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INTRODUCTTION,

Definition,

By the term electrodiffusion is meant the diffusion into
the bulk of a metal of hydrogen deposited electrochemically at
its surface.

Previous work.

The aims of previous workers fall into several unrelated
groups. Very little direct study of the kinetics of diffusion
has been made, the closest approach being the determination of
the coefficient of diffusion through palladium (54) as a
function of the activity of the ingoing interface and the
measurement of the rates of steady permeation of palladium
and iron membranes under a variety of conditions.

Measurements at the steady state, however, can give no
information on the kinetics of diffusion, and it is difficult
to assess the value of such data.

The main approach to the kineties of the diffusion lies
in the indirect measurements of the diffusion of potential
through, and of potential and resistance along, cathodically
charged membranes and wires respectively. HNernst and Lessing
(7), Schmidt and Lucke (22) and Kohler (34) attempted to

relate the change in the potential with time of the outgoing
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interface of membranes (palladium and platinum, platinum and
iron, and platinum respectively), to the thickness of the
membrane. As will be shown below, it appears that the
assumptions necessary in the theoretical treatment are untenable
end that the experimental technique was inadequate to
demonstrate the deduced relationship. Furthermore, these
workers were only concerned with demonstrating the presence

or absence of a true diffusion process and not with the
diffusion system as such. Coehn and co-workers investigated
the migration of potential, of resistance, and of a photographic
latent image along the surface of a cathodically charged
palladium wire in experiments designed to demonstrate the
nature of the diffusing entity. Again, the diffusion system
was not investigated as such. No complete investigation of
the diffusion characteristics has in fact been carried out..
The majority of the measurements have been concerned with
relating the rates of diffusion or the solubility to some other
property of the interface or the bulk of the metal. Hence ;t
is difficult to correlate the previous work in a consistent
manner. . It would appear that the clearest classification is
achieved by considering the bias of a particular group of
investigations rather than the nature of the diffusion system.

Previous work then falls into the following categories :-
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1, Measurements of the amount dissolved ss a function of
the interface potential and of factors affecting the solution
or the bulk of the metal.

2. Measurements of the expansion of the lattice and the
change in the resistance of the metal as a function of the
~conecentration of dissolved hydrogen. |

3e Measurements of the change in the photo-electric effect
of the outgoing interface of membranes on cathodic and anodic
polarisation of the ingoing interface.

4, Measurements of the transfer of potential at potentials
both positive and negative to the reversible hydrogen
electrode potential.

5s Measurements of the rate of permeation of membranes as

a function of the cathodic current density, concentration of
acid on ths ingoing interface, temperature, presence of poisons
and various media on the interfaces, and the alteration of
factors affecting the bulk of the metal. :

1. leasurements of the amount of dissolution.

The dissolution of hydrogen in sheets and wires has
frequently been measured as a function of the conditions on
the ingoing interface. The solubility at potentials more
positive than the reversible potential has been determined by

direct measurement of the quantity of electricity flowing into



the electrode and at potentials more negative than the
reversible value by similar measurements, a correction being
made for hydrogen evolution; by measuring the relative change
in resistance on charging with hydrogen; and by mecasuring the
volume of hydroger; evolved after interrupting the cathedic
current.

Many early authors investigated the dissolution in
palladium and iron. For example, Thoma (6) found two regions
of hydrogen dissolution in palladium., These two regions were
later correlated by Nylen (50), and by Frumkin and Aladjalova
(57) with the alpha- and beta-phases of the palladium-hydrogen
system observed at higher temperatures in equilibrium with the
gas phase. It would appear that the alpha-beta transitioﬁ,
occurring during ths electrodiffusion of hydrogen through
palladium, takes place at the same atom percent ratio as does
that occurring at higher temperatures, and that the potential
(ca. 10.05v) at which both phases are in equilibrium with the
solution corresponds to the equilibrium pressure of hydrogen
at the transition point at the higher temperatures.

Frumkin and Aladjalova (57) showed that for potentials
more negative than the alpha-beta transition potential there
is a linear relation between the concentration of dissolved

hydrogen and the time-dependent portion of the overpotential,

4.
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This time-dependent potential was regarded as an

"equilibrium potential" conditioned by an increase in the
surface concentration of adsorbed hydrogen. This increase
itself was caused by the slow removal of hydrogen from the
interface by diffusion through the solution., It is
éifficult to see how such an explanation could account for

a continued linear relationship on the positive side of the
reversible hydrogen potential, where diffusion through the
solution can hardly be effective in raising the concentration
of hydrogen on the interface.

The above linear relationship may well hold at small
cathodic current densities; but it has been shown by Coehn
and Jurgens (39) that at high current densities (of the order
of 1 amp./sqe cm.) the amount dissolved approaches a limit
with increasing current density. It is evident that a
similar limit would be found if the results were plotted
against the potential. It would be of interest to investigsate
the over potential - time relationships in this current
density region.

Different results were obtained by Stout (568), It was
again found that the amount dissolved increased linearly with
the negative potential. Stout, howsver, apparently regarded

these potentials as being governed.by the amount of beta-phase



in equilibrium with the alpha-phase and the amount dissolved as
being limited by the complete conversion of the alpha-phase

into the beta-phase, Such a view is difficult to accept as

observaticns of the expansion of the lattice (42) and of the chan_e

of resistance (39) (42), with increasing hydrogen concentration
indicate that the beta-phase is fully formed on the positive
side of the reversible hydrogen potential. Furthermore in the

potential region in which Stout obtained an increase of the
N\

resistance with concentration, a decrease in resistance has been

found to take place (42), It seems probbble that the data of
Stout do not in faect refer to equilibrium conditions, the
charging of the wire having been carried out at too high a
current density. Hence his plot of potential agsinst the atom
percent ratio of hydrogen is presumably in error. It appesrs
poagible that Stout's results also indicate that the alpha-
bat; transition takes place on the positive side of the
reversible potential.

The dissolution of hydrogen in pslladium=-silver alloys
has been investigated by various authors. It was found by
HWowack and Tammen (20), Coehn and Jurgens (39), and Kruger and
Gehm (42) that the hydrogen content corresponding to the
complete formation of the beta-phase increased with increasing

silver content to sbout 20-30% silver and then decreased until
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at 707 silver no significant dissolution could be found. The
linear decrease in solubility withincreasing silver content
found by Kruger and Sacklowski (28) (and other authors) over
the whole range of silver concentrationswas attributed (42)
to a decrease of the diffusion coefficient of hydrogsn through
the alloy with increasing silver concentration resulting in
non-attainment of equilibrium. A similar linear decrease of
hydrogen concentration with increasing gold content of
palladium has been observed by Berry (10). It would appear
that hers also the amount dissolved was not measured under
equilibrium conditions. In palladium-silver alloys the
amount dissolved on the negative side of the reversible
potential was found to decrease with increasing silver content.(39),
Very little is known about the kinetics of the dissolution.
The results of Stout (58) show that the hydrogen concentration
affects the kinetics of the electrods reaction on palladium.
Frumkin and Aladjalova (57) considered the diffusion of
hydrogen through the bulk of palladium to be rapid compared
with the rate of its removal from the interface on the cathodic
side of the reversible potential.
The addition and removal of hydrogen in the region of
the alpha-beta phase transition has been investigated by
Nylen (50) and by Frumkin and Aladjalova (57). Considerable
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hysteresis in the potential-concentration plot was found by
both workers for the electrolytic charging and discharging
process. 1t was found that the presence of oxidising systems
such as the ferrous-ferrie did not alter the potential of
palladium charged with hydrogen to the alpha-beta phase
transition potential. Clearly the rate of removal of hydrogen
by oxidation is lower than the rate of diffusion through the
bulk of the metal.

Small potential shifts were found in acid solutions on
polarisation, With alkaline solutions much larger potential
shifts were found (50) (57); The potential shifts for
addition and removal of hydrogen were found to be symmetrical
and the slopes of the potentialecurrent density curves were found
to be the same as those for the cathodic evolution of
hydrogen. (57). The diffusion through the bulk was again
regarded as being rapid, the electrode potential due to
dissolved hydrogen remaining eonstant. The potential shifts
were attributed to the slowness of the electrochemical reaction.
A breskdown of the observed relationships would be expected on
the basis of this explanation at high current densities.

If Stout's (58) electrodes are regarded also as being at
the alpha-beta phase transition in the neighbourhood of the
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reversible hydrogen potential, then it would appear that the
addition and removal of hydrogen does not take place
symmetrically in acid solutions, the removal being reldtively
hindered. It would appear possible that the binding energy
of the hydrogen to the palladium surface is dependent on the
nature of the anion as is indicated for platinum byrthe data
of Prumkin aﬂd Slygin (47) and that the simple explanation of
Frumkin and Aladjalova is not adequate.

The constant potential at the alpha-beta phase transition
has frequently (13) (21) (50) been used to develop an electrode
suitable for measuring the pH of aolutiéns where it is
desirable to use reversible elecirodes in equilibrium with
a low partial pressure of hydrogen.

The solubility of hydrogen in iron is of a much smaller
order. It appears from the data of many workers that both the
concentration of dissolved hydrogen and the kinetics of
dissolution are influenced by the presence of poisons (41).
The system has never been thoroughly investigated, the bulk
of the measurements having besn concerned with the permeation
of membranes. It appears that the diaqolution is irreversible
ad that pbisons affect the retention of hydrogen by iron.

The dissolution of hydrogen in cafhodically polarised

platinum has been investigated by Laue and Masing (49) in



alkaline solutions. The amount dissolved is very small and
linearly dependent on the cathodic potential, It may be
noted at this stage that their data are not in agreement with
the resulis of the present experiments. The values of the
potential as a function of the current density indicate that

their electrodes were heavily poisoned.

2, Measurements of the expansion of the lattice and

chenge in resistance.

The first measurements of expansion on electrolytiec
charging appear to have been carried out by Thoma (6) on
palladium by dirsct measurement. Two regions of expansion
were found at low snd high hydrogen content corresponding
presumably on modern views to the alpha- and beta-phase.

At low hydrogen contents the expansion was found to be
proportional to the hydrogsen concentration, and at high
hydrbgen contents dependent on the current density. Further,
the expansion was more rapid at high hydrogen content which
would appear to be consistent with modsrn views. The
expansion of palladium and palladium-silver alloys has been
investigated more recently by X-ray erystallography. (28),
(59), (42), It was found that for palladium a slight

expansion takes place during the formation of the alpha-phase,

10.
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At a certain stage, lines characteristic of the beta-phase
appear and #he intensity of the lines due to the alpha-phase
decreeses. The beta-phase shows a considerably increased
lattice parameters The intensity relationship of the lines
is howeWer unaffected and it was concluded that there was no
change in lattice type but merely an expansion, An expansion
of the beta-phase itself was found at higher hydrogen concentration.

The expansion of the alpha=-lattice due to saturation with
hydrogen increaaag with the silver content of palladium=-silver
alloys, vhile the increase in lattice parameter due to the
alpha-beta phase transition and the extent of the transition
decreases. At a certain stage the alpha-beta phase transition
disappears (42). The dissolution in this interesting region
does not appear to hafe besn investigated.

The expansion of cathodically charged iron hes been
msasured by Waver and Pfarr (44), A slight increase of the
lattice parameter of 0.0005A was found and this decayed with
time. If this small expansion is significant, it would seem
%o imply that the change in parameter per atom (1.27) of
hydrogen percent is similar to that of palladium and that the
hydrogen is in solid solution in the iron lattice.

The measurementa of tne change in resistance of palladium



and palladium-silver on saturation with hydrogen asre related
to the measurements of expansion (9) (39) (42), see also (40).
A small region, during which the resistance increases with the
hydrogen content, has been found followed by a region in which
there is a less rapid, linear increase in resistance with
hydrogen content. This region presumably corresponds to the
alpha-beta phase transition and is complete at low current
densities, probably even at positive potentials, corrssponding
to the views of Nylen and of Frumkin and Aladjalova. Finally
at negative potentialas there is a decrease in the resistance,
which at high values of the current (lamp.) becomss constant.
This region corresponds to dissolution in the beta-phase and
saturation at high current densities.

The measurements on palladium-silver further substantiate
the resulis obtained by measurements of the expansion of the '
lattice. The extent of the linear increase in resistance
(alpha-beta fransition) and the fall off at high current
donsities decrease with increasing silver content.. The fall
off also flattens out with respect to inecressing current
density at high silver concentrations, The behaviour in the
region in which the alpha-beta transition disappears does not

appsar to have been investigated.



3., Heasurements of the change in photo-electric effect,

The change in photo=electric effect of the outgoing
interface of iron mamb¥anes on cathodic polarisation of the
ingoing interface was investigated by Frnst (16) and Tichler
(15) and with the addi%ion of the dissolving metal system by
Dumpelmann and Hein (26). An increase in the photo-electric

effect for both oxygen and hydrogen evolution was found by

all these authors but it would appear from the data of Tichler

that after an initial increase caused by hydrogen evolution,
anodic polarisation produces an increase and cathodic
polarisation & decrease in the photo-electric effect on the
outgoing interface. The effect as studied by these authors
would appear to be somewhat obscure, and was attributed by
Ernst to the removal of electrons from dissolved hydrogen.

It is difficult to ses why oxygen should have the same effect
as hydrogen. TFurther in addition to platinum, palladium and
iron which are known to be permeable to hydrogen a positive

_ effect was found with gold. It appears possible, however,
that if the effect is real it would be much mors sensitive
to traces of diffusing gas than other methods of measurement .
and that diffusion could be detected on metals otherwise

thought to be impermeable.

13.
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4, Lsasurement of the transfer of Eotential.

Measurements of the potential of the ouigoing interface
of werbrane slectrodes were used by many early workers to
detect the diffusion; amongst these may be mentioned Crova
{1}, Helwholtz and Root (2], and Beetz (3).

Nernst and Lessing (7), Schmidt and Lucke (22), and
Fohler {34) used the measurement of the transfer of potential
as a means of demonstrating the presence or absence of a
true diffusion process on palladium, platinum, and iron. It
was shown that, if the boundary conditiom for the outgoing
interface is assumed to be de/dx = O (c is the congentration
-of dissoived hydrogen and x the co-ordinate in the direction
of flow), the time for the transfer of equal potentials should
vary as the square of the thickness. This law, known as the
Nernst law, was found to hold on palladium by Nernst and
Lessinge On platinum, however, it did not kold, thick éheets
being impermeable; because of this, the diffusion through thin
wexbranes was attributed to leakage. As pointed out by
Schridt and Lucke the sbove boundary condition is not likely
to hold for appreciable potential changes and they claimed
that the Nernst law held for small potential changes (of the

order of 50 mv.) on ircn and thin platinum mewbranes. Kohler



also claimed that the law held on platinum foils of intermediate
thickness. It appears likely, however, that the erratic coursse
of the potertial-time curves observed by these workers was caused
by depolarisation and that the agreement with Nernst's law was
to a largs erxtent fortuitous. It will be shown later that,
even wihen every precaution is taken to avoid dspolarisation, the
rate of change of potential on 0,003 inch thick platinum
electrodes is much smaller than expscted on the basis of the
Nernst law when couwpared to that on 0,001 inch thick electredes.
It would appear that this means of testing the diffusion kinetics
is unsatisfactory. A further reason for the non-obeyance of
Nernst's law would appear to lies in the varlation of the
diffusion coefficient with concentration.
' The messurements of the migration of potential and
resistance along palladium and palladium-silver wires are
related to the sbove measurements. It was found by Coehn and
Specht (35} (36) and by Coehn and Jurgens (39) that s shift
in the negative direction of the potential of a pallsdium
wire could be detected at distances of the order of lem. from
the cathodically polarised region after appreciable time
intervals. For palladium wires, Nernst's law was obeyed up

to distances of 8um. The phenomenon appeared to show the

15.
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usual exponential dependence on temperature. By passing an
electric current through the wire it was found that the
potential tended to migrate in the elect:ic fisld towards the
negative pole and that the dirsction of migration could be
reversed by reversing the currsnt. It was concluded that the
hydrogen migrated in the form of protons in the electric field
of the wire., The extent of the migration increased with
temperature, and varied linearly with the time of application
of the current indicating a proportionality with the electric
field, in the wire. The migration decresased with increasing
silver content of palladiume=silver wires. A similar migration
could be detected by wmeasuring the change in resistance of
different portions of the palladium wire or the blackening of
a photographic plate (45) in contact with the wire.

The measuremenis appear tc be scuewhat ambiguous since
the wire was charged {0 couwpleis conversion into the beta-phase
and the potentisl whose appearance was timed at different
distances corresponded to a potential in the alpha-phase.
It would appear thal under these conditions, the Nernst law
cannot be expected to hold. It may be noted at this stage
that if the Nernst law is assumed to hold, the results indicate
a very rapid diffusion through palladium foils of the order of

., thickness used in the experiments of Frumkin and Aladjalova
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and that their assumpiion of a rapid diffusion compared to
the interface process may be substaniiated.

The diff'usion of potentials through iron membranes has
also been investigated by Grave (11), Rathart (14),
Stapenhorst (17) and Schwidt (24) in relation to passivity.
The fipst three authors found a reduction in passivity of the
outgoing interface on cathodic polarisation of the ingoing
interface and an increase on anodic polarisation, Schmidt,
howsver, claimed that both eathodic and anodic polarisation
of the ingoing interface reduced the passivity.

A more rocent study of the itransfer of potentials through
iron-chromium alloys from the point of view of passivity is
that of Unlig, Carr, and Sghneider (56). A similar activation
was found even in the region where the concentration of
chromium in the alloy produces passivity. This region was
displaced to higher chromium concentrations on cathodie
polarisation, wWithout discussing these data further from
the point of view of passivity it may be noted that the
potential of the outgoing interface (in 47 sodium chloride
solution) finally attained velues that were insensitive to
a 100% variation in current density on the ingoing interface,

contrary to the results of the diffusion measurements on



many other systems. The time of attainment of the steady
potential, an inverse measure of the diffusion coefficient,
appeared to increase with increasing chromium content.

The transfer of potential as a function of the silver
concentration in palladium-silver alloys was investigated by
Coehn and Baumgarten (32). .The rate of transfer of potential
was found to decrease and the final potential on the outgoing
interface to becomwe less negative with increasing silver
concentration., With pure palladium, cdthodic potentials were
finally reachedes This is the first cbservation of negative
potentials on the outgoing interiace of palladium membranes
due to cathodic polarisation of the ingoing interfaces.

liore recently, the transfer of potential has assumed a
further significence from the point of view of the theory of
hydrogen overpotential. It is clear that if negative
potentials are attained on the outgoing interfacs of membranes
on cathodic polarisation of the ingoing interface then this
potential can only be dus to some electromotive activity of
the diffusing hydrogen. This fact appsars 10 have been first
pointed out by Perguson and Dubpernell (43). They investigated
the potentialfchangea on the outgoing interface of platinum

wembranes as a function of the current density flowing into the

1e.



ingoing interfaces They failed te cbserve any negative
potential, however, and on the strength of the irreproducibility
of the phenomenon concluded that the diffusion wag caused by
leakage through the pores Sf the electrode. It may be noted

at this stage that the initlal potential of the outgoing inter-
face in the experiments of Ferguson and Dubpernell was always
positive and that this potential was shifted in the negative
direction on cathodic polarisation of the ingoing interface.
Further it was frequently found that anodic polarisation of the
ingoing interface shifted the potential of the outgoing inter-
face in the positive direction. In fact the permeability to
anode polarisation appeared to be greater than the permeability
to cathode polarisation. A negalive pot&ntial on the outgoing
interface has in fact never been observed with platinum. It
has frequently been found, however, that the positive potential
of the outgoing interface can be reduced by cathodic
polarisation of the ingoing interface.

The first observation of a nsgative potential on ths out=-
going interface was made by Coehn and Baumgarten (32) on
palladium wembranes. This diffusion has more recently been
investigated from the point of view of overpctential theory

by Stout (58) and by Frumkin and Aladjalova (57). It was found

19.



by Stout that the initial potential of a palladium electrode
and the slope of the Tafel lire (the overpotential-log current
density relationship) were significantly interrelated and that
this initial potontial was dependent on the hydrogen
oncentration in the electrode. On the basis of this #h was
sssured that the slow stage of the slectrochsmical reaction lay
in the recombination of the hydrogen atoms on the interface.

It was found that the inside of pslladium tubes would attain
negative potentials when the outside was poiarised cathodically,
This potential was essumed to be caused by the increase in
concentration of hydrogen due to the increase in the rate of
reaction so that the electrode was behaving as if it were in
equilibrium with a higher hydrogen pressure. The relation
betwaen the potential and the hydrogen conteni is obscure however.
It was assumsd that ths potential was determined by the amounts
of the alpha- and beta-phsse in squilibrium. It is difficult
to see how the potential of two phases in equilibrium with

each other can vary with the amount of one of the phases present.
Purthermore it is unlikely that the distribution of hydrogen
atoms throughout the bulk of the metal durihg the deierminntion
of the concentration-potential relationship was that at

eqnilibrium or in fact comparabls with that at the working

cathode,



Frumkin and Aladjalova also found a transfer of potential
to the outgoing interface of membranes when the ingoing inter-
face was polarised cathodically at fairly low currents (less
than 0,0 lamp). The change of potential on the outgoing
interface was found to be equal to the slowly growing part of
the overpotential on the ingoing interface. The potential
of the outgoing interface was further found to be independent
of the presence of acids or alkalis at the interfaces, whereas
the overpotential on the ingoing interface showed a marked
dependence on pH, lMainly on the basis of these experiments,
it was concluded that the electrode was behaving as an
equilibrium electrode, the diffusion not affecting the concen-
tration distribution. The potential at the interfaces as
opposed to the potential due to the electrochemical reaction
was assumed to be independent of the nature of the solution
and to be determined by the slow diffusion of hydrogen from

the interface through the solution.

It is difficult to assess the validity of the interpretation

in the absence of data on the effect of the environment of the

interface-on the diffusion kinetics or even the permeation rate.

Measurements of the potential alone cannot give sufficient

evidence to enable conclusions to be reached as to the nature

2l.
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of the processes at ths interfaces. Deviations from the
observed relationships would be expected at higher current
densities on the basis of the explanations put forward by
Frumkin and Aladjalova. Furthermore it is evident that the
results obtained disagree in several directions with those
of other workers and with general experisnce in the diffusion

field.

9. Measurement of the rate of permeation of membranes.

The majority of the measurements of the di}fusion as such
have besn concerned with the determination of the rate of
permeation of membranes., The change in pressure in the gas
space oh the outgoing interface of the membranss (a direct
measure of the rate of diffusion) has been measured as a )
function of the conditions at the ingoing interface. The term
membrane used is not strictly speaking justified since many of
the measurements were carried out with finite and infinite
cylinders. No error is introduced in this manner however,
since the results are not sufficiently accurate to have been
affected by a consideration of the geometrical configuration,

It has been found by many workers (8), (5), (12), (33),

that the rate of electro-diffusion through iron membranes
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is independent of the pressure of gas on the outgoing interface
or over the solution on the ingoing interface. Pressures up
to 300 atmospheres have been obtained on the outgoing interface
of mgmbranea with the ingoing interface cathodically
polarised (33). Oﬁ the strength of this information the
determination of the rate of permeation by measurement of the
change of pressure of a constant volume system may be considered
valid.

Studies have been made of the effect of a wide variety of
factors upon the rate of permeation and thesé vill now be

considered in turn.

Temperature.

The rate of permeation has always been found to increase
with temperature. The only investigations carried out are
for the permeation of iron either from the cathodically polarised
interface or from the interface during dissolution in acid.

It was found by Bellati and Lussana (5) that the rate of
permeation varied as the absolute temperature. The data of
Winkeimann (8) indicate a variation with the temperature to a
power greater than 5. Fuller found a marked temperature

dependence of the rate of permeation from the interface
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dissolving in acid. The clearest indication of the temperature
dependence lies in the work of Borelius and Lindblom (30).

These workers found that their data for the permeation of iron
from the cathodically charged interface followed the usual
temperature dependence of reaction rates (e-b/T), between 25

and 97°C.  The value found for the term b (4550) is very similar
to the value (4700) found for diffusion at high temperatures from
the gas phase. If the data of Edwards (27) for diffusion from
the interface dissolving in hydrochloric acid are recalculated

a very similar value for b (5050) is obtained. It is not valid,
however, to conclude that the essential step in the diffusion
processes is the same since we are here considering the steady
rate of permeation through the membrane and the diffusion
coefficient. The above temperature dependence may in fact
consist largely of a term dependent on the endothermic

dissolution of hydrogen in iron.

Current Density.

It was found by Bellati and Lussana (5) that the rate of
permeation of iron varied directly as the current density at low
current densities andlmore slowly at high current densities,
Winkelmann (8) also found that the permeation varied less slowly

than the current density. More recent workers have correlated



the rate of diffusion with the square root of the current
density by analogy with the diffusion at high temperatures,
where the permeation rate is found to be proportional to the
square root of the pressure. Bodenstein (23) correlated the

diffusion in this manner. The agreement appeared to be more

satisfactory in the measurements made after decreasing rather th

increasing the current density, which is reminiscent of the
hysteresis of the permeation rate with increasing and decreasing
current density observed in the iron-hydrogen system by #Aten

and Zieren (37) and by Borelius and Lindblom (30). A
.cOmparable relation was obtained betwsen the logarithm of the
permeation rate and the hydrogen overpotential, The similarity
between the square root of the pressure and the square root of
the current density is spparent from these resulte if it is
assumed that the overpotential is governed by the concentration
of hydrogen atoms on the in&erfaoe.

Borelius and Lindblom also found a correlaticn between the
permeation rate and the square root of the current density, in
the tempsrature region 25 to 97°C.

It may be concluded that the process involved in the
diffusion is the same at low as at high temperatures and that
the current is equivalent to a very high pressure. In this

case it was shown that P=17000 x current density (amp.)-
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and at the highest current density observed the "pressure"

at the ingoing interface was 750 atmospheres. On this simple
view the pressure on the outgoing interface may well build up
to very high values without affecting the rate of diffusion.

It may be noted that the data of Borelius and Lindblom,
Bodenstein, and those of Aten and Zieren on unpoisoned
electrodes all indicate that 0,17 of the atoms discharged
diffuse through the electrode. The data of FEdwards for the
diffusion from the interface dissolving in acid give a higher
value but comparison is difficult because the permeation rate
varied over a factor of 8 in the ~cid concentration range
considered.

Borelius and Lindblom found deviations from the
proportionality of the pgrmeation rate and the séuare root of
the current density at low values of the current density, the
permeation rate varying more rapidly than expected. Similar
deviations were found by Bellati and Lussana (5). These
deviations from a square root law together with the fact that
the diffusion obeys the square root law up to such high pressure
equivalents have assumed considerable importance in the
consideration of the diffusion process. It is a matter of

considerable difficulty to find an explanation for the fact



that the rate of permeation varies as the square root- of the
pressure up to very high pressures for the diffusion at high
temperatures (61). In view of this fact the above experiments
are important for they indicate that the permsation is pressure
dependent to even higher pressure equivalents. The surfa;e
must be saturated with hydrogen at comparatively low pressures
and clearly if the bulk of the metal within the ingoing interface
is in equilibrium with the adsorbed layer the permeation rate
should approach a constant value independent of the pressure.
In order to explain the observed behaviour, some effect of the
processes occurring at the interfaceson the diffusion must be
postulated. The possible effects have been considered by
Smithells (61), Wang (48) and Barrer (51). It would appear
that in order to explain the pressure dsependence of the diffusion
up to high pressures and also the fact that high pressures of an
inert gas have no effect on the diffusion some interface
reaction as proposed by Wang must take place. In this treatment
it was assumed that a molecule striking the surface leads to the
immediate absorption of one atom the other atom being adsorbed
on the surface. The more usual types of surface adsorption
and desorption processes were also considered.

The deviations at low pressure have been ascribed (61) to

the effect of partial coverage. It has been pointeé out by
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Barrer (54) that the temperature dependence of the deviations
does not agree with such an explanation and that the behaviow
may be explained in terms of a slow transfer from the ingoing
interface into the bulk of the metal, coupled with a slow
transfer from the bulk of the metal to the outgoing interfacs.
This behaviour would lead to a considerable reduction of the
concentration gradient within the metal and result in & complex
dependence On pressure. It would appear that the deviations
at low pressures or current densities may be partly if not
largely caused by the presence of impurities in the metal (30)
(55) or even the presence of depolarisers and that further
experiments are required before the interpretation can he
carried further.

On the basis of a slow transfer from the interface to the
bulk of the metal there vill clearly be an appreciable
concentration discontinuity at the interface (51). In
electrodiffusion the "pressure" may be expected to rise
sufficiently high, or else the surface mgy be sufficiently
activeted, for the metal within the ingoing interface to become
saturated. Under these conditions the permeation rate should
become independent of the current density. This behaviour has
been observed by Barrer on very active pslladium membranes.(54).

It was found that inactive electrodes showed the usual square



of permeation

root dependence}bn the current density. As the activity of
the electrodes is increased by alternate oxidation and reduction,
the plot of the permeation rate against the square root of the
current density increasingly bends awsy from the permeation
rate axis and at a certain activity the rate of permeation
becomes independent of the current density. It was found that
for varying activity of the electrodes at constant current
density the diffusion coefficient remained essentially constant
by the method of evaluation used (21) (52). Trom the values
of the permeation rates, it was found that as the activity of
the electrodes decreased the concentration within the ingoing
interface fell increasingly below the equilibrium value. It
was assumed that under these conditions the slow transition
from the interface to the bulk of the metal incfeasingly takes
control, and that the method of evaluating the diffusion

coefficient was independent of the extent of the interference
by the interface.

Barrer showed that the data of Fdwards for iron gave
values for the diffusion coefficient that were very similar to
those obtained from the data for cathodically polarised iron.
The results indicated that there were only moderst e deviations

of the concentration within the interface from the equilibrium



valus, For inactive electrodes this concentration was
appreciably lower, indicating that here also the slow transfer
across the ingoing interface was assuming increasing importance.

It is difficult to assess the validity of this group of
experiments. The observations are very limited and the
behaviour could not be reproduced for different electrodes.
The current density ranges studied were too small to confirm
the dependence of the rate of diffusion on the current density,
particularly as the current density enters as a very low power.
In the absence of data on the hydrogen overpotential of the
electrodes used it is difficult to assess the condition or
purity of the surface of the metals. The independence of the
obsérved "diffusion coefficient" with respect to the permeation
rate is surprising. The palladium lattice is known to show
marked expansion (42) in the range of concentrations considered
and to undergo a phase change., Under these conditions marked
variations in the diffusion coefficient would be expected.

The small reduction of the concentration of hydrogen
from the equilibrium value within the ingoing interface in the
experiments with iron membranes is of interest in view ofvthe
fact that such high pressure equivalents of the current density
have besn found with iron and also experimentally observed on

the outgoing interface. For palladium it has been shown that

30,
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the equilibrium concentration of hydrogen becomss limited at
the high current densities at which the limiting permeation
rate on active electrodes was observed. It would appsar that
the interface of the inactive electrodes must also have been
completely covered at these current densities and that the
continued dependence of the permeation rate on ths square root
of the current density could not be occasioned solely by a slow
transfer from the interface to the bulk of the metal but rather
by a mechanism as proposed by Wang (48). This is also
indicated by the experiments with the iron membranses. The
solutions' of the diffusion equation for the radiation boundary
condition used cannot give aﬂy information as to the nature of
the interference at the interface. These equations can be
expected to be obeyed only if the rate of transfer across the
interface is proportional to the concentration difference at
the interface, which would appear to be a very special case,

A qualitative measure of the extemt of the interference by the
interface can however be obtained without reference to the
nature of the process. It may be noted at this stags that
any process will give a value for the "diffusion coefficient”
end that the presence or absence of a bulk controlled
diffusion must be assessed by comparing the experimental

permeation rate-time curves with the theoretical expressions,



@:8e, squation (21) below. The interference by slow interface

processes will be further considered in the discussion.

Solution Factors.

Under this heading are considered the effect of additions
to the solution and the use of different media. The f@fst
effect may be termed poisoning of the interface.

The effect of poisoning of the interface on the rate of
permeation cannot be separated from the effect on the
dissolution of hydrogen. It was found by Korber and Ploum (41)
that on dissolution of iron in acid or on cathodic
polarisation of iron the deposited hydrogen would only enter
into the bulk of the metal in the presence of poisons in the
golution, The hydrogen content of the metal appeared to be
markedly affected by the presence of poisons. The impurities
present in commercial iron were sufficient for dissolution
in the bulk of the metal to occcur, It is unlikely on the
strengthbof this evidence that any data in the literature really
refer to diffusion under pure conditions and it appears that
the effects of poisoning referred to by other suthors really
refer to the poisoning of contaminated interfaces. The
observations of Alexejew and Palukarov (29] are related to

those of Korber and Ploum. These authors found that the
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bresking stress of cathodically polarised iron wires was only
affected in the presence of poisons (mercury and arsenic) in
the solutions. (See also 18).
It was found by Fuller (19) that the rate of permesation

of iron tubes was increased by applying a coating of another
metal to the surface. Aten and Zieren (37), and Aten and
Blokker (38) found a large increase in the rate of permeation
through iron when the ingoing interface was poisoned by arsenic

or mercury in acid or alkaline soclutions. The effect first
‘ increased and then decreased with the poison concentration and
was particularly marked at higher current densities. Under
these conditions up to 30% of ths deposited hydrogen diffused
through the bulk of the metal. The permeation rate was found
to be a linear function of the logarithm of the rate of hydrogen
evolution rather than of the square root of the current density.
PFurthermore the ratio of the orders of the concentration
appearing in the expressions for the permeation rate and the
rate of hydrogen evolution was independent of the nature or
emount of the poison. The clearest indication of some
uniformity in the behaviour was obtained by Kobosew and
Monblanova (46) who showed that the permeation rate was a single-

valued function of the cathode potential., It is evident that
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the diffusion is consistently affected by some interface factor.
A further consideration of the results is of little value
however, in the absence of data on the effect of the various
treatments on the diffusion coefficient.

The effect of the medium itself on the permeation rate is
related to these experiments. It has been frequently observed
that the rate of permeation is lower in alkaline than in acid
solutions. It was found by Aten and Zieren and by Aten and
Blokker that the ratio of the orders of the concentration terms
appsaring in the expressions for the permeation rates and the

rate of evolution of hydrogen was lower in alkaline than acid

solutions. The data of Coehn (25) and of Coehn and Baumgarten(32)

who at tempted to relate the adsorption and permeation rate with
the charge on the ga2s bubbles at the interface, may also in fact
indicate that diffusion snd dissolution is favoured by low pH.

It is difficult to see how the charge on the gas bubbles could

a’ fect the permeation so markedly but on the views of Frumkin and

Aadjalova on the nature of hydrogen overpotential on palladium
such an effect is possible.

It was found by Edwards (27) that the rate of permeation
(P) through iron, the ingoing interface of which was dissolving

in acid, increased with the concentration of the acid (C)



‘ 10,4167,
according to the relation P= ke . The permeation rate

was also found to vary with the nature of the acid., It is not
cloar, however, whether the results indicate a direct effect of
the acid concentration on the psrmeation rate or whether the
bshaviour is controlled by the rate of dissolution of the iron
in the acid.

The most direct investigation of the effect of the medium
has been carried out by Kobosew and Monblanova (46)., No effect
on the permeation velocity through palladium of a varisty of
media on the outgoing interface (water, hydrogen, benzene,
butyric acid) could be found. These media cover a wide range
of viscurity, surface energy and dielectric constant and it is
evident that the molecular forces at the outgoing interface
have no influsnce on the diffusion process. It may be noted
that any effect on the diffusion process %pe to bubble formation
or to diffusion away from the interface is also thereby ruled
out., Solutions of electrolytes were found to have a very
marked effect on the permeation velocity vhen placed in contact
with the outgoing interface. The effect appeared to be highly
specific, no correlation with either the ionic charge on the
ions or the ionic concentration being observed. The permeation

rate was most markedly reduced in the presence of the pot2asium
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ion, the reduction increasing with increasing concentration.
It is unlikely that the effect can be attributed to poisoning
. since the permeation rate returned to its original value on
replacing the ionic solution with water.

The results of Frumkin and Aladjalova (57) are difficult
to reconcile with these observations., The potential bshaviour
at the ingoing and outgoing interfaces was explained by
considering that the electrode contained a certain equilibrium
concentration of hydrogen determined by the slow diffusion
away from the electrode into the bulk of the solution., The
presence of alkalis was found not to affect this part of the
overvoltage but only a part, observed at the working cathode,
and attributed to the elsctrochemical reaction, The potential
of the outgoing interface and therefore presumably the rate of
diffusion was found to be independent of the presence of acids
or alkalis on the ingoing or outgoing interface., The results
wers not, however, supported by measurements of the rate of
diffusion.

Kobosew and Monblanova also regarded the diffusion to be
controlled by the interface and considered that ths resulte
could be explained on the basis of a change in the adsorption

energy of hydrogen leading to a change in the rate of transfer



across the ingoing interface. The data of Frumkin and Slygin
(47) on the anodic charging of platinised platinum may in fact
substantiate such a picture. It is evident from the data

that the strength of binding of hydrogen to platinum is markedly
affected by anion adsorption and it may well be that the
binding energy would be similarly affected by cation adsorption,.
It is impossible, however, to conclude that the binding strength
alone is effective in altering the’permeation rate without
precise knowledge of the manner in which the diffusion kinetics

are affected by the factors altering the permeation velooity.

Bulk factors.
Under this heading the manner in which factors affecting

the bulk of the metal, affect the diffusion process, is
congidersd.

The effect of the geometrical configuration has only bsen
very rarely investigated, e.ge, there is no comparison in tﬁe
literature of the behaviour of slabs and rods. It was found
by Aten and Zieren (37) that fhe plot of the permeation rate
against 1/thickness showed positive deviations from linearity
at low thicknesses. Slow processes at the ingoing interfaces
would be expected to give negative deviations at small

thicknesses, The manner in~ihich this behaviour is linked to

7.



poisoning is not clear, howsver, but it may be noted that the
deviations decrease with decreasing argenic concentration.

It was found by Edwards (27) that for the dissolution of

iron in acid the rate of psrmeation varied inversely with the
thickness as would be expected on the basis of Fick's laws of
diffusion. Frumkin and Aladjelova found the permeation rate
through palladium to be independent of the thickness of the
membrane.

Impurities in the electrode material and alloying have
besn frequsntly found to affect the rate of permeation. It
was observed by Charpy and Bonnerot (12) that the hydrogen
content of iron, after diffusion at high temperatures, was
lowered for saturation both at high temperatures from the gas
phase and at room temperatures by cathodic polarisation. A
simultaneous removal of the impurities in the diffusing gas
was observed. .Borelius and Lindblom (30) found that the slope
and to a certain extent the shape of the plot of permeation
rate through iron againat the square root of the current
dongity was affected by the carbon content and by heating the
metals It was apparent that any trestmert facilitating the
accunulation of carbon at the grain boundaries hindcr&d the

diffusion. As against this observation, it was observed by

4
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Edwards that the rate of permeation through a single crystal
of iron was not different from the rate through the
polycrystalline material. It would be premature to drew
any conclusions as to the pait the grain boundaries play in
the diffusion process. It is probable, in fact, that the
diffusion behaviour of pure iron has never been observed.

There are numerous cbservations in the literature that
prolonged diffusion changes the diffusion characteristics and
that heatiné the metal restores the original state. It is
not clear, however, to what extent this may bé caused by the
removal of Adsorbed poisons. Repeated oxidation and redustion
or anodic and cathodic polarisation have bsen found to activate
electrodes for the diffusion process. I% has been considers d
that this treatment exerts scme influence on the rate of
transfer of hydrogen from the interface into the bulk of the
metal but no study of the change of the intsrface with these
treatments in relation to the diffusion process has been made.

The effect of alloying palladium with silver has been
studied by Coehn and Baumgarten (32), who showed that the
permeation fate of hydrogen through the alloys decreased with
increasing silver content, As has been stated sbove, it

appears that the dissolution of hydrogen exhibits a maximum
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with increasing silver concentration and therefore the
diffusion coefficient must show a marked réduction with
increasing silver cncentration. This is also apparent when
the data for the 3harg1ng of thin foils (Tamman and Nowack (20),
Coehn and Jurgenav(SQ))are compared with those for the charging
of thick foils (Kruger and Sacklowski(28), Coehn and

Baumgarten (32)) It is evident that the thick foils were not
under equilibrium during the charging process and that this is
to be attributed to a falling diffusion coefficient. Ths
diffusion of potehtiala (32) through palladium-silver meubranes
also indicates a falling diffusion coefficient with increasing

gilver content.

CONSIDERATION OF PREVIOUS WORK.
As has been repeatedly pointed out it is difficult to

assess the validity of the conglusions from previous work in
the absence of data on the diffusion kinetics. The main
measurements of the diffusion have been those of the permeation
rates. These are complex quantities even if it is assumed that
the diffusion is controlled by the transfer through the bulk
of the wetals It is impossible to assess the true. effect cf
the interfaces, of tewperature, poisoning otc. in the sbsence

of data on the diffusion kinetics. I may be concluded that



the experiment design in previous work (insofar as this was
carried out to interrelate the diffusion and electrochemical
kinetics) was inadequate to demonstrate the deduced relationships.
Apart from this, the experimental technique of previous
workers, with the possible exception of that of Frumkin and
Aladjalova was, in all probbbility, inadequate. It was evident
that a thorough investigation would have to be carried out underv
the stringent conditions of purity etc. shown to be necessary
by recent measurements in electrochemical kinetics.

Expevimental conditions and choice of system in the vresent
experiments.,

It was clear from the above considerations that it would
be necessary to avoid all poisoning of the electrode sither by
the solution or any material used to seal in the electrode and
any form of depolarisation. In the light of recent experiments,
it is an easy matter to prepare pure solutions and the manner
of preparation and the experimental technique necessary are
indicated in the experimental ssction. Depolarisation by
anodic or cathodic depolarisers could be avoided by also
carrying out the experiments in an appropriate inert atmosphers.
It became evident during the course of the experiments that it
was necessary to guard against electrical depolarisation in

certain types of wsasurements. Precautions were therefore



taken to guard against electrical leakage and valve
potentiometers were employed to measure potential changes.
The choice of electrode system was limited by several
considerations. In addition to measurements of the
dissolution of hydrogen in wires, it was desired to conduct
experiments with membrane electrodes since important
conclusions could be reached by the comparison of such
systems. In order to carry out such experiments it was
necessary to obtain leak-tight seals. Although a variety of
sealing mterials was investigated, it was found that the
systems were invariably poisoned either by the sealing
material itself or because of the impossibility of cleaning
the system effectively., It was clear, therefore, that the
metal would have to be chosen so that the electrode could be
sealed dir ectly into glass, and subsequently cleaned by the
methods employed for the rest of the apparatus. The choice
was further limited since it was desired to investigate the
permeability under anodic and cathodic conditions,
(necessitating an inert electrode material) in a metal, in
waich the dissolution was known to proceed endothermically
at high temperatures since such systems show a more regular
temperatur e dependence than systems with an exothermic

dissolution of hydrogen., Of 2ll the systems kmown to show
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permsability to hydrogen at high temperatures, platinum
appeared to be the most obvious choice. It was found that
this could be sealed directly into glass without the use of
intermediate metals or solders, and furthermors a wide rangs
of conditions of the interfaces could be effectively
investigated.

Choice of Set Up and Boundary Conditions,.

It appeared desirable to sxtend the observations of
previous workers in several directions in the light of modern
views on electrochemical kinetics and the complexity of
diffusion phenomena. In a complete investigation of the
kinetics of diffusion the main concern must necessarilybe an
investigation of the extent to which the diffusion is
actually controlled by the transmission through the bulk, by
slow stages at the interfaces, and to what extent concentration
terms affect ths diffusion coefficient. Three general
methods of approach are possible. Pirst the effect of
geometrical configuration on the rate of sorption, dosorptidn
or transmission can be investigated, and the extent to which
the observed quantities obey the predictions from Ficks laws

/
of diffusion can be observed. Secondly, a comparison of the

rates of sorption, desorption and transmission, best



characterised by the concentration terms entering into the
derived expressions, should give information as to the presence
of slow interface reactions and their location. Thirdly, a
comparison of the enorgies of activation of the rates of

permeation and of the diffusion coefficients should show to

vhat extent the diffusion step is controlled by the transmission

through the bulk. The effect of concentration terms on ths
diffusion coefficient can best be estimated by investigating
the systems over a range of boundary conditions, Although
the solutions of Fick's laws will only be very approximstely
obeyed if the diffusion coefficient variss with the con-
centration, a semi-quantitative picture can be built up.

The experiments were accordingly divided into the
following sections;:-

1. It was decided to investigate whether there was any
diffusion of cathodic potential and to what sxtent the build
up of potential on the outgoing interface could be correlated
with the potential at the ingoing interface and rate of
depogition of hydrogen.

2, The diffusion of anodic potential was investigated
in an attempt to correlate the potential change with the
measured dififusion coefficient and the concentration-potential

relationships,
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Se Quantitative measurements were made of the diffusion
coefficient according to the methods developed by Daynes(21)
and by Barrer (52). The conditions at the ingoing interface
varied through a rangs of anodic potentials, the reversible
hydrogen potential, to about =O,lv. The outgoing interface
was maintained at a potential at which according to the
experiments indicated in Section 2 asbove there was no hydrogen
on the interface. Rates of permeation, in the steady state
wers also recorded.

4., The rates of dissolution and desorption of hydrogen
as a function of time were measured on wires, over a range of
anodic potentials. Diffusion coefficients were obtained as a

function of the anodic potential and the equilibrium

congentrations for adsorption and desorption were compared with

those obtained from 3. above,

The experiments in 2, 3, and 4 sbove were carried out over

a range of temperatures,

GENERAL THEORETICAL CONSIDERATIONS.

For the experiments outlined above, it is necessaryrto

consider the solution of Fick's laws of diffuaioh for the slab
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and the rod, For the membrane only the region 0{x{l will be con-

gidered andfor the wire the infinitely long rod will be treated
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in the cylindrical co-ordinate systems In this end effects
will tharefore be neglected. Further, for the membrane we
shall mainly deal with the amount of material crossing the
interface x%0 as a function of time with various boundary
conditions at the interface x=1 and shall not be further
concerned with the concentration distributions since these
are not determinable, TFor the wire also we shall not concern
outsslves with concentration distributions and only deal with
the amounts crossing the interface r=a as a function of time,
For the membrane we shall be concerned with both Fick's

first and second law of diffusion. The first law can be stated

in the forms:
Pr= -Diac |
3; ()

and the second in the form:

€ = Dc (2)
ot Ix*
where D is the diffusion coefficient, P the permeation rate,
and C the concentration,
From equation (1) the diffusion coefficient can only
be obtained if the con;entration gradient is known, or the
concentration if the diffusion coefficient is known. Since the
concentration gradient could not be directly measured in the

present experiments, the diffusion coefficients were evaluated
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from the second law and the concentration within the ingoing
interface derived from the first law by substitution., We can
solve equation (2) in one of two forme; either to give the
concentrations as a function of distance and time or as the
amount of material which has crossed the interface x=0 as a
function ofAtime. Again the first alternative hsas to be ruled
out since the concentration distribution within the metal
cannot be determined in the present type of experiment.
Accordingly the solution used for the evaluation of the
diffusion coefficient was that for the total amount which has
dif fused across the interface x=0 as a function of time.
Various other solutions were also used to interprate the
potential changes on the interface x=0 during the charging of
the ingoing intercace (x=1) and to check the extent to which
the system obeyed Fick's laws of diffusion. These solutions
and their application are indicated below.

The solution of equation (2) can be approached in ons of
two ways; clasasically it can be deduced wmost conveniently from
Fourier's Integral by the use of Fourier's transform,
Alternatively the solutions can be obtained by the use of the
Laplace Tranaformafion in conjunction with a table of transforms

or the Inversion Theorem for the Laplace Transformation.
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The second method, as will be seen below, in conjunction
with various expansions and the uss of tables of transforms
gives useful solutions which are rapidly convergent for small
values of time. Since the solutions deduced from Fourier's
Integral can be equally readily obtained from the Laplace
Trensformation by the usse of the Inversion Theorem we shall
only indicate the manner of obtaining the solutions by this
method,

If the concentration C is a function of the time t and the
space variables x, y, z then the Laplace Transform is the integral

] . ~ it
Lic(xuzt] =T = j M C(x,y,2,t) dt (3)
p being a number whose real part is positive and large enough to
make (3) convergent. ¢ is a function of p and x, y, z. .
Further we shall need certain theorems governingA the

transforms.

L.L[g_ﬂ =1 b9 — e (4)

[ e 13.3.0 ¢, c,being a function of x, y, z.

-t i - —n A - = t i
for | o |*§ch:_.dt = [e ltc]c + P-JjL I; Cd{,
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. L[gﬂ = %f (5)

—

X
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We may consider the slab 0{x {1 with no transfer of

C ()

material at x=0, initial concentration within the slab and on the
interfaces zero, and x=1 maintained at constant concentration C
for t 0.

We can apply the Laplace Transformation to Fick's second law

BC—|Q% =0 O(x(g =0 JCZO,X:O
ORVL ¢ =C, t7O x ={

Maltiplying by @~ [\.t and integrating with respect to t from O to 0O
J%wm&_i P&H 7)

c X (o

we obtain from theorems I and II

d.Lé = QL = O (8)

det D

¢,(x) being zero. The partial differential equation (2) is thus
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reduced to the ordinary differential equation (8), Equation (8)

is usunlly referred to ns the subsidiary equation,

Applying the same process to the boundary conditions we obtain

=0 , x=0 ‘
C .. x=L (9)
n

Solving equation (8) with these boundasry conditions we obtain the

o

Laplace Transform c of the solution of the problem.

In the sbove case the solution is: (60)
€ =Ccoshax q"=% [10)

N coshq{f

To derive ¢ from ¢ we have to use the Inversion Theorem, For
small values of time an alternative procedure is useful giving
a rapidly converging seriss for c. (60)

We have

¢t =Cc si».g‘x =:CifoQ* = =R )k
pcgshqﬂ net (! —Q‘lﬂ“)

[ o 9E o q(M)]Z(‘)n o 2nqe

n=g

"i‘ ) aln )4 ¢ ZH - (2n ) L] (1)

'ZJI("S = | r*\

Using a table of transforms we obtain

C= C;-l)"g.- qI{A)Dgtg rCL ) erfc@m\lzfx (1)
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This equation will be used to interpret the charging curves
of the outgoing interface described in Results:seéctions (3) eon

A further case which will be needed in the main body of the
work is the solution for 0{x{1 with zero initial
concentration, x=0 maintained at zero and x=1 at constant
concentration C for t > 0.

The solution in this case is: (60)

:é 5.:;.|1k35 03)

[otnh ciQ
In this case we shall not be interested in the concentration
changes but in the total quantity Q of material which has
croased the plane x=0 from the time t=0 to the time t=t

i.e.

i Df [h)J)\ =0 (H)

Applying theorem III

Q- DCq e 15)

\’LS\H‘IC]«().

To solve this problem we have to use the Inversion Theorem. This

states that

C(t) o Yr(:’bg‘\{'a-(‘t) Ol'[l Ue)
2m i ’
vhere p is complex. Y is taken to be so large that all
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singularities of € (p) lie to the left of the line (7-(00) Y + o0
Since the above argument is not rigid it is strictly speaking
necessary to verify that the solution of the problem satisfiss the
di fferential equation and the boundary conditions. This can

be performed on the contour integral (16) but will not be

proved here.

In the problems dealt with here ¢ (p) is a single valued
function of p with a row of poles along the negative real axis,
The solution in form of the contour integral can therefore be
put into real form by completing the contowr by a circle of
radius R not passing through any pole of the integranf. 1In
the present problems the integral over the eircle vanishes in
the limit as R—>00 , and in the limit the line integral is
equal to, by Cauchys theorem, 2il( times the sum of the
residues at the poles of its integrand.

In the above case we therefore have:

Q= DC (M elqdp ()
2iT¢ sinh c‘ﬁ

y-Caal
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The integrand has a double pole at p=0 of residus [r = C@
>D

and at those values of p which make sirh ql = 0 ie
. g 2 —
(![:' blg-lv ) ll = EZD Yl-‘)z’?)’_..,

of residue
e (T DT

pi_sm

ie

e
_ZHL()

g0 that
@ ~DT*n*t .
Q=DCt- £ -2 Hre 2 1 (8
el 6 DmLw

For large values of t the exponential terms tend to zero ang (21)

QEPE[t -1z &
k] )
ie. equivalent to a steady flow for a time t "21/6D « By

measuring the time delay in establishing the steady state and
equating to 81/6D we obtain D, (52)



This method was used to obtain diffusion coefficients as a
function of the concentration at x=1. In the present
experiments the concentration terms were assumed to be constant
if the interface potential was constant and the total amount
diffused was calculated from the total charge that had crossed
the interface x=0 as a function of time. The more general
case (54) with initial concentration C,; c=G, x=0, t% 0; c=C,,
x=1, t) 0; was not ﬁaed since the experim:ntal conditions would
have made the measurements ambigﬁova.

The time lag in approaching the steady state was calculated
in’ the following manner, Values of the rate of transition P
across the interface x=0 were plotted against the time t. The
total amount Q which has diffused across this interface is then
the area under the curve P,t. If the time intercept required is
denoted by to and the time at which the permeation reaches the
final stable value P; is %, at vhich the total permeation is ¢

then we may write for (19)
Q=Ft-Rt,
and at the point P, , tl we have

QEERbi S Tt

H
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Multiplying the numerator and denominator by t; we have

t.=[Rt,-QJt, =& (20)
Rt, 6D

Here Pltl is the area enclosed from t=0 to t=t1 and P=0 to P=P1

vhile Pltl - Q’is the difference between this and the area not
enclosed by the curve P-t. Assuming that the arma is
proportional to the weight of the graph paper we can cut along
the P-t curve and weigh the separate pieces of paper and then
multiply %, by the area ratio indicated by (20)., By equating
to E”/bD we obtain D,

Treating equation (15) in the same manner as equation (10)
i.e. expanding in a series the terms obtained by expressing
sinh ql as negative exponentials, and then using a table of
transforms, we obtain the total amount vhich has diffused across

the interface x=0 from time t=0 to t=%

Q= ‘rDiCtii lerfe ()iu-[l)tlﬁ ()

n=0
We can use this series, again rapidly converging, to check to
what extent the system is actually obeying Fick's laws of
diffusion and the above boundary conditions by comparing the
experimental value of Q with the value obtained from equation (21)

with the experimental values of C and D.
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A test of the extent to which the system is obeying Pick's
laws has already been indicated for a range of experimental
conditions in equation (12). The range of factors in such a
test is very large however and simpler comparisons of the
theoretical and experimental behaviour can be obtained using
the system under the boundary conditions of equation (21).
The test of the total quantity diffused is not very sensitiw
however and the nature of the deviations is not immediately
apparent. A better comparison is obtained by using the
experimental and theoretical values of the rate of transition
as a function of time.

We have

L] = Dde = Dlgushe,
X, cLx n 5‘£nhq().

© =[@Anehe—x)* ©, - t)i’+x|1
Ve &bt +C[_Q_]’£T‘Q bt

i~

%GR

n= n=g

(o]

at x=0

oW

This expression will be applied in the results.
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In the experiments described in Results: section 2 twe elementery
tests of the extent to which the system was obeying Fick's laws
were carried out, meinly as a check of the applicability of the
experiment design. In this test we consider the region 04 x< 1
with initial concentration C . The interface x=0 is maintained
at C, for t > O while the interface x=1 is discharged at a rate Q.
The rates of change of potential with different discharge rates

can then be comparad. The subsidiary equation for this problem is

clc -.B_c —~C

with boundary conditions

E=Qo, x=O ) t7o

<
& =

::gg ,)Qz Q ; 1::7()
£

a.xX
the solution is
= st}

g Dﬂﬂ‘iﬂbhﬁg

which for small values of time may be put in the form

¢ =C, = 2G4 51 terfellnalllog. -) (4 erfe ()L
° D'a["; *epla L WD

and at x=1 we have

e <C, -20t: E);;()m{c%,, ;(-()"L‘erfc%({%ti] (23
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This expres-ion cannot be applied in an analysie of the charging
curves owing to its complexity. We may note that the decrease
in concemtration at any time ¢ is proportional to the discharge
rate Q. If the potential time curves on the outgoing inter ace
are determined for a range of values of Q, the concentrations
at equal potentials on the different potential time curves can
be compared.
’ A sipilar w eful comparison can be obtained by using the
rates of change of concentration on the outgoing interface as
a function of the discharge rate of this interface. We have
L[Qg] = ‘15—(:0 = — QL sty

dt D cosh qe
and s small values of tiwe on the outgoing interface

i~ ey & | n ~(nt llgl'
] - -QIRJEe -eF oy
bt x=0L D ‘Tt s Rau '

The rate of change of concentration and hence potential after a
given time t should therefore be proportional to the discharge
rate Q.

We may now consider the solution of the diffusion equation
for the oylinder radius a for the case of constant aurféoe
concentration C for ¢7 0. This solution was used by Puringer(53)
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to study the diffusion of hydrogen from the gas phase into
platinum at high temperatures. A similar set up has been
used in the present experiments the rate of transition scross
the interface being characteri;ed by the current flowing into
the cylinder.

This problem can again be most easily treated by the
Laplace Transformation. No assumption need be made as to the
possibility of expanding the initial distribution interms of a
Fourier Bessel series and the coefficients of the series are
readily obtained. Strictly as before the solution must be
verified but this will not be carried out here.

We have to solve

e+l +1%=0 Oérla, t?0 (25)

——

3 ror DOt

for the conditions ¢=C, r=a, t) O,

The subsidiary equation is

de + | de -—q"E:O (26)
ar  rdr

cf=rt/D with € :C/p, r=a.

This equation is satisfied by the Bessel function I (qr) and

K, (ar). The latter tends to infinity as r —0 and must be excluged.

ci= CIQ(qr') | (17)
It o(qa)



Using theorem II and writing P for the rate of transition at r=a

we have
P - Ofad] - DCalian
dr P Ly(qe)
and hence
p= DC [ et T (gr)drt (28)
i TY-i0 P Io(qa’)
The integrand is a single valued function of p and the contour

can again be completed by the circle of radius R. The zeros of

€0,

Io (qa) are at "'L = "Do(’; where OL,\ are the roots of Io (OL-,‘CL):O

N1, 2, Beeeo  Using tho fact that

Lizex ] . =t 512

we se% that

[p j_p - (qa)Jw -Dup o an)]% o
=-%ax,d (ax,)

and hence the residue at the pole [B=iie lecu

= o Dwa totn J, (ra,)
a x, J; (aw,)
Therefore we have by Cauchys theorem

P=2CD D 3 oot (24)

at the point r=a.
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This system affords an easy means of evaluating both D and C
from the experimental data. We may calculate a calibration
curve with assumed values of C and D which we may term C, and Dt

and obtain

Q_JZQ eat

nai
We can plot the value of Pt for eny value of tt on double
logarithmic paper. Similarly we can plot the experimental values

of Pe as a function of ¢ =

&0 & g
PQ:: Ce D SQ Da*nté

o =i
Taking the x-axis of the logarithmic paper as the time coordinate
we see that the shape of the Pt tt and the Pe te curves are only
determined by the magnitude of the product Dt. By displacing
either curve we can adjust them so that they fit together and

obtain the time t, corresponding to the point tg. At this point
Dt =Dt (30)

and De is obtaineds As at this point the magnitude of the

series is the same we have

i o (31)
D CD

and (2e is obtained. The fitting of the curves can best be
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accomplished by plotting the results and the calibration
curve on separate sheets of thin paper and adjusting the
sheets over an illuminated pane of glass.

; The above relations have all daalt with the analysis
of Fick's laws on the basisof g diffusion process controlled
entirely by the bulk. More complicated relationships
are found when interference by the interﬂaéea occurs.

The diffusion equation in combination with slow interface
processes can be conveniently solved by the methods used
in the conduction of heat with radiation boundary
conditions, The applicability of slow interface processes
%o the present system will be considered in the

discussion.
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EXPERIMENT AL _DETAILS.

Electrode Design.
Wire electrodes.

The electrodes used in the experiments described in
Results: section 5 were cut from platinum wire of radius
0.,0175 cm, and sealed into soda-glass quill tubing.

Membrane electrodes.

A variety of electrode designs was used. In the
preliminary experiments on the transfer of cathodic potential
carried out with cells 1 and 2 various seals with cements were
investigated. Platinum membranes 0.001 in, thick were sealed
between ground-glass flanges in the manner indicated in diags.
2 to 4. The electrical lead was attached to the membrane in
the area lying between the ground-glass flanges. With cell 1
a number of experiments were carried out with the flanges
attached directly to the bulk of the apparatus. This system
was found to be unsatisfactory as the strain involved resulted
in the introduction of leakage in spite of a variety of clamping
devices. This system was accordingly replaced by the system
actually shown in diag. 1. This enabled the electrode syatem

to be clamped without strain on both sides of the membrane.



The sections containing the electrode compartments could then
be s8lid on to the slectrode mounting. This type of mounting
was then also used with cell 2.

The area of the electrode in the flange system used with
cell 1, was of the order of 4 sq. cme With this system the
sealing properties of a range of greases, resins, and inorganic
cements were investigated. The seals were found to be
unsatisfactory and the electrodes wers extensively poisoned as
was shown by measurements of the hydrogen overpotential.

The area of the electrode in the flange system used with
cell 2 was of the order of 1.5 sq. cm. With:the system depicted
in diage. 4 the electrode area could be reduced to 0.3 sqg. cme
tﬁus enabling higher current densities to be obtainéd. A
'rhnge of thermoplastic polymers, waxes, and solutions of various
polymers was used for sealihg. The most satisfactory seals
were obtained with solutions of polystyrene, which was found
to have a strong adhesion to both platinum and glass.

A1l the above sealing materials were found to poison the
electrode surface, as was shown by measurements of the hydrogen
overpotential, As was stated in the Introduction, it appeared
that, since in other systems the diffusion wes found to be

extremely sensitive to poisons, ii was necessary to use



completely clean surfaces in this case. Attempts were
therefore made to produce satisfactory electrodes by sealing
directly in£o glass. These could be cleaned in a manner
similar to that used for the rest of the apparatus and

would yield unambiguous results.

It was considered that satisfactory seals could be made
with thin platinum membranes on the Housekeeper pattern using
Pyrex glass. In the type illustrated in diag. 6 Pyrex glass
tubes were flanged and attached to the joints., The platinum
disc was then placed between the flanges and these were sealed
togother so as to overlap the edge and to cover some part of
the platinum surface and the electrical connection to the
membrane. The glass was pressed into contact with the
platinum and sometimes a slight vacuum was meintained on the
inside of the glass tubing to facilitate the adhesion of the
glass and platinum. Although these electrodes were found to be
initially leak-tight according to chemical tests (hydrochloric
or sulphuric acid in contact with one interface, silver
nitrate or barium chloride solution with the other, over a
pericd of up to 48 hours) they usually broke down after a
period of 1 to 7 days, i.6., during the duration of the
experiment, This type of system was therefore abandoned.

These electrode systems were used in combination with both

1
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cell 1 and cell 2,

Various attempts were made to seal the platinum into HH
and Wl glasses(made by the General Eleectric Company) as
intermediates to Pyrex but these attempts were unsuccessful.
It was considerad that a soft glass would have to be used.
Lead glass was found to give a very powsrful adhesion and
very satisfactory seals could be mads. Pronounced greying
of the platinum in the arsa of the seal was found, however,
fresumably owing to contamination by lead, These types of
seals were thersfore abandoned and efforts were concenirated
on producing satisfactory soda-glass seals.

Seals with soda=-glass along the lines of the Housskseper
seal deseribed above could not be used as t0o much strain was
introduced and ths platinum could not be held firmly enough
between the flanges to make uniform rotation in the blowpipe
flame possible. A similar seal was tried with a small flange
and with the disc protrpding beyond the edge of the glass.
The system was rotated mechanically with the dise horizontal,
A electric furnace was built round the rotating tubes and
the area of the seal was heated with two fine oxy-goal-gas
flames., Slight distortions occurred, howsver, and the lower
tube thickened while the upper tube became thinner so that the

final result although leak tight Wwas very weak mechanically.
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From the mechanical point of view the seal shown in diag, 6
which has been frequently employed for certain alloy-glass
seals was found to be more satisfactory. It was considered
that seals of this type would be more free from leakage and
that attachment of an electrical lead wire wo:ld not interfere
with the seal. It was found, howsver, that in spite of
careful annealing these seals broke off after some time at
the glass-metal boundary. The tubes were ground flat and
polished and very carefully cleaned, as it was thought that
unevenness or dirt could weaken the seal, but this produced
no marked improvement. Seals where only one face of the
platinum was sealed to the glass as shown in diag. 7 were
found to be most satisfactory mechanical ly but still showed

a tendency to develop leakage after a period of days. It was
concluded that in order to produce satisfactory seals it
would be necessary to grip the edge of the platinum disec and
that the seal would have to be mounted in a manner as free
from strain as possibls, The iype of geal shown in diag, 8 was
found to be most satisfactory in this respsct. Flectrical
connection was made to the centre of the foil and the area
where the wire was attached to the foil was coated with glass

to avoid any irregularity in diffusion ctused by mechanical

67.
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interference with the membrane. The lead-in wire was covered
with glass and taken through ths outer tube as shown in diag.io
In this way the electrods system was kept free from strain and
was in fect found to be free from leakage according to chemical ‘
tests over a period of wesks. This type of electrods was used for
the remaining experimental work described in Results: sections
1 to 4.

Two methods were used for producing seals of this type.
In the first, glass tubing was first thinned and blown into a
thin test tube end, the centre of which was then blown out, and
the rim heated so as to form a platform on vhich the disec could
reste The disc with the olsctrical comnsction attached was
then dropped on to the platform and sealed into position., In
this manner excessive accumumlation ofvglasa on the edge of the
platinum was avoided. At the end of the sealing process, the
area where ths wire was attached to the mewbrane and the wire
itself were coated with glass. In the seddnd method, glass
tubing was pulled down as shown in diag. 9 and the disc with
electrical connection attached sealed in. The pulled down
section was then thinned and blown off and the wire-dise
connection and wire costecd with glass as before. It was found

nnnecessary to anneal the slactrodes. The electrodes were then
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attached to the nounting as shown in diag.10,and the electrical
cnnection sealed.

The electrodes prepared in this manner were used in
combination with cells 2 and 3, in the experiments described in
Results: sections 1 to 4. The electrodes used in the |
experiments described in Results: section 1 in combination with
cell 2 were used in the mounting indicated in diag. !0 while in
the experiments described in Results: sections 2 to 4, using

cell 3, the mounting was as shown in diag, 11.

Claaning of Apparatus.

Al glasswars was cleaned for several hours (usually
| overnight) before each experiment with a 1l:1 mixture of AR
sulphuric and nitric acidss This was followéd by four washings
with tap water and then tap water was allowed to flow through
the spparatus overnight. Parts containing sintered glass dises
were not cleaned with running water becauss they collected
suspended particles sufficiently large not to pass throwh the
gintered plate. The electrods m‘ounting and the electrodes
wore not washed with tap water but only with distilled and then
conductivity water.

After being washed with tap watoer &rarm‘_glt, the apparatus.

was washed three times with distilled water and then three times

with conductivity water, Conductivity water was then allowed
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to stand in the apparatus for several hours and usually
overnight , the complete cleaning process usually taking two
days.

In those experiments described in Results: sections 2 to
5, where extremely swall quantities of solution were placed in
contact with the outgoing interface of membrans or wire
electrodes, it was necessary to remove all water from the
section of the apparatus neer the electrodes in order to avoid
concentration changes and interference from eny dissolved
oxygen in the conductivity water. These parts were accordingly
dried with purified acetons. AK acetone was fractionated, the
fraction boiling between 56.2 and 56.5°C being collected.
It was then treated with acid potassium permanganates solution,
alkaling silver nitrate solution, and potassium carbonate,
being fractionated after each treatment, and finally again
fractionateds A long column packed with Fenske rings was
used in the fractionation and a low take-off rate was used.

Platinum electrodes used for pre-elecirolysis of the
solutions were cleaned in the same way as the experimental
electrodes except that they wsre heated in an aleohol flauwe
before the final wasaing with conductivity water. Flatinised

platinuu electrodes (prepared by the method of Ellis (62)), used
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as reference or as non-polarisable cathodes, were left
immersed in conductivity water between the experiments and
were washed repeastedly (ca. 12 times) with conductivity water

before use.

All sections of the apparatus that could be detached and
tap keys etc. which could be lifted out were washed separately
during the cleaning process. Connecting bridges for gas
supply were washed with the sulphuric acid - nitric acid
cleaning mixture which was not left in contact with the glass
for any length of time and then with ﬁap, distilled, and
conductivity water. Periodically these bridges were also

cleaned in the manner deseribed for the rest of the apparatus.

Gas Purification,

Nitrogen and Hydrogen used in the experiments described
below were purified in the following manner:-
Hydrogen.

Cylinder gas was passed through silica gel and then
magnesium perchlorate in order to dry it; then through =
furnace filled with Hopcalite and meintained at 120°C to remove
any carbon monoxide; from there over soda-lime to remove carbon
dioxide and then over palladised asbestos {57) maintained at

400°C to remove any oxygen. The gas was then again dried by



passing through silica gel and further purified by passing
through one trap filled with charcoal, and then two glass
spirals cooled in liquid nitrogen.

Nitrogen.

Cylinder gas was bubbled through a solution of sodium
hydrosulphite in 107 potagsium hydroxide solution, containing
1.5% of indigo carmine as indicator, in order to remove the
bulk of the oxygen. As this solution gave off amall quantities
of hydrogen sulphide, the gas was then passed through alkaline
potassium plumbite solution. The solutions were contained in ]
sintered-gisc bubblsra. The gas was passed over silica gel
and then through a trap cooled in solid carbon dioxide-alcohol
mixture in order to dry it. The last traces of oxygen were
removed by passing the gas over copper gauze heated to 600°c,
Finally the gas was passed through two traps cooled in liquid
nitrogen.

In the experiments described in Results: sections 4 and
6, the gases were also passed through a pre-heater and pre-
saturator containing conductivity water in order to avoid
cooling in the experimental cell during the experiment.

The gas trains described above were made throughout of
Pyrex glass except the furnace containing the palladised
asbestos which was made of soda-glass. The silica gel tubes

used to dry the gas streams were contained in electrie
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furnaces and could be heated by these when requir ed.

The gas trains were provided with msrcury safety valves.
Zroparation of Solutions.

In the experiments described below, normal solutions of
hydrochloric acid prepared in an atmosphere of nitrogen or
hydrogen were used. The conductivity water used in the

preparation of the solution was refluxed in a purified gas

stream (nitrogen or hydrogen) for a period of six or more hours

in order to remove any dissolved oxygen. The conductivity
water was then distilled in the gas stream into the
appropriate solution preparation vessel, the first fraction
being rejected. The solution preparation vessels had
previously been evacuated and filled three times with the
appropriate gas. The water distillation apparatus is shown
in diag. 12,

Hydrogen chloride gas was then passed into the water
until the concentration reached one normal., The
concentration was determined conductrimetrically with a
Mullard "Magic Eye® conductivity bridge, a frequency of 1000
cycles per second being used. The solution was stirred with
a stream of hydrogen or nitrogen. The hydrogen chloride gas

was prepared by dropping AnalaR sulphuric acid on to AnalaR
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ammonium chloride in the apparatus shown in diag. 13, The
gas was passed through two traps cooled in a mixture of solid
carbon dioxide and alcohol., Before starting generation on
the gas, the generating train was sevacuated and filled three
times with hydrogen or nitrogen, whichever was appropriate.

A1l taps and joints shown in diags. 12 and 13 were
provided with solution seals in order to reduce the access of
afmospheric oxygen into the apparatus.

The solutions prepared in a hydrogen atmosphere were
pre-electrolysed for a minimum period of 12 hours with a
current of 20 milliamp. and a cathode area of 10 sq, ocm. A
subsidiary platinum cathode was used in the appropriate
solution preparation vessel in conjunction with an external
platinum anode, which was separated from the main bulk of
the solution by a closed tap and sintered disec. The solution
was pushed out of contact with the subsidiary cathode before
interrupting the pre-electrolysis. During the pre-electrolysis
the solutiona were stirred with a stream of hydrogen. The
pre-electrolysis ensured that any impurities which might be
deposited at the cathode during the course of the experimenta
were removed beforehand.

Solutions prepared in a nitrogen atmosphere were not mre-

electrolysed, because this would have introduced hydrogen into
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the solution. These solutions were left in contact with a
large area of platinum (10 sqes cms) overnight (cf.(38))
while being stirred with a st ream of nitrogen.

Diag. 15 indicates the general layout of ths solution

preparation apparatus.

Cells 1 and 2.

For the experiments on the transfer of cathodic potential,

two essentially similar cells were used. The main difference
lay in the size, the first cell requiring ca. 1 litre and the
second ca. 200 ml. of solution for an experiment. It was found
that the first cell, being large, introduced strain into the
electrode systems Diag. 1.

The electrode systems used with the two cells have bsen
indicated above. Both cells consisted essentially of a cathode
compartment A, the cathode being one interface of the membrane
electrode, an anode compartment B and a reference electrode
compartment C on the ingoing interface of the membrane. In the
middle section were the various forms of electrode mounting
described above.

The anode compartment B was separated by a sintered disc

from A, C was separated from A by a sintered disc in cell 1
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and also in cell 2 when hydrogen electrodes were used as
reference electrodes; an additional tap (closed during the
experiments) was interposed in certain of the expsriments with
soll 2 when calomel refersnce electrodes were use&.

Compartment C was connected to the polarised ingoing (cathodic)
interface by means of a Luggin capillary to avoid the
inclusion of 'sny resistance drop in the measured potential,

On the outgoing (nonpolarised) side of the membrane were
a compartment D and a reference electrode compartment E, In
the first apparatus, E was separated from D by a sintered disc
and also connected by a Luggin capillary to the outgoing
interfaces In the second spparatus a tap was again included
but the capillary was left out since there was no resistance
drop on the non-polarised side. Hydrogen could be passed
through any of the electrode compartments and also over the
surfaces of the membrane electrode.

A1l taps and vertically placed joints were provided with
solution seals to prevent the diffusion of oxygen into the
cell. The horizontally placed joints were kept moist by
contact with the solution in the cell. The apparatus was made
of Pyrex glaaa.'

Normal hydrochloric acid was prepared as indicated above
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in the solution preparation vessel shown in diag. 14. An
external anode compartment was placed on the hydrogen chloride
gas connection and the solution pre-electrolysed overnight
using an internal cathode. The cell was then evacuated 3
times and filled with hydrogen in order to remove air, and the
hydrochlorie acid distributed to the cell through the
connectors.

Two types of calomel slectrode, diags. 16 and 17, were
used. That shown in diag., 17 was found to be more satisfactory
since it could be filled without contact with the atmosphsre,
and the solution had no tendency to run back into the cell.

In these experiments {Results: Section 1) the ingoing
interface of the electrode was polarised over a rangs of
current densities, the solution being stirred with hydrogen,
and any potential changes on the outgoing interface were
measured with reference to the reversible hydrogen potential.

The solution at this interface was also stirred with hydrogen.

Coll 3.

For the experiments on the transfer of anodic polarisation
a horizontal membrane electrode was used, Two systems were
used on the outgoing interface of the wembranes, In the first,

the potential was taken with reference to a glass electrode in
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contact with a drop of solution on the interface and, in the
second, with reference %o a hydrogen electrode connected through
a capillary to the outgoing interface. A thin film of

solution was placed between the membrane and a fine sintered
disc sealed into the end of this capillary.

The main sp paratus (cell 3) used with both these methods
was the same. (Diag, 18 and 19). As before it consisted of
a cathode chamber A, one face of the membrane bsing the cathode
and an anode chamber B separated by a tap and sintered disec.

A reference electrods compartment 6/was connected to the
polarised interface by a Luggin capillary as befors via a
closed tap and sintered disec. The apparatus was made of Pyrex
glass. All the electrode compartments could be stirred with
hydrogen.

The glass electrode set up is shown in Diag. 20. The tube a
was directly connected to the solution preparation vessel Diszl4.
The electrode bulk b was pushed into contact with the membrane
by a platinum spiral along a guide tube c¢. Hydrochloric acid
was pushed up from the solution preparation vessel and a drop
formed by means of the dropper e« The drop then ran ddwn the
capillary d and part was delivered to the glass electrode and

formed a thin layer of solution between this and the wmewmbrane.



The set up with the capillary isshown in Diag. 18,
Hydrochloric acid was pushed into contact with the membrane
through the reference electrode compartment D and the capillary,
By adjusting the pressure over the outgoing interface a thin
film of solution could be left in contact with the membrane,

A tap was placed in the capillary bridge so that the membrane
could be isolated from the solution in compartment D,

The hydrochloric acid solution for the section of the
apparatus on the polarised side of the membrane was prepared
in the anode compartment E in the manner deseribed sbove. The
solution was then pre-slectrolysed using an internal cathode
and an external anode. As before the anode compartment was
evacuated and filled with hydrogen three times before the
solution preparation. The solution for the outgoing interface,
was prepared in the solution preparation vessel Diag. 14, in
a nitrogen atmosphere since hydrogen would have acted as a
depolariser., The solution was left overnight in contact with
a sheet of platinum of area 10 sq. cm. while being stirred with
a stream of nitrogen. The solution was then placed in contact
with the electrode, either directly with the glass slectrode
via & (Diag. 20) or via the electrode compartment D and the
capillary bridge (Diag. 18). The space A and the parts of the

apparatus on the non-polarised side of the membrane were
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evacuated and filled with nitrogen four times. Section A was
not filled with hydrogen since the difference in pressure
across the membrane might have broken it or at least introduced
uncertainty as to the tightness of the seal.

The ingoing interface of the electrode was alternately
polarised cathodically and anodically at a current density of
10 milliamp. per sqe cm., the solution at the interface being
stirred with hydrogen. The change of the potential of the
outgoing interface with time was measured with a pH meter with
oither the glass of the hydrogen electrodes as reference. The
experimenté were carried out at room temperature which was
recorded.

Anodic and cathodic currents in the range 1 microamp. to
10 milliamp. were obtained with electrical circuit 1, in the
range 0,001 to 1 microamp, with electrical circuit 2. (see below).

The results of these experiments are given in Results:; Sections
2 and 3.

It became apparent during the above experiments that
depolarisation by diffua}on of hydrogen through the solution
into the gas space covering the outgoing interface was a more
important factor than depolarisation by diffusion into the
solution, An attempt was made to derive the rate of

diffusion through the membrane by comparing the potential



changes observed with and without small subsidiary currents
applied between the reference electrode in D and the membrane.
It was considered that a more satisfactory manner of
investigating the system would be to maintain the outgoing
interface at constant potential and to measure the change in
the current necessary to maintain this potential as a function
of the conditions on the ingoing interface. Under these
conditions, depolarisation by the solution could be maintained
at a constant, measureable, level. For these experiments it
was necessary to reduce the resistance of the conngption from
the reference electrode compartment D to the outgoing interface
of the membrane from the order of 10,000 ohms in the system
described above to an order of 100 ohms to avoid a large
potential drop through the connscting solution. A wide bridge
was made containing a coarse sintered diéc sealed into the end
of the connection. With the electrode interface covered by
asbout 1 ocm. of solution, the resistance of ths bridge was sbout
300 ohms. As the marimum current through the bridge was of the
order of 1.5 microampe. the error in the potential drop at the
outgoing interface during any observation did not exceed 0,5
millivolt, which represents a negligible changs in the hydrégan

concentration of the interface.

8l.
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The experimental technique was similar to that deseribed
above. The apparatus was placed in an air thermostat, The
outgoing interface was maintained at a potential of +1270mv. at
20°c, +1280mv. at 30°C. and #1290 mv. at 20°C., a non-
polarisable hydrogen electrode being used as cathods. The
ingoing interface was altﬁrnately discharged to the above
potentials, a non-polarisable hydrogen electrode being used in
compartment B, and then maintained at potentials of +1100,
900, +700, +500, +300, and +100 mv, versus the non-polarisable
electrode. The changs of current with time with the outgoing
interface at constant potential was measured. Measurements
were also made with the ingoing interface at the reversible
potential (obtained by bubbling hydrogen over the interface or
using small cathodic currents), and at an overpotential of
100 mve (by using & cathodic current density of 20 milliamp.
per 8q. Cme )

Charging curves were also obtained, the potential of the
outgoing interface being reasured as a function of time and
the ingoing interface being maintained at +100 mv. (at which
there appeared to be the maximum hydrogen concentration within

the interface), Prom the current~time variation curves on the
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outgoing interface described above it was possible to

svaluate the diffusion coefflcient as shown in the intro-

duction, and the concentration of hydrogen within the ingoing

interface assuming that PFick's laws of diffusion were obeyed.

Hlectrical circuits 3 and 4 (dewscribed bélow) were used
as the scurce of constant potential on the outgoing end
tngoing interface respectively.

The resulta are given in Results: Section 4,

Cell 4.
The apparatus used for the experiments on the diffusion

into wires is shown in Diag, 21. It consisted of a non-
polarisable hydrogen slectrode in the compartment A and a
platinum wire in the capillar: B, this wire being the
experimental specimen. The wire was separatad from A by a
sintered disc and closed tap. It was arranged to lie in the
middle of the capillary, the radius of which was chosen so
that the minimm volume of solution was required. The
length of wire used was 3 cm., radius 0,0176 cm. The wi;e
was sealed into soda-glass, the rest of the apparatus being
made of Pyrex glass.

In thess experiments the amount of hydrogen dissolving

83,



in the wire was measured as a function of potential and from
the current~time curves the diffusion coefficient and
equilibrium concentration were evaluated as a funetion of the
potential, '

The technique used was similar to that deseribved above.
The hydrochloric acid was prepared in a nitrogen atmosphere in
the solution preparation vessel(Diag. 14) the apparatus filled
with nitrogen, and the cell filled with acid soas to f£ill the
capillary etc.

The wire was first discharged to the potentials indicated
sbove and then successively charged to the potentials +1100,
+©00, +700, +500, +300, and +100 mv. without intermediate
discharge. The change ofcurrent with time was measured, the end
current remaining after there was no further change in current
being taken as zero. The & fference between this current and
the actual readings was assumed to be the rate of dissolution
at any one time. C{ertain discharge curves were also taken in
which the order of applying the potentials was reversed. The
potential applying circuit 3 (described below) was used as the
source of constant potential.

The results are given in Results: section 5.



Elsctrical Circuits.
All parts of the experimental cell and fhe electrical

circuits were insulated from earth by either Perspex sheets
or blocks of paraffin wax.

Flectrical connections were made by means of screened,
Polythene-insulated,single strand, coprer wive, "Co-ax". In
the experiments described in Results: Sections 1, 2, and 3, the
switches were mounted on a Perspex panel., Ceramic-insulated,
silvered switches were used to separate different parts of the
electrical circuits. These were found to tarnish in the
atmosphere until they developed an sppreciable resistance when
closeds Therefore switches and dial resistances were mounted
in a closed Perspex box. Wood and Paxolin, the more usual
switchboard insulators, were found to leavs appreciable leakage
currents., Ordinary toggle switches were used where a very high
insulation resistance was not required.

Circuit 1.

Cathodic and arodic polarising currents in the range 1
microamp, to 10milliamp, used throughout these experiments were
obtainad by ueing three progressively increasing resistances
vhich could be by-passed o will. A reversing switch wes

included to enable instantansous changing from cathodic to

86.
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ancdic c nditions. To minimise any alteration in the current
due to the potential drop in the cell, high tension batteries,
120 Volts. were used as the source of current.(Diag. 23)
Circuit 2.

To obtain the stable smsll currents in the rangs 0.001 to 1
microampe in the expafiments described in Results: Section 3,

a high tension battery was used in combination with a potential
divider and a stable, fixed resistance (10 to 100 megohms).

Diag. 24. The fixed high resistances were maintained in sealed
glass tubes containing silieca gel.

Circuit 3.

The fixed swall voltages (up to 1290 mv.) applied to the
outgoing interface of the membrane and the wire electrodes, as
described in the experiments in Results: Sections 4 and 5, were
cbtained from & potentisl dividing ecircuit with a non-inductive
600 ohm. resistance in cowmbination with a non-inductive decade
resistance box as shown in Diag. 256. Two such circuits were used
and were connected to a multi-selector switch so that either
cirouit could be adjusted or applied instantaneously to the cell
independently of the other, Two-volt accumulators were used as

the source of g.m.f.



DIAG. 26. CIRCUIT &

G il
1SOHMS | 7.504MS 50 OHMS S0 QHMS TSOHMS | MSOHMS
A o o b :
7 | SELECTOR
0 <] sl SWITCH
1))

TO TO
CELL POTENTIOMETER

DIAG. 2T.

HEATER
WINDING

—THER MO COUPLE



87.

Circuit 4.
Two similar circuits were used for applying the controlled

potentials to the ingoing interface of the membranes as
described in Results: Section 4, The potential dividing
circuit concisted of three resistances as shown in Dieg. 26;
six-volt accumulators were used as the source of e.nf, The
total resistance of these circuits was 65 ohms, It was
necessary to maintain a higher current in the potantiai dividing
circuits for the polarisation side, as muchlarger currents
flowed through the cell on this side of the membrans owing to
the p@resence of hydrogen in the solution.

Current leasurement.

The current in polarising circuit 1 was measursd with a
Cambridge multi-range microammeter. The current in the stable
high resistance circuit 2 was determined by measuring the
potential drop along a standard 10 megohm resistance with a
valve potentiometer. The current in the potential &p plying
circuit 3 was measured by either a medium sensitivity or a high
sensitivity galvonometer selectable at will, The first was a
standard Tinsley instrument, sensitivity 108mm. miecroamp.,
period 2 seconds, resistance 730 ohms, To measure a range of
currents a common shunt was provided for this and the high

sensitivity instrument, To avoid over-critical damping in the
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Tinsley instrument, which had to measure currents that were
varying fairly rapidly, a standard variable resistance was
included in series with it. The second galvenometer, which

was used for measuring small currents in the experiments with
wires described in Results: Section 5, was a standard Gambrell
instrument. This instrument had & non-linear calibration

and values of the currents had to be obtained by comparison with
known currents. The sensitivity was of the order of 10,000
mm, /microamp. at one metre, the resistance 2108 ohms. The
period washigh but still sufficiently low compared ﬁth the rate
of current variation to enable satisfactory current-time
variation curves to be built up as described in Results: Section 5.
By weans of these two insiruments ihe current could bs measured
over a range of 10,000,

Potentiomsters.

For tha experiments described in Results: Section 1, a
¥Mullard "Magic Fye" potentiomeler and a Tinsley microvolt
potentiometer were used. It was found that for certain systems
these instruments drew %00 large a current and a Cambridge pH
meter was used instead. In this way depolarisation by
electrical currents was avbided. For the experiments described
in Results: Section 2, a G.E;C- type pH mcter was substituted and

used for the remaining experiments..



Thermostats,

The heaters and satﬁrators used in the gas purification
trains to adjust the temperature and water content of the gases
sbove the solutions in the experimental cell were contained in
the usual type of water thermostat. The water was stirred with
8 double paddls and the temperature was maintained constant
with a fixed background and a variable control heater. The
control heater was actuated by & toluene regulator in combination
with a hot wire vacuum switch. |

The cells used in the experiments described in Results:
Sections 4 and 5 were containod in an air thermostat. This was
constructed with double walls of asbestos with a 4 inch gap
betwesn the walls, The connecting tubes for the gas streams,
water, etc. were led through small holes in the top of the tank.
Taps, etc. on the experimental cell were manipulated through
small doors in the front of the tank, The front section could
be completely removed for assembly of the apparatus. The air
space in the thermostat was dir ectly heated. Ar adjustable
background heater was used in combination with a variable control
haater controlled by a sensitive toluene regulator with hot wire
vacuum switch, The tolusne regulator was shislded from direct
heating by means of baffles, TFor work at 20°C. and also
sonetimes at 30°C. a background cooler was used. This consisted

of a widely wound coil of lead tubing through which water could

8%



be circulateds The air space was stirred directly by means
of a high apeed fan.

With this thermosta% the air temperature could be
maintained constant to¢ within + 0.2 at 20, + 0.3 at 30,
and * 0.5 at 40°C. over the shole of the thermostat and
somevhat better throughout the working space. The temperature

in the region of the electrodes, which was frequently recorded

during the experiments, remained constant to within

+0.1%,
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EXPERIMENT AL, FESULTS .

1. Experiments on the transfer of cathodic potential,

As stated above the first aim of the preliminery experiments
was the investigation of the presence or absence of a transfer
of cathodic potential.

In the initial stages of this work an attempt was made to
find an inert sealing material that would not poison the
electrode but would enable the electrode to be sealed in without
leakages In conjunction with spparatus 1 a variety of materials
were tried. Greases (e.g., Apiezon, silicone grease), apart
from poisoning the electrode, were found to be unsatisfactory
as they lacked the necessary rigidity. Various cements, e.g.,
silicone cements, silicone rubber and commercial sealing
compounds were found to poison the electrodes heavily.

In conjunction with apparatus 2 a variety of waxes, e.ge.,
picein, and solutions of polymers, e.g., polymethyl-
methacrylate, polystyrene were employed, With all the above
materials except polystyrene it was found that when a
satisfactory seal had been achieved, there was no transfer of
negative potential when the ingoing interface was polarised
cathodically, even though the ingoing interface was heavily

poisoneds It was frequently found that with these poisoned



systems the potential of the outgoing interface with the ingoing
surface unpolarised fell below the reversible hydrogen potential.
On cathodic polarisation of the ingoing interface, the
potential of the outgoing interface eventually reached the
reversible hydrogen potential, indicating that, if there were any
diffusion, this was too small to produce a cathodic shift on the
outgoing interfasce, i.e., the permeation rate was less than that
corresponding to a cathodic current of 10 Semp./cm s

When electrodes sealed in with polystyrene were used,
similar results were obtained., This sealing material, which
was found to have a very strong adhesion to both glass and
platinum was used to construct electrodes of small surface area,
flanges being used, as illustrated in Diag, 4. With this system
it was possible to attain higher current densities in the
apparatus used. At the same time the volume of solution on the
outgoing interface was reduced so as to produce conditions as

favourable as possible for the observation of diffusion of

92.

negative potential, It was found with this set up that extremely

erratic values of the potential of the outgoing interface were
recorded, the potential following very largely the reading set
on the potentiometer., Intermittent contact with the

potentiometer gave more negative values than permanent contact,
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but the potential of the outgoing interface remained on the
positive side of the reversible hydrogen poiential. It was
evident that the potentiometer together with the deactivating
influence of the polystyrens was depolarising the electrode,
md that the rate of diffusion was smaller than 10'6 amp. ;
the current taken by the potentionmeter when on balance.

In order to avoid this electrical depolarisation a pH
meter employing a current of 10714 amp. . when on balance was
substituted for the potentiometer. When this system was
used, it was found that very negative potentials (up to -1.25v)
wore attained on the outgoing interface. This negative
potential was independent of the current density but was
different for different electrodes and depended on the time for
vhich the electrode had been used.

It was evident that the experiments would have to be carried
out with. every precaution being taken to avoid depolarisation
and poisoning in order to decide as to the @ esence or absence
of a diffusion of negative potential.

When the Housekeeper type seal of the platinum into Pyrex
described above was used, observations were confined to one

current density for each electrode. The outgoing interface was

stirred with hydrogen and adopted the reversible hydrogen
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potential, The potential could be measured to within 0.lmv.
with respect to a calomel electrode. The small potential
shifts that were observed at high current densities (10“2 amp/hm.z)
woere of the order of the chmic resistance drop in the connection to
the membrane, this resistance drop being includéd in the
measured potential. In some of the experiments a larger build up
of potential was observed after a long period of time} in some
experiments a decay of potential on the outgoing interface after
interrupting the cathodic current flowing into the ingoing
interface could be followsd with a Tinsley microvolt potentiometer
over a range of about 3 mve In these latter experiments the
hydrogen overpotential on the ingoing interface was high and so
the electrodes were presumably poisoned. It appears possible
that on poisoned electrodes there may be a small potential shift
but it seems difficult to attribute any significance to such
small changes. Further, as stated ebove, the efficiency of this
type of seal was doubted since larger increases of pobtential were
only observed with electrode systems that were afterwards shown to
have broken down resulting in leakage.

Further experiments were thereforg made with electrodes
sealed into glass in a variety of ways. The system finally

decided upon was that shown in Diags. 8 and 9, Further



precautions were taken to avoid poisoning of the membranes by
mercury from the calomel electrodes. It had been observed that
after long experiments merchry could be detected in the region

of the electrode by electrolysing the solution on to a copper
wire and "spot testing" the dissolved deposit with cuprous iodide.
This diffusion of mercury (presumably as dissolved mercurous
chloride) had the effect of making the potential of the outgoing
interface unsteady on decay of the current on the ingoing
interface, . the potential falling below the reversible value,

On further cathodic polarisation of the ingoing interface the
potential of the outgoing interface regained the reversible value,
To avoid this deactivitation the design of calomel slectrode shewn
in Diag. 17 ias usaed and closed taps were interposed between the
reference electrode compartments and the membrane electrode.

The calomel electrodes were cleaned separately beiween each
experiment, ‘men these mrecautions were taken no deactivating
influence after long polarisations could be detected.

With this type of system it was found that there was no
diffusion of negative potential up to current densities of !
107! amp./%m.z. The small potential shifts observed were
proportional to the current and were in fact equal to the product

of the current and the independently measured resistance of the
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lead-in connection,

Various experiments were carried out in order to ascertain
whether any increase in the rate of diffusion obtained by
poisoning the ingoing interface would produce any negative
potential on the outgoing interface (which was under the same
stringent conditions as before, i.e., free from poisoning).
Acridine and arsenic were the poisons employed. No negative
potential was observed on the back of the electrode and so
presumably the increase in the rate of diffusion was insufficient
to be detected in this manner. No direct measurements were
made in the later experiments Results: Sections 3 and 4 of the
experimental work to confirm the effect of poisons on the rate of
diffusion, but ample evidence was obtained that poisoning, which
occurred inadvertently during the course of the experiments, did
in fact incrsase the rate of dif fusion.

The electrodes as used above would, according to other
workers, have a strongly adsorbed layer of oxygen on the surface.
Further, as found by Oatley (63) and Fggleton (64) for iron, such
layers can exert a marked blocking influence for the passsge of
hydrogen from the bulk of the metal to the surface. Similar
blocking effects were in fact found in the later sections of the

experimental work. (Results: Section 4.). It has further been

96,
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observed by various workers that heating in hydrogen, or alternate
oxidation and reduction, or anodic and cathodic polarisation
activates membranes for diffusion., The effects of thess various
pre~treatments were therefore investigated.

The ingoing and outgping interfaces were polarised
cathodically and anodically at current densities up to 1073 amp/em.?
This treatment, although later found (Results: Sections 2 to 4) to
increase the rate of diffusion and to produce more reproducible
values of the permeation rates, did nct increase the rate of
diffusion sufficiently to precduce negative potentials on the
outgoing interface.

The electrodes were pre-heated in oxygen and then hydrogen in
a special cylindrical furnace (Diag.27) for 12 hours at 490°C;
no measureable effect was observed.

It was again found that if the potential of the outgoing
interface fell below the reversible hydrogen potential during
the experiments then cathodic polarisation of the ingoing
interface restored the potential to the reversible value. If
hydrogen stirring was stopped on the outgoing interface, and the
ingoing interface was polarised anodically, then the potential
of the outgoing interface could be made to fall to +700 mv,
over a period of 48 houwrs, Further, by passing oxygen through

the solution on the outgoing interface the potential could be



98,

altered at will to about +150mv. Cathodic polarisation of
the ingoing interface caused the potential to return gradually
to the reversible value.

It was thought that more pronounced potential changes
might be observed in solutions of differsnt pH. The hydro-
chloric acid on the outgoing interface was accordingly replaced
by normal potassium chloride. It appeared that in these
solutions the platinum atizined the reversitle hydrogen
potential with difficulty. - The potential of the outgoing
interface with hydrOgen stirring and the ingoing interface at
the reversible potential was about +600mv. Cathodic
polarisation of the ingoing interface reduced this positive
potential and the extent of reduction appeared to bs dependent

1 amp. /em®

on the current density. Up to current dengities of 6X10~
the outgoing interface did not, however, attain the reversible
potential,

It was concluded that there was no diffusion of negative
potential, and that if any part of the negative potential
observed at platinum cathodes is to be attributed to the
eloctromotive activity of hydrogen, then the rate of diffusion
in a system with stringent purification is too small to shift

the potential into cathodic regions. Furthermore, various
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activating and poisoning treatments of the ingoing interfacs
did not increase the rate of diffusion suffioiently to produce
a negative potential on the outgoing interface.

It was apprarent, however, that hydrogen was dif fusing and
that further information on the diffusion might be gained by
investigating the transfer of potential on the anodic side of
the reversible potential. The results of experiments on this
permeabilit y are given in ths next two sections. From the
observations on the systems there described it was possible to
develop a quantitative study of the diffusion kinetics of
hydrogen through platinum at ingoing interface potentials in
the range +1280 to =100 mv. The results of these experiments

are given in Results: Sections 4 and 5.

2. Experiments on the transfer of potential on the
anodic side of ihe reversible potential.

In order to investigate the transfer of potential on the
anodic side of the reversible hydrogen potential, it was decided
to set up membrane exPeriments and to polarise the ingoing
interface of the membranes with anodic and cathodic currents
and measure the potential changes on ths outgoing interface.

In order to minimise the effect of depolarisers, it was considerdd
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nece-sary to keep the amount of solution covering the outgoing
interface as small as possible, so that as far as possible only
the charging or the interface would be observed. The set up
and experimsntal details have been described above.

It was found that with the ingoing interface cathodically
polarised the potential of the outgoing interface would reach
about +150wv. tut never attain the reversible hydrogen potential.
In the light of subsequent experiments, this may be attributed
to the fact that there is a maximum in the concentration-
potential curve at about +100mve. At the time it was considered
that at such potentials the outgoing interface attained a state
of equilibrium, the amount of hydrogen diffusing through the
electrode (which would decrease with decreasing positive potential
of the outgoing interface) being balanced by the hydrogen lost by
diffusion through the solution.

On anodic polarisation of the ingoing interface it was found
that the outgoing interface would reach a potential of +12%0mv.
It was found, however, that both for cathodic and anodic charging
the rate of change of potential varied very much from experiment
to experiment and also on repetition during each experiment,
Furthermore, it appeared to be dependent on ths amount of
solution covering the outgoing interface. Contrary to

expectations it was found that with a small amount of electrolyte
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the rate of charge was slower than when the interface was more
complotely covered. vith the experimental sot up described it
was possible to dsliver a cowplete drop ¢0 the area betwosn the
glass electrode and the outgoing interfoce (vhen the outgoing
interface was almost completely covered), or to push the bulk of
the drop into the capillary at the aide of the glass clectrode,
thereby only covering a small portion of the outgoing interface -
with electrolyte.

In rdage 8 tho curve marked + , shows the largest rate of
cathodio charging cbserved with partial coverags of the
electrode. The potential changes were erratic, but the general

trend of the charging curves a;peared to be fairly reproducible.

It must be noted, however, as an indication of the reproducibility
of the experiments that the time necessary to charge the electrode

to a potentisl of +200 mv. varied from sbout 10 to 100 wmin..
The curve warked © is a charging curve with almost complete

coverage of the sleetrode. It may be noted at this stage that
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the discharge from the less positive potential regions takes place

instantenecusly(Tisge 268). This will be found to be contrary to
the discharge curves described in Results: Ssction 3., which 'ere
taken with about 0.5 ml. of eiectrolﬁe eovering the outgoing
interfsace. (Diag. 3074,
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It was thought that the anomalous result of the variation of
the rate of change of potential with coverage of the outgoing
interface observed in the previous section might have been
connected with the high resistance betwsen the glass elsctrode
and the partly covered interface. It was therefore decided to
measure charging curves with a low resistance connection from
the outgoing interface to a reference electrode. The
experimental set up described above was suitable, giving a
resistance of about 39,000 ohms, whose value moreover, could be
checked at the completion of each experiment.

This experimental set up had the further advantage that the
charging rate or steady potential of the outgoing interface could

be examined with application of different boundary conditions to

this interface by polarising through the capillary comnsction to the
hydrogen electrode. The scope of the systemsavailable for study was

thereby extended and it was possible to make preliminary measurements

of the diffusion kinetics.
It was again found, as in the experiments described in the
previous section, that the rate of change of potential was

dependent on the coverage of the outgoing interface. In Diag., 29

are given two charging curves, one for low coverage.
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(marked +) and one for high coversze (marked @) of the electrode.
It was poassible td cover almost completely the outgoing interface
with one drop of electrolyte by suitably adjusting the sintered
disc over the electrode.

The charging curves obtained in this manner, i.e., with
complete coverage were in fair agreement with those given in the
previous section under the same conditions. In Diag. 30 discharge
sufves are shown which were taken with the outgoing interface
covered by ca. 05 ml. of electrolyte. The spacing of the
discharge curves givea an indication of the reproducibility during
each and between different experiments.

The shape of the cathodic charging curves indicated that
there was an increase inthe zmonntof dissolution of hydrogen
with decreasing potential at ca, 850 mv. The discharge curves
also showed a decreasing potential change with time but as the
rate of change of potential did not again increase at more
positive potentials it was considered that the decreasing rate
of discharge in these potential regions was largely due to the
diffusion of depolariser up to the electrode surface. The
difference in shape of the discharge curves in Diags. 30 and 29
at small positive potentials indicated that if the electrode
was covered with appreciable volumes of electrolyte {(eca. 0,5ml.)

then there would be depolarisation of the electrode interface at
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small positive potentials. This was substantiated by
measurements of the discharge of electrodes 0,003 in, thick.

The initial part of the discharge curves obtained with two
different electrodes is shown in Diag, 30. According to the
considerations of Nernst and Lessing the time of attainment of
equal potentials should vary ak the square of the thickness of
the electrodes, if there is no exchangs of hydrogen with the wolution. It
was found that the discharge of the thicker electrodes to

00 nv. took of the order of 6000 seconds as opposed to the
expected 1000 seconds. It was evident that there was
appreciable exchange between the elsctrods and the solution.

It may be noted at this stage that the method of Nernst and
Lesging is unsuiteble for testing the obeyance of Fick's laws
of diffusion with thié thickness range of electrodss. It was
further consid ered that the slow change in potential observed
with pértially covered electrodes in the experiments deseribed
ebove could be attributed to depolarisation by diffusion through
the solution into the gas space above the outgoing interface.

On the basis of these charging curves it was considered that the
cathodic charging curves gave the potential-time variation with
the least interference by depolarisation. Deviations from
true charging would only cccur at high values of the time,

Accordingly in the further interpretation of the potential-time
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variation described below the cathodic charging curves were used.

The most interesting result of these experiments lay in the
fact that the outgoing interface could be discharged to very
positive potentials by removing hydrogen at the ingoing interface
of the membrane. It was evident that whatever secondary processes
wore occurring at these positive potentials, e.g., oxygen
deposition as has been so frequently suggested, the primary process
lay in the removal of hydrogen. Turther, it was clear that if
hydrogen was in fact electromotively active on the positive side
of the reversible potential then the concentration and diffusion
coefficient could be related to the potential by setting up systems
with suitable boundary conditions.

It was considered that measurements in both the steady and
non-steady state could be made by either measuring the rate of
change of potential of the outgoing interface, a constant current
passing into this interface, the ingoing interface being at a constant
potential, or by measuring the change in current necessary to
maintain the outgoing intsrface at constant potential, the ingoing
interface also being at constant potential. In the first group
of measurements it was possible to apply a current to the outgoing
interface smaller or larger than the largest rate of permeation.

In fhe first mase the potential would alter until it reached a
valus between the most positive and the most negative obtained in

°
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the charging curves described above. In the second case a
charging curve more rapid than the above charging curves could be
obtained and the potential would tend to reach mors positive or
wore negative values than could be obtained by charging through
the membrane alone, In practisse the subsidiary current on %o the
outgoing interface was interrupted when the potential of this
interface reached the limiting values obtainasble without the

subsidiery current.

Measursments of 1

V0 L1 s (4

he chanze of potentisl with currents on the
q 5 5 g hg maxivum rate of permmati

RIS

It wﬁa conpidered that the potential of the outgoing interface
would change until it roached the potential at which the rate of
permeation in the steady state was equal to the current. By
carrying out the experiments with a range of currents a potential-
vermeation rate curve could be built up.

In these experiments the ingoing interface was polarised
anodically, and the outgoing interface cathodically using cir cuit 2.
With a partially covered interface it was possible to follow the
permeation rate to about *400 wv, with currents up to 2x10-8 amp.
Assuming the diffusion coefficient to be indepsndent of the
concentration, the concentration ratio (sdecting a given potential
as 1007 covercd) at sany other potential is given by the ratio of

the permeation rates at these potentials. The results of two
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experiments are given in Diag. 31 where the concentration as a
percentage of that at +380mve is plotted against the potential.
The curves are marked [ and & .,

It was found that the potential varied for a very long time
after the current had besn altered and therefors equilibrium
measurements could not be easily taken in this manner,  With the
above asmmptions the results indicate a marked increase in the
-dissolution of hydrogen at asbout +700 mv. The corresponding
charging curves in Diag. 29 do, in fact bend'off in this potential
region. Owing to the wvariation of the charging curve with
coverage of the electrode it was considered doubtful that this
represented a real effect. The complexity of the thsoretical
expressions for this type of system (equation 23) made it
difficult to interpret the results in the non-steady state.

For these reasons measurements on this system were sbandoned.

In these experiments an sanodic current was

passed into the outgoing interface, the ingeing interface being
polarised caﬁhodioally, s0 that the electrode would discharge
coumpletely. The outgoing interface was partially covered so
that the current was small enough to ensure that ths chmic

resistance drop in the solution connection was negligible and
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therefors that the true potentisl of the outgoing interface was
measured, In this system, only the non-steady state could be
measured., FEquation 23 was again applicable Owing to the
complexity of the solution it was considerdd that the most direct
way of testing Fick's laws lay in the comparison of the potentials,
and the rates of change of potential at fixed time intervals on

d f'ferent discharge curves obtained with a rangs of fixed anodie
currents applied to the outgoing interface.

In Diag. 32 the curves marked 1, 2, and 3 correspond to fixed
discherge rates in ths ratio 5:2:1., The curves warked 4 and §
represent cathodic charginglcurves after interrupting the
pclarisations marked 1 and 2, | As has been'stated above the
concentrations on the outgoing interface after any time %, should
be in the ratio of the fixed deopolarisation currents that is,
5:2:1. A line is drawn in Diag. 32 to cut ths curves 1, 2 and 3
at the points A, B and C. If now 2 line is drawn parallel to the
tims axis through the point B, to mest the curve 3, in the point D,
and if the concentration of the interface is assumed to be
determined only by the potential then thes concentration at the
point D is taken as two arbitrary units, If another line is drawn
parallel to the potential axis to cut the curves, 1, 2 and 3 in the
: points ¥, E and D, the concentration at these points should be

10, 4, and 2 arbitary units. (Clearly then, if the system is
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obeying the boundary conditions, the point © should lie below

the point A. This is not so, and it is apparent that the discrspancy
becomes larger, the larger the value of time at which the first

line AC is placed.

Thie deviation from Fick's laws of diffusion for the above
charging curves is more readily seen if the rate of change of
potential de/dt after any tims t, for the three curves 1, 2, and 3
is considered. As has been shown, these rates should be -
in the ratio of the fixed depolarisation currents. It is seen
therefore, that (de/dt for curve 1): (de/dt for curve 2) for example,
should be a constant and equal to 2.5, The actual values are

indicated in the table below :-

Time de/dt for curve 1 de/dt for curve 2 de/dt for airve 1
minutes mv, /sec. ov./sec. de/dt for curve 2
1l 0.714 0,665 1.29
2 0,78 0,302 2.59
3 1.57 0.272 5.75
4 1.79 0,334 5.34
B 1.36 0,62 2.61

Clearly the system was not conforming to the equation deduced.

A number of reasons other than the non-obeyance of Rick's laws
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could explain these deviations, e.g., the capacity of the interface
for adsorption of hydrogen. A more precise investigation of the
obeyance of Fick's laws along these lines appeared difficult
however owing to the mathematical intricacy of the solutions.

It appearsd necessary to obtain more quantitative informatién
on the diffusion coefficient so that Fick's laws could be tested
by comparison of concentration-potential, and potential-time curves,
In this way a test could be carried out absolutely, rather than by
comparison, It was considersd that data on the kinetics of
diffusion could be evaluated more readily by maintaining both the

in and outgoing interface at constant concentration.

In order to maintain the outgoing interface at constant

concentration a constant potential was applied between this
interface and a non-polarisable electrode with circuit 4 as
described above. The current on the outgoing interface was
measured as a function of time. The electrode was completely
covered with electrolyte and the measured potential of the cell
was corrected for the ohmic resistance drop in the solution
oonnection, The ingoing interface was polarised cathodically

and the outgoing interface was maintained at various positive
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potentials, the current in the steady state being measured.

Taking the surface at +1,280 mv. to be virtually free from
hydrogen, and denoting the permeation rate at this potential by

P and the permeation rate at any other potential by p, then
asuming the diffusion coefficient to be independent of the
concentration, the concentration at the latter potential is given
by 100 (1 - p/P)% where the concentration at the ingoing interface
is 100%, This quantity is plotted against the potential in

Diag. 31, marked.

This system suffered from the disadvantage that the resistance
of the solution connection from the outgoing interface to the non-
polarisable electrode was too high, and because of this the
potential of the outgoing interface altered as the current
approached the steady state. It was thus not possible to measure
the approach to the steady state at constant concentration at the
outgoing interface. It was decid ed to lower thé resistance of
the bridge connection to the order of 100 ohms. This would make
the ohmic resistance drop negligible and thus the potential of
~and therefore concentration at,.the outgoing interface would
remain constant. Equation 19 for the analysis ofthe non-steady
state could therefore be applied, and the diffusion coefficient
evaluated. The expected value of the diffusion coefficient was

of the order of 10"7 cm./bec.z. (as shown by a consideration of the
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shape of the charging curves)e The expected time intercept was
therefore of the order of 10 secs. for foil 0,001 in, thick, a
su table value in this method.

The diffusion coefficient was assumed to be independent of
the concentration, and was dotermined with the outgoing interface
at +1280 mv, the ingoing interface being polarised at 0,01 amp,/
sq.cme The concentration ratio as a percentage of the
concentration at the ingoing interface was again assumed to be
given by 100 (1 - p/P})%.  (See above). This qﬁamtity is plotted
againat the poteritial in Diag, 33y for two runs marked + and x. The
values of the diffusion coefficient for the two runs are shown
on diag. 34. The results were similar to the results obtained
with the high resistance solution connection betwsen the outgoing
interface and the non-polarisable reference eiectrode. The
scatter of the points was attributed to stray depolarisation
currents vwhich were included in the value of the rate of permeation
measurod in this method. ’

Using these results it was possible to test Fick's laws of
diffusion under the conditions of the experiment, i.e., for
the boundary conditions chosen. From the value of the diffusion
coefficient evaluated above the ratio of the concentration on the
outgoing interface to that at the ingoing interface as a function
of time for the boundary condition de/dx=0, x=0 was calculated.
(Bquation 12,). Charging ocurves (marked x and *+) Diag. 34 were
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taken after the determination of the diffusion coefficient and
from these in conjunction with the values of the concentration
ratio as a function of potential (Diag. 23) experimental values
of the concentration ratio as a function of time could be
derived. The experimental and theoretical valuss for the two
experiments are compared in Diag. 35,

It was apparent that the system was either not obeying Fick's
laws of diffusion or else deviating from the chosen boundary
conditions, ©Since the experimental points fell below, and in
fact levelled out below the theoretical curves it was thought that
exchange with the solution was the most likely reason.
Consideration of an experiment in which the permeation rate,
owing to poisoning, was larger by a factor of 10 than in the above
experiments, substantiated this point of view. The concentration
ratio (marked*Diag. 33) was very similar to that in the above
experiments while the charging curve (marked*in Diag. 34) was
more rapid, As the diffusion coefficient was lower than in the
above experiments, the only reason for the more rapid charging
lay in the higher permeation rate which was thought to lower the
comparative effect of the depolarisation., Consideration of the
charging curves (see Section 3) also indicated that depolarisation
by the solution of the el?ctrode interface we.s interfering in the

measurements.
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The possibility that the diffusion coefficient was a function
of the concentration could not, however, be ruled out. The most
immediate effect of such a variation would be to alter the
concentration potential curve. To illustrate the effect of such
a departure the charging curves, Tiag. 34, were compared to the
theoretical expression in Diag. 35, and the resulting values of
the concentration ratio were plotted against the potential in
Diag. 33 (curves marked (*) and(®). The shape of these curws
was more ih accord with the measurements of potential at constant
current described above, than those given by the expression
100 (1 - p/P).  The divergence of the results obtained by these
two methods could not, however, be readily explained., It was
accordingly decided to determine the diffusion coefficient over

the whole range of concentration and thereby tc obtain a more

accurate measure of the concentraticn potential curve, and further .

to take ihe measurements independently of depolarisation by the
solution. In order to achieve this the outgoing interface was
maintained at the same potential throughout the experiment while
the potentials to be investigated were applied to the ingoing
interface. The results of these measurements are given in

the next section.

114,
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The general considerations have bseen outlined above. The

manner of evaluating the results has been given in the Introduction
(equation 19). The electrical circuits designated 3 and 4 were
applied to the outgoing and ingoing interfaces and the apparatus
used was that in the previous section.

' The outgoing interface was maintained througnaﬁt these measurements
at +1270, #1280, and +1290 mv. at 20, 30, and 40°C respectively
which were the least positive potentials according to the anodiec
charging curves at which there was no hydrogen on the interface.

The ingoing interface was at first discharged at the same potential.
Whsn the current flowing into the outgoing interface had become
constant, a less positive potential was applied to the ingoing
interface (from +1100 to ~100 mve)s The current on the outgoing
interface then approached a higher steady value and the approach
to the steady st@te represented the approach to the steady state
of diffusion. In fact the potentials on the ingoing and outgoing
interfaces and the current flowing into the outgoing interface
represented respectively, constant and zero concentration on the
ingoing and outgoing interfaces, and the quantity of material
crossing the outgoing interface per unit time.

With this technique the measurements could be taken

independently of depolarisation, since the outgoing interface was
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maintained at the same potential throughout the experiment

(i.0., the rate of depolarisation was constant) and the currents
measured represented the difference between the depolarisation
current + rate of permeation and the depolarisation current.
Depolarisation at the ingoing interface did not affect the validity
of the measuremsnts because the potential and therefore the
concentration of hydrogen at the ingoing interface was waintained
constant for each particular experiment.

The permeability varied considerably from experiment to
experiment and further during the experiment itself, Accordingly
the minimum value at each temperature was taken. This minimum
was invariably found to be the first set of determinations in each
run.

It ‘was found that an initial application of +100 mv. to the
ingoing interface gave an erratic approach to the steady state on
the outgoing interface although subsequently the approach to tﬁe
steady state at this and other potentials was regular. With the
ingoing interface initially at +100 mv. there was a considerabls
time lag before any diffusion occurred. It sppears likely that this
was caused by a blocking effect of strongly adsorbed oxygen on the
outgoing interface to hydrogen coming from within the metal. This
was substantiated by the fact that there appeared to be no hindrance

to hydrogen entering platinum through a similar surface in the
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experiments described in Results: Section 5. Similar blocking
effects have in fact been observed by Oatley (63) on platinum
and by Eggleton (64) with nitrogen on iron. Furthermore, there
are independent observations that indicate that there is a strongly
adsorbed layer of oxygen on platinum surfaces left exposed to the
atmosphere for some time.

In order to obtain reproducible conditions, a potential of
+100 mv. was applied to both interfaces before the actual
measurements for 30 minutes and both interfaces were then discharged
until the chrrent in the circuit on the outgoing interface no
longer showed any variation, i.e., no hydrogen came out of the
platinum membrane. After this treatment, the spproach to the steady
state was entirely regular and so resumebly this treatment was
adequate in removing the oxygen layer. The surfaces were then
in a2 condition analogous to the freshly reduced surfaces frequently
found to be most active by other workers. The potential of +100 mv.
was chosen since it represented the most negative potential which
could be applied to the outgping interface without introducing
apmreciable quantities of hydrogen into the solution and it
appeared that at this potential there is a maximum in the hydrogen
concentration within the platinum interface (see below),

The extent to which the concentration of hydrogen within the

ingoing interface altered on successive determinations is indicated
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in Diag. 36, Measurements were made by applying successively
more negative and then more positive potentials to the ingoing
interface a saturation at +100 mv, being interposed as above
between each set of determinations to maintain the activity of
the interfaces. It was, however, found that the activity did not
fall off even without a repetition of the saturation,

In Diags. 37 and 38 the rate of permsation and the concentration
within the ingoing interface are plotted against the potential
for experiments at 20 and 40°C on 0,001" thick membranes and at
30°C, for 0,003" thick electrodes. Repsated attempts were made to
obtain reproducible results at 30°C, on 0,001" membranes in
.two groups of experiments with two sets of platinum foils from
different batches. Reproducible results could not be obtained
however and out of 13 separate experiments the minimum value can
only be taken as an indication of the type of mehaviour. There is
reason to believe that in both groups of experiments the results
were vitiated by poisoning, in one group by arsenic which had
been added in some previous experiments to the cell solution and
in the other group by hydrogen cyanide which was present in the
laboratory atwosphere at that period.

In Diags 39 are plotted the rates of chaﬁge of concentration
with potential against potential for the curves given in Diag. 38.

In 7iag. 40 the diffusion coefficient D is plotted against
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the concentration (C) on the ingoing interface and in Diag, 41
the diffusion coefficient is plotted -gainst the potential of the
ingoing interface.

It became spparent during the course of these experiments
that ths concentration-potential curve had the shape indicated
(Diage 33) by the comparison of cathodic charging curves (Diag.34) and
the theoretical expression (Diag. 35) udng the value of the
dif fusion coefficient. (Results: section 3). Accordingly similar
cathodic charging curves, taken during the course of the experiments
were compared with concentration-potential curves of the type
given in diag. 38.

The electrodes were activated, as in the above experiments,
by applying a potential of +100 mv. to both interfaces. They
- were then discharged to the appropriate potential at each temperature.
The diffusion coefficient was then d etermined as above (according to
equation 19) with the ingoing interface at +100 mv., the electrode
again discharged, and the cathodic charging curve taken with the
ingoing interface at *100 mve In this way only small cathodic
and anodie currents were allowed to flow to the interfaces and by
discharging the electrodes through both interfaces the time for the
complete experiment, as compared to the time taken in the experiments
described in Results: Secticn 3, was considerably reduced. Possible

errors due to poisoning were thereby minimiseds  The potential of
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+100 mv. was chosen as it became apparent during the course of

the above experiments that there was a maximum in the concentration
of hydrogen within platinum at this potential and it was thought
that part of the deviations from Fick's laws might have been caused
by applying cathodic potentials to the ingoing ‘nterfacs.

The concentrations on the outgoing interface were assumed to
be the same at each potential as those on the ingoing interface.
The concentration, ¢, at any potential was determined as sbove
and was plotted against the potential., The concentration ratio
c/C%, was evaluated at each potential, C being the concentration
at the maximum of the concentration-potentisl curve. This maximum
lay somcwhat on the positive side of +100 mv., in these experiments.

The experimental walues of c/C7 were plotted against the time
in Diags. 42, 43 and 44, at 20°, 30° and 40°C (by comparing the
potentials with the potential time curves). The experimental
values are marked@and the theoretical values calculated from
equation 12 using the diffusion coefficient at +100 mv. are marked x.

We may snticipate the discussion at this stage and consider
the reaaon§ for which a diffusing system appears to disobey the
solutions of Pick's laws. In broad outline:

1, The diffusion coefficient may not bs constant with
mneentration,

2. ©Slow interface proces:-es may be rate—céntn:lling or

at least have an influence on the diffusion process,
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3+ The system may not conform to the boundary conditions
of the solution of the diffusion equation chosen,.

The divigion of 2 and 3 is to a certain extent arbitrary.

The deviations in 2 are taken to be of the nature of the

"radiation boundary condition" in problems of thermal conductivity,
whereas 3 covers all other deviations from the usual boundary
conditions.

It is to be noted that the deviations from the theoretical
behaviour (Diags. 42, 43 and 44) diminish with increasing
temperature. Bearing in mind that the equilibrium concentration
of hydrogen in platinum is exceedingly low, and that the
dissolution proceeds endothermically, it appeared that if
depolarisation i.e., 3 was the reason for the deviations, then
this might be caused by adsorption at the interface rather than
exchange with the solution. The boundary condition chosen for
x=0 would therefore be in error for this interface and it would
be necessary to allow for the capacity of this interface. This was,
however, impossible with the present experiments since no idea
could be formed as to the capacity of the interface. Various
factors pointed against such an interpretation. Firstly,
solutions allowing for the capacity of the interface do not yield
curves having the shape of the experimental curves. (Diags. 42
43 and 44), Secondly, the experimental and theoretical curves

coincide at high coverage at the higher temperatures indicating
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no net depolarisation. Finally, the decreasing deviations with
inereasing temperature are presumably to be associated (using
squation 19 to evaluate the diffusion coefficient) with the
decreasing variation of the diffusion coefficient with concentration
with increasing temperature. (Diag, 40).

Purther tests along the above lines seemed difficult. It
appearcd that to isolate 2, namely the effect of any slow interface
processas, it would be necessary to isolate one interface and to
investigate the transfer of material in both directions across
this interface, Membrane experiments sppeared to be unsuitable for
this work since these always involve the consideration of two
interfaces and therefore both transfer processes (surface to bulk
and bulk to surface) occur simultaneously. To isolate these two
transfer processes the experiments dsscribed in the next section
were devised. In these the charging and discharging of wires was
investigated, The experimental points could then be compared with
the theoretical expressions in order to discover to what extent
the interface was interfering.

Purther discussion of the extent tomwhich Fick's laws are

obeyed will be deferred to the discussion.
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The experiments followsd the plan outlined in the Introduction.
The suriace of the wire was maintained st potentials between +1280
and +100 mv, , the elecirical circuit 3 being used in conjunction
with a non-polarisable cathode. The apparatus used was that shown in
Diag. 21l. The cathodic currents flowing into the wire and the
anodic currents flowing from the wire were nmeasured at decrsasing
positive and increasing posilive potentials respectively. These
currenis represented the differencs between the dissolution current +
dopolarisation current and the depolarisation currsnt, The
results were evaluated as indicated in the Introduction.

In Diage. 45 are shown the plots of rate of dissolution of
hydrogen versus time at potentials +1300 +o +100 wv. on double
logarithmic graph paper. The calibration curve calculated for a
wire 0,0175 cm. radius, C* 1.75X10"8g. hydrogen/cc. and 17?10'7
t:m./.suic.2 is also indicateds These experiments were carrie;i out
at 40°C.  On the graph are also shown the dgres of coincidence
between the experimental poi;xts and the theoretical lines when
these have been displaced to fit at the points indicated, The
graphs were fitted as far as possible ai time values about 1000
secs. after the start of saturation. At such times any
irregularity due to depolarisation currents was at a minimum,
inaccuracy due to timing errcrs or slowness in response of the

galvanometer was minimised, and at the same time the rate of uptake
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DIAG L8. CHANGE OF CONCENTRAT ION
WITH POTENTIAL VS POTENTIAL.
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In Tiag. 46 a sinilar comparison iz made for the discharge of
a wire from potentials +100 to + 1280 mv. at 40°C. with the
theoretical predictions from Pick's laws.

In Diag. 47 the concentration of hydrogen is plotted against
the potential; in Diag. 48 the rate of dissolution is plotted
against the potential., Cherging curves ere given at 200, 300, and
40° and discharge curves at 20° and 4000.

It is spparent from Diags., 47 and 48 that the dissolution
between ca + 1300 mv. and +1100 mv. iz anowalous. According to
experiments in the previous section théie is only a very small
concentration of hydrogen within the platinum surface at+1100 mv.
To compare the results of the experiments in this section and
Section 4, the dissolution down to +1100 mv. may be neglected.

The couoentrationpﬁotential curves then have the shape shewn in
Diag. 49,

The results for the concentration of hydrogen were found to
be irreproducible both within and between different experiments
as in Section 4. The results were selected according to the
minimum value which was again found to be the first set of points
determined., In the experiments with wires there was not such a
generdl increase in the concentrations at each potential during

the successive determinations in each experiment. Subsequent

(]

4.
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values were higher than the first determination but the third
value was sometimes lower than second., It does not seem
possible to attach so mﬁch significance to the variation with
time in the experiments with wires as with those with membranes
since these experiments took a much longer time and the chance
for contamination of the electrode surface was therefore much
greater.

In Diag. 50 is shown the plot of diffusion coefficient
against concentration for the above curves both for charging

and discharging.

125,
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DISCUSSION.

In discussing the results obtained by the methods described
above the kinetics of the processes must in the first instance be
carefully considered. lany previous investigations of
" diffusion systems have been marred by a disregard of the importance
of the diffusion kinetics (by this the approach to the steady
state is implied) and interference by factors outside the simple
diffusion steps. It is necessary, therefore, to consider in what
way, if any, the system deviates from the ideal hehaviour
postulated in the solutions of the diffusion equations used.

The reasons for possible deviations may be divided into
two main categories:

l. The diffusion coefficient may be a function of the
concentration,

2. The system may deviate from the boundary conditions
¢ = C (constant), at x =1, t)0; ¢ = 0 or de/dx = 0 at x =0,
t) 0, used in the solutions of the diffusion equation given.

Two categories of deviations may be considered:

a. Slow processes occur at the interfaces of the kind
postulated in problems dealing with the "radiation boundary
condition" in heat conducfion,

b. All other deviations from the above boundary conditions
0.g+, depolarisation, arbitrary variation of the interface

concentration, not covered by a.
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The process a, has been assumed (51) in order to explain the
proportionality of the permeation rates to the square root of the
pressure up to very high pressures for the diffusion occurring at
high temperatures and also to explain the effect of the activity of
the ingoing interface on the electrodiffusion at room temperature (54).

The interface x = 1 may be considered. In all the systems
investigated in the experiments described above the concentration
at x = 1 has been maintained "constant”, It was assumed that the
boundary condition was given by ¢ = C where ¢ is the concentration
and C is a constant. The boundary condition could thus be written
do/dx = 0, If a slow process takes place at this interface a
concentration discontinuity will arise and the concentration will
no longer be given by ¢ = C. In many problems of heat conduction
it has been assumed that the flux across the interface will be
proportional to the temperature difference from one medium to the
other at this interface. The concept has been applied to
diffusion problems where slow transfer processes at the interfaces
take the place of radiation. If the concentration at the face
x =1 of the medium 0 { % ( 1 is ¢ and the concentration at x)1
is C (a constant) for t ) O then the flux across the interface
will be given by: H (C - c) where H is termed the external
conductivity. The boundary condition at this interface may

= - + he = hC
therefore be written as: Dide/dax = H(C ¢) or de/dx ¢

where h = B/D, a constant.
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In the notation of the Laplace transformation this becomes:

ds/ax + hdé = (hC)/p, and the diffusion equation must be solved
with this boundary conditionf The alterations from the usual
form of the solutions of Fick's laws of diffusion caused by the
substitution of the radiation boundary condition may be considered
separately, since great importance has been attached to processes
of this kind, and the majority of the solutions have been worked
out in connection with problems in heat conduction,

The deviations covered by Zb. are more complex and give rise
to a wide variety of boundary conditions. The boundary conditions
assumed in the interpretation of the experimental results maf not
be correct owing to either depolarisation at the interfaces or
interference at the interfaces by processes not relﬁted to the
diffusion kinetics. Depolarisation may arise, for example in the
charging curves described in Results: Sections 3 and 4 if the
interface x =‘0 has # capacity for adsorbing hydrogen comparable %o
the solubility of hydrogen in the metal, or else if there is
exchange of hydrogen with the electrolyte. The problem may be
compared to problems in the conduction of heat in which the
interfaces are in contact with a mass of well stirred liquid, i.e.,
a "thermal capacity" is assigned to the interfaces., Solutions
which involve the considemation of processes at the interfaces not

related to the diffusion kinetics may be compared to problems in
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heat conduction where an arbitrary variation in the surface
temperatures is assumed.

If depolarisation at the interface x = O is assumed to take
place so that a quantity Q of hydrogen raises the concentration at

the interface from 0 to Q/M the boundary condition becomss:

M = Dy = -Me 32)
ot X P

instead of de/dx = O,

The application of solutions based on boundary conditions of
this kind to the experimental results is difficult. Furthermore
the "thermal capacity"” of the interfaces couldnot readily be cbtained
so that systems were chosen in which the measurements could be made
independently of any depolarisation at the interfaces.

A large variety of boundary conditions may arise if the
concentration at the interface x = 1 is assumed to be an arbitrary
function of the time. A large number of solutions therefore has
to be considered if such deviations appear possible and the
evaluation of the diffusion coefficient becomes very difficult,

The only boundary condition of this type which will be further
considered below corresponds to an exponential riss of fhe
concentration ¢ to the final value Ci.ce, 6 =C (1 -¢ —ﬁt)

or in the notation of the Laplace transformation:

(p+P)z @ng (33)
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In order to isolate the ingoing and outgoing interfaces the
experiments with wires described in Results: Section 56 were carried
out. Experiments with membranes always involve the simultaneous
transition of atoms from the surface to the bﬁlk and from the bulk
to the surface. Under these conditions it is very difficult to
isolate the diffusion kinetics from any slow processes occurring
at both interfaces although this is theoretically possible. A system
with a single surface such as the rod can, however, be charged and
discharged and the kinetics of either the transition surface to Eulk
or bulk to surface can be investigated. From the comparison of
the experimental plot of the amount dissolving vs. the time with
the theoretical expression in diags. 45 and 46 it becams apparent that
the kinetics of the discharging process followed Pick's laws over
nearly the whole range of the time that could be investigated. It
is evident therefore that there is no slow stage during the
transition of atoms from the bulk of the metal to the interface,
Purthermore these curves show (diag. 46) that there is no appreciable
depolarisation of the interface at potentials more positive than
+ 300 mv. or else that any depolarisation is so fast that it is
virtually complete by the time measurements of the current can be
made. Appreciable deviations from Fick's laws of diffusion are
apparent, however, from the investigation of the charging process.
(diag. 45), It is evident that the ingoing interface is



DIAG.51. LOG. RATE OF
DISSOLUTION VS. TIME.

100

TIME SECONDS,

LOG. RATE OF
DISSOLUTION.

150
S 3000




i 131.

interfering with the diffusion process. The dsviations pass

through a maximum at about + 700 mv. and cammot be correlated with
any increase or decrease in the apparent diffusion coefficient, i,e.,
a decreasing value of the diffusion co;fficient does not necessarily
give rise to negative deviations from Fick's laws of diffusion,.

The use of double logarithmic axes to present the results, although
convenient from the point of view of svaluation, is deceptive as it
tends to emphasise the deviations. TFor the major part of the

curves the amount dissolving varies exponentially with the time as
can be seen by plotting the logarithm of the amount dissolving against
the time. diag. 51l As can be seen from equation 29 the slope of
the straight line at high values of time tends to Dol , where oL,

is the first root of AJ; (CLOH) = C% if the system is obeying Fick's
laws of diffusion. It may be noted that this means of evaluating
the diffusion coefficient was rejected by Furinger (53) since the rate
of difisolution could not be accurately measured st high valuse of

the time. The current passing can however be followed accurately
and it is therefore feasible to measure the slopes of the lines,

The twe means of evaluating the results give identical values for D
Furthermore the values of the diffusion coefficient obtained for

the charging and the discharging process are almost identical, the
valuss for the charging process being slightly smaller. If a slow

transfer is assumed at the interface r = a the boundary condition
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becomss

de¢ + he =hLC (311')
dr
F.

and the solution (60).

c =1 - Y Q."Dat 2hT, (ra,) 36
e )

where

o d (o) = hJ, {ax)

The slope of the straight lines in diag. 51 at high values of
the time therefore becomss [)5131 It is evident that the interface
is only interfering to a small extent in the diffusion process at
high values of the time and it appears that the large deviations
occurring at small values of the time cannot be explained by a
process such as slow transfer at the ingoing interface which af fects
the results uniformly at sll values of the time. It can be readily
shown that the intercept of the lines in diag. 52 on the y-axis is
2DChoJifaw) = 2DCR (37)
a(Wed)slas) (K +a))
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The value of the concentration cannot be readily obtained however,
since graphical integration of the current with respect to the time
is difficult. Purthermore the solution applicable to small values
of the time (which can be obtained by using asymptotic expansions
of the Bessel functions in the Laplace transform equation (35)) gives
an expreéssion containing several terms of comparable magnitude at all
values of the time. Further interpretation of the results is
therefore difficult. It may be concluded, however, that if slow
processes in the naturs of the "radiation boundary condition" take
place, then these will only occur at the ingoing interface, i.s.,
in the transition of atoms from the surface to the bulk of the metal,
With this limitation the possible effect of a slow transfer
process on the determinastion of the concentration and the diffusion
coefficient in the experiments with membrane, may'%ow be considered.
As has been shown above at the ingoing interface the boundary

condition is
%%ﬁ-lﬁ:%(:_

while at x = 0, ¢ =0at t ) 0 as in the consideration of equation

13. This Laplace transform now becomes

€ = hCsinhagx (37)
[hsmhcﬂ +q(,o‘,hc]l{]

while the Laplace transform for the total smount of hydrogen that

has diffused through the membrane (equation 15) becomes

Q =hDCq (38)
v "hsinhqe qushciq




and therefore using the inversion theorsm

S hex S onet cPRataly (39)
|+ Lk L[hi»@[j'ﬁ-hjsmﬁg

and

Qess = m% - 2(1+#€ h)Zﬁwe tht%ﬁ sinf3, ?,]

vwhere ﬁn are the roots of the equation

Bycot L +h

Furthernore the rate of steady permeation is

P, = DhC
| +€h

Instead of equation 18 the time la; is given by

Q =%}\§%[t - 2(l JS Z hJ{éﬁafhm)]ﬁ‘smﬁﬂll

The diffusion coefficient camnot therefore be evaluated from a

(rl)

measurement of the time intercept alone. The limiting effect as

the diffusion coefficient becomes large compared to the rate of

transfer of material across the ingoing interface may however be

considered Under these conditions h—»0 and (3,,2——) IT / 1

The time lag is therefore given by

Q =_Dh | )
\+€h[ l%] &

(40)
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It is evident that for a diffusion process almost completely
controlled by the ingoing interface the values evaluated by thse
assumption of equation 19 i.e., a pure diffusion process are 1/3

of the correct values. Furthermore instead of thse value
c= hC?
+Ch
for the limiting concentration at the ingoing interface the value
Retl = 0 hC 6t0 = 3h(CH
P 20 ek £ | +£h

is obtained. The concentration evaluated as in Results: section 4

would therefore be three times too large if the diffusion were
almost completely controlled by a slow transfer process at the
ingoing interface, Por intermediate values of h the diffusion
coefficient and concentration will be in error to a smaller extent,
the above values giving the maximum deviations,

The values of the diffusion coefficient as a function of
the concentration, obtained in the experiments with membranes,
may now be considered. (diag. 40). The results of two experiments
at 20°C. and two experiments at 40%c. are indicated for foils 0,001
inch thick, and of one experiment at 30°C. on foil 0,003 inch thick.
The reproducibility, subject to the limitations stated in Results:

section 4 was satisfactory., It is a uatter of extrems difficulty

to explain the shape of the diffusion coefficient - concentration plot.
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If is evident, if the thin membranes only are considered, that the
diffusion coefficient shows a region of positive and a region of
negative temperature coefficients. The values of the diffusion
coefficient are smaller than those obtained in the experiments with
wire electrodes, diag. 52. It is not strictly valid to compare

the diffusion coefficient as a function of the potential as in diag.
52. The potential has bsen chosen rather than the concentration
since there is a marked difference between the equilibrium
concentrations at any potential observed in the experiments with
wires and membranes. Diags. 38 and 49, It is nevertheless apparent
that the variation of the diffusion coefficisnt with the
concentration as well as the actual magnitude of the diffusion
coefficient is smaller in the experiments with membranes than in
those with wires. Moreover the diffusion coefficient does not
appear to be a single valued function of the mncentration. The
most probable explanation of this bshaviour is that the diffusion

is in fact a composite process, and that the kinetics are dependent
on the potential.of the ingoing interface. At any one concentration,
the lower part of the plot of diffusion coefficient against
concentration in diag. 40 corresponds to more positive potentials
than the upper part, and it is evident that the deviations therefore
increase with increasing positive potential of the ingoing interface.

Two explanations may be considered: firstly that two dif fusion
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processes, @.g., lattice and grain boundary diffusion, are present to
a varying extent in the different potential regions, or secondly,
that some interface reaction inercasingly takes control as the
potential becomes more positive, The regular nature of the deviations
of the approach to the steady state of permeation a& all potentials
from that predicted on the basis of Fick's laws of diffusion (see
below diag. 53) suggests that the first alternative is not appliceble.
It is evident that as the potential becomes more positive the discharge
of protons on to the surface must bewm me increasingly hindered and it
was considered at the time of carrying out these experiments that an
explanation along these lines was most probable.

The divergence of the valuss of the diffusion coefficisnt at
any concentration may again be considered on the baaib of the
"radiastion boundary condition', As has been seen above the apparent
value of the diffusion coefficient evaluated according to equation
19 is lower than the actual value, and the deviationlincreases as the
diffusion becomes increasingly controlled by the ingoing interface,
until, for a process almost completely controlled by aslow transfer
process, the diffusion coefficient is 1/3 éf its correct value. The
general shape of the plot of diffusion coefficient against
concentration is therefore correct on the basis of this interpretétion,
i,e., as the potential becomes more positive the deviations increase,

It is clear however, that this explanation is not adequate for
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explaining the fact that diffusion is not a single valued function
of the concentration. If the values of the diffusion coefficient in
the lower part of the diagram are multiplied by 3, the maximum error
on the basis of this explanation, the values at the mors positive
potential at any one concentration, for the experiments at 4o°c.,
still fall below the values at the less positive potentials. The
deviations are larger than is suggested by this procedure, since any
increase in the diffusion coefficient automatically displaces the
point to a lower concentration. Although the explanation would bs
adequate for explaining the results obtained at 20°C. and at 30°C

it seems unlikely that a different explanation would hold at lower
Yemperatures than at higher temperatures. It may be concluded thzt
if slow transfer processes occur at the ingoing interface then these
processes cannot alone sxplain the shape of the diffusion coefficient-
concentration diagram.

Although the actual shape of the plot of the diffusion
coefficient against the concentration can suggest details of the
diffusion mechanism it cannot give precise information sbout any
deviation from the simple dif fusion kinetics. Further information
can, however, be obtained by studying the kinetics as a function of
the thioknags of the membrane,

The results of the measurements with membranes 0,003 inch thick

at 30°C may be compared to the measurements with the thinner membranes.
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As has been stated sbove (Results: section 4) satisfactory measurements
could not be made with membranes 0.001 inch thick at 30°C. The results
obtained with the thicker membranes cen however be compared with those
on the thinner membranes at 20°C. and at 40°C. since the position only
of the curves will be considered. It is evident from diag, 40 that
the values of the diffusion coefficient lie uniformly too high, i.e.,
both at the less positive, and at the more positive potential at any ’
one concentration, the diffusion coefficient is larger than would be
expected from the measursments carried out with the thinner membranes.
Thé variation of the time lag with thickness (equation 19) is therefore
less rapid than indicated by the term and it may be concluded

that the diffusion process is not completely controlled by the
transition through the bulk of the metal., The consideration of the
variation of the time lag with thickness agair» points against the
presence of a slow transition at the ingoing interface sinees for this
case also the time lag varies as the square of the thickness. Further
information cannot, however, be obtained from a consideration of

diage. 40.

It was considered that an analysis of the potential-time curves
(Results: section 4) could give information as to the nature of the
deviations from the simple diffusion step through the bulk of the
metals As has been shown above the diffusion coefficient can be
assumed to be correct to a factor smaller than 3, (Equations 19, 42).

Furthermore if the deviations are independent of the potential (or
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nearly so) then the effect of any uncertainty in the diffusion
coefficient on the concentration-potential curves will largely be
eliminated by considering a concentration ratio (as in diags. 42, 43
and 44). In order to ensure that only the behaviour in the more
positive potential regions would be considered (corresponding to the
lower part of the diffusion coefficient-concentration curves) the
ingoing interface was maintained at a potential of +10Cmv. Aduring the
determination of the charging curves.

As has been noted in Results: section 4 the deviations are
consistently negative, The deviations decreasse with increasing
temperature and pass through a maximum at a point corresponding to
a potential of about +700 mv. on the charging curves. Since the
experimental and thsorstical curves at 30°C and at 40°C coincide at
high values of the tims it appears to be improbable that the
deviations are caused by depolarisation at the outgoing interface
of the kind covered by equation (32), i.e., from the boundary
condition de/dx = 0 at x = 0 for t+ ) O. Such deviations are not
however ruled out at 20°C as can be seen from diag. 42. It appears
probable, however, that the deviations cannot be explained by any
alteration in the boundary condition st the outgoihg interface.

The variation of the diffusion coefficient with the concentration
must also be considered in an examination of the deviations. The
experiments with wire elsctrodes (diag. 52) suggest that the

deviations should increase and then again decrease as is actually
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found to be the case, Diag. 40 showe that the variation of the
diffusion coefficient with the concentration decreases with the
temperature and therefore the extent of the deviations should descrease
with the temperature. Comparison of these experiments to the

dif fusion coefficients obtained in the experiments with the wire
electrodes is not strictly valid however, since ths concentrations

at any one potential in the two experiments do not agres. Although the
value of the diffusion coefficisnt used in the interpretation of the
charging curves is probably not greatly in error (since it already
lies in the upper part of diag. 40) further deductions from the valuss
of the diffusion coefficient at positive potentials {diag. 40) are not
valid since these values presumably do not correspond to a true
diffusion step. It is probable, however, that the diffusion
coefficient decrsases down to sbout +200 wv. so tha the deviations
of the exporimental from ths theoretical lines in Diags. 42, 43, and
44 should increase with the time to higher values of the time than
agtually observed. It appears unlikely therefore, that the
deviations can be explained on the basis of the variation of the

dif fusion coefficient with the concentration. It may be noted that
the deviations, as in the charging of the wire elsctrodes, pass
through a maximum at a point corresponding to a potential of about
+700 mv. 20 that the deviations are presumably again associated with

a slow process a& the ingoing interface.
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Purther interpretation of the charging curves on the basis of
a slow process at the ingoing interface is difficult. The Laplace

transform of the solution assuming the "radiation boundary condition" is

= hC coshgx (#3)
|1[qsmhqe+ hcoshq@]

giving

¢ = th e DY oo ok : stanal=h (k%)
L‘t—(a +h) +hjeose, L

The use of this equation is difficult, The exponential terms in

the series obtsined by using the expansions for the hyperbolic
functions in equation (43), in an analogous manner to equation 11,
have coefficients which are cowplicated functions of g.  Although
the first few terms can be readily evaluatsd the expression obtained,
for the probable values of h and D is not as useful as equation 12.
Consideration of the probable value of Cl, does not give any
indication as to the possible value of h at the ingoing interface
since a comparatively small alteration in D can cause a very large
change in h.

The kinetics cannot therefore readily be slucidated by studying
a system of this kind and e relatively simple system must be chosen
if the effect of the ingoing interface is to be investigated. The
approach to the steady state of diffusion actually wsed in the

evaluation of the diffusion coefficient, according to equation 19,
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appearc] to be suitable. The permeation rate could be instantaneously
measured as a function of the time with the methods evolved in the
experiﬁents described above, Accordingly the experimental results
can be readily compared to the theoretical expressions both at small,
and at large values of the tims. The use of a single determination
avoids unnecessary ambiguity and any arbitrary variations of the
concentration at the ingoing interface (suggested by the shape of
the experimental results in diags. 42, 43, and 44) can be more readily
detected.

The comparison of the approach to the steady state experimentally
observed to that predicted theoretically is shown in diag. 53, for
an experiment at 40°C,  The theoretical valuss (marksd @ ) were
calculated according to equation 21 using the value of the diffusion
coefficient evaluated according to equaticn 19, In order to obtain
a comparison between the determirations at different potentials the
permeation rates are exmressed as a ratio of the final permeation rate
end the values of the time are exmressed as aratio of the time at which
the experimental and theoretical curves eross. This procedwre is
arbitrary and tends to minimise the appsrent extent of the deviations.
It is evident that the experimental values at positive potentials show
positive deviations from the theoretical curves at small values of
the time and then show negative deviations, At the reversible
potential and at negative potentials the experimental curves only show

negative deviations at large values of the time, The extent of the

-



deviations incréases with decreasing positive potential and passes
through a maximum when the ingoing interface is at + 700 mv. (in
agreement with the measurements with wire electrodes, ses above.)

At very positive and at negative potentials the deviations are
comparatively small and the system appears to follow the predictions
based on a simple diffusion step relatively well. Furthermore the
experimental curves at small values of the time indicate a diffusion
process with a higher diffusion coefficient than that given by
equation (19) and this suggests that the positive and the negative
deviations are causedbya decreasing valus of the diffusion coefficient
with increasing concentrations. As has been noted above the charging
and discharging of the wire electrodes (Results; section 5) indicate
that the diff'usion coefficient at first falls and then increases with
the concentration (diag. 52). A comparison of the diffusion
coefiicient as a function of the potential for the experiments in
Results: sections 4 and 5 is not strictly valid (see above) since the
diffusion coefficient as a function of the concentration should be
considerede The method of measurement of the diffusion coefficient
in the experiments with wire electrodes ensured that it was being
determined at practically constant concentration so that any effect.
of a variation of the diffusion coefficient with the time was at a
minimum, In addition the concentration interval was smaller than
that in the determinations in the experiments with membranes. It

appeared probable (from a consideration of diag. 52) that at small
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positive potentials and at the reversibls and negative vpotentials »
the permeation rate at large values of the time {where any
concentration variation was again reduced) should vary exponentially
with the time at a larger rate than that indicated by the mean
valus of the diffusion coefficient,

It can be readily shown from equation 37 or39 that for the
general case of a diffusion process coupled with a slow transition

at the ingoing interface

=hDC - 2hDCY' B, ¢ "0
| +Eh ;%+Q Ba+hJsinpB,L

and hence

B.-P = 2[+2h) i B, 0Bt (+5)
or [h+ ey sin L

If the logarithm of the left hand side of equation (45) is plotted

against the time then in the limit at high values of the time a line

of slops DB} in obtained with an intercept

I-= l(lf@hﬂ | (46)
[h Q(B +h )] ﬁmﬁ £

on the log -@F_ axis. The valus of this intsrcept as a

function of h is shown in diage. 54, The wmriation is from 2 for a

pure diffusion procesa to 1.3 for a process almost complately

controlled by a slow transition across the ingoing interface.
Values of log, fﬁPﬁE for the experimental data were plotted

%
againat the time, The shape of the experimental curves did not agree
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with that predicted from equation 45. At small values of the time

a sigmoidal curve was obtained as is shown in diag. 55 for an
experiment of 40°C.  The extent of the initial (slowly varying)

mrt of the sigmoid decreased with decreasing temperature unti;]. at
2000 it was hardly apparent. The results nevertheless indicate
that at small values of the time the values of log .%T“E

fall away from the line drawn through the maximum slo:e of the curve
indicating that a series is operative. According to the magnitude of
the diffusion coefficient the first term only of the serises

(equation 45) should be operative at the values of the tims at which
an inflexion is apparent. A line drawn asymptotically to the curves
at this point should therefore have an intercept on the log .E‘EP"._P
axis given by equation 46, The value of the intercept at 40°;°

is of the order 1.5 at 30°C of the order 1.1 and at 20°C of the order
1.0. It is evident therefore that the experimental data do not fit
the predictions based on equation 45, If the slops of the curves at
the inflexion is assumed to be ..Qe‘;_r: then the values of the
diffusion coefficient obtained a:;'e more nearly in agreecment with the
values obtained with wire electrodes than are those given by
equation 19. (diag. 52.)

The lower part of the sigmoid, i.e., the positive deviations

from the straight line could be caused by a decreasing value of the

diffusion coefficient. As has been stated above the final value of the

slope of the log .Q__PP"P vs time curve should for small positive and for
%
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negative potentials and at large values of the time be larger than
that indicated by the value of the diffusion coefficient., At all
potentials the slope should be of the order of the slope expscthed
from the diffusion coefficient. In diag. 56 the valuss of log E%’_P
are plotted against the tims at high values of the time for an
experiment at 40°C. As can be seen good straight line plots are
obtained indicating an exponential process, The value of the
intercepts on the log ggilf axis in this and in all the other
sxperiments 1ie§ in the vieinity of 0,5 which is in complste dis-
agreement with the theoretical predictions (equation 46), lMoreover,
the valuwes of the slopes of the lines are not in agrsement with the
predictions from the diffusion coefficient. For the 'lines in diag. 56
the "diffusion coefficient” is of the order 3 X 10~? whereas the
mean valus for ths charging and discharging of the wire elsctrodes
ia of the arder 7 X 107, It is evident that the exponential
process observed a high values of the time is not related to the
dif fusion processs The iact is brought out clearly when the values
for the 0,003 inch thick membranes are compared to those for the
0,001 inch thick membranes, diag. 57. Tha'accuracy of the
experiments is not sufficiently high in order to carry out sny
definite interpretation, but it is evident that the exponential
process at large values of the time is not related to the thickness
of the membrans, i.e., not related to the diffusion process.

This process is therefore to be associated with the ingoing interface.
It is evident that the rate of the process increases with decreasing

positive potential and shows a rapid increase at negative potentials,
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Presumably the process is to be associated with the slow establishment

of the equilibrium concentration on the ingoing interface.

It is to be noted that there is an exponential process, slow

1
I3

compared to the diffusion, even at negative potentials so that the o
is a time lag in the establishment of the final steady concentration
& cathodie potentials,

The interpretation is in essential agreement with the
measurements on the wire electrodes. As has besn noted above the
deviations occurring during the charging of the wires, in comparison
‘to the discharging, cannot be explained on the basis of a slow
transition at the ingoing interface. The marked deviations occur
at small velues of the time and aré substantially compete after ca. 400
seconds afber the beginning cf a determination (diag. 51). It is
evident that this is in agreement with the measurements on the
membrane -lectrodes (diaz. 56), and that the deviations are again due
to the slow establishmen® of the equilibrium surface concentration,

It may be noted that the charging of the wire electrodes (diag, 45),
the interpretation of the charging curves (diags. 42, 43, and 45), and
the approach to the steady state of permeation (diag. 53) all show
that the deviations from Fick's laws of diffusion are at a maximum
wnen the ingoing interface is at about +700 mv. and that the
deviations are due to a slow process at the ingoing interface which is
not relnted to the diffueion step through the bulk of the metal,

The analysis of the approach to the steady state of permeation shows
that this process is dus to an exponsntial approach to the

~equilibrium surface concentration at the ingoing interface.
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In order to carry the interpretation of diags. 55 and 56
further the theoretical expression must be considered. The surface
concentration on the ingoing interfaces approaches the equilibrium
value exponentially and therefore the boundary condition at x =1
may be written
c=C(l-e A t)
where {3 is the slope of the lines in diag. 56, the boundary
condition at x = O being ¢ = O for t>» DO. Similar problems have
been solved in the lierature by the use of Duhamel's theorem, the
solution for the surface concentration @, (‘t). 17& ('t) being derived
from that for the surface concentrations ¢y and Coe For the sbove
problem the use of Duhamel's theorem gives an expression containing
a divergent series before the tern; Q-Pt and this expression
cannot therefore be summed by the use of the calculus of residues.
The problem can, however, again be solved by the use of the Laplace

transformation. The transform of the boundary condition at x = 1 is
(neh)e < S

and the transform of the solution
T = BCsinhqx P- DACo (7
r{ptf) sinhql p{j+R)sinhql 4
P,__ __M 1+inth A,'[\
2L Y_wl'\(lu,@)sinkqe




The residue at “he point ‘\= O | is '/Q/?) . it the

point "t 5"/3 the residue is @ -f_’}T and at the pole C]: v}_lT\_
. =R e

the residus is .
-*1*Dt
L) TE

B-nl’D|%

Qz
The complete soluﬁion is therefors

o [mﬂé )mZ—F:gﬁg

h:\

or in the form of enuatlon

nt T* Dt

Qﬁt-f |
8P - Zﬁ-nﬂ‘ - 8)

The coefficient of the teru @ B is unity and hence the intsrcept

of the plot of log %’_E vs, time in diag. 56 on the 1ogM
1] 0

axis sghould bs unity. Since the actual valus is of the ordsr
0.5 it may be concluded that the establishment of the final constant
surfece ccneentration C may be represented by an initial rapid
change Cl followed by a glow variation C_ (1 - & 'ﬁt) where C =
A

G *C.

<
The spproach to the steady state of permsation thsrefore contains
a term due to the initial rapid change cl, as woll as the term

(equ,tion 48) due to the slowly varying concentration Cpe  The
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ocontribution dus to (':l may be deduced from equation 1%, The

transfors is

P DC]QCOSk QX
n smhqe

and therefore i
o0 -DT

P‘w = _%C_\_ s Z_QDQ 2 ("_i)ne—._@.__ (’\'q)

The combined peruweation rate due to the concentrations (:1 and 02 is

=

therefore given by T DT

R, = DC+C]-DCeP-2DVT BG  ~Cltfe &
7 £ B

n=i
or in the form of equation 48

% : - TPt
B-P=Co P +IV . AC - C e = (50)

EoA Gl [CTC;]V)’ _ié—[-)] C|+Cz

nal
If the term due to the exponential approach to the steady

conesntration (, is aubtracted from the perueation rate then

ot -8 e K
—E: C,*rCJL [{3 C—,:C; Bl

i
/
naj

2 -Bt
If the logarithm of PL’?—p "'—Cz..’zﬂ is plotted against the time
2 LY C’i"'cz
a lino of alops %;[ should be obtained at high values of the time

and the diffusion coefficient vay be evaluated., At small positive and
at cathodic potentials this ie found to be the case.in diag,58 the effect

of correcting the values of f‘ii::-e for the wmriation in surface
> .
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concentration is shown for an experiment at 40°C and at a potential of
-100mv. It is evident that except at very small values of the time the
approach to the steady state of permeation observed at the outgoing
interface may be represented by the addition of two processes varying
exponentially with the time as is indicated by equation (50). At small
values of the time negative deviations from a process varying
exponentially with the time occur indicating that series due to the
diffusion process is operative. At high values of the time the method
of correction is bound to be inaccurate since the correction term
repregsents a large part of 152::12 , and the variation of the
difference of two comparable lésée quantities is therefore observed.

The degree of agreement with the theoretical predictions may therefore be
considered satisfactory.

At potentials more pogitive than +300 mv. the corrected values of
jﬁﬁ:l? show a decreasing slope with increasing values of the time and the
behzgiour is similar to that indicated in diag., 55, the extent of the
deviations being reduced. This behaviour is probably to be attributed
to the variation of the diffusion coefficient with the concentration since
at +900 mv. and +1100 mv., in those cases in which the correction can be
carried out the behaviour is similar to that shown in diag., 57. The
correction is not easily applied at the most positive potentials since the
permeation rate is too small for the variation at high values of the time
to be accurately measurable., At intermediate valuss of the potential
the extent of the variation of the diffusion coefficient is sufficiently

great for the approach to the steady state of permeation to be affected
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while at negative potentials, the reversible potential and at small

and high positive potentials the diffusion coefficient ms an apparently
constant, mean value. It may be noted that the slope of ths plot of the
corrected values of log EQLLE ve. time is in approximate agreement
with the maximum slope of :;e plot of the uncorrected values. The
valuss of the diffusion coefficient obtained by correcting for the
variation in surface concentration are in fair agreement with the values
observed during the charging and discharging of the wire selectrodes.
(diage 52)s The true diffusion coefficient may thersefore, in the

presence of a slow infterface process of this kind, be obtained from the

slope of the corrected values of log EO“'P as a function of the time

in the manner indicated sbove. The thickness of the membrane slectrode
must be chosen so that at high values of the time the kinstics of the
process are only controlled by the interface and so that a sharp
separation of the surface and bulk controlled processes is possible at
small values of the time. It may be noted that the diffusion process
could not readily be separated from the kinetics of the interface process
using 0,003 inch thick membranes in the experiments described above.

The values of the intercepts on the log EEL::P axis of the

! &___P @©

plots of the corrected values of log P vs time are not in
agreement with those predicted from equation 50. It is difficult to
obtain an accurate value for this intercept since a small displacement
of the log E%iif axis, corresponding to a small error in the
initial timing can cause a very large change in the value of the

intercept. In consequence of this the values of the intsrcept show a
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considerables scatter at any potential between different experiments and
it is not possible to observe any relétion between the intercept and

the potential, If the intercept is expressed as a ratio of that
observed experimentally to that predicted by the substitution of the
experimental values of °1’ 02, D, 1, and ﬁ into equation 50 and a mean
value of this ratio is taken from the most positive to the most negative
potential in any one series of dsterminations, then the wvalue of .77 is
obtained at 40°C and the vhlue .55 is obtained at EOPC, the theoretical
value for the diffusion process being 1.0, It appears to be probable
therefore that there is some barrier to the passage of atoms from the
surface into the bulk of the metal at the ingoing interface. The
accuracy of the experiments is not sufficient to show whether this is of
the nature of the "radiation boundary condition"., It is evident
however that the deviations decrease witﬂ increasing temperature sud that
the transition across the ingoing interface is therefore facilitated at
higher temperatures.

It is evident from diag. 57 that the extent of the slowly varying
part of the concentration at the ingoing interface increases with
increasing temperature. The accuracy and reproducibility of the
experiments is not sufficient, howsver, to enable a detailed interpretatior
of the slow exponentigl process at the ingoing interface to be carried out.
The slow process at the ingoing interface may be most readily explained
in terms of a rate of deposition on to the interface proportional to the
free area available for the deposition process coupled with a rate of

|

removal proportional to the amount of deposited hydrogen, giving rise to
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the boundary condition equation 33. This boundary condition differs
from the "radiation boundary condition", in that the process of removal
is not related to the diffusion process. It is possible that the
process of removal is due to the conversion of adsorbed hydrogen atoms
into solvated protons. The increasing extent of the slowly varying

part of the concentration at the ingoing interface with increasing
temperature suggests that the process of deposition ocours with a higher
energy of activation than the process of removal, and this indicates
that the process of deposition on to the positively charged interface

is taking place from a positively charged partiole in the solution.

The term /3 represents the sum of the rate constants of the deposition
and removal processes. This term is relatively independent of the
potential at positive potentizals (Diag. 57)y end it is difficult to see
how this could be explained in terms of deposition and removal processes
involving charged partiocles., The shape of the plot of E:%fz;j as a
function of potential is also difficult to explain in terms of a single
deposition and removal process involving charged particles. Furthermore,
at cathodic potentiels, the rate of attainment of the equilibrium
concentration is slow compared to the known rate of deposition. It would
eppear to be possible that the slow process at the ingoing interface
represents a process not related to the deposition and removal of charged
particles, but rather a process such as the migration of atoms over the
interface to sites from which the diffusion is preferentially ocourring,
or the slow removal of an adsorbed layer of oxygen from part of the

interface. The processes cannot however be adequately characterised by

measurements of the permeation alone, and the
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measursments themselves are not sufficiently accurate to enable a
detailed analysis of the possible processes to be carried out.

The effect of evaluating the diffusion coefficient according to
aquation 50, on the congentration within the ingoing interface at 2000
and at 40°C is shown in Diage. 59 The concentrations obtainsd by using
this method of evaluation are lower at all potentials than the
concentrations obtained by using the diffusion coefficient evaluated
according to equation 19, The effect on the dif fusion coefficient as a
function of the concentration of using equation 50 instead of esquation 19,
is shown in Tiag, 60 for experiments at 20°C and at 40°C. It is evident
that by correcting the approach to the steady state of diffusion for slow
establishment of the equilibrium concentration at the ingoing interface,
the negative temperature coefficient of the diffusion coefficient, found
at positive potentials according to equation 19, is no longer observed.
This negative temperature coafficient is thsrefore to be associated with
the increasing extent, with increasing temperature, of the slowly varying
part of the concentration at the ingoing interface. The "diffusion
coefficient” evaluated according to equation 19 is in fact determined
largely by the slow-process at the ingoing interface at the higher
temperaturs.

The dif fusion coefficients obtained according to equation 50 are not
solely determined by the concentration. At any one concentration the
value obtained at the more positive potentials is lower than the value
obtained at low positive potentials, the reversible potential or at

negative potentials. The variation of the diffusion coefficient obtained
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is lower than the maximum possible variation if a slow transition is
agsumed at the ingoing interface. A slow transition at the ingoing
interface is in fact suggested if the concentrations at the ingoing
interface of the membranss (diage 59) are compared with the equilibrium
concentrations determined in the experiments with wire electrodes
(diag. 49). The concentrations derived from the rate of psrmeation of
the membranes in the steady state are about one tenth of the equilibrium
concentrations. A concentration discontinuity thersfore exists at the
ingoing interface and this may be due to a slow transition at the ingoing
interface, It has beén noted above that the intercepts of the corrscted
valuss of log -PEF:—F on the log -P‘—”-P—"-—E axis also indicate that
® @
there is a slow transition of atoms at the ingoing interfacs.

It way be concluded thet the diffusion kinetics observed during the
establishment of the steady state of diffusion in the experiments with
membranes are partly, and at the higher temperatures largely, controlled
by the slow establishment in the equilibrium concentration at the ingoing
interface. Furthermore that there is a small concentration
discontinuity at the ingoing interface which is probably due to a slow
transition process at this interface. There is no evidence for any slow
processes at the outgeing interfaces, The slow process at the ingoing
interface cannot be sufficiently characterised by measurements of the
diffusion alone but the form of the results suggests that this process
is not related to the déposition and removal of charged particles.

The values of the diffusion coefficient as a function of the

coneentration indicate that the energy of activation of the diffusion
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process does not exceed 10 kilo calories. The accuracy and
reproducibility of the measurements is not sufficient to enable a
precise evaluation of the temperature coefficient, or to show whether
there is any variation of the energy of activation with the
concentration. The above maximum value of the energy of activation

of the diffusion coefficient is not in agreement with the energy of
activation of the permeation rate determined at higher temperatures for
the diffusion from the gas phase. The values 19,6, 18,0, and 19.8

kilo calories have been obtained at the higher temperatwures. (65),

(66), and (67). If the permeabilities obssrved at high temperatures
are eytrapolated to room temperature and expressed as a current flowing
through a membrane 0,001 inch thick with the ingoing interface =t a
pressure of 1 atmosphere the values 1.6 x 10-14, 2.1 x 10_15, ahd

2.3 X 10-13 amperes/bm? are obtaineds The experimental values observed
with the ingoing interface at the reversible potential are of the order
of 10.6 amperes/bm? If the diffusion process is taken to be the same
at the high and the low temperatures it is necessary to assume that the
dissolution observed with the interface in contact with hydrogen at 1
atmosphere ressurs in the presence of normal hydrochloric acid is
equivalent to a dissolution corresponding to a pressure of 107
atmospheres in contact with the gas phase. It has been shown that
cathodic currents are equivalent to very high pressures (see above) but
the preseure equivalense in the case of platinum would appear to be
without any physical significances Furthermore, no simple relation
would be found between the permeation rate and the cathodic current since

the diffusion process will take place with the ingoing interface at the
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reoversible, and at anodic potentials. The positive potentials would
alse be found to be equivalent tc a high pressure of gas on the
ingoing interface. It would appear that either the energy of
activation of the permeation rate, observed at the higher temperatures,
doas not correspond to the diffusion process or else that the difusion
process observed at the lower teuperatures differsfrom thait observed at
the higher temperatures., It may be noted that lower témperaturea
would favour the observation of grain boundery diffusion processes.

The concentration of hydrogen within the ingoing interface, as a
function of the potential, using equation 50 to evaluate the diffusion
coefficient, shows a maximum at small positive potentials. The-
qualitative nature of the resulis is therefore not affected by using
equaticn 50 rathsr than equation 1¢ to evaluate the results although the
numerical values are reduced. The data on the charging of the wire
elestrodes (diag. 48) sl = indicate thsat there is a maximum in the
concentration within the platinum et swell positive potentials., The
reduction in the concentration at small positive potentials eannot
however be cbserved with the wire electrodes since ai small pusitive
potentials the dissolution in the metal is masked by the dissolution
in the solution surrounding the wire. The results at +100 mv. are open
%o doubt and represent a maximum vslue in the increase in concentration
within the platinum, The results on the wire electrodes thersfore
show that the concentration is becoming limited 2nd probably reduced at
small positive potentisls. If the concentration within the platinum
is assumed 1o be related te the concentration on the interface, /

then the results indicate that the
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electrocapillary maximum lies on the positive side of the reversible
potential in the viecinity of +l100 mv. and that the hydrogen atoms are
being adsorbed as unionised particles. lisasurements of adsorption
at platinum surfaces and of ths angle of contact of gas bubbles with
platinum also indicate that the electrocapiliary maximum lies on the
positive side, and in the vicinity of, the reversible potential. (68}.
The results on the discharging of the wire electrodss are not in
agreement with the results of the charging of the wire electrcdes, or
with the experiments with membranes. As can be seen from diag, 48 the
results do not indicate 2 maximum in the concentration as a funection
of the potential but rather »n approach to 2 limiting value as the
potential of tie interface is made less pesitive with respect to the
solution., The results also show that there is a hysterssis in the
dissolutioh process the hydrogen being more atrongly bound to the
platinum at any potential for the discharging than for the charging
process. A hysteresis in the potentisl = time curves has been observed
in the slow charging of platinum wires (€2) and this, and the hysteresis
in the dissolution for the charging and discharging process, may be
related to a difference in the strength of binding of hydrogen atoms to
the surface of the platinum for the deposition and removal processes.
It may be noted that potential s1ifis in ths cathodic direction,
observed by Ershler during the slow charging when the anodic current was
interrupted (89), may be aseribed to the slow removel of hydrogen from
the bulk of the metal. The potential shifts were actually attributed

by Brshler to the presence of very strongly bound hydrogen atoms on the
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surface of the platinums

The presence of aprreciable quantities of hydrogen within the
platinum at high positive potentials is not in agresment with the
interpretation of the anodic chsrging of platinum surfaces (47). (69),
(70)¢ I& has been supposed that hydrogsn is removed from the interface
at low positive potentials {up to about +300 wv,) and that subsequently
the charging of the dowble layer is observed (up to about +850 mv.)
followed by the depnsition of an oxygen laysr on the interface (up to
about +1400 mv.). As can be seen from both the experiments with the
membranes and thewire electrodes, appreciable quantities of hydrogen are
present in the metal over nearly the whole of this potential range.
The charging of the double layer and the deposition of an oxygen layer
may occur at the potentials stated but cannot be detected by measurements
of the diffusion., It is evident however from the charging curves with
membrane electrodes (diags. 28, 29, and 30), that whatever secondary
processes are occurring at these potentials, they may be made %o take
place in either a forward or backward direction, by the addition or
removal of hydrogen from the bulk of the metal. S:'mée the
concentration of hydrogen in the platinum is very small the effect of
any dissolution in the positive potential regions may well bo masked by
the charging of the double layer or ths deposition of oxygen for the
case of the slow cherging of platinised platinum or the rapid charging
of smooth platinum, The resence of hydrogen within the platinum
in these potential regions suggests that there is hydrogen on the

interface at these potentials. It is not possible to conclude from
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the measurements of the diffusion alone that the hydrogen on the
interface is present in the presence of an oxide layer. It may be noted
that only a very small quantity of hydrogen is necessary io change thse
potential of the outgoing interface from +1300mv to +800 mv. during the
determination of the charging curves (diags. 28 and 29). It is not
strictlyrvalid to compare ths charging of the interface by diffusion to
the direct charging through the solution since in the first system the
"charging of the bulk of the metal is being considered. 1In the
comparison of the shape of the potential - tims curves to the diffusion
coefficient by means of the experimental concentration - potential
relationships (diags. 42, 43, and 44) it has been assumed that the
cherging of the bulk only is being observed. The absence of any
deviations between the experimentsl and the theoretically predicted
curves at small values of the time, corresponding to the charging in
the high positive potential regions, indiecates that only a very small
part of the hydrogen (equivalent to a currsnt passing through the
solution) is used to reduce any oxide layer on the electrode. The
results may indicate that only a very slight oxide layer is formed
during tha eharging of the metals It has in fact been found by
Hiekling and by Ershler (70), (71) that the presence of chloride ions
inhibits the formation of oxide layers, sc that in the presence of
normal hydrochloric acid only & very slight oxide formation may be
observed.
The presence of hydrogen on the positively charged interface is

not surprising since the positive potential is only equivalent to sbout

20 kilo calories and the heat of adsorption may well be of this order.
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The mechanism of the deposition resction is not easy to understand,
however, The rate of deposition of protons on to the interface must

be greatly reduced and the rate of removal from the interface greatly
increased as the potential of the interface becomes mors positive.

If the equilibrium concentration of the hbsorbed and therefore adsorbed
hydrogen atoms is assumad to be determined by the balance of the rate
of deposition with the rete of removal, it is evident that the
concentration should decrease much more rapidly to zero with increasing
positive potential than is experimentally observed. It is therefore
necessary to assums that only o very small part of the electrode -
solution potential is effective in removing adsorbed hydrogen atoms as .
protons, so that the maximum of the "energy barrier™ in this process
must lie very near to ths elsctrede surface; and furthermors, that some
other process may be effsetive in the deposition of hydrogen from the
solution on to the electrode interface at the positive potentials,’

This is in fact also indicated by the independence of ﬁ (squation 50)
from the potential at positive potentials, It is not possible to
calculate the rates of deposition of different ions on to the electrods,
however, sinee various quantities nesded in the calculation are unknown,
8.2+, the free arean on the electrode availabls to the dsposition of
hydrogen and tha concentration of caticns in the dcuble layer
(detormined by the specific anion sdsorption). . It is possible to
conclude, howsver, that the processes effective in the charging of the

slectrode interface may be made to take place by the addition
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and removal or hydrogen from the bulk of the electrode.

CONCLUSION.

The electrodiffusion of hydrogeh through platinum has been
investigated using a variety of boundary conditions., It has been
found that the rate of electrodiffusion is too small in order to
produce e negative potential on the outgoing interface of a membrane
when the ingoing interface is polarized cathodically., By removing
hydrogen from the ingoing interface, by anodic polarization, the
potential of the outgoing interface may be displaced in the positive
direction until the electrode is free from hydrogen., Cathodic
polarization of the ingoing interface of an electrode free from hydrogen
causes the potential of the outgoing interface to shift towards the
reversible hydrogen potential. Reproducible charging curves corresponding
to the boundary conditions C = 0, 0 x< 1, t =05 C=Cyy x=1,
t> 05 de =0y, xX= 0y t) 03 may be taken. It may be concluded that
the proogzleu observed during the charging of platinum surfaces between
0 and +1300mv. may be made to take place by the addition and removal of
hydrogen atoms.

An attempt has been made to evaluate the diffusion kinetios in

terms of a constant current flowing into the outgoing interface for the

systems C w O or Cm Cyy 0K x{ 1y $m 0 CuCyyxa=ly, t> 0
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Ddc = Qy x = 0y, t ) 05 for @ » Ppay, and Q  Pp,y, The systems have
b::n found to be unsatisfactory and to deviate from Fick's laws of
diffusion.

The approach to the steady state of diffusion in the system C = O,
0L x¢1l, t = 03 C=20C,yx=1, t>2 0 C=0, x= 0, t> 0 has been
found to be most satisfactory for evaluating the diffusion kinetics in
experiments with membranes, The results show that the diffusion
kinetics are not solely controlled by a transition through the bulk of
the metal., Using the observed values of the diffusion coefficient and
the concentration as a function of the potentiel the cherging curves
(system C = 0y 0 x€ 1y t = 05 C =0y, x =1y, t> 0; do = 0y x = 0,
t+> 0) may be interpreted. The experimental results shii deviations
from Fick's laws of diffusion which decrease with increasing temperature
and are at & maximum at ca. +700mv. The results indicate a stepwise
increase with time of the concentration of hydrogen at the ingoing
interface and tﬁat only a very small capacity can be attributed to the
charging of the platinum interface between +800mv. and +1300mv.

Exporiments on the charging and discharging of wire electrodes ie.
the systems C = C;y 0L r{ a8y t =05 C = Coy T = 8y t> O for both
C1> Cp and Cy £ Cpy have shown that the discharge process follows Fick's
laws of diffusion but that deviations from these laws occur at small values
of the time for the charging process., The deviations are at a maximum
when the interface is at ca. +700mv. It may therefore be assumed that

deviations from Fick's laws of diffusion only occur at the ingoing interface

in the experiments with membranes.
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The deviations from Fick's laws of diffusion observed in the
experiments with membranes have been examined with this limitation in
a variety of ways. The deviations are at a maximum when the ingoing
interface 1s at oa. +700mv. and the analysis shows that the approach
to the steady state of permeation may be simulated by the superposition
of a slow and fast process. The fast process may be attributed to the
diffusion while the slow process is not related to the diffusion process.
The form of the results suggests that the slow process is not related
to the deposition and removal of charged particles but rather the
migration of atoms over the interface or the removal of an adsorbed layer.
If the slow process is allowed for'in the evaluation of the diffusion
coefficient, the negative temperature coefficient,previously observed
at positive potentials, is converted into a positive temperature coefficient.
The results show that the diffusion kinetics are partly, and at the higher
temperatures largely, controlled by the slow process at the ingoing
interface and that, in addition to this process there is a small concentration
discontinuity at this interface so that there is a barrier to the transfer
of hydrogen atoms from the suifaco to the bulk of the metal.

The results show that the dissolution in platinum proceeds
endothermically in agreement with the observations at high temperatures.
The temperature coefficient of the diffusion coeffieient is not in agreement,
however, with the observations at high temperatures. The experiments on
the charging of wire and membrane electrodes indicate that there is a
maximum in the hydrogen concentration within platinum when the interface

is at ca. +100mv. and this potential may correspond to the electrocapillary
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maximum on platinum. The experiments on the discharging of wire electrodes
ere not in agreement with this observation, and indicate a hysteresis in
the adsorption and desorption of hydrogen. The form of the relation
between the equilibrium concentration and the potential suggests that

there is more than one process responsible for the deposition of hydrogen
at the platinum interface and that only a small part of the potential drop
from the interface to the solution is effective in removing hydrogen

from the interface.
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