load ing.

Possible errors are the accuracy of weighing,
measurement of electrode geometric area ang the assumption
that each component in the catalyst mix is transferred
to the electrode in the same proportions. This 1ast
eérror cen not be estimated and depends mainly on an
efficient dispersion procedure. The mn;imum errgr in the

geometric electrode area was +0.2 em in I om ie, 20%

and the error in the electrocatalyst loading + 5%,



5%

#nother possible error which 1is difficult to assess
is whether the electrocatalyst - P.T.F.E. mix has been
pasted evenly; over the whole current collector surface,
Thds depends 1largely on the skill of the maker and a
rough pguide to uniformity wss achieved by visual
inspection.
(II) Dispersion of electrocatalyst on support.

| This should be quite reproducédhle for samples
prepared by freeze drying but signifieant errors are
prﬁbable in samples prepared by powder impregnation,
(1II) Current and potential measurements.
I The current was measured to Y 29 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 estimation of the iR drop the main
source of esgyatable error was 1imposed by the
inaccuracy of reading the oscilloscope grif. Measurement
limits were to *+ 0,2 em. iR drops were usually in the
region of 0,05 -« 0.2 ohm, Using a current of IO mA,
measured across a I00 ohm standard resistor, and
ogcilloascope vertical sensitivities of 200 mV.cm-I and
I mv.cm-l 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 actusal
voltage drop of an electrode it 1s sometimes difficult
to ﬁssess the difference between the voltage drop due
to ohmic effects and that due to activation effects
and this can result in errors grester then those

estimated above,.
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From the above account it can be seen that the
chief oripins of error are the electrocatalyst
§reparation, electrode ' fabrication and the measurement of
the  ohmic overvoltage, Hence the accurscy of a single
currentevoltage soan 1s high, being limited only by the
accuracy of ‘the iR correction, while the reproducibility
using either (a) another eample from the same 6 cm2
original electrode, (b) a2 mnew electrode fahricated from
the sgame DYbatch of electrocatalyst,' or (c¢) A new
electrode fabricated from a different bdatch of electro-
éatalyst ia much poorer, especially for (b) and (e).

The scatter of the results shows that the reproducibility
ig - usvally better than =+ 152 for a given electrocatalyst
bateh, Different batches pose a much greater problem in
that the B,E.T. surface areas of different batches of

the same material often vary substantially,

5.4. The correction for ohmic overvoltage.

An ohmie¢ overvoltage exists wherever there is a
resistance to current flow, eg. connecting wires,
resistance of working and counter electrodes, and the
electrolyte resistance. The regiastance of connecting wires
and the counter electrode are very low and this usually
applies to the working aleetrod§ also. FHence the main
gource of ohmic overvoltage 4is the electrolyte resistance
which, in these eiperinunts, wag also quite low #e,

(5N sulphuric acid .and 5N potassfum hydroxide). The
electrolyte rpaiatancq iz minimised by using a 1luggin
gdpillnry, the tip of which is located close to the
working electrode surface, The rnsietﬂnce between the

‘ luggin and the working electrode can be determined in

three wayss
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< (a) from the 1lupggin - electrode pgeometry it is (ggggihle
to c¢2lculate the iR drop from the relationship

O Rl
iR i

K
where 1 = current
K = gpecific conductivity of the electrolyte
L = 1;6? d
where d 1ig the external diameter of the luggin capillary

tip placed at a distance of 2 d from the working
electéode surface. This method is 1likely to bhe
unreliable at high currents when the electrolyte
resistance will wvary over the luggin - cspillary gap.

A similar  method is to measure the electrode
potential as & Tunction of luggin gep and then
extrapolate the results to give the potential at zero

-~ gap.(173)At high currents the potential- gap relationship
is not 1linear, 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 planar electrode it ds virtually
impossible for a porous electrode whose surface 1is rough
and 111 defined,

~ (b) by using sn A.C. conductivity bridge(174) connecting
the uofking electrode to ome arm =2nd comﬁleting the
circuit by placing a probe at the luggin tip.

~(¢) by the interupter mothod(184)where a steady D.C.
polarising current 1is dinterupted at msins frequency .
(50 Hz) by means of a fast 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 as  a result of their different time dependence
of deéay 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 1is displayed on an oscilloscope
and 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 « luggin pgap resistance can bYbe calculated from
Ohm'e law and then wused to correct the electrode
potential, The circuit diagram for ¢this method 4is shown
in Fig. 4, The ohmic drop depends on the electrode
reaction and when measuring the ohmic drpp 1t 1s
important to ensure that the electrode 1s undergoing
the same electrode reaction as that for which the
correction is to be wused eg., gas evolution resctions
often resulg in a higher ohmic drop due to partisl
insulation by ges bubbleg, If the electrocatalyst 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 1luggin - working electrode distance
was short (~0.2 em) resulting in ohmic resistances
from 0,05 to 0.30 ohm,
?+«5. The correction for mass transfer overvoltapge,

Two methods have been used for planar electrodes:
(I) The rotating disec electrode.

By rotating the electrode horizontally under
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carefully controlled hydrodynamic conditions the 1limiting
current for a process under mass tranafer control is

(175)
given by

0.5 2/3 N-1/6
i = W [0.62 nF CO D f ]

where 1 = limiting current
W = angular velocity of electrode

n ‘= number of electrons involved in the
electrode process

F = the PFaraday
C = bulk concentration of reactant
Do = diffusion coefficient of reactant species
q/q = kinematic wviscosity of the electrolyte

Thus for a process operating under mess transfer
contrdl the plot of 1 - w fﬁ is a gtraipght 1line.
Current 1limitations nrtﬁsing from other sources of
polarisation will be independent of rotation speed.
Hence by increasing the rotation speed at a fixed
potential it 48 possible to eliminate mass transfer
which 1is indicated when the 1limiting current 4s no
longer dependent on rotation speed, At very low and
high rotation speeds modifications of the above equation
are .used.(I?6,I77) 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
owmier to eliminate the mass transfer component of the
overpotential it 1is necessary to extrapolate the linear
plot of I/iL v. ¥fW to I/[W =0 when the rotation speed

is infinite. It 4s 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, {mmersed and equilibrated
in an electrolyte solution containing a reactant at
concentration, € . At the instant of applying a
current or avergotential to this electrode the 1 = 4?
relationshdp will be governed solely by the charge
transfer reaction (neglecting obhmic and doudble 1layer
charging effects). Mass transfer effects will be
negligible at this instant, bdut will become more
significant as the reaction ' time 4increases. After an
infinite time the steady state condition will be
attained.

In principle the transient bdehaviour of =2an
electrode, either at constant current or overpotential
under mmss 1transfer free conditions prevailing at zero
time, can be measured using an oscilloscope. However,
it 1Is not possible to tske measurements at exactly
zero time due to double layer charging effects. The
electrode behaves a8 a condenser and at the instant
of applying the potential or current a very smell, but
finite, time 1s required to charge the electrode. This
time dJdepends on the capacity of the electrode double
layer and consequently, on the electrode surface area,
and can be a8 long a8 several micro seconds, Hence at
the instant of polarisation a=nd over the first few
micro seéonds the current 18 at 1lesst partly none
faradaic, During this short time some mass transfer
polarisatibﬁ occurs, especially with very fast electrode
reactions and hence it 1is desirable to keep the

electrode area low to minimise the double layer

.
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charging time.

Two procedures may be used to interpret
electrode transients:
(I) Measurements are taken at the shortest time interval
at which double Jlayer charging is gomplete and a
certain amount of mass transfer polarisation accepted.
The double 1layer 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 mathematical relationship for the transient. It can
be 'shown that, for a stationary electrode, at constant
overpotential, wheredby the reactant arrives solely by
diffusion from the bulk electrolyte, which extends to
infinity in a perpendicular diréction to the electrode
surface 1e. semi-infinite 1linear diffusion, the current

transient 1is given by:

{ = io exp -otnF,q - exp\(I-e()nFq) 73 ()2_“_).&&&()&0.5)

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 1last two terme correct the

equation for mass transfer where

3 e [ meen A} (1 ) nFd)
N o ke LRSI wel i)

nkF C,% [%o-s C_; D:s
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where 1 = exchange current density

4]
oL = transfer coefficient
U 0

C and C are the bulk concentrations of reactant and
0 R

product respectively.

D and D are the diffusion coefficients of the
0 R
reactant and product respectively.

0.5
At t = 0O, exp()ﬁt).erfc(kt ) ds unity ie, masa5 transfer
. O,
effects are absent. As t—>w, exp()?t).erfc()t ) —> 0

ie, mmes transfer effects becomée more dominant asg the

0.5
time incremses. For short time dintervals when ()t <1

0.5
the term erfe(At ) can be expanded to

jits ( Pk °5'5>
S0

0.5
Hence a plot of i v, ¢t at short times 41s 1linear,
0.5
If this plot is extrapolated to t =0 then the 1

intercept is the current at zero time 4de. in the
absence of mass transfer effects. Since the term (Xto.s)
depende on i it follows that for very fast reactions
the time 1ntgrva1 at which (At ; )<< I may Dbe too

short to make ro%iable measurements,
0

-

A aimilar‘f7 S/t 1" relationship oan be derived when  a
constant current pulse 1is 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 4s obtained
with planar electrodes but with more complicated
electrode structure the derivatives become increasingly
complex and it is unlikely that an analytieal
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 =asnd measurements
chould be confined to ehort time intervals to

minimise mass transport by convection or vibrations.

Apart from  the application of potential o
current pulse§ methods are available in an alternating
component of overpotential superimposed on the steady
state condition.. By postulating an equivalent circuit
for the electrode reaction and measuring impedance and
phase shifts between i and s kinetic data can be
obtained for the procesgfrn These methods are very
useful bdut the analysis of data becomes increasingly
involved as the complexity of the reaction increases,

Mags transfer through porous media 4s more
complex than megs transfer to 2 plenar electrode and
therefore 1is unlikely to obey the laws of semi iInfinite
linear diffusion, Hence the mathematical treatment
cannot be wused unless the 1 « t or <? - t relstionships
can be empirically established. However it is sometimes
eggential to wuse porous electrodes in applied studies
and in these cages the 1less precise method of
eliminating mass transfer overpotential must be used.

The experimental procedure for measuring electrode
transients 1is 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 wss being
used, The electrode was then 1left to equilibrate in
the chosen atmosphere until the O0.C.V. wes steady.
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The poteniioatat wag get to this value and switched

to the cell and a single potential Jjump applied to

the electrode by means of a pulse generator (Chemical
Hlectronics, RBI), The change in cell current with time
was measured acrose a suitable known resistence in

series with the cell and displayed on an oscilloscope.
This trace wss photographed using a 3% éﬁmﬁflhﬁﬁ#ﬂ@
the pulse generator, oscilloscope and camers being

suitably synchronised, This procedure was repeated for

varying values of potential Jjump. A schematic circuit

'diagram of the system %8 shown 1in Fipg. 5.

The possible errors are:
(a) potential measured with a digital voltmeter =and
accurate to *I mV in IV {e. O.I%.
(b) potential measured =across = standard resistance in
the counter electrode circuit using an oscilloscope,
0.4 cm in 4 cm
(¢) an error which 1is lese easily estimated 1is
encountered when it 48 required to measure the current
at very short times when the possibility exists that
non faradaic currents are present. This problem 1is
only 1likely to be significant for high surface ares
porous electrodes since for planar electrodes the non
faradaic double layer charging current ie known to
decay to zero very quickly,

t = 0.

c D
where t = +time constant
= double layer capacity

R = electrolyte resistance between lugein tip
and working electrode

CD is low for a planar electrode =nd since R ié low
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Un this basis,y for the porous electrodes used in the

present study, the time constant should be ~ SOOrsec,

assuming complete electrocatalyst ukilisokion. The response

time of the potentiostat is IO/Qsec so it follows

that even for planar electrodes accurate measurements

camnot be made at times less than IO/ sec,.

statically in a potential region where no faradaic
processes occur eg. 0,50V _in nEN ‘:LIphuric acid
electrolyte for the platinum electrodes and 5N potassium
hydrokida 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 « I0O mV) and the response recorded on
ihe oscilloscope. Tests were repeated for veryving

electrode surface areas, Typical tmces are shown in

Figs. || for platinum foil, platinum black and
graphite electrodes., The general shape is shown below.
/| P
Currant
\ /_\
= kc—4 'h me :

The sharp spike on the trace is due to the charging
of the double layer and the double 1layer charging time
t can be measured ae shown. The wminimum of the trace
a:d the continuation of the trece to longer times can
be explained in three ways:

(I) An oscillatory effect in the potentiostat - pulse
generator - cell circuit., (Chemicerl Electronice Ltd, report
. that this is a definite possibility,)
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(2) In a porous electrode most of the surface 1is
chhrged during ‘'t but some of the surfmce 4in the
pores which is got eagily accessible requires a
considerably longer time before it 1is fully charged.
(3) It could bde due- to a paeudocapac%%gg)effect.

Although there iz some evidence that
inaccessible pores teke 1longer to charge than readily
accessible surface this explanation seems improbable in
this case saince curves of sgimilar shape were
observed for platinum foil electrodes of roughness
factor 1.6,

In any event the readings taken after t are
reagonably free from non famedaic effects providgng
they are greater than I0¥ of the double 1layer
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 IO0O mV had the effect of doubling
the height of the double 1layer charging peak =and the
remainder of the trace without affecting t .

The effect of wvarying the electrodec surface area
had no effect on t which 1is to be expected for
planar electrodes ai:ce t in this c¢ase is probably
due to the response timec of the electric circuit.
However, varying the surface area of porous electrodes
suprisingly has no effect on t eg. doubling the
surfhoé area has the effect ofF doubling the charging
peak height but leaving t wunchanged, The area of the
curve from t =C to t = tc is the double 1layer charge

c
and c¢en be approximsted as 0,5 {1 t Where

prc



D1

i = peak charging current. Since the Jdouble layer

P
capacity is proporticnal to the surface area of the

electrode it follows that doubling the surface area

should result in a dJoubling of the double layer

charge as observed, This doubling is =achieved by'

increasing i , t remaining constant.

p. e
Hence 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,
can be s8aid to be virtually free from non faradaic

currents measured at longer times

effects, The results of dJdouble 1layer charging experiments

are shown in Fig.I2 .

Fﬁgi.)gl.

Zlectrode

platinum foil

platinum black

graphite

25Le T She

10048 t 20As

ImB‘O.?M

I (m)
P

925
460
900
1380

160
320

Surface

+Pulse
2 amplitude

area com

3.2

3
6o

9.6

T 50 mV
2 * 100 mv
4 T50 mV
50 mV

unit *I00 mV
unit +50 nV
units *50 mV
units +50 mv
unit +50 mv

unit T I00 mv
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Note: (I) area of platinum foil corrected for surface
roughness,

(2) I unit of aurfhge area for platinum black
electrode = 0,5 cm geometric area of ; teflon
‘bonded electrode of loading 5.2 mg/cm and B.E.T
surface area of platinum black = .\ m“fg

(3) I unit of surface area of graphite electrode
= 1,0 cm2 of a teflon bonded graphite
electrode of loading 8.0 mg/cm? but of unknown
B.E.T. surface area,

In the double pulse method(ISQ)the problem of
double layer charging at short times 1{s overcome by
applying two constant current pulses, The first 4s as
ghort as possible eg. Eps and adjusted in magnitude so
a8 to Just charge the double layer, The second pulse
ie of much smaller magnitude snd longer duration. The
overvoltage resulting from the second pulse is
measured directly with an oscilloscope.

The problem of double 1layer cherging is most
acute for very fast electrode reactions when diffusion
effecta are well established before the double layer
is fully charged. In a potentiostatic circuit the
most serious problem 1is the ohmic resistance bhetween
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 potentiostatic circuits involve feedback, there
is a stability problem which 1limits the rega;nge time

(o)

of the ecircuit to values greatér than 3}&39&. with
galvanostatic circuits it 4s predominantly the double
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layer charging which impedes the establishment of
galvanostatic conditions, The charging time of the
double 1layer condenser is relatively 1long because the
charging current is limited bdy the constant current
appliad- to the aystenm.

The effect of double layer charging can be
conveniently summarised bdy Flg. 10,
Fig.,I0,

T

curtent

Ffime >

A « charging current
B e« total current e, charging and fesradaic currents
C « faradaic current

For fest electrode reactions such as hydrogen
evolution or oxidation there 1s 1likely to be a
significant error 1in measuring the current free from
mss8 transfer overvoltage eince in the time taken to
charge the double layer or for the potentiostat response
to settle the mass tmansfer overvoltage reaches a
finite value, Hence the current cen be measured
immediately after double layer charging 1is complete or
the faradaic current at zero time c¢an be estimated

0.5 0.5
from an extrapolation of 2n {1 - t plot to t = Q,
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A comparison of these two methode for the hydrogen
evolution reaction on platinum foil and teflon bHonded
platinum black shows that the error involved in
meagsuring the current follo wing completion of dogble
layer charging rather than extmpolating an 1 - tu.s
curve was about 25 for platinum foil snd 20 for
teflon bonded platinum black. (Fs.R)

2,6, Linear G5weep Voltammetry.

A useful technique for studying electrode
processes 18 the application of a 1linearly chenging
voltage function to = stationary working electrode., The
resultant current e potential plot or voltammogram consists
of a pattern of current meximm along the potential
axis, whose heights and positions are charascteristics of
the electrode process. The occurrence of maxima for any
given electrode process 18 & mess trensfer effect
end 1s predicted from theoretical considerations of
simplified diffusion conditiomtms)og. linear diffusion.
The exact profile of the voltammogram 1is affected by

parameters such as temperature, electrolyte composition,

(173)
voltage scan wmate and the number of voltage cycles,
Linear a?oeg) voltammetry has many applications 1in
17
electrochemistry. In the study of electrochemical

reaction mechanisms It can be used to measure kinetic
parameters such as 10 and oy, using single sweeps on
plane electrodes, and to determine the reversibility
by comparing cathodic and snodic sweeps.

By selecting s sufficiently slow sweep mate the asteady
state polarisation curve may be autometically plotted,
In this work the 1linear sweep generator (Chemical
Electronics) wae used in conjunction with the
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potentiostat and floating half cell, and the results
recorded on en X - Y pen recorder (Bryans dodel <2I00I).
The technique was usually employed to determine current-
voltage curves under reproducidble conditions when a

steady state current could not be obtained due o

oxide film formetion or gms bubble formestion. A schemetic
diagram of the system is shown 1in Fig. €.

©s7e lieasurement of electrocatalyst surface area,

In order to find the intrinsic exchange current
denseity it is necessary to know the surface area of
the electrocatalyst in the electrode,

There are two mein approaches to determining
the electrocatalyst surfsce area:

(I) The total surface area which can be determined by
tests on the electrocatalyst alone, such as gas
adsorption, electron microscopy or X ray diffraction.

(II) The electrochemicel surface area 1e, the electroe
catalyst area that is available for reaction, excluding
areas not in electrolyte contact, eareas which are inert,
or ohmically insulated due to high resistivity in the
catalyst layer which 1is dJdetermined 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
essentislly uniform. The electrocatalyst utilisation
factor, U, 1is defined as

U = Electrochemical surface aree

x I00
Total surface area
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In the present investigations the total surface
area was determined by the gss adsorption technique.
The physical adsorption of meny gases on solid
surfaces at temperatures close to the gags boiling point
follows an 'S' shaped isotherm. This sghape 1s a result
of multimolecular layer formation se opposed to mono=-
layer formation observed for chemisorbed gages eg.
(130) (I81)
Langmuir adsorption. Bragmer, Emmett and Teller
have derived an equation for this isotherm by considering
the adsorption process as a condensation of g=s onto
the £0lid surface and then applying a modified
Langmuir treatment. The relationship is
X " R it B I {
al(l - x g C qC
m m

where x = +the vrelative pressure ie. P/F where

P = actual pressure

P = saturated vapour pressure of the 1liquid
v adsorbate

q = quantity of gas adsorbed at a given value
ol X

q = the monolayer capacity

m
= a constant involving the heats of adsorption
of successive adsorbed lavers
From the above equation a plot of X Ve Xx gives
q(T - x)
a straight 1line of slope C - I and an intercept of
q C
m
I . The wvalue of gq is given by q = I
Q€ m m slope + Intercept

m
From a knowledge of q and the cross sectional area

m
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 0.09 the surface
contains' active adsorption centres end 1s not
homogeneous and above 0,25 the heate of adsorption of
the outer layers vary markedly from the initisl layers
and capillary condensation occurs at x —7TI. For nitrogen
adsorption at 1ts normal boiling poiﬁ% (78°%) this
relative pressure 7renge corresponds to nitrogen partial
pressures of 20 - 200 torr.

The isotherm data can be obteined by two
me thods:
(a) the volume of gas adsorbed 1is measured as =
function of pressure with the sample contained {n =
vacuum system.(laz)
(b) the weight of adsorbate 1is determined using a
microhalance.(IBBJ

In this study the latter method was applied.

The gravimetric determination of the adsorbed
layer 1is 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 !ork was
greatest for samples of surface area < 20 m“/g. The
estimated error in B.E.T. plot linearity for the platinum
black samples 1is <4« 20% and for the high surface area
graphite sample * 10%.

The electrochemical surface area wes measured by
equilibrating the electrode with hydrogen in the cell
shown in Fig. 7 and then passing a constant anodic
current and recording the potential - time response
uging 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 ecan

support the current when a potential arrestment will

occur. The product of the constant anodie current and
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the time taken to strip the hydrogen completely gives
the quantity of electricity 1involved. From this it 1is
posgsible to determine the amount of surface hydrogen
from Faraday's law and with a knowledge of the
electrocatalyst active site ares 4{e. 8,9 12 (IB?)it is
then possibld to determine the electrochemicnl
surface area, agsuming the platinum 3 hydrogen rntio is
it 3 B

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 appamtus used for this
process is shown in Fig./)S and is epecially designed
to ensure rapid equilibration of .ihe gas.

The possible errors are:

(a) in the oscilloscope time reading. Prom 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 maximum error is ﬁ:ﬁ.? cm in
5 em ie. IO0%. This vresults in a IOF error in the
charge meagurement,
(b) the error in the constent current is quite small
egv 02 mA in IO mA or 27,
(e) errors. which aig difficult to assess nare, whether
the bulk electrolyte is‘ free from dissolved hydrogen
whéen the constant éurrant pulsel is anplied, whether the
nitrogen purging has any effect on the adsorbed hydrogen,
wheBher electrochemical flooding produces electrolyte
coﬁtact with =all the electrode esurface.

An salternative method of determining the
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electrochemical surface ares is by recording a fast
linear seweep and measuring the =2rea under the hydrogen
oxidation peak, The disadvantage of th@se methods is

that fheycen only bde wused for materisls which are
efficient hydrogen oxidstion electrocatalysts.

: A typical potential « time response curve to the
step pgealvanostatic input in a2 teflon bonded platinum
black electrode is showm in Fipg. € .,

2.8, Determination of the Roughness Factor of Planar
Electrodes,
This cen be determined by double 1lnyer capacity
meagsurements since the double Ilayer capacity 1is
oirectly proportional to the surface area, In the
abasence of faradaic currents the dduble layer capacity
is given by

i = C &
e D dt

where 1 = double layer cherging current density

Cc = double layer capacity

B = potential

t = time

Iif a triangular wave of smell peak to peak

amplitude (<00 nV) is applied to a working electrode
which 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 vrepresents the current required for
charging and discharging the double layer, This method
is conveniently applied by superimposing a triangulsr
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
-@lectrode it 1s possible to estimate the surface
roughness factor of the electrode, ;;ssuming the  smooth
surface has a capacity of I?/F.cm 3 Ibaaed on the s
capacity measurements on smooth 1liquid mercury surfaces.
ie.. € = roughness factor
§£5§5 | IThiQ method(I?OJhaa a wider application than
galvanostatic hydrogen stripping in that it can be wused
for any conducting surface subject to the following
limitations:
(r) the double 1layer capacity 1is sensitive to 4{mpurities,
(b) a potential region in which no faradaic processes
occur must be chosen.
(¢} the ohmic resistance, r , which in any real system
always exists in series with the capacitance, is small
80 that the time constant 1 18 smsll., The high
valuee of @ in porous electrgdes limits the application
of this teognique to fairly low surface area electrodes,
In this investigation, a trisngular wsve of
amplitude S50 mV and a scan rate of 2 « 6 V/sec were
used, giving a triangular wave which was supe rimposed
on a D.,C. wvoltage of 500 mV. The cell was purged with
nitrogen before taking measurements to ensure the absence
of faradaic processes. The method wes used to determine
the roughness factor of a platinum foil electrode. The
The values obtained were in the range 1.5 = I.9 .
(See Fig.4-). '
The main error in this determination is in the

determination of 1 wusing the oscilloscope.
c



If the response curve is a close approximmtion to a
square wave then the meximum error fe Y0.4cm in 6 cm
or 7.

2.9 Comparison of wvolume of oxygen prodﬁced during the
pagsage of anodic currents and the enodic charge

pagsed,

A gms burette is used to messure the volume of
gang formed and the gae produced at the :referonce
electrode and counter electrode escapes into the
atmosphere because there is an effective gss lock
between the working electrode compartment .and the
reference and counter electrode compartments., The charge
pasgsed was determined by plotting a current - time curve
and measuring the area enclogsed dy 4t in the case of
@ potentiostatic study or simply from the product of
time and current in the case of a galvanostatic study.
Unfortunately .the gas Dburette was not sufficiently
sengsitive to meagsure emell volumes or rapid changes
in volume. This could be achieved by replacing the
g8 Dburette with some thin glass <tubing which could be
‘calibrated. '

2.10. Determination of ‘the particle size distribution
of an electrocatalyst using a Coulter counter.(IGSJ
_ In this method the powder to be messured is
dispafsed in a solvent contained in the outer
compartment of the nppaxdtﬁa 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 £he

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

 The change in resistance as the particle passes
through the orifice 1s given by

RO g 1 Suh),

0-_-'-._-_-_-.—-_—-_._—

T e (tp) 4R

i

where f% = electrolyte registivity

= effective particle resistivity
/3 = particle volume
A = orifice area normal to axis
A = projected area of particle as it is
orientated when passing through orifice,
(projected parallel to orifice axis).
For = given sample and electrolyte all factors on the
right hand side of this equation are constant with only
V and A changing with particle size. If the particle
diameter Iis below 30% of the orifice diameter A /A can
be neglected./%/}o is independent of the particularI
electrolyte - solid suspension tested for a given
particle size and a reasonably conducting electrolyte,
Hence AR o« 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 wminimum particle diameter) and assuming ﬁha
particles are spherical and of density, §, then

. 2
net outer surface of particles = ES’TT'CJ N

net mags of particle = 2:_]—:\'-—-&‘58(1
' o



where d = diameter of particle

Hence the mean aggregate sgpecific surfsce area, S

SR SR
5;§ick5r1

and the mean particle diameter, d
av

bt
SE

The 2lower 1limit of particle size measurement Dby
this technique is 0.2 micron. This method was used to
determine the particle dismeter of Johnson kiatthey
platinum black, which was shown to be less than
0,2 micron (ie, aggregate size 1is 1less than 0,2 micron).
Hence this technique is only suitable for course
electrocatalyst.

2,11, 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.



i chea P'\'Qr - )

Fefrcrmunc,e,, ot’ Calbon based Qlat\racle.s i

5'3.')., Reasens  for  electrods dejrmlc\l:-\on

33 The effect oF =1y evolubion ©a The carbon surfew

shate -

;3.‘4- Alter rb.k,,tdts I‘o cacbon electrodes Cor r&hfaecub\a
our electrodes

5”5.5_ 0, CQ,;\A‘.‘I::}n and O, egslution on amp\\lh. o The

| absense of Hy O,

L. The efbect ofF ovide. Bilme on The peclocmance

. characterishis - of rechargeable  air  eleckrades

?3.’7 0, reduchion on Pt—o Fillms apd the electrochemical

- reduchen of  PH-o Filws,

é?,,%_ The <ffect of surface oxides on the O, el

| veschisns o Phl‘{num

;3,9 T\\e Sker\:jn\ OF Pot‘ous mcdex“m‘g

i.?).r‘ The;. @.(FQ(_J‘ Of O-L Q/J:*l“-l".aﬂ on rh( O'L (—Gclut—l’;on C‘D

131

‘4o

'\59

161

ino

141

219



940

Chapter 3
The Effect of Gas Evolution on the Electrode Structure
and Surface State of Carbon and Platinum Electrodes,

351.l. Introduction.
3.1.8. 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 1is quite a pgood electrical
conductor, is cheap, and is generally chemically
inert, However, it 1is 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
(I01,102)
oxidised to CO and CO thus causing a change
in the characteristics 2of the electrode comprising a
change in nature of the graphite surface and an
increagse in surface area. Various explanations have

been given for this corrosion:

(I) the chemical action of active oxygen formed at

(1I02)
the anode during electrolysis, and the action of
oxyge? c?ntaining oxidising agents such as hypochlorous
103
acid. As a result the individual graphite gmins

become separated from one another and crumble away

leading to mechanicel destruction of the anode.

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

artificial grephite eclectrodes are more wear resistant
(100,107)

than charcoal electrodes.

(3) the destruction rate is increased by increase in

temperature, decrease in electrolyte concentmtion,
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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 concentrntion.(IOS)
This destruction is not 1limited to the outer
layer of the electrode but may permeate deeply into
it causing internal losses (up to 40% of the total
losa.)(lo%}lis 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 csuses of this
internal wear have suggested that it 1is due to
chemical attack by hypochlorous acid.(los)uore recent
work. on this phenomenom suggests that the destruction
ise due to unstable gmphite surface oxides, formed on

oxygen evolution in alkaline or neutral solutions,

decomposing to give CO ,(Iog)and not to hypochlorous
acid which has been agown to be ableny.(Ioa)In acid
solutions no oxygen 1is evolved and the wear 1is only
slight.(loz)ﬁlactrode wear i8 greater in chlorate baths

than in chlorine baths, since the sodium chloride
concentration 1s lower in the former cease both at

the electrode exterior and interior resulting in an

(I04)
increase in oxygen evolution. The presence of
chromate 1ions in chlorate c?llg) hags been shown to
IO
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 loangOJ
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 Cl,/Cl- reversible couple
potential, more oxygen is 2evolved. 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 =2ccentuates the prdblem.(IOB)

No work appears to have been published on

related phenomena for the oxygen evolution reaction
on graphite electrodes in alkaline egolutions. Oxygen
evolution in acid solutions causes degradation due to
the formation of graphite intercalation compounda.(IOO)
Internal wear is an important feature of the
behaviour of graphite anodes as 1t causes an 1increase
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 gmphite electrodes would
be expected to occur on oxygen evolution from aqueous
solutions containing no chloride ions. If corrosion of
the chlorine electrode 1is due chiefly to chemical
attack by hypochlorous acid then the oxygen evolution
electrode should not be significantly degraded.
Statements that gmphite 1is attacked by nascent oxygen
during oxygen evolution do exist in the 11terature,(112)
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 18 chemically unstable in
strongly acid solutions. For fuel cell and metal-air
battery applications it 1is necessary for the electrode
to be very thin (~-2mm), whereas in electrolysis

cells gmphite electrodes of substantial thickness are
used (~ IScm)., Hence structumal 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 (~ Smm) is being
effectively used at any time and as this region is
destroyed fresh electrode is exposed; hence by ueing
gufficiently thick electrodes a substantial 1life 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 mejor importance, and
where it 1is necessary to use closely spaced
electrodes to reduce the cell iR drop. It 1is also
reported(IIz)that platinum is the only metal which

can survive alternating use 28 an anode for oxygen
evolution and a cathode for oxygen reduction. The
silver-graphite electrodes which are used as cathodes
in modern fuel cells are oxidised to carbon dioxide
and eilver oxide which dissolves in the electrolyte,
when used as anodes. Hence an altermative solution
must bdbe 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 =advantages of
such a rechargeable H2-0 cell is that the hydrogen

2
and oxygen formed during recharging can be used
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(109)
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
(I10,11I)
less than 50%, The three electrode cell
provides a definite improvement on the two electrode
regenerative cell, but even so, systems which
necessitate pgas storage are by nature bulky, hence
limiting these cells to non mobile applications., In
(1129
these three electrode storage cells the oxygen
evolution electrode is chosen to have a 1low over-
potential eg. nickel, and & 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
batteriea.(IIQ)Although this type of gas storage cell
is not suitable for mobile applications, since it
would introduce prohibitive increases in weight and
volume, it 1s very suitable for stationary plants since
ite storage capacity can be increased stepwise by
adding more hydrogen and oxygen containers, For mobile
applications it would be desireble if = system, mnot
involving gas storage, could be developed. The metal-air
cells fulfill this objective but =t present problems
exist at both electrodes during recharging. Ag three
electrode cells are unsuitable and electrode and
electrolyte replacement expensive,(:hb)rachargeable air
electrodes must 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 ?2°C, in 5N
potasgium hydroxide, using an air atmosphere. The
electrode used was a silvere graphite (Acheson) teflon
bonded electrode,

3+1.3 Results nnd 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 nV.This suggests thet 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.

Greaphs I and 2 show the effect of galvano-
gtatic, 2anodiec pretreatment, et current densities up
to 40 mA.cm.Q, on the oxygen reduction polarisation
curve, Electrode damage occured at anodic current
densities greater than I3mﬁ.cm.2. Graph 2 shows the
effect of potentiostatically holding the electrode st
a potential slightly anodic to the reversible oxygen
electrode potential for a 1long time, on the oxygen
reduction polarisation curve. In this test only very
small currents passed and electrode damege wag not
visible. The oxygen reduction polerisation curves have

been corrected for the smll iR dJdrop between the

working electrode and the Luggin capillary using the
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interupter technique. As the iR correction is small,
it will be wused in the following text only where
it 1is essential to the comprehension of the results.
Thege experiments show that the oxygen reduction
performance is reduced aubstant%ally 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
15 mA.cm-? 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 valhe at
800 mV, Visible electrode dJdegradation was observed
during this sequence, in the form of electrocatalyst
falling off the current collector to the bottom of
the cell.
Potentiostatic, anodic pretreatment at I,40V for
19.5 houraé at currents in the range 2 mA.cm— to
0,05 mA.cm- resulted in a fall of 94% in the oxygen
reduction current at 500 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 c¢erbon dJdioxide, or by the formation of
solid graphitic oxides, or by mechanical rupture due
to high oxygen pressures in the gmphite pores. The
fact that the oxygen reduction performance falls when
no visible damage is observed does mnot rule out any
of these possibilities, since even at 1low current
densities mechanical pore rupture could be occuring
within the electrode, resulting in disruption of the
critical teflon bonded electrode structure, without
visible signs of damege. The fact that the oxygen
reduction performance after anodic pretreatment, recove red
partially on the passage of high cathodic currents,
(I00 mA.cm- ) and that the anodic current at a given
potential fell rapidly with time (see Table 3) suggests
the poseibility of some form of graphite oxidation.

The drastic fall in oxygen reduction performance,
after potentiostatic treatment at I.,40V for I9.5 hours,
wag not caused by the electrode flooding. This was
shown by munning a blank, without the anodic
pretreatment, but 1left in contact with the electrolyte
for 24 hours.

Brief tests on s0lid graphite plate electrodes
show that these are also degraded by oxygen evolution,
although not so rapidly, presumably because of their
relatively 1low porosity.

B Pogsible 1reasons for electrode degmdation.
3+:2.I Introduction.
These are:

(I) oxidation of graphite to CO and CO
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Table 3.
The decay of anodiec currents from a teflon bonded

silver-graphite electrode held at constant potentials,

I35V I.50V I.65 V

. £ . e o g
mA ,cm t mA.cm t mA,cm t
TOOY 4 2 secs I00 2 secs 108 2 secs
75 30 secs IO 30 sees 38 30 secs
Bee I min 6.7 I min 36 I min
343 2 5o 1 2 34 2
245 3 4,1 4 34 3
-3 4 b 6 33 4
1.6 6 3.4 3 ST e
0,90 25 3.3 I0 23 105
0,82 30 3l I2

Electrolyte 5N potassium hydroxide

Atmogphere Air

Pressure I atmosphere

Tempe rature 20°¢C

Q.C.V. I.0I V

Electrocatalyst silver on graphite

Current collector nickel screen

Loading 11 mgécm-a

Electrocatalyet S.A. 5I0 m /g

Ohmic resistance 0,20 ohm
Per. emt
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(2) oxidation of graphite to solid gmaphitic 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

(1I16)
physical and chemisorption mry be detected.
Physically adsorbed oxygen can( ?o) desorbed under vacuum
117
but chemisorbed oxygen cannot. When a sample of

chemisorbed oxygen on carbon is heated , oxygen 1is not
detected but CO and C02 are, indicatdng thez?nl
(II
breakdown of the chemisorbed oxygen layer, The presence
(I18,I19)
of surface carbon -oxygen complexes is well known
and the mechanism for t?e gombuation of carbon
120
involves these complexes., These surface carbon=oxygen
complexes have been reported to play a mejor part in
(1I04)
the electrochemiesl combustion of carbon. The formation
of oxide complexes as intermediates in the electro-
chemical combustion of carbon to CO and CO°, in
(102) <
chloride solutions, has been reported. Very 1little
work has been done on the electrolytic combustion of
carbon in aqueous solutions containing no chloride

ions.

It is proposed to investigate thie possibility
by analysing the electrolyte and the atmosphere for

COQ after holding the electrode in an anodic region.

(2) Graphitic oxides are formed by the action
I121)
of oxidising mixtures on graphite. Pyrolysis of

graphitic oxide produces CO, CO and O , altheugh with
2 2 5122)
gslow decomposition rates mno oxygen was observed,

Surface 1layers of grephitic oxide have been reported
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(102)
on graphite surfaces held in an 2nodic region,

but it 1is not 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 foimation 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,
Graphitic oxide has been sghown to be a non-conductor
of electricity.(IQB)

(3) It 1is proposed to investigate this
possibility by hydrogen evolution studies, since this
should eliminate the possibility of degradation caused
byoxidation effects. The hydrogman evolution reaction
on carbon has only been studied in bisulphate meltsEIQ4)

(4) This point can be investigated by using
different current collectors, preferably those which do
not evolve gas to =2 significant extent in the potential
range of the experiment.

3.2.,7 Experimental,

(a) The electrolyte (5N KOH) was tested for the
presence of carbonate ions after evolving gas at an
anodic potential (2,0) 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 game conditions
but no electrolysis was carried out. This test should
give a clear indication ss teo whether or not carbon

dioxide is formed during electrolysis.
(b) 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 tmces of oxygen
formed. This simple qualitative test should elucidate
this point.

(¢) A constant anodic current was passed for
a givenl time and the volume of gese formed was
meagsured using a gss burette. This wvolume can be
compared with the theoretical volume for oxygen
evolution under the prevailing conditions, If carbon
dioxide were formed this would dJdissolve in the
electrolyte resulting in = smaller volume.

(d) The electrode was held potentiostatically
at potentials between I,26-I.36V where no gas
evolution or visible degradation are observed. Steady
gstate end transient measurements on the oxygen
reduction polarigation curve can then distinguiesh
between whether the catalytic surface has been
changed or whether the electrode structure has been
damaged.

(e) OUxygen evolution studies of other
electrocntalysts 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 teste (mae~e) have been carried out using
both teflon bonded graphite electrodes and teflon
bonded silveregraphite electrodes.
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(f) If the electrode degradation is due to
oxioation effects hydrogen evolution should not cause
gimilar effects, If the damage 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 damege. A platinigsed pgraphite
electrode was held at potentiasle at which hydrogen
evolution occurred and then the hydrogen oxidation
polarisation curve recorded in a hydrogen atmosphere
wag compared with the curve obtained before hydrogen
evolution. Nickel screen and grephite cloth were used
88 current collectors. Hydrogen evolution on plain
graphite was not easy as it is associated with =

high overpotential,

3.2.3« Results, _
(a) Analysis of 5N potassium hydroxide electrolyte for
the presence of carbonate ions,

A current of I00 mA.cm-2 wag passed through the
test electrode for four hours. The blank wes placed
in a gimilar cell adjacent to the test electrode
system, Both electrolyte solutions wewe treated with
excegs dilute hydrochleric acid and any gases formed
passed over anhydrous calcium sulphate to absorb water
vapour and then over ecoda lime to absorb earben

dioxide, The goda lime was weighed before and after
adding the hydrochloric acid.

Blank Test

0.I610g 0.I632g increase in weight of soda
lime.

0.00 0.IA40g theoretical increase in

weight 1if all the oxygen
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produced by the current was converted to carbon

dioxide and the electrolyte was previously free of
carbonate ioms.

Solubility of carbon diexide in I00 ces. of water at
21°C 1s 0.I64g,

Weight of carbon dioxide calculated from the weight of
oxygen fowmed, by Fareday's Law, Converted to carbon
dioxide

C+0 =CO
? 2

(b) Qualitative test for the electrolytic formation of
oxygen and carbon monoxide.

Anodic currents were passed in e nitrogen
atmosphere and the gas collected in a microburette
over pyrogallel solution. Although gas was clearly
seen to forfm no increase in volume was detected
indicating that the gas 1is oxygen, which is absorbed
by the pyrogallol. The pgas evolved on anodic
polarigeation did not contain enough carbon monoxide to
register on a2 10«300 p.p.m. Drager tube,

(e) Quantitative test for the volume of oxygen
produced.,

A constant anodic current of 25 mﬁ.cm.2 was
applied to the electrode and the volume, pressure and
temperature of the gse produced, measured after given
times. The volume of gas corrected to 3.T.P. was the
game 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 1less than predicted.

€8s w
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-2
eg. when { = ICO mA.cm is passed for I hour the

velume of oxygen that should, theoreticzlly, be

produced (Faradesy's law) at S,T.P. = 20.9 ml. The

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

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

20,7 ml,

(d) The effect of oxygen eveolution at very 1low rates.
When grephite or silvere.graphite teflon bonded

electrodes are held at potentials between 1,264 and

I.36 V no gas is observed te form even though small

anedie currents pass, Using the gas burette attached

to the cell and helding the electrede in this potential

range for periodes up to 24 hours confirmed that‘ no

gases were preduced, After this pretreatment the steady

state and transient oxygen reduction polarisation curves

were recorded and compared with similar curves befeore

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

damage to the electrede occured dJuring the anodic

pretreatment,

(e) Oxygen evolution at comparable peotentials and current

densities on platinum black using nickel and platinum

screen as current collecters, hydrogen evolution on

platinised tungsten triexide using platinum screen as

current cellecter and oxygen evolution on cobslt nickel

oxide on nickel screen as current cellector have net

resulted in damage to the electrode (see 3.4 ),

Graphs 4 and5 show the oxygen evolution
polarisation curves for three current collectors ie.
nickel end platinum screen and graphite cleth, Using
these results it is possible to 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
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Graph 5,
Oxygen
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bonded electrodes can be attributed to the electroe
catalyst and what proportion to t@e current collector.
(f) Greph 6 shows a hydrogen evolution polarisation
curve for a2 teflon bonded graphite electrode on =2
graphite cloth current collector. Hydrogen gns Dbubbles
were first observed at 2 current density of 4.3 mh.cm.
at a potentiesl of «250 mV and electrode damage in the
form of graphite falling off the electrode was ohserved
at 33 mA.cm.p and 475 oiV. This electrode was not active
for hydrogen oxidation in a hydrogen atmosphere, hence
‘the effect of hydrogen evolution on the hydrogen
oxidation performance could not be measured. ngequently
2 teflon bonded, platinised graphite electrode using
graphite cloth as a current collector was employed,
This electrode was held for fixed times at potentiels
at which hydrogen evolution occuredd. After each
hydrogen evolution pretreatment the steady state hydrogen
oxidation polariqation curve was meagured and compared
_with a gimilar curve measured before any pretreatment
(Tebles 4 and 5), This experiment was repeated using
nickel soreen as the current collectof. The steady
state polarisation data for hydrogen evolution on the
graphite cloth current collector are shown in graph 7.
The graphite cloth was not observed to be physically
damaged by hydrogen evolution, although it was not
posaible to test this by the hydrogen oxidation
reaction since graphite is non active for this reaction.
The steady etate polarisation data for hydrogen
'evolution on nickel screen are given in graph 8, With
gas evolution studies, steady state polarisation curves
are best obtained by & controlled 1linear



Graph 6.

Steady state hydrogen evolution polarisation curve for teflon bonded graphite on graphite cloth,
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The effect of hydrogen evolution pretreatments on the

steady state hydrogen oxidation polarisation data for

WL

Table 4,

a teflon bonded platinised graphite electrode,

"B (V)
A
+30 2.8
90 5.4
125 15
200 36
300 b4
L
80 3.3
90 5.9
125 (3
200 36
300 63
Electrolyte
Atmosphere
Temperature
0.CuVe.
Electrocatalyst

Nlectrocatalyst loading

2.8
5.6
15
36
63

2.8
5.5
15
3¢
63

3.4
5.3
15
33
58

Electrocatalyst S.A.

Current collector

Ohmie

Electrode

area

resistance

2.9
5.6
I5
35
63

2.1
4.5
g
31
56

i (mA)
E F
2.9 3.0
5.5 5.9
15 I5
36" 36
63 64

1 (mA)
P Q
2.7 2.0
4.5 3.7
I2 9.0
30 25
55 47

3.3
£.0
16
34
ha

I.6
3.0
7.0
17
32

3.1
6,0
15
34
b4

L45]

1.2
2.5
65
15

,27

e
3.3 3.4
6.1 5.9
16 1%
36 36
64 63

T
1.0
2.3
4.9
I2
22

potassium hydroxide

Hydrogen at I atmosphere
22 ¢ |

+0.070 V

plntiniaag graphite

I3 mg.cm
2

500 m /g

graphite cloth

C.30 ohm
2

2.0 em

3.4
6.0
16
36
63
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table 4.

Mean cathodic
current(mA)

2.2
8.0
19
28
40
60
90
130
185

200
230
295
400

160
390
350
325
305

w3

Potential
(mV)

+61.5
+41
+1,6
=31
-76
-150
-250
«400
=600

=600
-750
-I000
-1550
-250
-600
-1575
-1575
-1575
-I575

Time

45 gecs

45

45
45
45
45
45
45

6.5 min

I0
I0
60

30

26
45

-

Obgervations

No pretreatment

Visible destruction
first observed,

Electrode fully
submerged in
electrolyte.
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Table

5.

effect of hydrogen evolution pretreatments

on the

steady state hydrogen oxidation polarisation data for

a

teflon bonded platinised graphite

E ()

35
40
a5
50
60
70
I00
150
200
300
400
550

40
45
50
60
70
180
150
200
300

400
850

A SR
332 28y
10,0 8.6
23 22
48 48
86 85
150 149
202 201
320 319
425 425
570 570
L M
- 0,66
s ]
- 1.7
3.6 2.6
4,8 3.6
8.6 5.7
4 .88
19 II.O
28 15
36 19
49 26

c

-2

i (mA.cm

D

E

F

electrode.

G

7 3wl 3B 8,25 50

10,0

22
47

82

140
196
308
425
570

0.46
0.97
1.5

2.8
4.4

8.4

15
20

9.0

22

47
82

193
303
425
565

9.7

2I

45
80
189
296
412
560

(mA,em )

9.2

21
42
74

177
282

395
530

10,0
20
40
70
163
262
364
490

145
229
308
425

345
6.0
8.0
15
26
38
62
35
125

1.0
I.9
2.7
4.4
6.1
IT
19
27
£5
61
89

0.73
1.5
2.2
3.7
5.1
9.3
16
23
37
50
72



Key to table 5.

Mean cathodic
current_gensity
(mA.cm <)

743
15
33

R - B (P -

62
93
114
260
a4
53
140
400
870

e

HiooR PRy B

Electrolyte

0.C.V.

Electrocatalyst loading
Current colleetor
Chmic resistance
Atmosphere

Temperature

Electrocatalyst S.A.

s

Time Potential Observations

(mV)
I5 min +25
I0 +23
5 +I4
5 +9 Very slight
degradation
5 -I6 Degradation
32 -40 Degradation
40 -80 Degradation
30 -I80 Rapid degradation
I0 -150 Degradation
IO -2 10 Degradation
Ia =350 Rapid degradation
10 =500 Rapid degradation
7 =750 Rapid degradation

5N potagsium hydroxide
+0,026 v

-2
7 mg.cm
nickel screen
0.I0 ohm
hydrogen at I atmosphere
22°

2

500 m /g



Graph 7.
Steady state hydrogen evolution polarisation curve on graphite cloth,
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Graph 8,9,
Linear sweep hydrogzen evolution polarisation curves for nickel screen 2nd platinum
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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-
catalyest from the electrode or (2) disruption of the
teflon bonded electrode structure, the transientumdﬂhmﬁéﬂmkc
hydrogen oxidation performence was measured before and
after pretreatment (graphsia)on platinised graphite
using a nickel screen current collector.

3.7.,4, Discussion,

(a) The anmalysis of the electrolyte for carbonate

ions and the qualitative tests for oxygen and carbon
monoxide 1in the product gmses, supports the agsumption
that very little, if any, carbon monoxide and carbon
dioxide are formed, and that the gss produced is
almost entirely oxygen. The results are confirmed by
the quantitative measurement of the volume of gas
produced, which within the 1limits 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 msterial would have been
dissolved in the electrolyte, resulting in a lower
than predicted volume of gas productss

(b) The anodic pretreetment of electrodes at low
overpotentials de, 1I,26-I,36V, shows that fall of the
oxygen reduction performance is not caused by damage

to the electrode structure resulting from gss evolution

since no gas 18 observed to form and there are no



Graph I3.
The effect of hydrogen evolution pretrezatments on the steady state hydrogen oxidation performance of =
teflon bonded platinised grephite electrode,

Data and Key for graphs I3 and I4.
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Graph 14,
The effect of hydrogen evolution pretreatments on the <traznsient hydrogen oxidation performance of &

teflon bonded platinised graphite electrode,
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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 mseec was reduced substantially and by a similar
amount, to the steady state performance, sugpesting
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 carboneoxygen surface complexes,
poseibly 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 1loss of electrode
performance., Surface oxide formation can also explain
the decay of the oxygen evolution current with time
(table 3).
(¢) 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 eleectrode degradation
even at high current densities epg., 0.5 A.cm.a. Since
these electrodes are all prepared in the same wey as
teflon bonded graphite electrodes snd all the electroe
catalysts are powders of similar surface area, it would
be 1likely 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
silver-graphite and nickel screen electrodes, it can be

seen that damage to the silver-graphite electrode wes
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first observed =2t 2bout I.50V when the cu;rent had

been flowing for about 2C mins at I3 mA,em , This can
be compared with a current of 0,2 mA.cm- on nickel
screen after about I5 secs a2t the same potentisl,

Since the anodic current on nickel screen decays with
time, after 20 mins it would be substantially lower.
The mmte 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 screen and grephite cloth are also
poor oxygen evolution eleetrocatzlysts (see graphs 4
and < 5) giving only low currents at I,90 V. Hence 1if
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 2,2V hsve shown that
no degradation oceurs. Hydrogen evolution on teflon
bonded platinum or platinised tungsten trioxide on
platinum screen involves a considerable current
contribution from the platinum screen 2t 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 comﬁariaon between the current densities on
the cu:rent. 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 screen surface will be wetted
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by the electrolyte in the current collector/electro-
catelyst system,

() So far it has been sghown that surface
carbon-oxygen complexes sasre formed at low =anodie
overpdtentiale and thet at higher snodic overpotentials
oxygen gas 1is produced and the electrodes =are
phgeically dammged, This damege 18 not due to carbon
combustion or gas evolution on the current collector
end tﬁe fall in oxygen reduction performance 1is
obgserved even when no electrode degmedation and gas
evolution 1is visible during the anodic pretreatment,
The questions posed are (I) 18 the fall in
performance due mainly to the carboneoxygen complexes
or to the electrode degradation, and (2) is the
formation of cerboneoxygen complexes a necessary
condition for electrode degradation.

To 1investipate the second question hydrogen
evolution tests were carried out on teflon bonded
grnphite electrodes using grephite cloth ag current
collector. Damage wms fi:gt observed at 479 mV when
the curreng wes 33 mA.cm (graph 6) 3 at the same
potential the hydrogen evolution current density on
the current collector was I2 mﬁ.cm.? (graph 7). As
with all these gas evolution tests the rete of
destruction incressed with dincreaeing anodic current
density. Platinised grppbite electrodes gave more
useful results since the electrode was much more
active, especially for the hydrogen oxidation reaction.
The results 1in table 4 show that these electrodes,

using a pgrephite cloth current collector, first show
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-2
gigns of destruction at about 90 mA.cm . At 1lower

currents no damage was observed and the hydrogen
oxidation performence remained constant.

Sometimes hydrogen evolution testz at low
current densities for short times dJdo not cause any
electrode damege while hydrogen evolution for longer
times at the same current densities does cause
damage, Teats ofup to two hours dumrmtion have been
carried out on platinised grnphif; on graphite cloth
in the current ra?go I6-60 mA.em (table 6). At currents
less than 30 mA.em no destruction was observed in
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 suggeets that at lower hydrogen evolution
current densities no degradation occurs even after
long periods. A possidble 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 {ie 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 hydrogan* gas pressure, Although
more exhaustive tests are required this could mesn
that this type of electrode could be used for
recharging purposes if the recharge rate is low.

forty five seconds hydrogen evolution

pretreatment at 90 mA.cm did not affect the hydrogen
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Table 60
The effect of hydrogen evolution pretreatments at low
constant currents for varying times on the endurence

of a teflon bonded platinised gmaphite electrode.

Time Cathodic current Observations
-2
density (mA.cm )

I hour I0 No degradation
I hour IO No degradation
I hour 20 No degradation
I hour 20 No degradation
%z hour 30 No degradation
# hour 30 Slight degradation
I4 min 40 Slight degradation
6 min 60 Slight degradation
Electrolyte SN potassium hydroxide
Tempe ra ture 21°C
Atmosphere hydrogen
0.C.V. 0.075 Vv
Electrocatalyst platiniseg graphite
Electrocatalyst loading 1I2 mg.cm-k
Electrocatalyst S.A, 500 m%/g
Current collector graphite cloth

Registance 0.25 ohm
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oxidation performance =lthough electrode dJdamasge was
observed., Suprisingly even after pretreatments K,L,M

and N,(see table 4 ) I00-200 mA.cm. for I - IO minutes
where substantial degradation resulted, the hydrogen
oxidation polarisation curve wae unaffected over a wide
potential range. This indicetes that either the teflon
bonded structure is not entirely disrupted by hydrogen
evolution or that this structure hag 1little affect

on the hydrogen oxidation performence, The latter 1s
improbable since the hydrogen oxidation performance of

a flooded platinum black electrode 48 very poor in
comparison with the teflon bonded electrode because of
the slower mmgs transport ‘of hydrogen to the active
sites. Pretreatments O an@‘@?“BO mA.cm- for 30 « 60 minutes,
resulted in small 1losses in hydrogen oxidation
performance while Q,R,S end T, O « 30 minutes at -1.,575V,
which resulted in severe electrode damage produced an
electrode with much poorer hydrogen oxidation
characteristics. The electrode dJdamage is also reflected
in the fall in hydrogen evolution current with time
et the same potential., The reduction in hydrogen
oxidation performmance was most marked after pretreatments
Q and R, even though similar currente flowed for =
shorter time than in S and T, Thie 4s probably because
the graphite cloth, which is made from carbon fibres,
trape 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 1likely that
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this could have occurred if the current head flowed

for a longer time (table 6). This c2n be sgeen from

-2

O, where electrode damage occurred at only 4C mA.cm .
This is an example of =2 general phenomenom observed
in gss evolution on these electrodes ie. when
degradation has been initiated it can be meintained
at considerably lower gas evolution rates,

A significant quantity of electrocestalyst must
be lost from the electrode bdefore the hydrogen
oxidation performence 18 affected. This sguggests that
the subsequent 1loss of performance 4$e& seimply due to
the losse of electrocatalyst resulting in a lower
electrocatalyst 1losding, This also explains why initially
no loss in hydrogen oxidation performence w=ag observed
ie, with teflon bonded electrodes the gas dissolution
performance incresges with electrocatelyst loading up
to a certain level bYeyond which increases in
electrocatalyst loading have 1little =affect. This is
because these electrodes use the availsble electroe
catalyst surface area most usefully only when they
ere very thin, The criticel 1loeding is wususlly about
7 mg.cm-?_and the electrodes used in thie study were
made with 1loadings of asbout IC-5 mg.cm.Q, hence the
initial losses of electroceatalyst during hydrogen
evolution do not affect the hydrogen oxidation
performance,

The results in graphs I3 and I4 show that the
trnpaient hydrogen oxidation performance of platinised
graphite on nickel screen after hydrogen evolution
pretreatment which resulted in slight electrode
destruction but no loss of hydrogen oxid=tion steady
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state performance, was slightly reduced, This 1is
consistent with the above results since the transient
performence 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, Aleo
the height of the double layer capacity peak at very
short times is reduced as electrocatalyst 1is 1lost,

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 aigctrode degradation occurred at a
current of 33 mA.cm and this resulted iIn a2 @8light
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 1lost from the electrode eg. pretreatment I
produced very rapid degradation and a mjor drop in
the hydrogen ‘oxidation performance. After this
pretreatment the electrode was 8o weakened that further
steady electrode destruction occurred at currents as
low as 44 mA.cm- o At the end of the experiment only
a little electrocatalyst remained on the nickel screen.
In a sgeparate teat 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
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lost from the top of the electrode more easily,

These regults are only spproximete sgsince the
errors in the pgeometric electrode area, electrocatalyst
loading snd oscilloscope readings are 2ll about I0-I%%.
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, snd the electrode would need
to be thoroughly weshed and dried, thus introducing
poseible errors, before the loading waes measured,

Graphs TO-J2 clearly show the fall in
hydrogen oxidation performance with time at a given
constant hydrogen evolution current density. Fven at
40 mA.cm- when hydrogen evolution ceuses only slight
electrode damege, the performence drops by sabout 40%
after 200 minutes.

The conclueiond that can be made so far are:
(I) electrode degradation 1is ceused by both hydrogen
and oxygen evolution and is probably due to the
mechanicel weakness of carbon electrodes.
(2) This electrode degrsdation reduces the oxygen
reduction and hydrogen oxidation performances,
(3) Oxygen evolution #»t low currents causes = fall in
oxygen reduction performence without causing electrode
damege. This 418 probadbly due to the formation of
surface carbon-oxygen complexee. Section 3,3. studies
this effect in more detail,



Graphsi0,II and I2 Graph II. Graph 12,
The effect of time of hydrogen evolution pretreatment

Cathod rent dex Ca di t d
on the hydrogen oxidation periormance of = platinised Eedie curmfg i Hiodic curfgn hetiy
graphite teflon bonded electrode, I20 m#,cm 40 mA,cm
Key Time Key Time
I L 2. i
cathodic current density _°'o 10T &raphs I0 - I 4 2 ;
- - . - ! t2 ‘lr -
250 mh,cm™2 D T B I5 min B 15 min
Key Time ﬁ;gg;p;ere ;vd;ngen at I atmos 0 €0 min s 60 min
- H 4 4 J - o= - F Ny .
A i Tlectrolyte 5N KOH D 120 min D I20 min
B 5 min Electrocatalyst platinised graphite
3 ig ﬁig Electrocatalyst loading 7 m.gg.c:n'2
1 20 min Electrocatalyst S.A, 500 mz/g
Current collector nickel screen
Resistance 0.I0 chm £0,05 ohm Ol

[ A.cii*

()QS B

= velks



131

3.3. The Effeet of Oxygen Evolution on the Carbon
Surfece,
3.3.1. Experimental.

Teflon bonded graphite and platinised 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 pessing
cathodic currents ie. hydrogen evolution. It wes 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 effecta of the surface oxygen complexes
and the electrode degradation, on the lowering of
oxygen reduction perfomance.

3.3.7. Results end Discussion.

Table 7 shows the effect of various anodic/cathodic
pretreatments on the steady state oxygen reduction
polarisetion data for teflon bonded graphite on
graphite cloth,

These results indicate that:

(I) The electrode, as prepared, has certeain 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 dJdensities reduces
the oxygen reduction activity of the electrode without:
cauging any visible demage. The fall in performance



The effect of anodic pretreatments

oxygen reduction performance

electrode,
"B (mv)
A B c
925 T2 T3 1s2
900 2e7::13:9 3%
850 8.6 I2 9.0
800 6 23 16
750 26+ 38" 2%
700 36 47 133
650 8759 1w
600 58 720 51
500 o e
AR S |
925 - » %140
900 2.0 0,36 2,1
850 5.2 0.46 6.3
300 .7 0.2 12
750 I3 Lia. 17
520
700 18+ 6:3\.23
to
11,0
650 25=29 16 30
600 35 28736
500 = 2742 50

Table 7.
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on

steady state

2.5
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10,0
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of a teflon bonded graphite
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2 BN I8 =08 AT 3
39 = X9 23 - REAH0T0 519
28" YW 2N 2B X2 98 - 26
325 4,07 3800 R4 -36° 35 23
39 &G eT 80 22T &Y. A0

to
34
- - - - %g - -
-2 4
i (mi,em )

0 P Q R S s -
0.7 0.33 - 0,77 0.31 = -
I.8 0.57 « 2.0 0.52 2.0 0.8
$d 7T 256 %aF X1 4,7 J2.4
20 30 A2 T -2 5053 - 38
I4 6,3 6,9 177 5.5 14 5.3
2T ~ 9:2 93 23 7.0.719 6.7
QP TI3 VLR 299,85, 23 B X
LTS . B D AR el b gt ] L P
42 502047 - 38 = 13

18
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to. table 7.

Pretreatment
process

No pretreatment

evolution

O

N NN

evolution

evolution

c C

evolution

no

H evolution

0O evolution
O reduction

0O evolution
no pretreatment

left overnight

0 evolution
2

O evolution
2

O evolution
2

left overnight

0 evolution
2

0O evolution
O evolution

no pretreatmwent

O evolution
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Current
density

(mA,cm )

4
20 -8

36- 27
172-100

300

360-T40

350-T40

85.-14

290-100

330-130

100-13
280-T40

27C=-14C

230=110

Potential Time Comments
(V) (min)

-0.23 I0 no degradation

I.45 I0 no depradation
Y 7h IO no degradation
3.00 5 visible
degradation
-1,I5 5 visible
degradation
3.1I0 2 visible
degradation
0.35 0.5 no degradation
1520 2 visible
degradation
- - O reduction
reversa
direction
157 1.5 wisible
degradation
2.85 I visible
degradation
3,10 I visible
. degradation
1.70 3 visible
degradation
210 X visible
degradation
3.1IC 3 vigible
degradation
= - C 1reduction
2 reverge
direction
3.1I0 I5 visible

degradation



Key to

Pretreatment
process

T no pretreatinent

U O eveolulion

2
V E evolution
2
Flectirolyte

Atmoephere

Tempersture

0.CuVe

7.3

L
Electlrocatalyst loading I5 ngﬁcm
Electrocatalyst S.A.

Current

lectrocatalyet

Chmic resistance

collector
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table 7 (cont.),

Current .Potential Time' Comments
density (V) (min)
(rA.cm )
- - - O 1reduction
2 reverse
girection
205100 3410 3 vigible
‘ degradation
200 =T .0 5 visible

degradation

5N poteesium hydroxide
Oxygen &at I atmosphere
2376

+0 .94V

graphite

ro

800 m /g
graphite cloth
0.35 ohm
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depends on the anodic charge passed (gee C and D).

(3) Oxygen evolution at very high overpotentials causes
a. large drop in oxygen reduction perfommence at
potentials > 0.60 V. However at about 0.60 V the
current increases steadily with time eventuslly reaching
@ value which 48 only slightly 1less 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., 3Since visible electrode
damege occurred during the pretreatment it cen be gaid
that the mein cause of the loss of oxygen reduction
performance was due to the fommetion of surface oxides
and not to disruption of the electrode structure.

(see Z3H and I), It should be noted, however, that
seversl oxide gspecies are probably formed depending on
the potential and it eppears that only those formed
at high potentials eg, above 2.7 V, are easily reduced
at potentials in the range 0.5 « 0.6 V.

(4) After holding the electrode at 0.6V subsequent
hydrogen evolution 'slightly increases the electrode
activity even though it causes electrode degradation.

It 1s possible that hydrogen evolution reduces sanother
different oxide species (gee F),

(5) Oxygen evolution at 3,70 V followed by holding the
electrode at 0,35 V had 1little effect on the oxygen
reduction performence ie, the oxide surface groups

were reduced when the electrode was held at 0,35V
(see ©G)

(6) Although oxides are formed at all potentials in
the range I.00 - 3,J0V 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 dis due to the formation of a
different oxide species and this is supported by the
fact that only oxides formed abovear2.7 V can be
reduced at 0,6 V (see K,L,i,N,0,P,Q and R).

(7) As this process of oxygen evolution followed by
oxide reduction at about 0.6V was repeated, the
oxygen reduction performance gradually declined, probably
due to the electrocatalyst 1lost dJduring 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 1loss of oxygen reduction
performance from R to V 48 due to electrode
éegradation (see R,5,T,U, and V),

(8) The formation of oxides on these electrodes at
potentials >DA2.,7 V results in a change in the open
circuit voltage ie., the OC©.C.V, of these electrodes 1is
nomally 4in the range 0,95 - 0,97 V, oxygen evolution
pretreatment at 3,JI0 V causes the 0O,C,V. to rise to
about 1,08 V after equilibroVica.The 0.C.V. wes
meagsured after holding the electrode at potentials in
the range 0,90 - 0,50 V. At potentials > 0,70V the
0.C.V. remained I.O08V and the oxygen reduction
performance was severely depressed; at potentials in
the range 0.70 =« 0,50V the 0.C.V, gradually fell to
less noble values (0,95 V) and the oxygen reduction
performance recovered. On returning to higher potentials
eg. 0.80V, the 0.C.V. 2nd oxygen reduction performance

were maintained.
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The main conclusions 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 potentisls >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 zince-2ir and other cells in
which graphite cathodes are used the potential is never
likely to reach values as high as 2,7V and hence the
formation of the reducible oxide groupd 1is of 1little
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 iIn 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 conclusione. The anodic pretreatments
in this experiment were carried out as follows: the
potential was increased gradually from I.OCV 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 4n the potential



The effect

oxygen reduction

of

platinised graphite

.E(mV).
A B

1000 I.3 C.9
975 3.7 2,8
950 8.5 6.0
900 2054 21
850 60 45
300 I0I 73
750 I35 1I00
700 185 I37
6uv 280 202
500 380 265

Electrolyte

Atmosphere

Temperature

CsC oV,

Electrocetalyst

Table 8.
anodic pretreatments
performance of a
electrode,
=2
i(mA.cm )

C D E F G
04 0.2 . 0,14 = b
LS 707031 % -
35671550365 032% 017
12 4,C I.,9 0,65 0,40
23 7+s5 3.3 I.2 0.56
39 IL 5105 1,7 €79
64 16 . Tul 255 X1

to to

I3 I.9
a9cs: 2L 38 . =50 L8ty
10433 28  Bs7 3.6
I48 49 41 14 5,7

Electrocatalyst lo=ding

Electrocatzlyst S.A.

Current collector

Ohmic resistance
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on the steady

teflon bonded

0,14
0.25
0.32
0.40
0.5
Lo
L
1 ¢
147
2.1

5N potassium hydroxide

oxygen at T atmosphere

21 .C

I.04V

platiniseg graphite

16 mg.cm

2

500 m /g

nickel

0.2C ohm

ECcreen

state



20 = 3.6
20 - 6.0
20 -~ I2
2 -~ 49
140 - ICO
230 - I30

E (V)

1,27
3%
1,45
1,55
T465
I.79
1,85

139

4 Time
(min)

25
17
23
22
15
I5
24

Comments

No pretreatment

No visible degradation
No vigible degradation
No visible degradation
Vigible degradation
Visible degradation
Visible degradation

Viesible degradation
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region 0,80 -« 0,720V and it 18 thought that this 1is
due to reduction of platinum oxides formed during the
anodic pretrestment. N,B, Platinum oxides are reduced 1in
this potential region, Hydrogen evolution at «0,I0V
had 1little effect on the oxygen reduction performance
which 4s 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 0,10V is
due to hydrogen evolution on the platinum,

The electrode damage was observed 4n two forms:
(I) very semall particles of graphite, too small 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 1ie. colloidel
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 bagsed Electrodes in
Rechargeable metal-air Cells.
3.4,1, Introduction.

It has been shown that carbon based air electrodec
are completely unsatisfactory for use in a rechargeable
csllIz e 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 sqintered nickel electrodes,



which use oxygen at high pressure and temperature.

(b) DSK raney silverealuminium electrode51273 which

use oxygen at aﬂbient(Igz?perature and preaau{gég)

(¢) Porous noble metal and nig}z% electrodes .

(d) Kordesch composite electrodes which use the high
mechanical etrength of nickel screen 2end porous nickel,
the high surface area 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 {metﬁla, powdered graphite, Bupporggd noble
137
metals and semiconducting metal oxides ng
electrocatalysts,

For metaleair cells (a) would not be suitable
a8 it operates on oxygen at high temperatures and
pressures, (b) uses too much silver to be economically
viable and (d) are not afir breathing electrodes 1ie,
low performance, (d) are air bdreathing and use
inexpensive materials but suffer from the disadvantages
of carbon electrodes. (¢) appear to be the most
suitable except that graphite and noble metals are
unsatisfactory electrocatalysts. Supported noble metals
(nbt a carbon support) and semiconducting oxides
provide the most 1likely answer. Possible supports for
alkaline media are nickel oxide and boron carbide
although these are unlikely to be as good as graphite
which 1is an active support 4e. it 1is not simply
an electronically conducting extender of high surface
area , it also takes part in the electrode reaction,
nor are they as cheap as grephite, Semiconducting

metal oxides have not been sufficiently aetive oxygen
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reduction eléotrocatalysts for them to be considered
for use in commercial batteries. However, recent work
in these 1labowatories hss resulted 4in an electrode of
satisfactory oxygen reduction chsracteriatics.ubb)
|  The stability of teflon bonded electrodes,
which do mnot contain carbon, to anodic polarisation
has been 1investigated, The number of meterials which
can be uséd for oxygen evolution 1is 1limited, especially
in acidic solutions, because of the high positive
potentiéls at which the process occurs, Many metals
6issolve at these high potentisls and 4n acid solution
only the noble metals are stabie. Semiconducting oxides
are usually stable in alkaline solution but only a
few are stable in aeid solution eg. tin oxide., For
stable métals the oxygen evolution process causes an
oxide film to cover the metal surfaee. This oxide
film can be difficult to remove and generaslly has a
much lower oxygen reduction activity than the bare
~ metal surface, Oxygen evolution on semiconducting metal
oxides ﬁsually results in raisihg 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 .stnbility are (a) mechanieczl strength and
(b) the activity of the electrode surface for the
oxygen reduction or hydrogen oxidetion resctions. The
electrocatalysts tested were platinum black, platinised
tungatpn trioxide and cobalt nickel oxide.
34442, Experimental,

The platinum black electrodes were tested for
the effects of hydrogen and oxygen evolution 4n hoth
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acid and alkaline media, After gas evolution thek?‘&feg‘u‘\
oxidation and oxygen reduction steady state polarisation
data weee 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 =2lkali.) The cobalt nickel oxide was tested
only in alkaline media and for the oxygen electrode
reaction, ( Cobalt nickel oxide 4is soluble in acids,)

The effect of rapidly switching on and off
gas evolution currents on platinum black electrodes
and the long term endurance of these electrodes
under conditions of gas evolution were investigated,
The 7rapid on « off switching was achieved using a
suitably programmed pulse generator,
3.4.,3. Results.

(I) Platinum black.

These electrodes were not

damaged by oxygen evolution current densities up to
1,0 A.cm-e, 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 screen
current collectors, Ig order to obtain anodiec currents
as high as 1I.0 k.cm- it was necessary to use potentiils

up to 2,2 V., The rapid switching of the current wag



achieved ueing a pulse generator.

The second criterion of stebility 4de. whether
oxygen evolution affects the oxygen reduction
performance wes =also studied under the above =anodic
conditions. The oxvgen vreduction performence was found
to vary in two ways: (I) after anodic pretreatment
the performsnce in the potential region I.0 - 0,30V
wags significantly depressed. In the potential region
0,30 « 0,60V the current was observed to increase with
time until it reached the s=ame value ag prior to
thé anodic pretreatment. ¥hen the potential was then
returned to the 0.80 - I.0V region the current had
returned to 1its initial value.
(2) Over an extended period of time there wes =2
permanent but slight fall in performance, ep. after two
months use the performance was sbout 80 % of the
initial performence.

Tables IO,I1 and I2 show the results for
platinum black: on nickel screen in SN potassium hydroxide
electrolyte. In each case the oxygen reduction
polarigsation data shown were recorded after holding the
electrode at 0,6V for ten minutes., Similar results
for platinum bdlack on platinum screen in 5¥ gulphurie
acid electrolyte are shown in tables 13,14 and 15,

For the hydrogen evolution studies the use éf
a nickel screen current collector has the advantage
that nickel has a higher overpotential for hydrogen
evolution than platinum and consequently contributes
little to the totsl current st low overpotentials
(see pgraph 8)., KHowever, the use of acid solutions

necessitating platinum screen current collector is more
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The effect of galvano

oxygen reducticn performsnce

S

le

sta

10

tic anodic pretrestments on

of a teflon bdonded

platinum bdack electrode,
. . =2
E(mV) i(mA.cm )
A B 5 D E F G
975 End - T08 Qo Te0y LES0 0 34D
950 4,2 4,0 4,0 4,0 3,9 3.9 3.9
900 L R N - v b W L e 3 i |
550 g99¢ =80 7B 78 .80 198 . 98
800 139 137 137 136 I36 I35 I35
750 I8 184 18 133 184 I8 182
700 2X2 2I0 210 209 208 208 208
Key
A B C D E F G
anodic
current ~ IO 20 50 I0O0 200 500
densitg
(m4 .cm)
time ¢<——one hour 5
A - no pretreatment
Electrolyte ON potaseium hydroxide
Atmogphere oxygen at I atmosphere
Temperelure 21°C
04C Vs I.04 V
Electirocatalyst platinum bleck

Electrocatalyst S.A.
Eleetrocstalyst loading
Current collector

Chmic resistance

ﬁ‘

9 5

-—

S
é mg.cm
ndckel screen

C.I0 ¢hm

the
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Table II,
The effect of mapid switching of the =anodic current
on the oxygen reduction performance of a teflon
bonded platinum black electrode,
-2

B (mv) : i(mA.cm )
A B c D E
950 -+ 3.0 3.0 3.0 2.9 2.9
900 16 I6 I4 16 15
850 70 69 £9 20 48
300 123 128 128 127 125
750 172 170 172 170 170
700 200 198 201 200 198
Key
¢ ¢ constant anodic ¢ on time - frequency - total time
current density off time (Hz) (hours)
(mA.cm.z) (sec)
A - - = -
B I0 0.5 I I
¢ 50 0.5 I I
D 250 0.5 I I
E 500 0.5 I I
Electrolyte 5N potassium hydroxide
Atmosphere oxygen at I atmosphere
Temperature 21°¢
0.C.V. I.04 vV
Electrocatalysy platinum black
Eléctroeatalyat 3.A. gl g :

Electrocatalyst loading 6 mg.cm
Current collector nickel screen

Ohmic resistance C.I0 ohm
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Table I2,
Comparison of initial oxygen wreduction performance
the oxygen reduction performance two montgs later
the anodic passage of 117,000 coulomba.cm- .
-2

E (mV) i(mA,em )

| before of¥er

950 3.4 2.8

900 19 15

850 72 53

800 132 107

750 175 140

700 208 168

-2
maximum anodic current = TOO0C mA,cm
average switching frequency = 3 times a day over
two month period.

Electrolyte 5N potassium hydroxide
Atmosphere oxygen at I atmosphere
Temperature (average) 20°C
C.C.V. I1.04V
Electrocatalyst platinum black

Electrocatalyst 3.A.
Electrocatalyst loading
Current collector

Ohmie resistance

2\ "\"3‘\

-2
6 mg.cm
nickel screen

0.IC ohm

with

after

the
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Table 1I3.
Oxygen reduction polarisation data before and after
constant current oxygen evolution pretreatment at
0.9 A.cm‘Q for one hour for a teflon bonded platinum

black electrode,

2

L =

Rk bef‘oi\(em.cmaf%er
950 2.0 2.0
900 7% § 7.0
350 25 25
300 50 49
750 A1 60
700 70 70
Teble 14,

Oxygen reduction polarisation data before and after

rapid switching of a constant anodic current of
<y

-

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

on time = 0,5 sec frequency = 1 Hz total time = I hour

-2

5 (mV) i(mA.,em )

before after

950 2.4 2e3

900 8.6 3.3

850 30 30

300 53 59

750 70 70

700 32 30
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Data for tables I3 and 14, also 1I5,

Electrolyte SN sulphuric acid
Atmosphere oxygen at I atmosphere
temperature 21 C

O.C.V. I.05 Vv

Electrocatalyst platinum black
Electrocatalyst S.A. gdm g

-

Electrocataiyat loading 6 mg.cm

Current collector platinum screen
Ohmic resistance 0.I0 ohm
Table .I5,

Comparison of oxygen polarisation data for = teflon
bonded platinum black electrode before and after two

months intermittent anodic pretreatment.

E (V) siskide )
before after
950 2.9 I.9
900 9.0 7ol
850 32 25
800 60 48
750 71 54
700 81 4
2
anodic charge passed 103,000 coulombs/cm

maximum anodic current I A.cm
average switching frequency 3 times per day
average temperature 20°¢C
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common ‘in pmactice. Both types of electrode were
subjected  to hydrogen evolution and then the hydrogen
oxidation polarisation date were recorded., The results
were very ‘eimilar for both current collectors and those
for platinum screen nare shown 4in tables 16,17 and IS,
These rouuita show that the electrode 1s not
permanently dJdamaged by hydrogen evolution, =although over
a long period of intermittent hydrogen evolution the
performance does fall by sabout 30 %, This could be due
'_to other factors ég. partial flooding of the electroe-
catalyst, poisoning of the electrocatalyst;

(2) Platinised tungsten trioxideQ

The ~results in table I9 iIndicate that there
was no electrode damege =nd no 1loss in hydrogen
oxidation performance artsg passing hydrogen evolution
currents up to 380 mi,cm for periods of one hour,

(3) Cobalt nickel oxide.

The results in table 20 show that these
eélectrodes were not dameged by oxygen evoclution currents
up t6 I h.cm-2 and that no oxide films were formed
which were stable in the oxygen reduction potentdsl
region 1ie., there wss no loss in the oxygen reducgion
parTOrmance. Graph I5 sgshows the steady state oxygen
evolution polarisation curve for this electrode, The
0.C.V. following oxygen evolution wss incremsed to high
values eg. =fter oxygen evolution at 1,0V the 0.C.V.
wag. 1,52V »and staady.; ﬁ%:évor when a potential 1less
than' I.52 V was _applied the 0.C.V. decreased and when
the  oxygen reduction potentiasl region was reached the
C.CuVe had returned to its norml value of I,03 V ie.

all the high oxidation state cobalt 2and nickel species



Hydrogen

bonded platinum black electrode

hydrogen evolution pretreatments

5 (mv

32
39
40
50
61
75
90
150
200
250

300

oxidation polarisation data

)
A
3.0
10.5
22
42

73
108

147
295
400
510
635

Llectrode ares

Key

S SR - N -

Si

Table I6.

constant cathodic
current density

(mA ,cm

10
50

250

1000

for

a teflon

after constant current

for one
i(mA)
B c D E
3.0 3.1 3.1 2.9
I0 I0 I0 I0
22 22 21 21
a8 47 47 45
75 76 73 74
108 107 105 105
146 145 142 143
295 298 29% 294
398 399 397 400
509 510 510 508
63% 633 635 633
2
0,50 em
comments

no pretreatment

hour,

time (hours)

oo -
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Table 17,
The effeet of rapidly switching cathodic hydrogen
evolution currents on the hydrogen oxidation performance

of a teflon bonded platinum black electrode,

E (nV) i(ma)
before after
32 2.9 3.0
35 I0 I0
40 21 21
50 45 44
61 74 72
75 105 105
90 143 142
150 296 292
200 400 395
250 508 505
300 633 633
Pretreatment 3

constant current = I A.em
on time-off time = 0,5 gec
frequency = IHz

total time = I hour
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Table I8,
lydrogen oxidation polarisation data Dbefore =and after
two months intermittent hydrogen evolution pretreatment

in which ?208,00C coulombs.cm were passed,

E (mV) i (mA)
before after
35 9.3 6.7
40 20 14
50 42 29
60 69 48
150 282 191
200 31%0 260
300 S 612 435

maximum current = I A.cm
average switchimg frequency = 2/ day
average temperature = 20C

Data for tables 16,17 and I8,

Electrolyte 5N sulphurie acid
Atmosphe re hydrogen at I atmosphere
Tempera ture 21°¢C

0.C.V. 0.830 V

Electrocatalyst platinum black
Electrocatalyst S.A. CHRAEY

Eleetrocatalyst loading 6 m‘g.cm‘m2

Current collector platinum screen

Ohmic drop 0,I0 ohr:;

Electrode area 0.50 cm
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Teble 19,
The effect of hydrogen evolution pretreatments on the
hydrogen oxidation performance of a teflon bonded
platinised tungsten trioxide electrode.

-2
(V) i(mA,om )

A B e D E F
20 10 9.7 3.7 9.6 9.9 9.7
25 17:% .+ 16 16 16 16 16
30 25 24 25 25 24 25
35 31 31 29 29 30 29
50 50 49 49 50 50 43
75 77 77 79 76 75 75
100 104 105 103 103 I0I 103
125 125 I21 124 120 123 120
I50 147 1464 149 147 146 147
175 167 162 167 165 A4 165
200 184 I%4 183 ° 181 183 181

Key

constant cathodic

current (m&.cm-z) ?1'11:::-3) W s
A - - no pretreatment
B 25 I no electrode damage
c £2 I no electrode damage
D 125 I no electrode damapge
E 250 I ne electrode damapge
F 375 I no electrode damage



Data for table I9,
Electrolyte

Atmosphere

Temperature

0.C.V,

Electrocatalyst
Electrocatalyst loading
Current collector

Chmic resistance

Data for table 20,
Electrolyte
Atmosphere
Tempe ra ture
0«CuV.
Electrocatalyst
Electrocatalyst S.A.
Electrocatealyst 1loading
Current collector

Ohmic resistance
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SN sulphuric acid

hydrogen at I atmosphere
21°c

+0.,013 v

plltini:gd tungsten trioxide
9 mg.cm

platinum screen

0.I5 ohm

5N potassium hydroxide
oxygen at I atmosphere
20°@

1,035 V

cdbn%t nickel oxide
40 m /g

IO mg.cm.

nickel screen

0,10 ohm
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Table 20.

The effect of anodic pretreatments on the oxygen

reduction performance

oxide electrode.
:

E (mVv)

A

1000 0.19
950 3.1
900 25
850 60
800 96
750 146
700 202

Key

Potential
(v)

A -

B 1,40
Cc 1,60

D 1.70

B I1.90

F I1.90

G 1.95

of a teflon bonded cobalt nickel

-2
i(mA.cm )

B C D E F G
3.1 3.0 3.0 3,07 3.0 3.0
24 24 24 24 25 24
58 59 59 58 53 53
94 95 96 96 94 93
i45 Ia4 Ias 144 143 144
200 200 202 202 200 198

Anodic current Time
(mA.cm.z) (min)
- - no pretres tment
9.0e2.6 15
30-24 15
154-133 I5
520-497 15
866813 15
1000-932 60



Graph IS5,
Oxygen

Electrolyte
Atmosphere
Pressure
Temperature
0.CaVe

Electrocatalyst

Electrocatalyst

Flectrocatalyst loading IO mg.om™

Current collector nickel screen

Uhmic resistance

S.A, 40 n7g

evolution polarisation curve for a teflon bonded cob2lt nickel oxide electrade,

5N KOH

oxygen
I atmos,
20°¢ 2.0 4

I.035 V

|
cobalt nickel b ‘3'

oxide

E

Y

0.I2 ohm

i1 .

i A et
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had been reduced to their stable state at I,00 V.,
3.4,4, Diabussioﬁ.

The results Ishow that none of +these eleetrodes
are physic=slly damaged by oxygen or hydrogen evolution
even under qﬁite..aevere conditions, Over 2 1long period
 fe. two 'montha, there 1is a significant fall in
.performance but thie is probably mnot c=used by the
gag evolution since teflon bonded electrodes which have
" not been subjected to gss evolution show ceimilar effects
over & long period of time, Vetting and poisoning
problems, which c¢=n be improved Ey ~using electrodes
backed with teflon tape 2nd by carefully purifying the
gases and electrolyte, are probably responsible,

The platinum black eleetrodes form a surface
oxide during oxygen evolution which 1limits 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 chenge in the electro-
catalyst surface state which 12 meinteined in the
hydrogen oxidation potential region.

Teflon bonded cobalt ndckel oxide electrodes
would make suitable rechargeable oxygen or air electrodes
for the following reasons:

(a) Oxygen reduction performence is equivalent to that
of silver/graphite electrodes used at present in
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commereial zinc/air  cells, _
(b) Unlike carbon based electrodes, oxygen evolution
results in no electrode degradation.
(¢) OUxygen ‘evolution causes no change in the sgrtace
state of the electrocatalyst which 1is meintained in the
oxygen reduction potential region. cf, carbon baged and
noble 'mﬁtal black electrodes.,
The ‘electrode materials nare far cheaper than

noble metal black electrodes and »t least ag cheap as
' .qilwex%graphita electrodes, Tlectrode Tfabrication technigues
| for all three types of electrode are aimilar, Hence,
cobalt nickel oxide is the best, known, rechargeable
__oxjgen or air electrode at the present time,
3.5. Oxygen Reduction and  Oxygen Evolution on Teflon
Bonded Graphite Zlectrodes in the Absence ' of .HLGR,
3e5.1, Introduction.

| Yeager et 31534) have noted that 1t is difficult
Lo interpret steady state polarisation messurements =at
porous graphite electrodes because of problems =sgociated
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
dacompoai;ion the hydrogen peroxide concentration builds
up continuously during cathodic polarisation, thus
'q}'mnging‘ the polarisation characteristics. knddic oxygen
evolution data s also affected by the pfegence e
;hydrogen peroxide since this 1is deqompqséd :nt. fhen same
potentiels at which oxygen evolution ocoure. These B
problems can .be overcome by usihg the poteniioatatic
; pﬁlse tachnique to 'elimihﬂte moét mass’ ' transfer effects
~and to 1limit the quantity of hydrogen peroxide formed
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by ecathodic polarisation.
3¢5.2. Experimental.

Pdtentiostatic 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 Discuseion.

The 0.C.V. was measured before =snd after the
oxygen vreduction transients were recorded as thggq)is a
useful guide to the amount of peroxide formed. The
O.CeV. was found to fall by 2mV to lees noble values
after the I msec transient run and by 6 mV after the
4 sec steady state run. Grsph I6 compares the oxygen
reduction polarisation data after I msec and 4 sec. The
1 mesee transients should eliminate most of the mass
transfer polarisation while the effect of hydrogen
péréxida is negligible on the I msec transient results,
The results were corrected for the ohmie overpotential
by the 1intermupter method.

The oxygen evolution transients (graph 1I7) arve
complicated by the fact that the anodic currents
decay with time, probedbly due to the formation of
graphitic oxides and to the contribution of the nickel
screen whose current also decays. This mskes it
Gifficult to separate the oxygen evolution and oxide
forﬁation currents, especially at short times and to
allow for the effect of the oxide surface on the
oxygen evolution reaction. It appears thet a large
proportion of the total trensient current (I msec) at
low overpotentials 13. Gue to oxide formation since it.

falls rapidly with time to relatively very 1low values,



Graph 1I6.
Oxygen <reduction transients for a teflon bonded graphite electrode messured =after Imsec =and 4 sec.

Elsotralyte 5N XOH Current collector nicke% screen
Electrocatalyst S.A. 290 m /g

Atmosphere oxygen Flectrocatalyst loading 10 rmga‘.cm"2

Pressure I atmos, Flectrocatalyst grephite

Temperature 21°C 0.0.¥V, I.02 ¥

Ohmic resistance 0.2 ohm

a) current recorded after I msec, b) current recorded after 4 sec,
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Graph 17,

Oxygen evolution transients

Electrolyte
Atmosphere

Pressure
Temperature

O.C.v.

a) current

5N KOH
oxygen

I =tmos.,
22°C

I.027V

recorded after I msec,

for a teflon %Ybonded graphite electrode measured after I msec and

Electrocatalyst graphite
Flectrocatalyst 8,4, 390 mg/g
Flectrocatalyst loading IO mg.cm'z
Current collector nickel screen
Ohmic resistance 0,20hm

b) current recorded =after 4 sec,

4 sec,

N bl*s E
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The results recorded after 4 sec., do not eldminate

the mess transfer effects within the pores but the
oxide formetion 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) 1initially pretreat the electrode at 2.00V . to
produce a stable graphitic oxide layer.

3.6. The ©ffect of Oxide Film Formation on Rechargesble
Oxygen Electrodes.

3.6.I. Introduction.

The potential range in which the oxygen reduction
and oxygen evolution .raactions occur is about 0.5 =
1.9 V. Reference to tables of standard potentials
.ahows that this range is in a relatively anodic region
where most metals either dissolve or form passivating
oxide films, This 1s especially true in acid solutions
where only the noble metals, tungsten bhronzes and tin
oxide #re not corrodeds Several other electrocatalysts
such =8 1lithiated nickel oxide and silver can be
uged in alkaline solution. Obviously sany meterial
which dissolves in the electrolyte in this potential
renge 1is unsuitable as a rechargeable oxygen electrode,
Hdwever, even the noble metals, silver »and semie-
conducting oxides which do not dissolve have' the
complication that they are themselves oxidised during
the oxyggn evolution eyecle, ¥ith méta;a this takes
the form of =2n oxide film while in semiconducting
joxidaa the oxidation state of the metal is increasged,
ihis oxidétion is often an essential step in the

oxygén gvolution reaction mechanism, For rechargeable
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oxygen electrodes this is not important providing the
oxide is formmed and decomposed at =a potential greater
than 1,726 V 1ies. the reversible oxygen electrode
potential., Unfortunately this is not wueually the case
and eince these oxide filme are pgenemlly very poor
oxygen reduction electrocatalysts and esre not electronic
conductors, the electrode cannot be wused for this
reaction until the potential hes been reduced to low
values to strip  off the oxide or hydrogen hss been
evolved on the electrode surface, In addition, some
metal . oxides are unsteble and dissolve in the electro-
lyte making electrodes containing these metals unsuitable
for recharging,
Table 9 shows the standard electrode potentials

of a2 number of metal/metal oxide couples. All data
for ‘' this téblé is taken from the PRagybaix atlas of

B S From this table it can be seen
that only gold is free from oxide at the reversible
oxygen electrode potential. Under anhydrous conditions
gilver 1es also free from oxide at this potential,
Apnrt from these metals only iridium, platinum and
mercury form their lowest oxide at potentisls greater
than 0,90 V, Hence even if the oxygen electrode system
were intemsively purified in order to achieve the
reversible oxygen electrode potential, the oxygen
reduction performance st low overpotentials would still
ﬁe very poor fo: the vast mejority of metals due to

the presence of ogide films, These Rims eveoblen foawadudors
| end poor SXgan Yedudhan t\v_q,\-ocoﬁrc_b.\és\eb.

For metals of atomic number 76-79 platinum 4is
the most active for oxygen reduetion in potagsgium

hydroxide electrolyte because while an oxide surface
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inhibits the feduction of oxygen to hydrogen peroxide
it promotes the catalytic conversion of hydrogen
peroxide to water., This 1s probably because the
‘negative dipoles of the oxide film inhibit the first
stage 'which oﬁcurs  on1y through an electron transfer
procese < while the oxide film can participste in ?232)
chemical conversion of hydrogen peroxide to water,

HO: + PteO =Pt '» 0 ¢« HO
2 2 2 2

For this reason platinum, which has an oxygen
gurface coverage of about 25¢ =t 1its rest potentialu34)
is more effective as an oxygen reduction electrocatalyst
than gold which has a very low oxygen surface
coverage of about 3% at its rest potent1a1(133)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 dinhibition
of neither reaction. However, after snodisation at I.,9 V

old dis ten timee more saective then platinum at 0.9 V

I35’133)hecause the platinum still hss a high coverage
of oxide (said to be =a monolayer at I,IO0 V(?B))
which 1is not reduced until lower potentisls are reached
| while the gold oxide was fully reduced at potentials
highef than 1.0V, It has been reported that for
platinum it is mnecessary to reduce the potential below
C.55 V. to completely wveduce the oxide(94). Hence the
importance of the formation =»nd reduction of oxide
films on metals and their effect on the oxygen
reduction perfommance of rechargeable electrodes ean be
cl&nriy seen. ' -
3.6.2, ZExperimental,

The ateady estate oxygen reduction polarisation
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data for a teflon bonded platinum black eléctrode

were compared before and after anodic pretfeatment 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=-
mente, This procedure was repeated recording the oxygen
reduction polarisation dats by 1linear sweep voltamograms
at moderately fast sweep rates (0.5 V/min). This s =
more accurate and reproducible method of plotting /E
curves when 1 varles with time. Experiments were
carried out in air and oxygen atmoapherea.l

3.,6.3. Results. _

After oxygen evolution the rest potential is
raised. to a value of about I.,45 V. This rest potential
dedays with time and after leaving . overnight had
fallen to I.0I? V. which was steady within + I oV over
a period of thirty minutes., This is not much
different from the C,C,V, before anodic pretreatment
le, 1,045V, Care was taken to ensure that the 0.,C.V.
wag constant otherwise the current varies with time
during the polarisation run, due to the reduction of
higher platinum oxides eg. Pt0 or PtO . The results

e 3
are compared in tob\e. A7 .

Before pretreatment the (©.C.V. under air and
oxygen differed by about IO mV, the air electrode
having the lower value, After pretreatment and
equilibriamion the 0.C.V. under air and oxygen was the
same (2 mV), The steady state polarisation curve
under an oxygen atmosphere shows that the oxygen
reduction is inhibited at potentials sbove 0,65V after

anodic pretreatment, The 1linear sweep voltamograme
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recorded under oxygen and air atmospheres (gmphs 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 die held at a potential of 2,00V
three surface oxides are formed (PtO, Pt02 and Pto3).
Following this anodic pretreatment the 0,C,V, is
increased to about I.A5V and this value falls steadily
with timecim?f‘%the electrode is switched to =2 potential
in range 0.8 V< E < I.0OV for five minutes and then
back to open circuit the 0.C.V., remmins significantly
greater than the 0.C.,V., prior to anodic pretreatment,
If the electrode 1is switched to a potential 1less than
0.8V for five minutes the O0.C.V. returns to a value
close to the original. This 4indicates that the oxide
film 4is only reduced at potentials less than 0.835 V.

The decreasse 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 performence would be expected to be
the same as before the anodic pretreatment., The 1limits
of the domains of relative stebility of platinum and
its oxides are shown iIn table 9 and it can be seen
that at the steady 0.C.V. after anodic pretreatment
the only stable 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 3845 mV > E > 460 uvV.
This 48 due to the reduction of the surface oxide.



Gxaph 22'The effect of anodic pretreatment on the oxygen SEamh 2I‘”he effect of anodic pretreatment on the oxygen

reduction performance of a teflon bonded 'ol?tlnum black eduction linear awced volitammograms of a teflon bonded platinum
b}.::ck electrode under asir,

electrode under oxvgen,

/

s
mA
jco - ico
mA %0 + 80

6o - ¢co

20 - 20

hQ
3]

) 0-8 06

E volks.
€ - velts.



Graph 2I, Data,

Graph 22, Data,

Electrolyte SN H2504 Electrolyte 5N stod

Atmosphere air Afimosphere nitrogen at I atmos,
Temperature 21 C Temperature 22 C

0.C.V. {enodised) I.02V 0.C.V. (anodised) 1,02V

0.C. Ve (clean) I1.03V Plectrocatalyst platinum black
Electrocatalyst platinum black Electrocatalyst S.A. 16 mg/g
Electrocatalyst S.i. 16 mz/g Electrocatalyst loading 6 mg.om”
Flectrocatalyst loading 6 mg.cm Current collector vlatirum screen

Current collector platinum screen Resistance 0.I5 ohm
Sweep rate 550 mV/min Sweep rate 400 mV/min
Hesistance 0,I5 Ohm Anodisation time 3 min
Pretreatment 3 min at 2,00 V

A first sweep following pretreatment A first sweep following anodic pretreatment

B third and subsequent sweeps after anodic B second sweep following anodic pretreatment

pretreatment C fourth sweep i & 4 (alloxide reduced
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ﬂﬁiPh 12 Open circuit potential - time curve following anodic pretreatment ( 5 min at 2,00 V),
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Flectrolyte
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Temperature
Electrocatalyst
Flectrocatalyst S.A,
Flectrocatalyst loading

Current collector

5N 32304

oxygen at I a2tmos,
21 C

platinum black
16 m.q"

6 mg,cm

platinum screen
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The steady state current fell with time when

I1.02V>E >345 mV due to a reduction in the thickness
of the oxide film which hags been shown to be a
linear function of potent1a1578) 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
congiders that the current 4s decaying with time, 1In
the potential range 850-660 mV the performasnce gradually
recovered reaching the original 1level at about 625 mv,
A polarisation curve recorded after the oxide had been
stripped off showed that the reduction in performence
due to the oxide was only temporary. It can be seen
that if pletinum were to be used 28 =2 rechargeable
oxygeh electrode 1in, for example, awmelol-2ir battery
it would be 1ineffective for oxygen reduction after
recharging at the nommal operating potential ie. zinc-
air cells are operated at sbout 1.4V and- have an
0.C.V, of I,6V, Hence it would be necessary to apply
e heavy polarisation to the battery, initially after
recharging, to reduce the PtO, although unless this
procedure is timed carefully, a large current will be
drawn from the cell, reducing 1its discharge time at a
given current. From the results in -oble 37. it can
be seen that a potential 1less than 700 mV is required
for rapid oxide reduction. Although this is =
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disadvantage it does not preclude the use of this

type of electrodatalyst as rechargeable oxygen electrodes,
cf. carbon based electrodes, and is much superior to
employing 2 third electrode in the cell.

The 1linear sweep voltamograms show that the
current at 9C0 mV after pretreatment 1is nearly two
orders of wmagnitude lese than before pretreatment under
oxygen while under air at 700 mV the current after
pretreatment 18 two orders of magnitude less than before
pretreatment (graph 23)., Poseible reasons for this
difference are: (a) oxygen reduction currents on the
oxide surface under oxygen are greater than under air.
(b) pretreatment for oxygen atmosphere was twice eas
long at the same potential as the pretrestment 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 oxdde than the air
electrode can be explained by (b) above, in both cases
- oxygen electrode I,02 V - 0,65V, air electrode I, 02 V =
0,45 V. Because of the interference by anodic oxide
films 1t was decided to study some aspects of the
tformation and reduction of these filme on platinum in
greater detail,

3.7. Oxygen Reduction on Platinum Oxide Filme and the
Electrolytic Reduction of these Films,
3¢7+.1I. Introduction.

The growth of anodic oxide films on platinum
depends on the polarisation potential, temperature,
duration of anodisation, and especially on the surface
state of the electrode, which can be =altered by



Graph 23,
Comparison of oxygen xreduction on clean and anodised surfaces under =air and oxygen atmospheres,

INlectrolyte 58 H, SO Flectrocatalyst loading 6 mg.cm’z

Temperature 20°¢% 4 :
Bleotinoatiati sicstme Black Current collector platinum screen
lilectrocatalyst S.A. \b mﬁ_ﬁ" Ohmic resistance 0.I0 ohm
&) Atmosphere Air at I atmos, ) Atmosphere oxygen a2t I atmos,
Sweep rate 550 mV/min. Sweep rate 400 mV/min,
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pretreatment; If any of these conditions is not
stipulated reproducible results will not be obtained,
Although there have been meny investigations of the
snodic oxide film fommed on platinum, there is still
little agreement on its nsture or extent, often
because the conditions of formetion and reduction of
the film have mnot been fully stipulated,

The enhanced catealytic activity of platinum
af'ter anodisation, for & number of electrochemical
processes, has been explained as being due to
facilitated electron transfer from the gxidised platinum
surface by the oxygen bridge mechanism(‘O) or
alternatively a chemical resction is responsible In

which the reagents react directly with the oxidised

aurfaceIB which 48 unstable in the presence of reducing

1)
egente. The enhenced activdty of platinum which has
been oxidised and then reduced is s8aid tgapbe due to
)
the formation of a thin plestinised layer, This

theory is supported by the merked roughening on the
platinum surface under aec conditions(SB)and disputed by
Gilman(84)who hae shown that only a smell incresse in
area is produced by one polarisation cycle and then
only if the oxide is reduced very oaquickly. Feldberg

et altB )attributed the enhanced activity to a layer

of PtOH while Wieke =and WElbua(BG)have suggested
impurity desorption.

The effect of an oxide film of platinum h=as
usually been shown to inhibit the oxygen reduction
r.act:lonca?’%)although sometimes it has been shown that
the 7reaction rate was accelerated.csg) The mechanism of

the oxygen reduction reaction on 2 clean platinum
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surface is confused because some workers claim the
formation of hydrogen peroxide(go)while others have

TRy R ST R R PR, Sl TR AT R (PN
that a wide variation of 7results has been obtained
under different conditions in acid electrolytes even
when the platinum has not been anodised. This situation
has resulted from the iné?ficiently precise specification
of the 'oxperimental conditions, Recent work under high
purity conditionq hag shown that oxygen reduction on
clean platinum and oxidised platinum is kinetically
differenttéSJand thet hydrogen peroxide(74)is produced by
agsorbed impurities in a reaction which occurs parallel
to the mein reduction of oxygen direct to wnter,

Hence the importance of specifying the purity 1level of
the electrolyte and reactant can be seen,

Appleby(?I) hag studied the oxygen reduction
reaction in 85% ortho phogphoric scid on platinum foil
which had previously been subjected to a vysriety 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 surfece, coneidered to have oxygen

#dsorbed in 1less than monolayer quantity, snd

(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 surfaces.
Howevér neither the active or oxidised surfaces =are
stable with time at about 8300 amV, both being graduslly
converted to the oxide free surface. Under typical fuel
cell opersting conditions it was ghown 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 mnature of the active surface has
not been definitely charecterised although it probably
involves dermasorbed oxygen in the disordered outermost
layers of the platinum, P

It has been shown that anodisation of platimum
causes a penetmtion of oxygen into the metal Ilattice
deeper than the dermasorbed layer, In a sgimilar way
to the action of concentreted nitric mcid.(qs%he
higher the anodisation potential the more deeply the
oxygen penetrates. This dissolved oxygen hes Dbeen 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 monolayep cnthodtcnlly.(Q4)

Another explanation for the temporary enhanced
activity of plstinum following an oxidation =reduction
cycle is thet rearrangement of the plstinum atoms
occurs when strongqsglatinum-oxygen bonds are fommed in
the surface film, ¥hen the oxygen atoms are removed
on reduction the rearrenged platinum atoms take a
finite time to return to their regular lattice positions,
the time increasing with the potential and duration of
ghe anodisation,

Two models have been proposed for the growth
of anodic oxide films on platinum: (I) The high field
ionic conduction modelt?a)in which the overpotential

appears across the anodic oxide film and the 1log of
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the donic current density 4s proportional to(g}?e field
in the oxide, (2) The place exchange model, At
present neither model has sufficient experimental
becking, If the high field model 4s applicable then
oxygen evolution would be due to an electronic
tunnelling current which flows through the oxide film
to the metal once its potential 1is high enough. Opticel
measuremants on the high field model suggest that a
monolayer starts to form at IOV and 1s complete at
I.IV, There 48 1little experimental evidence for the
place exchange model except that the film thickness

is 2 1linear function of potential, a fsct which is
true for both models,

At very high a=nodic potentizls eg. 2.I V mltie-
layer oxide films have been reported.(96’97) The growth
rate of these films 1is very slow compared with
monolsyer films and at potentials above 2,19 V cease
to fomm at all, Reduction of these multilayer oxide
films results in 1large increases in the roughnesas
factor of the electrode surface, The 1lowest potentisl
recorded for the formation of multileyer oxide films
is I.8V,

Anodic oxide filme on platinum often inhibit
electro-oxidation processes eg. oxidation of ethyleneigg)
Hepce the mate at which these filmse csan be removed
by hydrogen gse dissolved in the electrolyte is of
gsome sipnificence. The reaction has been shown to
proceed at o rate inversely proportional to the oxide
coverage.(gq)Thia has been interpreted 2e bYeing due to
the dinhibition of the electrochemical oxidation of

hydrogen by adsorbed oxygen species, Hence as the oxide
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ie reduced the inhibition of hydrogen oxidation is
reduced recsulting in an incresmse in the wmate of oxide
reduction.

In the present work it wes decided to investigate
the stability of the oxide film formed by the pree
enodisation of platinum. The potentirl wenge 1in which
the oxide film 1is passive is to be dJdetermined and
with this information the oxygen reduction kinetics on
the oxide film are to be studied in the pnassive
potential region and compared with the oxide reduction
polarisation data 4in both psassive and active potential
regions.

As an extension of this work the process for
oxide formation by the electrolytic dischsrge of water
molecules 1is to be investigasted in =n attempt to find
the rate law for oxide film growth, wWith this
information it 4is hoped to elucidate some of the
problems asgsociated 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 V « 1.0V were mede on = pree
anodigsed electrode in oxygen and nitrégen atmospheres
in order to determine the proportion of the current on
an oxide surface that 18 due to oxygen reduction and
the proportion that 18 due to oxide reduction. The
separstion of these +two components 1is dmportant 4n the

gtudy of oxygen reduction on oxide surfaces,
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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 sgeperating the two currents since
in the region where the oxide film is passive the
oxide reduction current decays with time to very 1low
valuee of the order of ’;A.cm-2. However, it 1is
important to know the 1limit of this passive region and
the current decay charicteriética under oxygen and nitrogen.
3+7¢3. Results and Discussion,

Current-time data for oxide/oxygen reduction under
okygen anq nitrogen 1ﬁ the potential range I.0C0V = 0.70V
for platinum foil electrodes preanodieed for one minute
at I,80V, are shown in table 2I, The time period over
which measurements were taken was- 5 sec. to about 4 min,
ITheae,I§§u1ta show that at potentials > 0.90 V the
current at times wup to 3 min, is almost the same under
oxygen or nitrogen. At potentials < 0,80V the current
under oxygen 1e higher than that under nitrogen the
difference incressing with time ie. at 0.30V after
IO sec, the current under nitrogen 1is 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 almoet the entire current 18 due to a
reduction in the thickness of the oxide film, If any
oxygen reduction on the oxide surfsce oeccurs the
resulting current ‘must be very emall in comparison with
the oxide reduetion current. The most likely reason for

the difference in current observed with oxygen and nitrogen



Table 2I,
Cathodic current - time curves for =2 preanodised

platinum foil electrode under oxygen and nitrogen.

e
b
L
(2]
=]
-

' (K
Time 700mV 300mV 90CnV 950mV

et S aP 19,0 L Baby AU G 3506 3006
50 - T 20.7 = T6A° ~X2.5 A4 i h.ob - 2,02 T.9%
TR 5] e 13.8 9.6 3,25 2,88 I.54 I.44
30 118 12.5 - II.9 6.0  I.82 I.64  0.96  0.96
€0 94 4.8  II.7 3.8 I.I5 0.96 0.29 0.57

20 75 o 12:7 2.4 0.,7¢ zero 0.15 0,38
I80 63 2.3 - . I;Q? 0.57 - Zero 0.28
300 5§52 I,73 - - - zero - -
360 = - - 1228+ 0384 = = i
600 = & I13.1 B - " - i
Electrolyte 5N H2304
Temperature - 2I°C
Atmospheres ~  oxygen and nitrogen at I atmos.

Electrocatalyst platinum foil

Resistance 0.IO ohm

Anodic pretreatment I min at I.,30V then held at I.05V
till & =0
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atmospheres at potentials »0,90V as the time increases

is that as oxide 3is reduced some bare platinum metal

is exposed on which oxygen reduction oecurs. In the
study of the reversible oxygen electrode on 2 platinum
oxide sﬁrfqoe ebout the potential I,26 V it has Dbeen
feported that in order to obtain the cathodic oxygen
reduction data these measurements must be taken quickly,
and immediately following preanodiaation.(68) At potentials
less than about 0,80 V the oxide film 1s reduced
epontanecusly and consequently this 1imits the potential
to the range 1,26 - 0,85 V., However even within this
range the oxide film thickness wvaries with potential,
hence when the potential ig lowered a current flows
which is due to (a) oxide reduction and (b) oxygen
reduction on the oxide surface =nd/or (c) oxyged
reduction on the bare metal surface, With increasing

time (a) falls to near zero and the current ie due to
either (b) or (c) depending on whether a2 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 proportien of the current would be due to
oxide reduction, This 1is especially true at potentials
above about I,07 V where the hiﬁher platinum oxides are
apontaeously reduced, Damjanovie and Applebgss\wa it until
an approximate steady state is achieved before _reqqrﬁing
ok e This method allows the oxide reduction
current some time, one minute in Appleby's experiments,
to decay. However this time 4ie not sufficient lfbr the
oxide reduction current to decay to zero and since this

current 1s initially much greater than the oxygen
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reduction current on a clean surface it remins
significant even after 4 min, If readinge in the potential
range 1,76 V - 0,835V are to be made after, say 5 min, ,
it 1is necessary 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 potentials >.0,85V. The covermge c=n be determined
by measuring the area under the oxide reduction current -
time curve, Assuming that the oxide surface 1is 2Ptoi !
monolayer corresponds Bo about 640 rhcoulombe.cm.?@“Tiﬁfzis)
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 eweep polarisation curves on preanodised
platinum ﬁﬁﬂs electrodes, recorded under oxygen and
nitrogen, are compared with a similar curve on a clean
platinum surface under oxygen. Using s aweep rate
0,40 V/min, it was shown at potentials > 0,80V the
curves for the oxide surfece under oxygen and nitrogen
were almost identicel and that at 0,70V the current
under nitrogen is still spproximetely 25 of that under
oxygen, These currents on the oxide surface at potentiak
>0,80 V ere more than =an order of megnitude emaller
than equivalent oxygen reduction currents on a2 clean
surface, Hence it 1is essentdal to check that the oxide
reduction current hags decayed to zero and that there is
at least a monolayer coverage when the oxygen Treduction
current 1is recorded., The oxide coverage is dJdetermined
by pretreating the electrode for one minute at I.80 v,
followed by holding it at the required potential for a
certain time before a cathodic potential sweep was



Graph 45,
Linear sweep oxide stripping

held at 0485V for 5 min,

Electrolyte 5N H2504
Temperature 20°¢

Atmosphere nitrogen
Pressure I atmos,

Elecfroaatalyst platinum foil
Resistance 0.06 ohm
Sweep rate 0.8 V/min.

Area under curve between 0,50 V and
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Table 22,
Linear sweep voltammogram data on

%ﬁﬁg‘ under oxygen and nitrogen.

clean surface . oxide 'surfhce
under oxygen under oxygen
-2 -2
i(mA,em ) oV i(mA,em ) mv
3.4 960 0,2 915
€.0 915 0.8 870
20,6 870 2.2 325
52 825 7.0 780
102 780 25 735
168 235 36 490
243 690
Electrolyte 5N H2304
Tempe rature 21%
Atmospheres oxygen and nitrogen
Electrocatalyst platinum black
Sweep rate Ced. V/min
Pretreatment 5 min at 2.00 V then held

i=0

preanodised platinum

. oxiﬁe surface
under nitrogen
-2
i(mA,cm ) mV
0.4 922
& o) 380
2.0 338
4,2 796
3.0 754
16 712

at I atmos.

at I.05 Vv till
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applied and the area under the curve measured, These
results confirm that at potentials > 0,85V a 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
current had decayed to zero are shown in grapgs 24,
Comparing the results with those of Damjenovic{ v and
Appleby(Iss)it can be gseen that the Tafel slopes and
exchange current densities are in reaaonpble agreement
congidering that Damjenovie used 1IN HC10 a2nd IN KOH and
Appleby, 85% orthophosphoric aeid, and zhat there were
emall dJdifferences in temperature, Appleby(ISS) also shows
that at low temperatures 1{e. 25°C, a monolayer of oxide
exists on platinum after several minutes at 350 mV v,
2 bubbling hydrogen electrode in the same solution (H.R.E.)
following a similar anodic pretreatment. 3ince Appleby
states that Pt0 is unsteble in 835% orthophosphoric acid
it would Dbe expected that the coverage in SN H SO
would be at least as great, The current denaitges4 for
oxygen vreduction in this work were about an order of
magnitude greater than those of Appleby and this could
be attributed to the high viscesity of his electrolyte,
The results of this study do not, hotaver! agree
so favourably with those of Damjanovie et al who base
their conclusions on measurements made 1in the potential
range I1.02 V - 0,79 V, It has already been shown that at
potentinls below about 0.85 V the oxide 18 completely
reduced, leaving the bare metal surface and it gecms
suprising that tafel points in the region below 0,35V
still fall on the straight 1line, especially cons idering

that oxide reduction currente and oxygen reduction currents



Graph 24,

Polarisation and Tafel plots for joxygen reduction on = preanodised platinum foil electrode,
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on bare metal are much greater than the oxygen
reduction currente 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 thoee obtsined in thie investigation, At
potentials lees than 0,85 V Damjanovies current densities
were almost two orders of magnitude greater, This
suggests that these results contain a contribution due
to oxide reduction a2t potentials > 0,35V and also to
oxygen reduction on the bare metal at potentials lower
than this.

This work shows the great oare that must be
observed when measuring oxygen reduction currents on
anodically pretreated platinum . surfaces, fe, measgsurements
should only be made in the range from I.00V %0 0,85V
gince at higher potentials the oxygen reduotion current
is very small eg. IO- - IO-9 A.cm- and cé@equently
difficult to measure unambiguously, while at Ilower
potentials the oxide film is continuously removed 1leaving
the bare metal surface, resulting in higher currents thm
the true oxygen vreduction 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 1nitial 100 msec. at potentials in the range
I500 30 0.75 V on platinum foil electrodes pretreated for
one minute at I,80V in oxygen and nitrogen atmospheres
and eimilar results for a bare platinum surface under
oxygen. The preanodised eleetrodes give almost ddentical
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,
Trensient cathodic polarigsation data for clean and
preanodised platinum foil under oxygen and nitrogen
atmospheres.
(a) Clean surface under oxygen.

Potential (mV)

Eé?:c) 750mV 350mv - 950mV I000mV
OlI 16,8 9.2 i(M/craz.S 2,21
0,2 742 4.4 1,83 0.87

0.4 3,36 I.72 0,77 0.38
1,0 1,54 0.72 0,34 0.I15

a 0.453 0,25 C.I4 0,048
10 0,21 0.105 - 0.042 0,024
40 0.096 0.05 0.023 0.0095
100 0.029 0.0II - -
490 0.014 - - -

(b) Preanodised surface under oxygen.

Potential

s 7 50mV 850mv . 950mV I000mV
(msec) i(mA/cm )

0.1 3T 20 10.6 5.4
0.2 25.0 15.3 6.7 343
0.4 19,2 10 3.4 I.73
0.9 11.0 4.3 0.77 0.334
4 3.1 I.34 0.39 0.144
9. 5.9 0,76 0.15 0.057
40 0.52 0.I9 0.075 0.019
90 0.31 0.076 - %
470 0067 0.033 - <

970 0.029 - - 5
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Table 23 (cont.)

(e¢) Preanodised surface under nitrogen.

Fotential
Time 750mV 350mV 9 50mV I000nV
e i(mﬁ.cm-Q)
O.I 29.5 19,1 11.5 5ol
0.2 23,4 14,8 £.9 3.4
0.4 19,2 10 3.3 I.33
0.9 II.4 4.3 0.86 0.48
4 2.86 I.43 0;39 C.I44
9 I.71 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 - - i,
970 0.038 - - -
Electrolyte 5N HyS0,
Tempe ra tuee 2o
Atmospheres Oxygen and nitrogen at I atmos,

Electrocatalyst Platinum foil
Resistance C.,I0 ohm
Pretreatment I min at I.,30V then held at I.05 V till i=0



Qﬂn@ht&}. Transient oxygen reduction polarisation curves on clean s&nd anodised platinum surfeces,

Electrolyte 5N H2804
Atmosphere oxygen at I atmos,
Temperature 21 C
0.C.V, I.04 V ().E; i
Electrbcatalyst platinum

black

£

-1
Electrocatalyst S.A. tom. g

Electrocatalyst loading 6 rz:tg_?;.cm“2

Electrode area 0.50 cm2 O-T -
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)

-0

L3
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potential the current density on the clean platinum
surface was sabout half that on the preanodised surfacge.
These results support the view that the oxide reduction
current  is mﬁch greater than the oxygen ®eduction

current on 2 preanodised platinum surface and consequently
that it is essential to 1let the oxide reduction

current decay to zero bYefore taking resdings.

Table 24 ghows eurrent-time curves on clean and
preanodised platinum surfaces in the potential range 1I1.26
« I,0I V, These 1results show that in this region the
oxygen reduction current on an oxide surfaece 1is too
low to be deteeted and that the current from the
electrode which wag not preanodised 1s only slightly
lese than the preanodised electrodes because the oxide
coverage at I,26 V 4is greater than at 1I.05 V.

This work 18 in agreement with the work on
platinum blaek which also showed that the oxide
reduction current decayed with time at potentials above
0.85 V. but that bdelow this potentirl the oxide film
was continmously stripped off., Also, ‘rocsient’-E  curves

andelean
for preanodised platinum black
under both oxygen and nitrogen were 2almost Identical.
(SQ_Q_ %\-o.?\\a \Q -Q0),

Oxygen reduction currents on 2nodised surfaces
are very low compared with oxygen reduction on the
clean psurface even 4if platinum blaek 1s usegamﬁtgfgh
increases the gsurfage area about a thousand times and
although the oxide reduction currents are much greater
they fall to zero with 4ncreasing time at potentialas
above 0.85 V. Hence if platinum black electrodes are to

be wused as rechargeable air/oxygen electrodes their



Table 24,
Cathodic current « time curves for a preanodised ond Aeom
platinum foil electrode under oxygen and nitrogen.
T 1IN I.0I V 1,21V

Time . oxide surfoes , ox\de swrloca 5 og\&a.:-wrﬁm_.
(sec) under under under under under under

N> yr ¥ a7 Hg
1(/ah.cm )

5 4.8 4.6 2.3k 2.8 55 2.5

10 eel Sy L ). ] 1.7 I.7

15 1.9 Y 255 2515 2 T I.3

30" 0,727 0.62 I.03 0.90 ‘0,93 0.%0

(O Q.19 0©.I9 C.47 0,40 0.I9 0.I9

120 zero 2ei'o D20 0.2 ‘Zero Zero

180 - . 0.19  0.I5 s a

240 - - zero zero - -
E = I.I6V

Time clean surface oxide surface oxide surface
(msec) under oxygen unde r oxygen under nitrogen
1(mh.cm- )

0.1 3.0 9.6 Y6

042 4,2 6.1 £,25

0.4 1,72 2.7 295

0.9 0.39 0.77 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 0.0283 0,028
Electrolyte 5N H,80, Resistance 0.I0 ohm
Temperature  2I°C Anodic pretreatment I min at I.8V

then held at I.26 V till i=0
Atmospheres 0> and N, at I atmos.

Zlectrocatalyst platinum foil



3rhfﬁ1‘ci. Trensient oxide reduction polarisation curve on anodised platinum black,

Electrolyte 58 H2304
Atmosphere nitrogen at I atmos,
Temperature 21%
0.C.V, I.0T V¥
Electrocatalyst platinum black
Electrocatalyst S.A, 16 m2/g
o5 Flectrocatalyst loading 6 mg.cmj

Electrode area 0.50 ecm
Current collector platinum screen

e QO]E, Ohmic resistance 0.06 chm

Current measured after 0,2msec.
Pretreatment = 5 min at 2,00 V
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diacharga performance following recharging will be very
poor at potentials greater than 0.8 V which is tha
normal operating voltage. At 1lower potentials the
perfbrﬁanoe will improve with time as the oxide film
is steadily reduced,

3.8. The Effect of Surface Oxides on the Oxygen
Evolution Resction on Platinum.

3.8.I.h Introduction.

It has Dbeen observed that the ancdic oxygen
evolution current on platinum at a given potential
falis with time and this has bDeen attributed to the
increasing depth of oxide covemmge with time causing the
gradual deactivation of the active centres.(gnjlf the
mechenism of the oxygen evolution reaction is
(I) 4u + 4H20 « AMOH + 4H+ + 4e

(1I) 2MOH = NO + MHO
2

(III) 2MO = 2M + O
2

where (I) 13 the myate determining step then the

gurface oxide should be removed as fast =z 1t 1is

formed and the current should not vary with time.

S5ince (II) end (III) =ere chemical resctions the electric
current 18 due entirely to (I) which is the oxide
fommation reaction, whieh also occurs in the potential
range I.0 « 1,4V before any oxygen {8 evolved, If the
above mechanism 18 correct, irrespective of the rate
determining step, 4t dimplies that there must be a rapid
increase in the mte of oxide formmtion at about I.45 V
when oxygen evolution is observed, although this seems
unlikely since in the potential renpge 1.2 =« I.4 V the

oxide formation current does not vary with potential
; (3&(]\15)



3@9‘:\ bk, Linear sweep voltammogram for oxide formation on a clesn platinum surface.
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and no new oxide species is known to fom 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, =2t about
I.45V, the rates of reactions (II) and (III) 4increased
then oxide would be decomposed and the rate of (I)
would increase resulting in a higher current. Never the
less it 1s difficult to find possible explanations of
thie phenomenom,

Bockris(156)has analysed various possible oxygen
evolution reaction mechanisms and from the values of
anodic and cathodic Tafel slopes »and stoichiometric
numbers hag concluded thst only three are possible, All
three mechanisms possess only one electrochemical step
ie. reaction (I) which is s2aid to be unambiguously the
rate determinigg step for each mechanism. However this
does mnot explain the fall in current with time or why
no oxygen 1s evolved at potentisls 1less than I.45 V.
Hence the oxygen evolution reaction mechanism still poses
problems of considerable complexity.

A possible explanation for these probleme could
be achieved if the formation of nonstoichiometric
platinum oxides is assumed or if platinum oxide (PtO)
eand platinum dioxide (PtO ) are assumed to exist
together at the same potzntial. Platinum oxides could
quite easily be nonstoichiomstric because platinum is a
very mnoble metal and its oxidation mey not go to
completion resulting in an excess of platinum 4{ons. The
oxides PtO and PO are formed at similar potentials
and hence are 11keiy to coexist. A mechanism involving

these species would explain the good electrical
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conductivity of the electrode surface since pure PtO
or PtO should be poor conductors,

2If an oxide such as PtO is assumed to form
where the value of x is dependggg on the potential
then the fall in current with time at a constant
potential can be explained on the basis of a thickening
f1{lm at constant x. As the film grows ionic conduction
becomes harder, the resistanee incresses and the current
falls,

The explanation of the overvoltage observed before
oxygen 4is evolved could be explained by assuming that
"the x value at a certain potential reaches 2a limiting
value (maximum wvalue), At lower potentials the favoured
reaction 1is either Pt 5 PtC or PtO -ﬁaPt02 but at the
critical potential +the oxygen evolution reaction is
favoured because nearly sll the surface platinum has
been converted to PtC . At higher potentials the oxide
ions fommed can eithei 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 1is proposed to study the current decay of
p;]atinum 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 c¢an actually be correlated with
the quantity of oxygen formed, This should be true if
multilayer oxide films 480 not form bdelow 2,0 V.(96’97)

The current decay curves should ddermine whether the



decay 1is due to oxide coverage and whether or not the
decay law 1is the same for oxygen evolution and oxide
formation,

3.8.2. Experimental.

Potentiostatic current-time curves were recorded
in the oxide fommation and oxygen evolution potential
regions in the time range I sec - 5 sece on platinum
foil in a nitrogen atmosphere by the pulse technique
anéd by normal ammeter clock measurements in the range
5 secs - I5 min, on electrode surfaces which had been
pretreated to contain (a2) 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 Dburette,

3.8.3. Results and Discussion,

The current-time curves for a platinum foil
electrode in the time mange 5sec - I5 min., at constant
potential between I,0 and 2,0V are plotted 4n graph 25,
The slopes of these curves were meagsured at various
times, The slope represents the rate of ocurrent decay
with time at a given time, This 1s equivalent to the
rate of oxide formation in the potential range 1,0 « I @,
The curves show that in the oxide formation region
the current falls to very low walues as the time
increases, while in the oxygen evolution region a
significant current is observed even at 1long times.

The area under the curve enclosed by the time period
O - I0 min. was measured =and plotted ageinst the potential

(graph 30). This curve was 1linear 1in the potential



Data for graph 25 (a) to (h),

Graph 25, {a) Current - time curve at I,90 V for platinum foil.
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Graph 25.
(b) log charge - log time curve at I.9 V for
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Graph 25,

(4) current = time curve at I,40 V for platinum foil,
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Graph 25,
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Table 2%,
Current -« time data at constant potentials in the renge
1.0 - 2,0V for a platinum foil electrode,

Fotential I,05 V I.I0V I.20V I.30V I.40V I,51V

Time' o ' 1 (mA) : ;
(sec)
5 40 41 90 120 210 300
0. <. 5 28 26 55 80 170 160
15 22 20 40 61 90 110
30 15 13 24 36 47 53
45 I2 10 18 26 33 -
£0 10,2 8 14,5 20,5 2645 33
78 - g 12 17 22 -
'90 - 6.3 0.5 15 19 23
120 7 - 1Y Al 9 I11.5 - 19
180 - 4,2 6.8 8,4 11,3 14
240 4,1 3¢9 - - 9.5 -
300 3.4 3.5 4.6 6.0 7.8 10,0
600 - - - - - e85
1050 . M 1 5 % 5.0
£60 '0.5 1.4 - 3.9 4.8 -
900 - 3 Sy - - -
720 - Ax e 3.1 - e -
960 - - 2.8 3.2 - -
150 5 2 - - - 12,5 -
Electrolyte . 5N H2804 Resistance 0.08 ohm
Tempe e ture 21°C Electrode srea 5.0 om?
Atmosphere nitrogen at I =atmos,
0.C.V. 0.9 V

Electrocatalyst platinum foil



Table 25 (cont.)

Potentiai

Time
(see)

5
10
iy
30
45
60
75
90
120
180
240
300
£00
1050
900
720
1200
£60
20

I1.60 V

500
220
160
94

67
46

42

3%
27.5
43¢

20

'13.3

II

I,70 V I.80 Vv

1 (mA)
500 1000
300 800
235 650
155 450
123 390
103 340
71 255
| 58 213
50 190
- - 176
30 -
. 107

I.90V

3000
2200
1850
1430
1240
1120

2,00 V

11,000
7000

5250
4800

3900
3600
3200
3000
2800
2300

6080



Graph 30,
Charge wv. potential

Electrolyte 5N H2$O

4
o
Temperature 2T C
Atmosphere nitrogen
Pressure I atmos,
0.C.V 0,9V

Flectrocatalyst platinum foil

Resistance 0.08 ohm

cherge measured after I0 min.

plot for =a pletinum foil electrode in the range I.0V = I.5V,

10T

a given potential,
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region I,05 « I,50V confiming the previocusly reported
linear relationship between potential and oxide
coverageqyﬂkhe deviation from this 1linear 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 ageinst time and log
time at each potential, The charge v, time plots were
logarithmic 4n the r=nge I.0 - I,5V and the charge v,
log time were consequently 1linear in this potential
range, At higher potentials this 1is not true but the
log charge v, log time curve was 1linear,

In the potential mrange I.,0 -« I.5V the slope of
the charge - log time 1linee is a 1linear function of
potential as ghown in graph 3I, This shows that the
rate of growth of the oxide film 318 a 1linear function
of potential.

Graph 28 shows the rate of fall of current with
time as a function of 1log time, ie, slope of i - logt
curves v. log t for a given potential and graph 29
shows the mmte 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 mate of fall of current with
log time increases rapidly at potentizls sbove I.30V
which is in agreement with the fact thet the current
density for a given time increases rapidly at potentials
above I.80V. If the only electrochemical step in the

mechanism 1is discharge of water 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 platinum foil electrode 2t a) I,V and b) 1,207V,

Electrolyte 5N H2804 The rate of current decay is the slope of the current - log time curve in graph 25,
Temperature 21°C Resistance 0.08 ohm
Atmosphere nitrogen Flectrocatalyst platinum foil
Pressure I atmos, 0.C.V. 0,9V £
& ) s
i e e () Mhes|decede. (b)
Loo - 50 4
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Graph 29.

Rate of current decay v. potentizl on a platinum foil elec

trode after 2) IO secs.

Electrolyte 5N H2SO4 0.C. ¥, 0.9 V
Temperature 21°%¢ Electrocatalyst platinum foil
Atmosphere nitrogen at I atmos. Resistance 0.08 chm
Rate of current decay 1is the slope of the current - log time [curves in graph 25,
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Graph 3I. Graph 34,

Curve of the slope of charge - log time plots (graph 25) Oxide formation proportion of total current v, log time
ie, rzte of growth of oxide film v, potentizl, at 20047,
Electrolyte 5N H2804 : 0.8V, 0,9V
Temperature 21°¢C Electrocatalyst platinum foil
Atmosphere nitrogen a2t I atmos, Resistance 0.08 ohm
{els] LY
Z oxide
Fol‘i\'\ﬁmi-‘
jSoo

50+
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an increase in oxide coverage,

Using the above data a method hes been
developed for f'panting the oxide formetion and oxygen
evolution components of the total current at different
times at potentiasls sbove I.50 V. The method 4s based
on meesuring the relative rate of current decay from
the current - time curves., This wes done by comparing
the current after a time t with the current after
I0 gec. (t>I0 sec,) and representing the comparison as
a2 ratio eg. 1 /1 , These ratios were calculated at
different valu:s Igf t in the potential menge 1.0 « 2.0V,
Between 1.0 « I,5V for a given value of t the matio
was approximately constant showing that the relative
rate of current decay wae constant and this would be
expected at potentials where the charge-log time curve
is 1linear, At potentials above I.50V the ratio increases
rapidly 4indicating & much slower relative rate of
current decay. This 1s the potential at which oxygen
evolution 1is first observed.

In order to separate the oxygen evolution and
oxide formation currents, the current after IO sec. is
read from the currentetime curve at a suitable potential.
It 1is assumed that the current after IO sec. on an
initially clean platinum surface 4is due entirely to
oxide formation. From the constant value of { /i
between I.,0 « I,5V the value of the oxide fo:maigon
current efter t seconds can be calculsted and compa red
with the actual wvalue of current after t seconds the
difference bedng due to oxygen evolution. This process
is repented for different values of t and E (graph 27),
This separation enables:



Graph 27,

Curve of the ratio of +the
v. potential

Electrolyte

Temperature

Atmosphere

Pressure

0.C.V,
*Electrocatalyst

Resistance

11000

110

5N H2304
21°C
nitrogen

I atmos.
0.9V
platinum foil
0.08 ohm

current after I000 sec,

current after IO sec,

-

current at I000 sec, to the current at IO sec (relative rate of current decay)

Qoo

\O

O3

O-2

for a platinum foil electrode,

Separation of oxide formation and oxygen evolution currents,

At 2,00 V the predicted value of iIOOO found by extrapolating
the 1linear region of the curve to 2,00 V was 240}AA. The +total actuel
current at 2,00V was 2IOO}aA after I000 sec,, therefore oxide formation

comprised II,4% of the totsl current at 2,00 V after IO00 sec,

-0 i-S 2.0



(I) current-time curves for oxygen evolution and oxide
formation to be plotted at potentiasls 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 1,50V, (Graph 32).

' The method wes checked by plotting curves of
oxide formation current v. time between I.5 and 2,0 Ve
measuring the area under the curve after various times
and plotting a charge-log time curve which was 1linear
ie. typical of oxide formation., Also the relative rate
of current decay was the same as in the I.0 30I.5V
range, see graph 36,

Graph' 32 shows the oxide coﬁerage ags a function
of potential over the range I.0 - 2,0V, the results
from I.5 « 2,0V being calculated from current time
curves drawn uming the oxide fommation current separated
from the total current, The rate of oxide film growth
determined from the area under the same current-time
curves 1is plotted against potentiai in graph 33, Both
these graphs are 1linear in the range 1.0 -« I.5V but
deviate from 1linearity rapidly at potentials above I.7V
when the oxide film 'growa much more auickly.

If in the potential wrange I.5 « 2.0V the fall
of current with time 1is due entirely to oxide fommation
then the difference between the total current at t and
t2 should be the same as the difference between tge

oxide formation component of the total current between

the same times. Although this is approximately correct
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Table 26.
Separation of oxygen evolution and oxide formation
currents in the potential range I,6 - 2,0V =and the
time interval 20 - I0CO sec.

i(total) 1(oxide) 1(02 evol,) Time

A A A (sec)
e B

E=2,0V 770 3030 100
2100 182 1918 1000
2800 350 2450 300
5800 3850 1950 20
E =1.90V 940 24?2 698 100
420 57 363 1000
640 110 530 300
1700 1210 490 20
E=I.B0V 270 88 182 100
119 2I 98 1000
170 40 130 300
580 440 140 20
E=1I, 70V 80 33 47 100
25 7.8 17.2 1000
46 15 31 300
190 165 25 20
E=I60V 40 24,2 15.8 100
II 57 5¢3 1000
20,9 II 9.5 300
130 121 3 20
Electrolyte 5N H2304 Electrocatalyst platinum foil
Temperature 21°%C Resistance 0.08 ohm
. Atmosphere nitrogen Pressure I atmo;.

0.C.V 0.9V Blectrode area 5.0 em



Graph 36,

Electrolyte 5N H,SO

)
Temperature 210
Atmosphere nitrogen at I aimos.
(a) Plot of the oxide formation component of the total
current at 1,80V against time for a platinum foil
electrode,
joo =
P
Mo
|
S0 A
L}
o io

5 TiME (rhén)

0.C,v, 0.9V
Electrocatalyst platinum foil
Resiestance 0.08 ohm

(b) Charge - log time plot for the oxide formstion
component of the total ocurrent at I.80V for =a

platinum foil electrode
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-0 9.0 Log time 3.0



Graph 33,
Rate of growth of oxide film v, potential

a platinum foil electrode,

Electrolyte 5N H;S0

Temperaturs 21%

4

Atmosphere nitrogen at I atmos,

L3

DQ43cxxa-
S\op@. &C(aﬁz

decade

ADCO0 4

20000

{CO0c04
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l

1«0
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Graph 33,
Oxide coverage v, potentizal

foil electrode,

0.C.V, 0.9V
Electrocatalyst platinum foil

Resiggance 0.08 ohm
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for a2 platinum




over the first I0O0 seconds at longer times it 1is
found that the total current falls more than the
oxide formation current, indicating that as the ogide
film bduilde up the oxygen evolution current falls,

Tﬁa method of sgeparating the two components of
the current at potentials above I,50 V 4s based on the
asgsumption that the current safter IO seconds 1is 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 snd the
oxygen evolution proportion will be too low, The error
can be reduced by measuring the current =after shorter
timee and this can be achieved by recording potentio-
static "transients over the first second.

This separation of the two mein components of
the anodic current from plstinum electrodes at potentials
above 1,50 V enables 2 better understanding of the
anodic polarisation of platinum electrodes., For example
the determination of oxide coverage =at potentials above
1.50 V has been hindered by the oxygen evolution
reaction occuring at the same potentisls. Direct
measurement by holding the electrode a2t = given potential
for a given time followed by reducing the oxide by a
cathodic current is complicated by the reduction of
oxygen formed, at the ancAsc potential., Tven constant
nitrogen purging csnnot overcome this difficulty since
it 1s necessary to reduce the oxide immediately after
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formation eince it is only stable =st its formation
potential, Indirect methods such as the extrapolation of
oxide coverage v. potential curve from I.0 e« I.5V wup

to 2,0V are unsuitable because there is mno Jjustification
for such an extrapolation.

In this study it was hoped to check the results
from the separation technique byf‘%i:kaﬁount of oxygen
formed and comparing the charge required to produce
this amount of oxygen with the total charge passed,
the difference being assigned to oxide formation.
Unfortunately, although this technicue is pmctically
feagible it was found that a2 gas volume or weight
detector of high sensitivity and faet response is requiged
to follow the changes in current, The gas burette used
in these experiments wns 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
and after only I5 min, it 48 1less than TIO%, Tt is
hoped to calibrate some suitable eapillary tubing to
produce - a sensitive micro gee Dburette to measure the
very smrll volume changes,

The fall of anodic currents with time on
platinum confimmed by the above results, shows that the
Bockris mechanism cennot be correct, Bockris agsumes that
the oxygen evolution reaction will cesgse if =2ll the
platinum surface sites are converted to oxides. The
following calculation shows that the oxide film can
grow to 2 thickness of several monolayersSie

The area of a platinum site hsas been shown to be
M B ) 2
9 A » Hence on I cm of platinum surface there
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16
will be IO platinum sites.
3.9
23
There are 6 x IO platinum sites in a gram atom of
hence the weigh16; of a monolayer of PtO,
3
w = IO 211
28"
8.9 "<6on

2
The wvolume of a monolayer of PO = Icm x t where

t 1s the monolayer thickness.

S TG A where 14,9 4is the density of PtO.
14,9
16 -7 o
t = _I0 "-2211 = 0,26 x 10 = 2,6 A

3
9x6>x10 x I4,9

A similar calculation to find the thickness of a
monolayer of P‘t.O2 gives a wvalue of 3.9; « ( The density
of PtO0 1s not known bdut an estimated value of

I0 ,s_z‘.cmz‘-3 wag used,)

Yhe charge reouired to grow a monolayer of PtO {is

determined as follows:-

+
Pt+H20-Pt0+2H + 2e
16
To form a monolayer 2 x IO electrons must be passed.
8.9

To form I gram molecule of Pt0 two Faradays
N R
(2 6 I0 ) electrons must be passed,
2

16
., number of gram moles in I cm monolayer = 2x IO

23
8.9x2x6 xI0
= n
s 2
« « Dunber of coulombs to prepare I cm of monolayer of

PtO = nx2 %96,500 = 320 C
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A gimilsr ecalculation for the formestion of Pt02 gives
a value of 640/40.

If these values 2re 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, When a
platinum electrode was presnodised at 2,00 V for
different times and then switehed to = potentisl of
1,35 V and the oxide layer stripped off the coverage
wags shown to increase with the time of pretreatment.
Graph 4-7. These phenomena cannot be explained by the
Bockris mechanism but they can bde explained by
agsuming the coexistance of PtC and PtO or the
presence of nonstoichiometric oxides ie, 2no regtriction
‘on the thickness of oxide film and the thickness of
the film effects the conductivity.

In owvder to determine x at a given potential
it 1is necessary to know the exact thickness of the
film from ellipsometer measurements, the monolayer
thickness and the total oxide charge coverage., A
knowledge of x would be very useful since the value
of x as oxygen evolution starte 2t about I.4A5V
could be significant.
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The 1linear relationship between the oxide
coverage and log time for platinum foil in the
potential range 1.05 « I, 50V 1is similar to that
commonly observed for gass chemisorption kinetics ansd
known as Elovich kinetics. This relationship has also
been found for the chemisorption of o?ggg? on platinum
surfaces under open cireuit conditions.

The application of the Elovich equation,
Sok et L

At (1)

where q = amount adsorbed at time ¢
A and K are constants
ie best made using an integrated form of equation,

Assuming that q = 0O when t =0

“], = 2__3__ \og (‘ +C\o¢'\.')

— (2)

otv

:_3;3_ loa (E +'h03'-‘.1-?> \o J':O
K X & o< a (3)

whe re *:o = /l,,/
A

A
If a volume of gas is adsorbed instantaneously

before the Elovich equation is obeyed, then equation

(I) ean be amended to

= 25 |oqb+k) =23 |\ .k
VA Pa TSI leaR, (a)

where K - l’.‘o expA g,

If k 1s negligible in comparison with t, then

g :_%&fﬁ_\oglb —-fi;?>\Cﬁék%3 (5)

LT T
B EEs e o6
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If axt>>I then equation (2) reduces to equation (6).
If k values are practicrlly larger than zero then the
q « logt plot is not 1linear and must be linearised
by provision of a constant, k, of sditable magnitude so
that a plot of q e log(k + t) 1is 1linear, If k 1is
negligible then equation (6) applies and the q « log t
plot is 1linear,

From the above equations the wrate of adsorption

dg, 93

At otk
The constant, o<, being inversely proportional

to the ambient rate of adsorption when ac< is large
or k' or to very s8mall, Hence the constant, o, o¢6an
be used to describe the adsorption over its entire
course,

Deviations from Elovich kinetics are sometimes
obgerved at 1long times when the rete of adsorption
has fallen to very low values when experimental
precision is 1low.

Elovich kinetics can be accounted for in =
nurber of ways:

(I) by a decresse in density of the active sites on
the surface,

(?) by a decrease in =adsorption energy with an

increase in coverage, or

(3) by the formstion of energy barriers in an electron
trangfer process at an 1interface.

In the present study it 4s unlikely to be (I)
as suggested by Bockrdsgsmlince the oxide coverage co=n
exceed monolayer proportions. It appesrs more likely
that the energy barrier to oxide formation 1increases

as the coverage increases,
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The oxide coverage of platinum in the potential
enge 0,5V to I.0V has bYeen reported to follow
Elovich kinetic;‘Qan the reason given for the increase
in activation energy with time 4s that at potentials
highly snodic to the potentisal of zero charge,
uncharged species may have considerable difficulty in
reacting 2t the metal surface,

It was postul=mted thot at potentials more
positive than the potential of =zero charge, there 1s
strong electrostetic interaction between the negatively
charged, oxygen end of the wnter dipole in the
inner region of the double 1layer and metal surface,
Compression of this 1lsyer of water molecules is
probable due to the interaction between the outer,
negntively charged 3ionic 1layers and the positive field
at the interface. However, neutral species such as
oxygen, containing v electrons can bond strongly to
the poeitively charged metal surface, producing chemical
bonds rather than electrostatic bonds. As 2 result of
these strong chemical bonds the oxide film is not
displaced by an adsorved water layer at high positive
potentials, '

However, at potehtisls in the renge 1.0 « I,5V
the oxide film is not formed by adsorption of the
oxygen molecule but by discharge of water molecules
resulting in the formstion of chemicsl metal - oxygen
bonds, The results of <the pregsent investigation show
that oxide is formed by electrolytic discharge of water
at potentisls sbove 0,35 V., Hence there is some doubt
28 to whether the oxide 1layer in the potential range
C.85 - I.OV 1is formed by adsorption of oxygen
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molecules, discharge of water or both simulteneously.
It is possidble that at very high positive potentials
(I.45 V) the oxide film is desorbed and replaced by
water molecules resulting iIn oxygen evolution of the
desorbed oxygen, followed 4{mmediately by more oxide
formation from the electrolytdc discharge of water
molecules and subsequent decomposition to oxygen,
As the potential incresses the rate of decomposition
and the rate of formetion of oxide increases. However,
et a given potential the overall mrate of formtion
must exceed the mte of decomposition ({e. current falls
with time,) :

Bockriés#%nc 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 surface wss completely
covered with oxide 2nd a new mate determining step
was operating. An equation of the following type was
postula ted:

Ti7a Ko Qbu-(‘—ek)¢“€‘§&E%?E:l Ky ch_Ebk “‘PI?L%;%ELCI

where k = mte constant of bare metal sctive sites
sct

k = mte constant of oxide costed metal sctive sites
inact

E%. = fraction of surfhce covered with oxide at time, t
after commencing polarisation
The rate determining step for the resction on the

sctive sites results in current decay while the mte



determining step on the inmactive sites results in =a
time invariesnt cursept, On this basis the current
should become constant when a monolayer of oxide has
formed, The results of the current Iinvestipation show
that the current continues to fsll even when the
oxide coverage exceeds monolayer proportions. Bockris
attributes this phenomenom to dimpurities in the
electrolyte poisoning the cstalyst., However, the
electrolyte had been extensively preelectrolysed thus
making this explonation improbefile.



3.9. The Strength of Porous #ateriels.

39,  Little work hes been done on the mechanical
strength of porous meterials. In the following section
four possible models are considered.

(a) a very simple model for the strength of a single
pore from bagic mechanical engineering theory.

(b) an empirical model based on the porosity of
continuous so0lid ph-se structures.

(e) a theoretical model based on the stmin energy of
a pore and the gas pressure developed within it due

to hydrogen evolution.

(d) a theoreticel model based on the determinztion of
the bond strength responsible for the attraction between
{individusl aggregate particles., The effect of binders is
Investigated.

These models =are dJdiscussed in relation to the
experimental results =lready observed on teflon bonded
e¢lectrodes and also with the effeect of varying the
teflon content.

(a)

Before any current is pessed the electrocatalyst
pores are filled with electrolyte. When a potential is
applied at which hydrogen 1s evolved, gas is produced
in these pores, This ges will escape from the pore

when its pressure exceeds a certain value given by

Pt 25.cosD
r—
where p is the gess pressure

o 1s the surface tension
r is the pore redius

® 41is the contact angle
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If we agsume that ® = 0 then the maximum
pressure which can be developed in a pore of mmdius, r
is, 26/r. This pressure is of the order of I000 atmos.,
for a 10 K pore radius and about ICO atmos. for a
IOOK pore radius using aqueous solutions,

Consider a thin weslled cylinder closed at both
ends and subject to a uniform intermal pressure, p. Let
the wall thickness be h and the inner radius r. To
determine the circumferential stress, 8 , consider a
section of the cylinder of length,l, cto be removed
from the vessel, see Fig. (o), Fig. (b) shows the forces
acting on a cross section. The horizontal components
of the redial pressures cancel one another by virtue of
symmetry about the vertical centre 1line, In the vertiesal

direction the equilibrium equation is

2 F\, Rt 2 Sc\'x\ % jﬂp\“ (A%\Lsmﬁﬂ[ =0

Integration gives 2

2
2s h1 = =prlfcos®)
Cc 0

e« g = pr (1)
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Hence using the known values of s , rand h, it is
possible to find the maximum pressgre that the cylinder
can endure,
| For platinum black, assume 8, = 20,000 psi = tensile
strength of platinum,
let h = 10“6 cm and r = 2 xIO‘ em
7 -2 -6
For grephite assume 8, = 6 xI0 dynes.cm and h = I0 cm
and r = 2 xI0 cm |
then p for platinum black = § xIOz atmos,
end p for graphite =3 xI0O atmos.
Hence pores of radius < 10 A are stable 1in platinum
black while graphite pores of radius < 50 i are liable
to rupture.
Applying the Nearnst ecquation for the reversible
hydrogen electrode in a solution of protons of unit

activity

a/\ = BRI ln p
/ 2F Hé

whe re 4<)13 the overpotential necessary to produce a
hydrogen pressure, p, it can be taken as a crude
condition of breakage,

' e-?.-q F/RT

p

> 26/ (2)
Hy

The eabove treatment ig only a very approximate 1likeness
10 & pore in a teflon bonded electrode for a number
of reasons: (I) in the model it is assumed that the
pore 1is completely surrounded by solid of a given
thickness. As the pore i1is formed by the pushing
together of sgeveral electrocatalyst particles this is

not really justified unless there 1s sgome form of
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metallic bonding between these particles. Probably the
electrode 1is significantly less strong than the

tensile strength velue for the s0lid material,

(?2) The tensile and compressive stresses in the
cylinder 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 1less than the radius
of curvature,

(4) The argument given 1is quasi-thermodynamic 1in nature,
the effects of kinetic hindrances being neglected. In
this case at cathodic overpotentials greater than thet
given by (2), degrsdation is possible although ite
actual occurrence will depend on kinetic factors.

(b)

The effect of the amount of porosity on
elagstic moduli of continuous so0lid phase structures ie
given by the forﬂmla(lgé)

D@ L S3K s 40P+ AP

Go QKO + SGO

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%
lhe elastic modulus is only I0%Z of the value of non

porous aluminium oxide. Similarly for £0% porosity the



trensverse strength of alumina is 1less than IUZ of
the non porous value., These changes in strength =re
expected to be the minimum changes with porosity, since
the samples are continuous so0lid phase, with isol=ated
isometric pores. Hence for porous materials made from
powders the 1loss of setrength with incressing porosity
would be eignificantly greater,

(e)

Another possible approach, which overcomes the
limitations of the thin walled cylinder c¢alculation,

is to consider the stmin energy =as the work done to
incresse the strain of the pore from e =0 to e = e
under the action of a stress, O, which srises from

the gas pressure within the pore.
e

us\rm'm iy fcs de

o
However © = Ye where Y 1is the Young's Modulus

2.
SRS N o
° S o gl Py A

This 1s the strain energy per unit volume. Iience for

ie.

the pore congidered, the strain energy is:

If the pore was 32 cylinder of radius, r, the
volume would be V = 7vrl where 1 is the 1length of
pore
the cylinder, h%ternativaly if we consider a spherical

pore, V = 47Tr , If we assume that the total

—

pore 3
surface energy of the crack 1is yA where y is the
surface tension sand A -4‘rrr2 (sphere) or 2 irl (cylinder)
then for a cylindrical pore

B R e e w27l
2y
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If the hydrogen pressure is large enough the
pore will fracture, COne can find the critical wvalue
of o and the gss pressure in the pore by finding

what wvalue of O corresponds to:

_d__‘i:o
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2
%—:022—
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A

For a spherical pore
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Applying the Nearnst equation for the reversible
hydrogen electrode
-fg:illrn

e =
M, o

for a unit sctive proton solution

q/) ) \o Py
gF

P,

-2/)F
i 3 A/)/R'\"

L
&
Pl—\ - e_'l/)]:/p;r >[2'a\/1 for a cylindrical pore
1 e

Hence the pressure of gss in the pore required to
cause breakage 1s related to 2 certain hydrogen overe
potential. Teking typical values of y, Y and r this
gives a pressure of =about IO4 atmos. FHowever, in a
capillary of radius, r the maximum gas pressure which
can exist 1is E&j%; tiynela.cm“2 which, using typical wvalues
comes to about IO0 atmos, ie. less than the breaking
pressure. Hence this model predicts no pore breakage
and this 1s 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 64O - 90%.

(d)

The strength of porous bodies can be studied from two
approaches: (I) by considering the sample to be of

continuoud solid phase with isolated isometric pores, or
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(2) by considering the sasmple to be composed of
individual small particles made into a pellet and held
together by some type of bonding force at their points
of contact. In this second approesch the spaces between
the individurl particles can be filled with =e2ir or
either partly or entirely with strength tmnsferring
material, This approach is more applicable to the
gitustion of teflon bonded porous, gas diffusion
electrodes.,

50lid 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 end, more importantly, for porous
teflon bonded electrodes, bLy 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 1liquid crystallise they cean 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 1in
wovable 1liquid surfaces. Intergrenuler 1liquid cen influence
adhesion in different ways., When the 1liquid has a
movable surface the agglomerate can be formed in three
ways:
(a) The wvoid spaces between the particles are only
partly filled with 1liquid which forms bridges between
individual particles. At the s0lid « liquid - g=s contsct
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lines, the surface tension 1is directed along the

liquid surface while a negative capillary pressure
exists in the 1liquid bridge, if the so0lid is wetted.
Both these components result in mutual attraction
between the particles at the 1liquid - ges interface.

(k) if the void space is completely filled with 1liquid,
but the 1liquid does not completely envelop the
agglomerate, Interfacial forces exist only =at the
surface of the agglomerate and a negative capillary
pressure exists throughout the 1liquid space giving the
agglomerate a certain tensile strength.

(¢) when the 1liquid completely envelops the agglomerate
all interparticulate capillary bonding foreces vanish and
the bulk of the grains are held together only by

the surface tension of the 1liquid droplet which
envelops 1it.

(3) by =adhesional and cohesional forces #n bonding
bridges which are not freely movable. ﬁith this type
of bridge the following bonding mechanisms are

possible: (a) thin 1layers of viscous binders adhering

to the solid, are introduced between the particles,

Such a Dbinder will retain any surface shape given to
it, bécauae the energy required for deformstion would
be much greater than the dJecrease in surface energy.
The bonding strength can be 1increased by several orders
of magnitude, compared with the bonding strength of
freely movable 1liquid bridges., After a certain time
many viscous binders harden end form solid bridges.

(b) Adsorption layers. Capillary condensation is only
observed at a pore radius greater than a certain value,

Adsorption layers which are thinner than this transmit
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the entire force of molecular attraction from one
particle to another if they touch or penetrate one
another,

(4) Even if no material Dbridges exist between the
particles, attraction mey exist and trensmit tensile
forces. These attractions can bYe molecular of electroe
static in nature. At particle distances of about I00 4,
van:der Weals forces have significant wvalues and may
occur in the agglomerate complex. Valence forces may be
disregarded because of their very short range, FElectroe
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 gtill contribute to the agglomeration,

(5) By form -« closed bonds. ¥ith 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 :shearing stresses
are caused, Expansion under the pressure stress and
8liding under the ehear stress are not possible for
most sagglomerates because of their rigidity. Hence it
is the tensile stresses which 1lead to fracture,

Unly very moist agglomerates are plastic where the
particles are not closely packed. Rumpf(IBQ)haa derived

an approximation for the tensile strength of agglomera tes



22%

and confirmed it by messurement. This theoretical

model 1is only sn approximetion giving the oxder of
magnitude of tensile strength to be expected since the
sctual setructure of the agglomerate cannot be considered.
'1'13@: main assumﬁtim made are

(I) the number of bonds in the stressed cross section
is wvery high.

(2) the bonds are statistically dietributed across the
~gection and over the directions in space.

_(3) the particles composing the agplomerate are spherical
and ' of uniform diameter.

(4) the particles are statisticelly distributed iIn the
gmnule,

(5) the effective bYonding forces sare distridbuted around
a mean velue which can replece them in calculations,

The expression derived by Rumpf is

S BREE o
where T.35. = tensile strength

e = porosity

fo = particle diameter

k = mean coordination number

H =mean bonding force at point of contact

d and e cen be obtained easily from size distribution
analysia and from the density of pescking. The relation
between k and e has been determined for spheres of
uniform size and shown to be( B3

ke i Y BT TIL
This leaves the value of H to be determined.
Lstimates of this value can be obteained Iif the type

of bonding mechanism is known.



In practice 2 uniform particle size is not obtained
and 4 should be replaced by 4 , the mean eguivalent
particle_.diametar which depends hmainly on the fine
particle size since the larger particles contribute
little to the tensile strength of the agglomerate,

When the agglomerate 1is filled with a strength
treansferring material the stress distribution of a cross
section strained by tension depends greatly on whether
the agglomerate is filled. with a movable 1liquid or

- whether the bonds are due to non movable liquid or

golid binders.

The plane of fracture of agglomerates with
non 'movable binders follows the weakest path, If  the
gtrength of' the binder is much 1less 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 Vaals forces are able to transmit quite
high tensile 1loads if the distance between apprecisble
portions of the grain surface can be reduced to less
than 100 A. eg. IO Kg.cm-‘? when all the surface is
brought to a sepamtion distance of -I7.5’3\EI§1§3&\L‘1,
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 presgure bonding mechanism,

The wvalue 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 1licuid bridges involving
capillary pressures gives

H -dd.@(sﬁ)
where of is the surface tension
% is the contact angle
/918 the sector angle of the 1liquid ring.
(I40,141)
Q(S,F) has been evaluated ; for complete wetting
between <10 and GDO as
(;’(g,/g) = 2.2 to 2.3
Van der #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

5 @Q (?f‘l)

-0
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, -I2
where A is a constent equal to IC
a 1s the dJdistance between the surfaces of the
two spheres.

It is known that smell moisture contents greatly
increase the atrength of agglomerates formed from fine
grained material, Under these conditions 211 the water
is bound to the .aurfhce by adsorpiion and 'increasing
thickness of these 1layers reduces the distances
between the psrticle surfesces. This would result in
__forces greater than capillary forces. The adsorbed
'layer can be a8 thin as a monolayer and cen increase
in thickness until the water becomes mobile, It would
seem that Van der Wasls forces would have 1little effect
on the strength unless a was consistently small
throughout the agglomerate. The conditions for electroe
8tatic bonding are very sepecific eand this form of
bonding 18 rerely encountered.

' (142)

Someé experimental work on the tensile strength
of pelletised alumina has shown that up to a certain
pressure the strength increases with compacting pregsure
although it 4is independent of the pressing time, The
compacting pressure hss little effect on the smell pores
but tends to reduce the size of the mcropores. However,
the eatalytic activity and. surfeace sarea were 1little
affected by the compression. The values of tensile
strength obtained were fitted  to Rumpf's model and y
- showed that the bonding forces were in the Van der wWaals
region.

In teflon bonded porous electrodes the possible
bonding mechanisms are

(I) by the formation of s0lid bridges by hardening
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bonding agents or by the crystallisation of dissolved
meterial, |
'(2)iby 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) V#ﬁ ‘der Waals attraction between s0lid particles
(before placing in the electrolyte).

The table below compares the caplillary 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 capillary Van der Waals
dimeneions TsI . bonding . bonding.
Kg/ cm H =rF 5
dynes ¥g/cm dynes Kg/cm
3 «® -f
Platinum a = IC I.3010° I,.8%xI0 95 4,2xI0 2
black
d = I00
-3 -7 -4
carbon a = 200 30 5 % I0 4 2.6%I0 3 %10
black
da = 2500

agsume porosity = 0,7

a = inter particle distance within an aggregate A
a = particle diameter A

Ts = tensile strength of so0lid material Kg/cm2

Ts = tensile strength of porous meterial Kg/cm2

H = bonding force dynes

The tensile strength values predicted by Rumpf essuming a

porosity of C©.,35 are
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for IC0 R particles

2
Van der Waals bonding {1 kg/cm
Van der Waasls adsorption layer honding I« JCO kg/cm
Capillary forces I00 « I000 gg/cm

Bonds due to scintering and solid bridges DICOU kg/em

for 4 = 2500 A

2
Van der W%Waals bonding {0.09 kg/cm
Van der WVaals adsorption layer bonding 0.05 « § kg/gn
Capillary forces 5 « 80 kg/gm

Bonds due to scintering and go0lid bridgee >80 ke/om

Teste on the tensile nt.gcngt.h of alumina pellets of
surface area sbout 200 m/g and particle size 50 « I00 X
ghowed 2- meximum strength before compacting of O,I to
2 kg/em ngd after compescting a maximum strength of

I 6 kg/om, (142)

Tests have shown that the compressive strength
of comnl pellets 20 mm In dismeter composed of particles
aboul 10-2- IO.ch in diemeter are in the range 0.l « IO
WGEQ.(IAB)

3.9.2. The effect of teflon content on(@)the mechenical
strength and(boxygen reduction performence of graphite

based electrodes.

(a) Experiments on teflon bonded grephite electrodes

with varying teflon contents (O - 50% by weight) were

mede under anodic conditions and the current at which

electrode damage was initially obeerved was noted,

see table below, 2
Slectrolyte KCH Electrocetalyst S3.A. 500 m /g
Tempemture 20 C -2
siwosphere - alr- Eleeirocatalyst loading IV mg.om
CeluVa Ca37 V current collector nickel soreen

g Resistance 0.T5 ohm
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Teflon content by Breaksgiecurrent Breakage potential

weight mA,.cm v
oz 2 ¥l
20% 25 I.5
30% €0 I.56
40% 560 I.8
50% 71500 >2.6

Hence it cen be sgeen that by increasing the
binder content above the 30% wvalue which 1s optimum
for gas dissolution reactions an electrode can be
manufactured which will support high g=2e evolution
rates without mechanical damage although a corresponding
reduction in gas dissolution performsnce must be
accepted,

Hence 1t would be quite a gimple matter to
optimise between the teflon content, gas dissolution
discharge performance and the recharge rate, It can be
geen that for recharge mtes involving current densities
not exceeding 50 mA.cm-z (a figure commonly quoted in
connection with the overnight recharging of electric
vehicles) a graphite based electrode could be
conveniently used 4if the grephite surface oxides could
be eagily 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
{(mi,cm ) teflon &
(by weight)

130 30

110 40

30 20

60 10

9 50
Electrolyte SN KOH
Tempere ture 20°¢C
Atmosphere oxygen =at I atmos.
0.CeVe 1.03 v2

Llectrocatalyst 8.A. 500 m /g
Electrocatalyet loading 9 mg.cm-
Current collector nickel screen
resistance O.I2 ohm
Theaeu;%gulta agree quite closely with those obtained by
Giner for teflon bdonded platinum bleck electrodes.
Although the current at 0,75 V does not vary much
between teflon contents of 20 « 407 it should bhe noted
that at the lower end of the range the electrode tends
to sweat after long periode of use while at the upper
end of the mange the electrolyte takes a 1long time to
wat <the electrocatalyst causing delays before new
electrodes are ready for use.

~ The fact that the electrode strength increases
vapidly as the teflon content 4increagses suggests that
the low teflon volume concentretion of the electrode
is probably the cause of its low strength, If the
following data is essumed :
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particle/(ag%reget.e d{'sity
I
diameter
grephite 4 2.2
teflon 2 (after curing 4.0
at A00°C)
-1
Then ext. volume of grephite aggregate = 44 1'3 s 3,2%J0 ml
3 -12
_4,111'3 =4 xI0 ml
ext. volume of teflon particle -3
-11
mees of I graphite aggregate of poroesity 0.8 = 2.2+3.2%d0 x 0,8
-11
s 5.6&:0 E
-II

waee of I teflon particle of porosity 0.0 = I.AxI0 g

9
10 mg of graphite contain 0,I3xI0 aggregates

)
3 mg of teflon contain 2 xI0 particles

Volume ratio in normal teflon bonded (30% by weight)
graphite electrodes 1is given by 3
volume of teflon particle ¥no. of teflon particles in electrode

and volume of graphite aggregate yno. of graphite aggregates in
electrode

and 18 found to be 88% grephite and I2% teflon by

volume .,

If the graphite aggregate 1s completely surrounded by
teflon particles the structure should have maximum
strength,

no. of teflon particles to surround I grephite aggregste

= 27v(r + ) ., 20
2a
where r = mdius of gmphite aggregate

a = radius of the teflon particle
For this condition the volume mmtio would be 7I% teflon
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29% graphite and the mase mtio would be 85% teflon
and I5% graphite,

Hence it can be seen that there 1s 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 approximetely speriecal in shape with a
diameter of C,5 micron. During the curing operation
these particles grow to about I « 2 micron. An electron
microscope study(IIS) of teflon bonded electrodes hes
shown that the teflon is in the form of fibrils and
spheres and it 1s suggested that the fibrils are
produced during the stripping of the replica from the
electrod: surface when platinum aggregantes and individual
particles of teflon become separated (replicstion). Fibrils
formed in this way would not contribute to the strength
of a teflon bonded electrode, It 1ie however, possible t
that a group of adjacent teflon particles could fomm
the source of a fibril which could be formed by
expansion during curing at 3006b. The true nature of
the platinum teflon bonde was notelucidated and a
microscopic examination of platinum - teflon dispersions
before and after curing at 300 °¢ could show which
factors sre important in the bonding.
3¢9.3. The effect of electrocatalyst structure on the
strength of teflon bonded electrodes,

It 1s probable that electrocatslysts prepared
by precipitetion from solution form interlocked particles
a8 the crystallites grow, resulting in a mterial of
higher mechanicsl strength than an electrocatalyst

produced by PRinding or are vapourisation,
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Zlectron micrographs for carbon black and mteriald
produced by are vapourdaation(ng) ehow clearly that
particles are not interlocked while electron microgrphs
for platinum black produced by precipitation show
that interlocking is possible although the resolution
was not sufficient to Iidentify individusl platinum
crystallites clearly. This phenomenom could explain why
teflon bonded carhon bHased electrodes are mechaniecslly
weaker then teflon bonded platinum bleck electrodes.
Hydrogen evolution tests on s tungsten carbide
electrode contsining 308 by weight of teflon showed
that the electrode wes not damaged at current densities
up to 0.5 A.cm- « The tungsten carbide powder prepared
by grinding should not have any interlocked particles
and electrode damage might have beeg expected, However,
the relatively 1low surface area I m/g of the sample
could explain the greater setrength de, large pores and
2 higher volume concentration of teflon in the electrode.
Coneclusions,

(I) The degwadation of graphite baged electrodes on
gas evolution has been shown to be due to mechanicel
weaknese rather than oxidation to solid and/or gaseous
oxides. The gmmdusl destruction of bulk praphite
electrodes of relatively low porosity by oxygen evolution
is often considered to be crused by oxidation to
gagseous oxides but the present work suggests that the
destruction could be caused by oxidation <o solid
oxides and/or mechanical rupture of the pores, The
slow rate of destruction is explained by the low
poros{ty 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 na rechargeadble air
electrodes for metal - air cells.

(3) The surface oxide film formed under anodic recharge
conditions on metal electrocetalysts 48 not in general
reduced until potentials below that for oxygen reduction.
Since these films reduce the oxygen reduction performance
this 1limits their use as rechargeadle air electrodes
especiaslly if the films are thick.

(4) Cobalt nickel oxide, a sem! 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 performences are

comparable with silver on grephite and platinum bdlack

it follows that this electrocetalyst could be used
successfully in a rechargesble sir electrode,

(5) In order to measure the 1, velue for oxygen
reduction on A platinum oxide surface 1t 1is essential
to ensure that the trensient oxide reduction current

hags decayed to zero and thet -tha surface 18 still
covered by a monolsyer of oxide before measurements

are made because both oxide reduction and oxygen
reduction on a clean pleatinum surface support much
higher currents than oxygen reduction on the oxide
surface.

() The rete of oxide fommation on platinum {n the
potential mangeI,0 « I.5V obeyed Elovich kinetics.
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Chapter 4,
The Effect of ZIlectrode Structure on the Activity of
Gas Evolution Electrodes.
4,1, Introduction.

The feasability of using porous, high saurface
area materials as electrodes for fuel cells and
batteriesa has been studied for the case of gas

(157,158)
dissolution reactions in the 1liquid phase and it
hes been shown that this type of electrode gives a
very much better performmnce than the equivelent weight
of the same meterial in the form of a planar
electrode, The main advantages of the porous electrode
are: (I) at a given potentisl it gives a much higher
current than the planer electrode due to its higher
gsurface area,

(2) it has 2 much higher 1limiting current than a
planar electrode due to {its favourable mese transfer
properties.

(3) it provides a great saving on the cost of
electrode meterial especislly if this is expensive, as
it wusually is.

The main disadvantages »are:

(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 1is usually necessary to
increase the strength by wusing some form of binder.

The methode used for preparing high surfece area

powders are:
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(165)
(I) grinding using a vibratory gall mill
(I69)
(2) precipitation from solution
(167)

(3) freeze drying
(1I91)
(4) =arc « vapour method

Grinding 48 only suitable for mterials which
can be fractured by shearing, like gmraphite, For other
substances the maximum surface area obtained by bdall
milling 1s about I mﬁ/g 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 1lowest particle sizes achieved even by vibmtory
ball milling areZE'O.I micron. ¥hen the particles become

also occur.
very small agglomemetion due to welding or flocculation can

Precipitation from solution 1is 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 1large particles.

Freeze drying hes been found to be en excellent
method for producing very high surface area powders
end highly dispersed supported electrocatalysts.(see
Chapter 2,)

Recently the arc - vapour method hag been
developed which 1is 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 1increases the mechanical
strength and facilitates the mess transfer of the gas
to the active sites of the electrocatalyst, FEven

though this type of electrode has a performence far
superior to a planar electrode of the same material

it has been reported that only a smsll proportion

of the total surface area of the porous electrode

is effectively used (see I.B).

Littdd work has been done on the feasability
of porous electrodes for use in electrolytic gos
evolution resctions, which are common industrially and
of great {mportance., In general planar electrodes are
used for this type of reaction =snd it 1is possible
that porous electrodes could prove more efficient, The
aim of this chapter is to study the feasability of
porous electrodes for electrolytic gss evolution
reactions,

4,2, liodel of a gms 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 electrocatalyst of
particle size of the order of I00 f’(dinmeter) form
aggregates of particle size of the order of {/4,. The
dual scale of porosity consists of (a) the microporosity
which 18 due to the voids within each apgregate and
(b) the macroporosity which 48 due to the voids
between the aggregates,

In general the surface area agsociated with

the microporosity is about IC0 times pgreater than
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(159)
that =associated with the macroporosity. In teflon

bonded porous electrodes the =aggregates sre held
together by teflon particles situated between the
aggregates =nd these pfoduce hydrophobic gas channels
which do not contein electrolyte. The micropores are
completely filled with electrolyte.(1s7}These teflon
bonded porous electrodes mey be thought of 2as heving
certein advantages over the porous electrode contsining
no' hydrophobic binder In thet they have much pgreater
mechanical strength and that the magss transfer rate
of pgeseous reaction productd from the dinterior of the
electrodes schould be increagsed by the presence of
hydrophobic gas channels, This type of electrode hesg
been used in the present study.

This model predicts that all the pgas will bDe
produced in the micropores snd consequently must £ing
its way to the outer surface of the agpregate and
then flow away down the gss chsnnele and escepe from
the electrode., The problem 1s, how does the gas escape
from the interior of an aggregete 7

If a single pore 1is considered

miqropore
INCLOPOMR: e —— —— - macropore
atmosphere —— i Tt ' [ T L atmosphe re
R N |
electrolyte pasLous electrolyte
reaction
product

in order for the pgas to escape 1t ies necessary for
a certain gas pressure to develop which depends on
the pore size, the surfece tension and the contaect
angle.
ie. P = 9,-_6____ .Cos S

e



if we assume the data to be
S = 92 dyne.ctn”
r =2xI10"7 cm
9 =0°

then | P = 710" dynse.on Aol P00 E008.

At lower pressures the only method of escepe
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. ‘hen
the required pressure 4s reached the gags and most of
the electrolyte willlbe forced out of the micropore.
Hence it ecan be geen thet a substantirl part of the
micropore surface esrea will not be in contzet with
the electrolyte for most of the time. This raises the
problem of Jjust how much of the availshle surface
area 1s effectively used over a period of time, It 1is
possible that most of the interior of the aggregates
is wueuelly dry and that the reaction only occurs on
the film of 1ligquid on the outer surfeace of the
agpregates, If this 1s the case then the advantages
of wueing porous electrodes for gas evolution resctions
would be seriously questioned., For a2 teflon bonded

(157-8,160)
platinum blsack electrode of typicsl peremeters

density = 20 g.cm'3
microporosity = 0,9

me croporosity = 0,5
aggregate dismeter = I U = 10“40111
micropore rdius = 20 xIO'acm

consider an aggregate

vold volume of esggregate = 4 x 3.14x125x10“1§ 0.9
3
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tota1l micropore volume of aggregate = void volume of apggregate

le. -15 <16
4 3,18 125 LI0 % 0.9 = 3,14 <400 < I0O®=° 1

3 .
where 1 = totaml 1length of porezs in aggregate
e S Y4
surface area of 3,79 cm of pores of radius 20 Io'acm
= 2x3,14 %20 xIO'§(3.75
= 4.7 xIO'6cl2
volume of solid in aggregate,V= 4,¢3.I4><I.25><IO'{E 0.1

3

= )
magse of 8o0lid in eggregste = 20V = I.,06x I0 g
for an electrode of catalyet loading,IO mg, the number of
aggregates in IO mg = I0 = IOIu

IxI0%’

total surface area of I0 mg of microporous sggregntes
- 4,7+10"% 10%0
.2
= 4,7xIC ocom

- 2
surface area of a non porous aggregete = 4 x 3,14 x25 < IO ‘Iocm

total surface area of 10 mg of non porous aggregntes
=« 31I.4 ¢m

since the number of non porous sgpregates in IO mg 18 IO?

Hence the 1loss of surface area, if only the outer
surface of the aggregates 1s used, is very great.
4,3, Comparison of hydrogen evolution polarisstion
curves on platinum foil and platinum black.
4,3,I, Experimental,

Steady steate polarissetion curves for hydrogen
evolution were recorded on
(I) a sample of platinum foil of known pgeometric
area, whose roughness factor had been determined,

(2) a teflon bonded platinum black electrode of known
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geometric area, electrocatalyst losding and electrocatalyst
surface area,(S.Q.).
4,3.,2, Results and Discussion.

Graphs 37 and 38 chow that the platinum black
electrode has = better performence than the platinum
foil electrode over the potentisl range +25 mV to <300 oV,
although as the potential increases the difference
between the two electrodes becomes 1lees, However, in
the potential range +25 mV to «50 WV the platinum black
current density is sbout two orders of megnitude
greater than the plstinum foil current, thus the
porous electrode 1is a substantial {improvement especially
in the low overvoltage region. The faot that the
superiority of the porous electrode 1is most merked 1in
the low overvoltage region ie useful in that batteries
and fuel cells which operste at low overvoltages have
a higher power density since the working potential is
higher. It can be sgeen that these trende are
repeated for another platinum black electrode made
using a different semple of platinum block. (Graph 39).

Although the current per unit geometric area
is better for pletinum black then platinum foil it
does not follow that the true current densities de.
current per unit electrochemically active surface sares
are equal for porous =and plesnar electrodes =and that a
quantitative scale up hes been sachieved. The true
surface area of the platinum foil was found by
determining ite roughness factor by the method pgiven in
chapter 2, while the true surface area of the platinum
black electrode wes determined by two methods: (a) from
the electrocatalyst loading and surface area which was



Graph 37,

Steady state hydrogen evolution polarisation curve on platinum foil,

Electrolyte 5N H,S0

2 4
Temperature 21
Atmosphere hydrogen
Pressure I atmos.
0.,C.V, +0.052 V
Elecérocatalyst platinum foil
Roughness factor Tl
Resistance ' 0,06 ohm

Surface area corrected for roughness
factor.

200n
® -2
| mﬁ,cm
200 A
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Graph 38,
Steady state

(a) floating on the

BElectrolyte
Temperature
Atmosphere
Pressure
0.CuV.
Elecfrocatalyst
Electrocatalyst S.A.
31 Electrocatalyst loading

" Resistance

hydrogen evolution polarisation curves for a teflon bonded platinum blsck electrode

5N H2SO4
i S

hydrogen
I atmos,

0.022 V

platinum black
-4

lbrnz.g
5.5 myg. cniz

0.I0 Ohm

electrolyte

surface,

L

i
£ §
A-cm

i-o -

O-8 -

(b) completely submerged,
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Grazph 39.

Hydrogen evolution polarisation data on 2 platinum black,

Tlectrolyte
Temperature
Atmosphere
Preéssure
0.C.V.

Electrocatalyst

Electrocatalyst S.A,
Electrocatalyst loading

Resistance

\Y 1
5 H2304
21 C
hydrogen
I atmos,

0,025 V

platinum
black

-l
-\ m‘.ﬂ
IO ﬂ'\ﬂ. c,ﬂ\‘

6.12 ohm

teflon bonded electrode,

ST
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determined by the B.E.T. method, and (b) by anodic
hydrogen stripping (see chapter 2,)3ince the electrode
fabrication technigque involved heating to 300 C for
one hour the B.E.,T. determination was performed on
platinum black which had been heated to 300°C for one
hour, The results in table 27 sghow that the area
determined by hydrogen stripping is only slightly 1less
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 plott;gﬁu{%%om 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 overpotentisls 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 1limiting current
condition at <250 oW while the low surface area
platinum black electrode shows no 1limiting current
region even at I.00 V, Hence at hiph overpotentials
(ie. high currents) the electrode with 1low surface area
platinum black would have a higher true current density.
If one assumes the hydrogen evolution activity of

2
Iem of platinum foil 48 the s2me ag I cm2 of
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Table 27.

Surface avrea of platinum blacks,

(Johnson Matthey) Sample

(Laboratory preparation) Sample

Loading

2
5.5mg/em Electrode made from A

2
3.0mg/em Electrode mede from B

Surface ereas measured after

A

B.E.T. H, stripping
2
16 z:alg Ia m/g

2
8.I m /g 6.8 mz/g

BeE.T. arvea of H, stripping

I cm2 of area of I cmz
electrode of electrode
330 cm2 770 cma

2 2
650 em 540 om

hour at 3Gc°e in air,
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platinum black (absolute surface area) then it is
possible to celculate 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 2 strmight
comparison will not give very meaningful results. The
difference between the hydrogen evolution performence 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 4ione into the sctive
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
surfece area platinum black, which has the smaller
micropore size, has =2 considersbly lower 1limiting
current than the other platinum black sample, This
would be expected from the model of a porous catalyst
undergoing gas evolution (4.1.). Another factor which
probably affects the rate of mess transfer of hydrogen
away from the electrode 1is the teflon content of the
electrode. The higher the teflon content the more gas
channels, but since the mjor problem is the escape

of gas from the micropores this is likely to have
less effect than the micropore sgize,

These results show that porous electrodes are
superior to planar electrodes especially if the gas
evolution rates are not high, but the d4ncresse in
performance is not quantitative with the increased

surface area, If high hydrogen evolution current
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densities are Eﬁuirad resulting in rapid pgas formation
it is Dbvetter to use platinum foil than platinum black
since a fine platinum black with high surface area
and low micropore size has a fairly low 1limiting
current eand course platinum blacks with 1low surface
aree. and high micropore sgize give a performence
glightly smaller thsn plstinum foil at high over-
voltages even though their limiting current is Thigher
than for fine platinum blacks. It 1is possible that =
pore size could be found which would optimise between
the 1limiting current and the slope of the 1linesr
region of the polarisstion curve. These resulte also
confirm that hydrogen evolution polerisation curves for
porous electrodes are linear over a much wider
potential range than for planar electrodea.(161)

The remainder of this chapter involves a more
detailed investigation of the 1limitetions of using
porous electrodes for gas evolution resctions., The
hydrogen evolution reaction hag been chosen as the
example since the other common electrolytic ges evolution
reactions, namely oxygen and chlorine, both involve a
change in the surface state of the platinum electrode
ie. oxide film formstion.

4,4, The effect of the teflon content of porous
electrodes on the gse evolution performance,
4,4,1, Experimental.

For this type of electrode made from fine
microporous powders, the teflon is essential for gas
evolution resctions =2nd an electrode without teflon is
extremely fragile =2nd cannot endure pgas evolution.

Actually the teflon content must be at least I5¢ if
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the electrode is to sustain high grs evolution
currents. In this work three teflon bonded platinum
black electrodes were tested., The electrodes were
prepared from the same ssmple of platinum black, had
the same electrocatalyst loading bdbut three different
teflon contents were used ie. 207, 30%, and 507.
Higher teflon contehts could result in low electrdcal
conductivity and severe nonewetting problems,

4,4,27, TRegults =2nd Discussion,

The hydrogen evolution performsnce dJdecreased
sliphtly with 1increasing teflon content bdut the
limiting current of the high teflon electrode was
glightly higher (graph 40), This 31s not very
significemt eince the hydrogen oxidestion performence of
these teflon bonded electrodes is very critically
dependent on the teflon content which must be about
20 « 30% if & good performance is to be =chieved.
However the experiment does show that although
hydrophobic gess channels do slightly help the mass
transport of hydrogen away from the electrode the
effect is smll compared with the effect of electroe
catalyst micropore size,

4,5, To 4investigate the use of teflon bhonded gas
evolution electrodes in the floating and submerged
positions,

4,5,1I. Introduction.

From the wvalues of total and electrochemiczl
surface sasrea it can be geen that floating teflon
bonded electrodes can effectively use about 85¢ of
the available total surface =area, "hen the electrode

is submerged the electrochemical surface area should



Graph 40,
The effect of varying the teflon content of 2 teflon bonded platinum black electrode on the hydrogen

evolution polerisation curve.

Electrolyte 5N H2804 i

© =2
Temperature 21 C i\ C
Atmosphere hydrogen

'lo “

Pressure I atmos,
0.C.V. 0,024 V
Ilectrocatalyst platinum black 8

Electrocatalyst loading 6.5 mg.cm’z 0.5 mg.cm'z

Electrocatalyst S.A.

O-6 4
Current collector platinum gauze
Resistance 0.,I0 ohm 0,02 ohm
Ob4_ ot
Current meesured ag the average over 5 min,
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be =almost the same =ag the +total surface area
egspecially if the electrode has Dbeen electrochemically
flooded to ensure that there are no gas locks within
the electrode. Hence a submerged electrode should give
slightly better performance for pgss8 evolution reactions
in the initial instance., However as the gss is
produced it has to escape from the electrode, which
when the electrode 1is submerged requires a slightly
higher gss pressure to overcome the 1liquid head than
it does in the floating position, and when the pg=s
has escaped from the micropores of the apgregate it
cannot escape easily up the teflon gas channels since
in the submerged position these sasre 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 electrocatalyst aggregante. For example the dJdiameter
of the teflon pores is about 2000 i and consequently
the escerpe of gas from these pores 1is far less
hindered than the escepe of gas from the micropores
which have a2 pore dismeter of about 50 ;. Hence one
would mnot expect much difference between the
performance of s gas evolution electrode in the
floating and submerged positions,

4,5,2, Experimentel,

The ssme platinum black electrode wes tested in
the floating =nd 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 subme rged



electrode is more hindered than for the floating
electrode then the mte of current decesy 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 any surfece ares was still
blocked from electrolyte contact. It 4eg 1likely that at
the instant when the current 418 switched off there 1s
ges present in the micropores at a pressure
insufficient for ejection, If this 48 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 elthougsh the escape of gas
from the electrode interior will be even more
difficult in the submerged position due to the hydroe
etatic hesd and the flooding of the teflon pores,
4,5.,3., Results and Discussion.

Polarisation curwes for hydrogen evolution on
platinum black in the flosting and submerged positions
are shown in greph 38, At 1low overpotentials the
submerged electrode current density is asbout I0% higher
then for the floating electrode probably reflecting the
@lightly higher surface area available in this position.
At high overpotentials there 4is 1little difference in
the current densities for the two positions indicating
that the submerged electrode probably does trap slightly
more ges within 14t, In genersl the two curves are
very similar in shape and magnitude.

Graph 4I shows that the fall of hydrogen



Graph 41, Graph 42,

Trensient current -~ time curves for a teflon Polerisation curves for the steady state
bonded platinum black electrode in (2) the _ hydrogen electrode rezctions on teflon bended
submerged position and (b) the floating position, platinum black,
Electrolyte 5N H2SO4
Temperature 21°C
Atmosphere hydrogen &t I atmos, B
0.C.V. 0.024 V
¢  Bubmerged Electrocatalyst platinum black
e © floating

Flectrocatelyst S.A, I6 m2/g
Electrocatalyst loading 5.5 mg.cm'z
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Current collector platinum gauze
Resistance 0.08 ohm
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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
elightly higher currents from this electrode position.
These results indicate that the factor hindering the
escape of hydrogen gas is eimiler for both floating
and submerged electrodes which 1is further evidence that
the rate 1limiting step 1is the escepe of hydrogen gas
from the micropores within each electrocatalyst
agrregate and the effect of hydrophobic gas channels

in the floating position is of only minor significance
in comparison. The current « time curves were measured
over a very short time interval because the electrode
reaches a steady state very rapidly, when the current
fluctuates randomly up and down as gaer is formed and
escapes from the electrode. This condition ie reached
in approximately the same time for both floating and
submerged electrodes. The currents were measured after
5 minutes st 75 oV when the floeting electrode current
dengity was 430 mA.cm.2 while the submerged electrode
was 450 mA.cm™ (average values measured from 4 - 6 min
@8 the current fluctuated randomly). This shows that the
submerged electrode has not trapped substantially more
gas within it than the flosting electrode. The current
from the submerged electrode after IO ms was IO¥
higher than that on the floating electrods while after
5 min it was only 57 higher, which gives some
indication that <the submerged electrode does trap
slightly more gas than the floating electrode =although
the results are of limited significence owing to the



current fluctuetions,

The difference bYetween the recovery time of
floating and submerged electrodes is the most obvious
difference between the two electrode positions., The
electrode wae sudbjected to a potential of <75 vV for
§ min in both positions before switching off for times
verying from 0.5 min « I0 min sand measuring the height
of a double layer charging pesk for a given voltage
step input., The peak height {is directly proportional
to the surface area and hence can monitor the
reduction 1in surfece area during and after gss evolution.
This peak height was determined prior to hydrogen
evolution and compared with the values obtained after
hydrogen evolution. In the floating poeition the
electrode had fully vrecovered within 0.5 min while
in the submerged position the double 1lsyer charging
peak gradually regained ite originel value over =
period of 5 min, Hence after switching off a gas
evolution current the <trapped gmae can leak away much
more rapidly from the floating electrode than from the
submerged electrode, In this case it is the hydro-
phobic ges chennels present 1in the floating position
which facilitate the 1leakage of the trapped gas within
the electrode.

Since there 418 1little difference in the loss
of effective surfece arem on gas evolutioh between
floating and submerged electrodes the fact that they
are mnormally used industrially in the submerged position
is not dimportant,



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,I. Experimental,

The potentiostatic transient current densities
(I00 psec = I sec) were determined over the potential
range «250 $0 4300 sV for the hydrogen evolution and
hydrogen oxidation electrode resctions and compared with
the steady state polavisoXion data over the same
potential range,

4,6,7, 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 1is
reasonably reversible over the overpotential range
+I00 mv, The hydrogen oxidation limiting current is
due to mess transport of hydrogen gas molecules into
the electrocatalyst amctive sites while the 1limiting
current in the hydrogen evolution reaction 18 due to
mags transport of hydrogen away from the active sites.
Two curves have been drawn for hydrogen evolution
representing the meximum and minimum currents observed
at a given potential, It can be seen that the
hydrogen oxidation 1limiting current 1lies between the
two hydrogen evolution 1limiting currents and this
deviation from reversibility 1s due to the irreversibility
'‘of the two 1limiting processes at high current densitieg.

This drreversibility is also shown in graph 43
where current - voltage curves are plotted at different
times in the range I ms to I s. for the hydrogen

oxidation and evolution reactions. For the hydrogen



Graph 43,

Hydrogen oxidation and evolution
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Graph 43,
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(¢) Hydrogen evolution
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Graph 46,

Transient hydrogen evolution polarisation curve for a

platinum foil electrode,
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oxidation reaction the deviation from reversibility is
observed after gignificently shorter times than for
hydrogen evolution. A possible explsnation for this i{e
that hydrogen c¢an escape from the electrode by two
procegsess

(I) by ejection as a gss from the micropores and

then by passage up the hydrophobic gss channels,

(2) by dissolving in the electrolyte under the high
pressures experienced in the wmicropores and subsequently
by diffusion through the electrolyte to a region

where the gas pressure 1is lower ie, @ macropore where
the hydrogen gas can easily escape to the atmosphere,
All the hydrogen diffusing to the active sgites

during hydrogen oxidation must initially dissolve in the
electrolyte and even though the electrolyte - gss « active
site interfaces are very close together this 1is the
only means of mass transport of hydrogen to the

sctive site,

4,6.3. Experimental,

Fotentiostatic current « time transients for
hydrogen evolution were measured over the potential
range +23 to 250 mvV. If the process was completely
sctivation controlled the current would be independent
of time, However the reaction is 1limited by the
maes transport of hydrogen away from the electrode and
the dJdegree of limitation depends on the current
density. From the current - time transients the loss in
performsnce 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 283,

Comparison between transient and steady state

oxidation and evolution polarisation data for =a

bonded platinum black electrode,
(a) Hydrogen oxidation,

E(mv) 1 i i
(0.I) (900) (ss)
-2 (0.1I)
mA,cm

2. 20.5 16.5 I1.5 0,30
5 47,5 31,2 26 0,66
I0 34 54 54 0,64
20 185 115 104 0,62
50 490 275 250 0.56
100 990 500 450 0,51
150 1475 - £20 2
200 2025 800 760 0,40
250 . 2300 940 820 0.41
300 3000 960 840 0432
350 3428 1012 860 0,30
400 '4000 - 1075 380 0,27
Electrolyte | 5N H,S0,
Temperature 21°%¢
Atmosphere hydrogen at I atmos,
0.C.V. 0.026 Vv
Electrocatalyst platinum black
Electrocatalyst S.A, ‘o “‘"ﬂ
Electrocatalyst 1loading 5.5 mg.cm-g
Current collector plstinum gauze

Resistance 0.08 ohm

(0.1)

0.56
0.55
0.64
0.57
0.55
0.45
0,42
0.375
0436
0.28
0.25
0,22

hydrogen
teflon

i 1 i
(3001 (ss) (ss)
i i i

(300)

0.70
0.33
I.00
0.92
0491
0,90
0.95
0,837
0,837
0.35
0.82



Table 28 (cont.)
(b) Hydrogen evolution.

-2
oA ,om
E (mV)
i  § ' i i
(0.1) (300) (s8) (s8)
me X min
2 20 16 14 -
5 58 43 32 -
10 94 76 57 -
20 190 O 100 100 -
50 432 365 250 175
10 ' 94Q £00 480 360
150 1350 850 €80 400
200 2150 1125 790 440
250 2650 1237 890 460
350 3750 1625 990 430
2 (mV) { 1 1
(9C0)/ 1 (e8)/1 (s8)/1
(0.1) (900) (0.1)
¢ 0.80 0.38 - 0,70 -
5 0.8 0.66 - 0.55 -
Szo 0.81 0.75 - 0.61 -
20 0.90 0.59 s g B
50 C.75 0.67 - 0.51 -
100 O.ba 0.8 0,60 0.5I 0.38
150 e (QufYe 8 0.8 0.47 0.50 0,30
200 0.52 | 0.70% 0,39 0.37 0.20
250 0.46 0.72_ 0.37 C.3¢  0.1I7
300 0.43 0.61 0430 0.26 0,13

i = current after tsecs and i = steady state current
(t) (ss)
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increasing time indicating that the process 1s almost
entieely activation controlled. In this 1low overpotential
region the steady state current « voltage plot is

linear chowing that very 1little of the surface area

of the electrode 18 not in electrolyte contact. It is
probeble that in this potential region the hydrogen
egcapes by dissolving in the electrolyte under pressure
and then diffusing away through the electrolyte. As the
current increases the hydrogen formed starts to bduild
up within the electrode and substential surface area

is lost. At thie point the current « time transient
falls much more with time end the current - voltage
plot 1s no longer 1linear bdut tends towsrds a limiting
current, The determination of double layer capacity
peak height by saspplying a step voltage while the
electrode 1is evolving hydrogen at a 1low current when
the current « voltage curve 1is in a 1linear region
showe that even 1in this region a smell amount of
surface area is lost eg. fall in surface area ~ IO%.
In this 1linear region the retio of the steady state
current to the current after 109/45 is constant
indicating that the hydrogen can escape by diffusion
at a sufficiently fast mte and that if eany surface
area 18 lost due to gas bdubbles this does not vary
in this region. Also from the potentiostatic hydrogen
oxidation transients for the same electrode the ratio
of the steady state current to the current after
quj4a is constant over the 1linear region of the
current « voltage plot and the wvalue of this wratio is
almost didentical to the equivalent matio for hydrogen
evolution. This 18 further evidence that the hydrogen
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ga8 transport mechanism 1ig the same for bhoth resctions.

The 1linear region of the current - voltage
curve for both reactions 1is approximately from
N} = 0i"90 W5 AL Bigher potentials the current tends
towards 2 1limiting velue amd the ratio of steady state
current to the current after Ioc/ua falls steadily
with 1increasing overpotential, For hydrogen oxidation
this represents the point where the concentration of
hydrogen at the active sites heg fellen to 2zero while
for hydrogen evolution it represents the point where
the ges bubbles start to build up. The value of the
ratio in the 1limiting current region is different for
hydrogen oxidation and hyérogen evolution suggesting a
different hydrogen transport mechenism for the two
processes. The gas in the interior of the electrode
meets at the pore mouths =2nd tends to form 1a rge
bubbles on the outer electrode surface. These bubbles
break off the electrode from time to time and as
electrolyte rushes into the pores to replasce the gas
there 18 a surge of current. However, even this
surge current is the result of only @ partial
recovery of the total surface area lost %o ges bubbles
end 4n order to compare the true current with the
current assuming no loss of active surface srea it 1is
necesgary to extrapolate the 1linear part of the
current « voltage plot,

Fence it can be concluded that over the
linear region of the current - voltege curve the active
surface area of 2 hydrogen evolution electrode is
constant and that the 1limiting current obeerved at
higher overpotentials 4s due to a loss in active
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surface area due to a build up of hydrogen g=s.

This ec2n explain why in platinised graphite electrodes
no electrode damage 1s observed at low hydrogen
evolution currents since at low currents the hydrogen
can 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 c¢an be seen that the
ratio of the steady state to the IOOfka current in
the 1limiting current region 1is significantly 1less 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 1s 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 see, For
hydrogen oxidation this ratio is a2lmost unity showing
that after I sec a steady stade has almost been
obtained, while for hydrégen evolution the ratio 1is
substantially 1less than unity showing that a longer
time 1is required to achieve a steady state conditionm,
Separate tests involving current - time curves for
hydrogen evolution over periods of § sec to § min

showed that in the potential range O - I00 nV a steady
gtate was attained iIn §O secs +5 sece, and that at
higher potentials, times of up to 2 min., were needed,
4.,7. The effect of ges bubbles on planar platinum
foil hydrogen evolution electrodes. '

4.,7.I. Introduction,

In the comparison between porous and planar gas
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evolution electrodes it has eo far bheen tacitly
assumed that the gas bubbles formed do not reduce the
active surface area. This Is unlikely to be ¢true and
the aim of thies section 1s to determine the effect
of gas dubble formetion on planar electrodes so that
a2 Dbetter comparison may be made with porous gns
evolution electrodes.
4.0 .2 Experimgntal.

Potentiostatic current « time curves were
recorded in the time =range 5 sec « 4C min., the fall
in current over this range being due to the gradusl
loss of surface area to gas dubdbles since for the
hydrogen oxidation reaction on platinum foil = steady
etate 1is attained after about § sec.

The electrode was held at constant potentisls
and the double 1layer capacity cherging peak height
for a given potentisl step 4nput was determined after
different times and compared with the peak height for
the electrode in the absence of gss bdubbles,
4,7.3. TResults and dJdiscussion.

The current « time curves (table 29) show that at
low overpotentials the current falls eteadily with
time for 40 min. while at high overpotentisls the
current only falls for a few seconds before a steady
value 1s obteined. At low overpotentisls the bubbles
form slowly and escape from the electrode slowly, while
at hizh overpotentials the bubhbles form and escape
rapidly from the electrode, This experiment cannot be
used to obtain a qusntitative wvslue for the surface
area lost to gas bubbles but 41t dJdoes show qualitetively
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 = 40,010 V E = 0,07 V
i (um)‘- time i 1 (mA) time 1
~ (sec)  (t)/i (sec) (t)/ 1
(5) (%)
1.30 - e 15.5 5
1,22 I0 94 14,8 10 95
1.20 15 92 14.3 I5 92
I1.15 .30 88 1348 30 89
I,07 £0 32 13.0 60 84
0.95 120 73 12.3 120 79
0,70 300 54 I1.0 300 71
0.65 600 50 10.7 720 69
L= 0,175V E = «0,90V
1 (mA) time i f (mA) time i
(sec) (t)/4 (see) (t)/ 4
(5) (%)
55 5 545 5
51 10 92 4,8 10 83
49 15 88 4.4 15 80
52 30 4 4.1 30 75
a4 60 79 3.8 60 69
5¢ 300 94 3.4 120 62
49 600 88 3.0 420 55
2oy 720 49
i = éurrant after t secs.
(t)

= current after 5 secs.

i
(5)
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Table 29 ,
(b) The effect of ultrasonie vibrations on the

performance of a platinum foil electrode,.

E=I30V E = I,80

-2 -2
t(sec) iI(FA.cm ) 12 12/11 t(sec) 1I(mﬁ.cm ) 12
I0 16 I6 I.0 15 0.I4 0.1I
go. "< '3.0 3,010 60 0.I2 0.09
300 0.6 0.6 I.0 120 0.II 0.075
200 0.4 0.4 1.0 300 . 0.095 0.065

I200 0,085 0.050

E=2,00V

%2

t(sec) iI(ma.cm ) 12 12/11

15 4.8 3.8 0480
60 3.5 2.3 0.66
120 L 2.0 0.65
300 2.7 I.7 0.63
900 2.5 1.5 0.%0
I800 2.4 4 0.50
t = time

iI- current using ultrasonic vibrator

12- current not using ultrasonic vibrator

Electrolyte 5N H2SO4

Tempe ra ture 21°¢

Electrocatalyst platinum foil

(a) Atmosphere hydrogen at I atmos. (b) air
OB 8 0.03 V 1.03V

Resistance C.I0 ohm 0.I5 ohm

anodic

1/1;
0478
0.75
0.63
0.69
0.59
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the faster the bubbles form the sooner a steady
state condition is attained.

The double 1layer charging peak height for a
50 mV pulse at different hydrogen evolution currents
shows that =2bout 50% of the active surface 1{s
blocked by gas bubbles, the value tending to be
slightly higher at 1low 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,) . TXhese results are compared with
those in table 33 for =an experiment on a teflon
bonded platinum black electrode in which
(a) the transient from O « I 8 was determined by
pulsing from the 0,C,V. to the given potential, Vie
(b) the ¢transient from O e I & was recorded from m
potential, V,, at which hydrogen is evolved, to the

given potential, V This transient 4s =added to the

e
steady state hydrogen evolution current at Vae

' The valuee from (a) and (b) should be the
same and any differehces are attributed to the loss
of surface area 4in (b) due to ges bubbles., From the
results it can be seen that more surface area is
lost at high currente than at low ocurrents.
4,8. Further evidence for the reduction in performance
of a gas evolution electrode due to gas bubbles
reducing the surface area,
4,8,I. Introduction,

The effect of gas bubbles on an oxygen

evolution electrode 4s Jifficult to estimate since

the oxygen evolution current decays with time due +to
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Table 3I,
“he effect of oxygen evolution on the height of the
double laysr charging peak of a teflon bonded platinum
black electrode,

2

£ (V) doudble layer 1(M.cm- ) 2 reduction in
charging peak peak height
height
(em)
1.2% .42 SQﬁA o
1.40 0.42 0.7 0
I1.50 C.42 1.5 v
1,60 0.39 55 7
1,70 0.36 27 14
1,30 0.34 75 19
1.90 0.30 - 29
2.0 R.29 320 31
U.80 0.42 ze 10 0
Electrolyte 5N l-I‘,‘!BO4
Temperature 20°%¢
Atmosphere air
Electrocatslyst platinum black
Zlectrocatalyst S.A, 16 uafg

Electrocatalyst loading 5.5 mg.cm
Current collector platinum gauze
Resistance O.I4 ohm

i = steady state current

Pulse amplitude I50 mV
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Table 132,
The effect of hydrogen evolution on the double layer
charging peak height of e platinum foil electrode,

-2
E (aVv) double layer i(mA.om ) ¥ reduction in
charging peak peak height
height -?
(mA,cm )
«I0 2.5 2.0 58
+50 6.0 zero 0
40 3.0 6.0 50
« 100 3.8 20 37
Fulse amplitude 50 oV
Electrolyte 5N H2504
Tempers ture 21°¢C
Atmosphere hydrogen
Cic.v. o.ow
Electrocatalyst platinum foil
Resistance 0.I0 ohm

{ = pteady state hydrogen evolution current
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oxide formation. On a planar electrode it 1s easy 1o
remove the gas bubbles from the electrode as soon as®
they form by subjecting the cell to ultra sonic
vibrations but 1t ds most unlikely ¢that this method
would be effective in removing gns bubbles from the
interior of porous electrodes,

The determination of double 1layer charging peak
heighte should be applicable for both planar and
porous oxygen evolution electrodes, since it is =
direct measure of surface area and is not affected
by surface oxide fe. the formation of surface oxide
does mnot result in an increase or a decrease in
surface area as shown by tests on plstinum electrodes
in the potentisl range I.0 « I,4V where no oxygen {is
evolved and all the anodic current 18 used for oxide
formation,

4,8,2, Experimental,

(a) Oxygen evolution was carried out on a platinum
foil electrode =2t different potentiale and the currente
compared with and without the ultra sonic vibrator
(graph 44) opersting. Agsuming that when the ultra
sonic vibrator was operating =11 the gas bubbles are
removed the amount of surface area lost to pges
bubbles c¢an be calculated (table 29),

(b) the doudble 1layer charging peak height was
determined for 2 given potential step input for a
teflon bonded platinum dlack 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).



Greph 44.

The effect of ultrasonic vibrations
Hlectrolyte 5N H2504
Temperature 20°C
Atmosvhere air
0.C.V. I.04 V
Electrocatalyst platinum foil
Resistance ’ 0.I5 ohm i
Potential 2,00V tnA.

® ultrasonic vibrations

®X no ultrasonic vibrations

on the oxygen evolution performence of 2a platinum foil

electronde,

\Qx o o
i'-
—_—
S
O 1 ] t T T
O 210 30
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Teble 3C,

The effect of gas evolution on

the height of the

double layer charging pesk of a2 pletinum foil electrode,

-2

E (V) double layer i(mA,.cm
charging peak
height -2
(mA.om )
1.259 12 0.0I
1.40 12 0.02
1.50 i2 0.03
1.60 12 C.04
L.70 12 C.07
1.80 10,4 0.45
1.90 8.8 1.3
2,00 8.2 3.8
0.80 12 zZero
Pulse amplitude I00 oV
Llectrolyte 5N sto‘
Tempe ra ture 22°¢
Atmosphere air
O.CeV o I.0IV
Electrocatslyst platinum foil
Resistance 0,12 ohm

i = steady state

anodic current

) ¢ preduction in
peak height

O O - 0.0

L%
|

30
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4,3,3, Results and Discussion.

Both these tests on oxygen evolution electrodes
confirm the results obtained for hydrogen evolution
electrodse {ie, that the performance 1is reduced owing
to 2 1loss 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 budbbles 1is approximately the same
for the porous and planar electrodes for the oxygen
evolution reaction and hence there 1s 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 fofl and the active surface
area of the platinum black, showe that for hydrogen
oxidation the polarisation dete are very sgimilar over
the 1linear region of the curve, Differences occur in
the potential region where the current becomes 1limited
by mess trenefer considerations. This 48 to be
expected aes magss transfer to planar and porous
electrodee is very different, A gsimilar effect is
obgerved for the hydrogen evolution resction. However,
for a given potential 4in the 1limiting current region
the retio of the platinum foil current density to
the platinum bYlack current density 4s such greater
for the hydrogen evolution reaction then for the
hydrogen oxidation resction. In fact the limiting

current for the hydrogen oxidation is resched st a
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lower overpotential and current density on platinum foil
than on platinum black, For the hydrogen evolution
reaction 2 1limiting current is only observed on the
platinum black and not on the platinum foil, This 1is
because the diffusion of hydrogen gas awsy from the
slectrode 18 very much easier for =2 planar electrode
than for a porous electrode, This mey be compared
with the hydrogen oxidation reaction where the diffusion
of hydrégen ges into the electrode 1is much eagier
for the porous electrode than for the planar electrode.
This clearly suggests that the mass transfer mechanism
s different 4in bhoth resctions, which 13 consistent
with the asgsumption that in the hydrogen oxidation
reaction the hydrogeh grs 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 iIn the
micropores of a porous electrode or on the planar
electrode surfece and when a sufficient pressure of
gns 1s penerated it c¢sn 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 418 necessary to build wup
high pressures bdefore the ges can escspe 1in this way,
4,9, The determination of effectiveness factors for
porous teflon bonded electrodes.
4,9,I, Introduction.

%hen a reaction occurs simultaneously with mass
transfer within a porous structuee, 2 concentration
g:adient is established and interior surfaces are

exposed to lower reactant concentrations than surfaces
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a catalyst

235

exterior. The average vreaction wrate throughout

particle under isothermal conditions would

almost salwaygs be less than if there were no mass

trnagfer limitations. The effects of msss transfer

within a porous sastructure on observed reaction

characteristics were first analysed quantitatively by
(162) (I63) (164)

Thiele, Damkohler and Zeldoviceh . The

fmportant result of this work 1is the quantitative

description

of factors which determine the effectiveness

of 'a porous catalyst, The effectiveness factor, e, 1s

defined as
thet which
the 1inside

the ratio of the actusl reaction rate to
could occur 4f all the aurface throughout

of the ecatalyst pearticle were exposed to

reactant at the same concentration snd temperature as

that existing at the outside surface of the particle.

The effectiveness Tfactor for a first order Iirreversible

reaction in a porous spherical particle can be related

M=\
to the reaction perameters R, S, k, ¢ Dyep by the

equation

where 92

where R =

. R

C =

Deff

2 _§= 2 [ | _,_\__,
cbs +h“9és ¢£
R [Skem
Degg.
radius of particle

pore surface (cm%/cm3 of volume of the porous
structure)

is the intringsic reaction rate constant for

a surface reaction of order,m.

local surface concentration inside the particle
= effective diffusion coefficient for a porous

solid
= the ratio of flux to concentration gradient
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This equation has some important precticsl
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, large rate constants or smll diffusion
coefficients. Generally the most effective use of =a
catelyst is attsined by wusing the smellest possible
particle size. Very asctive catalysts tend to have low
effectiveness factors while inactive catalpgtes hawe high
effectiveness factors., Vhen a catalyst is operating =t
@ low effectiveness factor the reactant concentration
drope rapidly with distsnce of penetration into the
interior. Hence, the catalyst in the interior
contributes relatively 1little to the oversll rste of
reaction., If the active ingredient of the catalyst 1s
expeﬁaive ag 1is the case with substances such as
platinum or palladium, it msy be deposited in a thin
layer on the outside portion of the pellet to
maximise its wusefulness. In some cases a catalyst may
be 80 active that to obtein an effectiveness factor
near unity, and hence high selectivity, the requisite
particle size is 8o small as to be impractical, In
such cases the problem msy be resolved by using =
thin layer of active catalyst on an inert or
nonporous carrier of suitsble dimensions. It should be
noted that the effect of mass trensfer limitations
within a porous p=srticle depends on the Thiele

modulua and not on the individual wvalues of R, k and

Deff‘
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The effectiveness factor can be determined by
(n) en experimental method or (b) a theoretical method.
(a3 The effectiveness factor cnn be experimentally
determined by meaguring reaction rantes cn several
catalyst particle sizes under otherwise ddenticel
conditions. The effectiveness factor approaches unity
when no 1incresse iIn rste per unit oquantity of catalyst
occurs on esubdivision. If dsta are available on
finely divided catalyst hsving an effectiveness factor
approaching unity, then the wratio 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,
(b) If the data on the rate of resction on =&
particular catalyst of omne fixed sgize 1s available
and 1t 4s desired to estimete the extent to which
a diffusion effect my bde present it is necesssry to
determine the intrinsic kinetic constant., This can Lm“
achieved by using the Aimensionless modulus

(p = E"’ (—_l. dn)l-
Mt A PR L U T L
where Vg, = volume of the catalyst particle
oin/dt = rate of reaction (g-mol/sec)

iLveh wusing this expression it 1is still necesssry to
know the values of R, D .., c. Hemce it can be seen
that both methods of determining the effectiveness
factors of porous catalyst particles are quite complex
necegsitating the knowledge of factors such as rate
data, particle size, which in practise will cover a
range of wvalues and effective dJdiffusivity the accuracy
of which, Jdepends on the gelection of the correct

tortuosity factor for the porous structure,
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It is particularly difficult to predict effectiveness
factors due to uncertsinties in predicting the
effective diffusivity under resction 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 18 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, tyy when the value is
steady eand (b) after a time, t2, when double layer
charging is complete., The reatio of 1 at tI %o 41 8%
t2 gives the effectiveness factor. The separation of
mage 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.
Aleso the effect of electrocatalyst structure
(micropore size, macropore size, pore volume) on the
effectiveness factor cen be determined. These electroe
catalyst structure parameters cen be determined by
extensions of the B.E.T. technique and a range of
electrocatalyst parameters cen be obtained by varying
the preparetion conditions (see chapter 2),
4,9,2, Experimental,

Effectiveness factors have been determined =2t
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Table 35,
ffectiveness fectors for the hydrogen oxidation reacti

on & teflon bonded platinum bleck electrode.

1 = gteady state current
iij:;a = transient current measured after 25/isec

e = effectiveness factor.
(ﬂﬁ;-Cfﬂnz)

; 'v7 t 1(ss) : 1trans . 4

2.5 12 25 0.48

5 26 50 0.52

10 53 100 0.53

20 104 I95 C.53

50 245 490 0.50

IC0 445 930 0.50

150 40§ 1430 0,41

200 740 2020 0.37

250 803 2300 0.35

300 835 3000 0.28

350 855 3420 0.295

400 375 4000 0.22
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Table 34.
Effectiveness factors for the hydrogen evolution reacti

on a teflon bonded platinum Yack electrode.

Q“Q.Uﬁﬂ)
¢ 'V7 : 1(33) . itrana . e
2.0 13 26 0.50
540 32 ha 0,50
I0 57 94 0.A0
20 106 190 0.56
50 175-250 490 0.34 = 0,51
100 350-430 940 0.38 = 0,51
150 400-480 1350 0.30 = 0.48
200 440-740 2150 0.20 = 0,35
250 460-890 2650 0,17 = C.34

350 490-990 3750 0.I3 = 0.26

DaYe for Yadles Jlpand BS..

Electrolyte 5N H SC
Temperature ?I°C2 :
Atmosphe re hydrogen at I atmos.
O0.CaVe 0.024 V
Electrocatalyst platinum black
Electrocatalyst 3.A, Ib'vﬂfg
Electrocetalyst loading 5.5 mg.cg-2
Current collector platinum gauze
Resistance 0.08 ohm
i = steady state current
(gs)
3 = transient current measueed after 25k sec
trans

- = effectivenegs factor
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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
mase transfer of hydrogen and hydrogen ions 1is 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 33 and 34. It
can be seen that the effectiveness factor is
approximately constant over the potentisl wrange 1in
which the current - voltage curve 41g 1linear., The velue
in this region 1is similar for both hydrogen evolution
and oxidation 1ie, about 0.5. As the steady state
current tends to 1limiting wveslues the effectiveness
factor decreases and the value at a given overpotential
for hydrogen oxidation is about the game 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 surfece,.

4,10, The use of the pulse technique to determine the
intrinsic exchange current density.

The same mesgurements mede for determining the
effectiveness factor of a porous electrode for a
#iven electrode reaction can be used to find the
intrineic exchange current density of the electroe
catelyst., This factor is the most accurate measurement

of the electrocatalytic activity of the electroca talyst
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since it takes into account the true electrochemical
surface area and only considers the activation over-
potential, The electrochemical surface area is found
by galvanostatic hydrogen stripping while the ohmic
overvoltage is corrected by wusing the 1interrupter
technique and the mass transfer overvoltsge 1is
corrected by measuring the current immediately following
the completion of double layer charging or more
accurately from the extrspolated wvalue of current
density at t =0 of an i - t§ plot. The elimination
of mess transfer and ohmic overvoltages 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 ssme as that
of a plenar electrode of the ssme 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 electrodescl?o, in which
the exchange current density wes calculeted using
the true surface area but without correction for
ohmic end mass transfer overvoltages showed that the
exchange current density was constant for dJifferent
zinc samples. This 4$s suprising since mass transfer
to porous and planar electrodes 1s unlikely to
follow the ssme 1law,

The exchange current density for the oxygen

reduction reaction is difficult to measure becsuse:
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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
iogarithmic 2nd not 1linear. This results from _the
reduced dissolved oxygen concentration in the
micropore structure at high current densities which in
part offsets the exponential incresse in current with
increasing polarisation., This phenomenom has been
observed previously by Grenn(IBI)who ghowed that the
polarieation curve followed the Tafel equation more
closely as the porosity was reduced,
(2) the oxygen reduction reaction which occurs in the
potential range 0,6V to I,2V 41s difficuls to study
on the bagis of kinetics since et potentials greater
then C,83V the platinum surface is covered with an
ond NoYure

oxide film, the covernge,\varying with potential, There
ise also evidence for adsorbed oxygen at lower potentials.
Considering this change in the platinum surface over
the entire potentisl range it 1is not suprising that
the current « voltage curve does not obey the Tafel
equation.
A comparison of the intrinsic exchange current densities
of platinum foil end platinum black electrodes for
the hydrogen evolution reaction.
Experimentak,

Transienta from I = IOO?/ASCQ were measured for
a platinum foil electrode and =2 teflon bdonded plstinum
black electrode, The roughness factor of the platinum
foil and' the electrochemical surface area of the
platinum black were determined, The ohmic overvoltage

for each electrode wes determined by the interrupter
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method,

Results.
Graphs [ [ ¢43 show the transient current - voltage

curves, corrected for the true surfsce area and
ohmic overvoltage, for the planar and porous platinum
electrodes.,

The slope of these polarisation curves =2t low
oovervoltages is used to determine the intrinsic
exchenge current density using the formula,

R,
47 a =

where 17 = intrinsic exchange current density

i' = current per unit true surface area

“7 = nactivation overpotential

'\/ = stoichiometric number
R = wuniversal gas constant
T = absolute temperature

F = the Faraday

n

= number of electrons associated with the
rate determining step
)

Since the slope (L/{?\ ) of polarisation curves
for the porous and planar electrodes were 0,042 and
0.04 mA/aV respectively it follows that there is
very close agreement between the io values for planar

#nd porous platinum,

£

. «Cl
Platinum foil 2,04
Platinum black 2.14
Discussion.

This experiment shows the velidity of using

the pulse technique to separate mass transfer
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overvoltage from the activation overvoltsge for
microporous electrodes and although the results for
platinun are not of great importance the applicsation
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 endurence 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 performence
end cost, and if its 1long term endurance 1is
eatisfactory, 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
investignted by infre red internal reflectance
apectroscopyflss)
Although surface oxides are known to be formed electroe
chemically on carbon surfaces, 1little work has been
done on elucidating the exaet 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 gatrength of binder
electrocatalyst systems 1s needed, The strength of a
binder - electrocatalyst - pore system depends on (a)
relative particle size of electrocatalyst snd solid
binder, (b) the volume concentrations of the binder
and electrocatalyst, and (c) the volume frection of
pores.,

In general the setrength of the composite system
is greater than that of the binder alone and a
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maximum strength is obtained at a particular volume
concentration of binder ie, the voids bdetween the
aggregates are Jjust completely filled with binder,

Since for battery and fuel cell electrodes it
is desirable to use highly porous meterials ( porosity
between 70 -« 90%) it 1is not feasible to d{mprove the
strength by reducing the volume fraction of pores, It
would however be wuseful to determine the ratio of the
volume concentration of teflon to electrocatalyst which
gives the maximum setrength, to investigate the effect
of teflon particle size on the strength and to test
other hydrophobic particulate binders of greater
mechanical strength (eg. polyethylene end P,V.C.). It 1is
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 way 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
can be investigated by

(a) measuring the oxide film thickness by ellipsometry
after a given time at a2 constant potential,

(b) eelculating the thickness of a monolsyer of FtO
and Pto,, _;nd (¢) determining the oxide coverage 1in
Coulombs,.cm by oxide stripping after a given time at
a constant potentis1l,

The ellipsometric technique 1s sensitive to an
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average thickness of the order of I A and can be

used to examine the electrode iIn solution in contrast
to most other optical methods,

(5) It is possible that there 1is an optimum particle
size for the electrocatalyst in teflon bonded electrodes.
This could be 1investigeted by preparing electrocatalyst
camples over a range of particle sizes by slight
varistions to the reaction conditions eg, platinum black
see chapter 2,

For gas dissolution reactions it is probabdble
that an optimdm particle size (hence pore size) exists
eince for large particles the surface area would be
low while fer very smsll particles the contect
resistance could be high and 4t 4s possible that
liquid phase mass transport in very emall pores could
be restricted.

For gas evolution reactions the escape of bubbles
from large pores is easier than from smell pores but
this effect is balsnced by surface area effect., Hence
an optimum perticle size should exist,

(6) It is well known that the diffusion of gases 1in
smwall pores is restricted ( Knudsen diffusion), Little
work has been donme on the diffusion of species in
liquid media in small pores, although there 18 some
evidence to suggest that 4t 41s sgeverely impeded.

(1) when a thin tube (1.d. 2mm) fidled 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 a2 marked
upward curvature indicating thst the dJdiffusion process

is slower near the wells due to the presence of



cohesive forcee, At longer times the curvature
digappears as radial diffusion sets in., The effect can
be seen in a thin layer near the wall about 0,5 mm
thick which 18 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 1less than that predicted by the
diffusion coefficient,

(ii) The Arrhenius activation energy for proton
conduction in smsll capil;nries is considerasbly greater
than in free colution.clSha

(i41) The surface zone of 1liguid in the region of a
s0lid surface heg bdeen sghown to extend from the

surface for distances of the order of I00 % in low

molecular weight 1liquide and IO00O X 1in liquids

consisting of long f?gi? molecules, X ray diffraction(193)
and refractive index experiments have gshown the
difference in the structure of liquids near solid
interfaces compared with the bulk 1liquid, The high
compregsive strength of thin films of 1liquid also (194

indicates a more oxrdered structure near solid surfaces.
(iv) The wviscosity of water has been shown to be
incressed st distances within I.6 x IO- em of a solid
surface.(Igs)Thia evidence suggests that water 1s highly
structured at distances of the order of I00 A from a
s0lid surface resulting in physical properties
significantly different from normsl water, In particular
the increased viscosity will result in reduced diffusion
coefficients for species diffusing through water in pores

of radius 1less than I00 E. Since most of the pores

within an electrocatalyst aggregate are smaller than this
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a reduction in mess transfer mates of the reactant to
and the product from the active sites is to be
expected, Experimente have been planned to measure the
diffusion coefficients of common species in Coming
glagses of pore radius 40 % to 1000 i.
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Appendix I,
The sghapes of potentiostatic trensients on porous
electrodes,
Notes.
(I) A comparison of A, B, D and E sghows that the oxide
reduction current falls more quickly with time,
(2) The wunusual slopes of cuves F,G and E for the
hydrogen electrode reactions 4s probadbly caused by the
very fast maes trensport of the electrosctive species
(H2 or H30+) from the hydrophobic phagse to the active
gite in contrest to the much slower diffueion through
the bulk electrolyte., As gas a2t the hydrophobic phase
is depleted, tmeneition from almost zero mass tmnsfer
control to more normel conditions occurs and the
current fallse with time,
(3) Curvee I snd J show that the oxygen evolution
current dJdeceys more rapidly on the clean than the
preanodised surface,
(4) A comparison of K, F and J shows the different
hyd rogen evolution transient ehapes for platinum foil
and two platinum black samples of different pore size,
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