A NEW APPROACH TO EXPLAIN THE ANODIC
PASSIVATION AND PERIODIC PHENOMENA:
THE PN JUNCTION AND SR MECHANISMS*

By (Miss) K. S. INDIRA AND K. S. G. Doss

(Central Electrochemical Research Institute, Karaikudi, India)

Received June 3, 1967

IT is known! that when mnickel is subjected to anodic polarisation under
galvanostatic conditions the electrode displays oscillations in potential,
under controlled conditions. These oscillations are very regular and persist
for a considerable time. The occurrence of similar oscillations has been
reported?? in a number of passivating systems. There has been difficulty
in giving a plausible mechanism for this phenomenon. One of the explana-
tions given? is based on the idea that there is a periodic change in the thickness
of the film by alternate dissolution and deposition. Another approach
has been to interpret in terms of oxygen evolution which disturbs the statio-
nary film adjacent to the electrode on the solution side and thereby
enhances dissolution.® Another factor* which has been invoked to explain
the periodicity is the rise of the pH which causes the increase in thickness
of the film, leading to oxygen evolution which restores the original pH by
agitation and facilitates solution of the film.

In all these explanations there has been no mechanism given as to why
there are such sudden changes in the rate of formation or dissolution of the
film. Furthermore® it is known that the amount of electricity to be passed
between two oscillations often hardly corresponds to the building of a few
unit cells of the film. It is difficult to understand how such a small amount
of product formed can bring about such large differences in convection.

The present ~uthors have repeated the experiments of Osterwald and
Feller' on the anodic polarisation of nickel (A.R. quality) in half-molar
sulphuric acid. Figure 1 shows the typical oscillogram of such oscillations.
It appears to us that these phenomena are best understood in terms of solid
state effects in the film formed. The importance of solid state effects has
been directly or indirectly invoked by a number of earlier workers to explain
anodic phenomena.?

* Paper presented at the Symposium on Inorganic Chemistry, held in the Indian Institute
of Technology, Madras, on 24th February 1967.
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Fi1c. 1. Anodic polarisation of nickel in 0-5 M sulphuric acid under galvanostatic condi-
tions. Current density—7 mA/cm.*; Typical oscillations (anode potential 1-35-1-45V. vs. N.H.E.
at .the end of 10 minutes polarisation. Voltage sensitivity—50 mV/cm. Time scale—2 sec./cm.

We shall first outline the general mechanism :—The basic mechanism is
the formation of a high field domain consisting of either a stoicheometiic
region (SR) or a PN junction. The following detailed steps are postulated
based on a logical application of the known solid state phenomena as well
as about structure of nickel oxide (although they may require some revision
on the basis of some specific information that may become available later):

(@) Cations move from the metal into the film thereby forming a cation
excess layer at the metal/film interface.

(b) Schottky interaction would take place at the film/solution interface
leading to the formation of surface cations and cation deficiency layer in the
film mnear the film/solution interface.

(c) Surface cations enter the solution by interacting with an acceptor

in the solution (The acceptor may be entities such as solvent cage, anions,
complexing ioms, etc.).

(d) Transport of cation vacancies and excess cations occurs in opposite
directions aided by the field.

(e) Somewhere in the middle, the excess cations and the cation vacancies,
combine to form a thin stoichiometric or nearly stowhlomeinc layer.
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(f) Across the stoichiometric layer, there is a field created by the positive

charge of the cation excess region and the negative charge due to cation
vacancy region.

(g) Tunnelling of electrons in the film takes place from the vacancy side
of the stoichiometric layer to the cation excess side of the layer. This gives
rise to holes on the cation vacancy side and the electrons on the cation
excess side. This partially or fully neutralises the space charges on the two
sides of the boundary. '

(#) The stoichiometric layer grows into a large stoichiometric region
(SR).

(i) Tne SR offers a high resistance for ion transport and causes a high
IR drop and the potential rises.

(j) The enhanced thickness of SR being high, the tunnelling of electrons
referred to in (g) will stop and builds up an electrostatic field.

(k) The high field causes an internal field emission from the valency
band in the film from the cation vacancy side to the cation excess layer and
causes a sudden breakdown of the stoichiometric region leading to creation
of large number of defects such as cation vacancy and cation excess regions
thereby causing good ionic conduction across the region. The potential,
therefore, falls.

(1) The building up of the SR staris again by transpoit of vacancies
and excess cations.

In the above mechanism, it has been assumed that the electrons or holes
generated by tunneiling or by internal field emission are mostly in traps
and are not taking part in conduction. The conduction is, therefore,
entirely or mostly ionic. Alternatively, the development of appreciable
concentration of cation excess or deficit and the corresponding high con-
centration of elections and holes may lead to electronic conductivity of
p and n type in the two regions separated by a p-» junction in the stoichio-
metric region. In such a case, the field due to applied potentials would be
mostly at the p-n junction. The cation transport, therefore, would be by
a Jiffusion process in the cation excess and cation deficiency regions and
would be field-controlled in the p-n junction. If the latter is fast enough
due to the high field present, ‘the overall transport may be mostly solid
" state-d fusion controlled in the tworegions and would be independent of
potertial. This may correspond to the passivation current plateau™ in the
i-e curve of nickel in sulphuric acid obtained under potentiostatic conditions,
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. . . . . . 1
If a thick p-n junction builds up, it may lead ultimately to a breakdown t?
cause oscillations.

. . . .14
In the above discussion, we have considered that the transport bec‘i‘%’:»_
slow in the stoichiometric region as compared to that in non-stoichiome< '

region. This is largely true except under very exceptional circumsta?™
involving small changes in stoichiometry.

In the present note, we confine ourselves to a new line of experimc nt

evidence in support of the breakdown which is the basis of the genv &
mechanism given in this paper.

A nickel electrode (1 sg. cm.) (A.R. quality E merck) was subjected v
anodic polarisation by the galvanostatic technique in 1 N sulphuric :+’
(A.R.)). We were able to reproduce oscillations observed earlier by Ostery - ‘g
and Feller. A typical oscillogram obtained atac.d. of 7mA./cm.2 in !
H,SO,, is given in Fig. 1. In these oscillations, the peaks are due to (RE
build-up of stoichiometric or p~» junction region as per the above mee P!
nism. The existence of such a barrier can be proved if the barrier can
more effectively destroyed by an additional current pulse by dischary????
through a condenser. This experiment was done by using a circuit giv "

in Fig. 2.
L
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Fic. 2. Experimental set-up and circuit used for studying the penodlc oscillations: T—Ty 1y
sistor base constant current regulator; A—Nickel anode 1 sg. cm.; C—Platinum cathode; ¥

Refersnce electrode Hg/Hg.SO, 1 N H,SO,; V—D.C. V.T.V.M.; S--Mercury wetted relay swit, ¥, |
Osc.—Type 531 A tektronix oscilloscope.

Figure 3 gives a typical oscillogram obtained in such an experiment. T}y
current pulse is given at the 7th crest of the oscillations in Fig. 3. The fiy st
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effect of the injection of charges by the pulse is to increase the potential of
the electrode by 50 mV, which mostly goes to increase the field in the barrier
region; this leads to a severe breakdown of the SR. As a result of this, it
is seen that the minimum of potential dips down by about 100 mV.

The effect of current pulse in the trough position is also indicated in
Fig. 3. The current pulse is given at the 4th trough in the figure. The
first effect of the pulse is again to raise the potential by about 50mV
momentarily. But, since the destruction of barrier region is more or less
complete at the normal minimum of the oscillation, the anodic pulse at the
normal minimum point would not have much of influence on the oscillation.

Thus the trough position following the pulse is only slightly affected as can
be seen in Fig. 3.

e Fon ez

Fig. 3. The effect of an anode pulse (24 X90uc.) at the crest and trough of the oscillation.
(a) Voltage sensitivity—50mV/cm.; Time scale—2 sec./cm.; Current pulse given at (1) 4th
trough; (2) 7th crest.

Another interesting feature of the phenomenon is that the time for
repair or build-up of the layer is nearly independent of the amount of
electricity (coulombs) injected as can be seen from Fig. 4. At the second
crest, two successive current pulses were given. At the seventh crest, a
single pulse was given. On application of two quick successive pulses, the
dip is higher as compared with that of a single pulse; but the time for resto-
ration of normal oscillation is not altered appreciably. These interesting
features are difficult to be interpreted in terms of the classical theories. In
order to explain on the basis of older mechanisms of the larger dip with a
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larger injection of charge, it would be necessary to assumg: zm\ cn]‘fancclmi
thinning of the film. The time required for bulldu_lg up of the film shoy .c‘
also increase with the extent of damage. This is contrary to ’wha‘t‘ 18
observed experimentally. Furthermore, th.:rea:% the present l'l’l(l'(:'h‘:zln%bjn'lg'
give a clear picture of the cause of the oscillations, the_ older .I”IIC.(:{]LU’le.m.S
do not give any reason for the overshoot of the formation and dissolution

of the film postulated in the mechanisms.

F1c. 4. The effect of number of anodic pulses (24 X 90uc.) on the oscillations: 2 pulses at the
2nd crest; 1 pulse at the 6th crest; Voltage sensitivity—50 mV/cm.; Time ‘scale—2 sec.fcm.

It is interesting to point out that in the anodic polarisation of silver in
hydrochloric acid, two types of breakdown occur.? At medium current
densities (2-10 mA/cm.?) the breakdown is mainly of the first type involving
the stoichiometric region. At higher current densities (> 10 mA/cm.?
the breakdown is of the PN junction. Further work would be nceded to
definitely establish whether it is internal field emission or avalanche break-
down.

That the stoichiometric region should have minimum diffusion rate has
been based on the assumption that such a region has mainly the Frenkel
defects. Schottky type of defects would require a different treatment parti-
cularly at small departures from stoichiometric 12 Similarly the mobilities
of anions are considered negligible in the cases under discussion.

It appears to us, the PN junction and SR mechanisms developed by us
may have a much wider application. If the PN junction or SR happens to
be very close to the film/solution interface, it may lead to large changes in
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the rate of dissolution of the film during oscillations, leadmy to visually
observable changes in the appearance of the surface during oscillations,
If under there cenditions, the potential s near the pas evolution reeion and
{he vacancy and cation excess regions are electronically conducting, it may
lead to sudden bursting of gas evolution corresponding to the peaks of the
petential oscillations.  As a third possibility, i an cffective PN junction
gets formed very near the filmfsolution interface, the breakdown of the PN
junction may cause a diclectiic breakdown in the solution causing the anode
effects (anodoluminiscence).t?

The interesting abnormal transfer coeflicients observed by Macridest
is to be connected with the changes in the structure of SRoor PN junction
in the film brought about by even small deviations of potential from the
equilibrium values.  In cases where the reluxation time for sech structural
changes are long cnough, it may be possible to get the correct transfer co-
efficients by transient techniques.

Similarly, it is possible to picture the conditions favouring («) anaodie
dissolution and polishing, (5) formation of anodic films of diflerent (ypes,
(¢) oxygen cvolution and  (¢) changes in the ratio of ionic to clectronic
conductivity of the [film,

Future work would have to concentrate on the different aspects of the
film such as, nature and concentration of carriers, their mobihes thenr dis

. tribution, the position and thickness of the SR andior PN junction and the

relaxation times, i relation to the diflerent types of films met withy exporn-
mental determination of current cfticiencies for film formation, dissolution
and other reactions, i any, would be useful rom this poimnt of view., It
would then be possibie to work out the detaited mechanesa for el odie
vidual system showing its own spectlic behaviour, on the basiy ol the above
general mechanisni.
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