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Abstract — The periodic oscillating current recorded under a constant potential step for Au/acid solution
interfaces containing different concentrations of Cl™ ion is studied in the 25- 50°C range. Two main

electrochemical reactions coupled to two diffusion
electrochemical reactions occurring successively are

processes are responsible for the periodic effect. The
the electrodissolution of gold as the AuCl; complex, a

reaction which is diffusion controlled and then the oxide layer formation when the solution is depleted of C1~
ion, Subsequently, as the anodic current decrcases due to the electrode passivation, the HCI diffuses
backwards and dissolves the oxide film. The active part of the periodic ¢ycle is interpreted in terms of a
diffusional process involving at its initiation the simultaneous uncoverage of the electrode surface.

INTRODUCTION

The electrochemical response of the Au/acid aqueous
interface depends to a large extent on the type of
anions prevailing in the solutions. In this respect the
electrochemical behaviour of gold both in diluted and
in sulphuric acid containing different amounts of
hydrochloric acid are different[1-13]. It should be
pointed out that the reaction product in the absence of
HCl is an aquogold complex while in HCI containing
solutions are the chloro-gold complexes. Probably the
passivity region is influenced by the characteristics of
the oxide film which are most likely functions of
potential and Cl~ ion concentration. The kinetic
information of the two independent systems, namely
Au/HCl(aq) and Au/H,50,(aq) are available parti-
cularly regarding the electrodissolution of the metal
and its passivation[10, 11, 14-16]. Therefore, it is
worthwhile to attempt now to correlate the electro-
chemical and physicochemical variables which are
responsible for the periodic oscillation of either the
current under potentiostatic conditions or the poten-
tial under galvanostatic conditions[17,18]. In this
respect most of the qualitative data reported in the
literature refer te concentrated HCl solutions[17]. The
model proposed then for the periodic oscillation of the
current at a constant external potential is fundamen-
tally based upon the concentration polarization con-
tribution[ 197, a situation which is approached when
the HCI concentration exceeds a limiting value.

EXPERIMENTAL

The experimental arrangement was practically the
same previously described[20]. The Au working elec-
trode consisted of a gold disc (0.125 cm?) embedded in
a PTFE holder to be used either still or under rotation.
The surface preparation of the disc surface before each
run consisted of a mechanical polishing initiated with
600 mesh emery paper to finish with a mirror surface
using the finest alumina powders. The potential of the

working electrode was measured against a sce
although in the text all potentials are given in the nhe
scale. The counterclectrode was a Pt sheet (about
10 cm?).

The solutions were made from AR chemicals and
triple distilled water. The following solutions were
used : () 0.5 N HCI;0.75 N HCI; 1L.ON HCI1; 1.5 N HCI
and 2 N HCI; (11) 0.5 N HCI + 0.5 N KCI;0.75 N HCl1
+ 0.5N KCi; (1i1) 1.5 N H,S80,; (iv) 1.3 N H,S0O, +
001N HCl; 1.5N H,80, + 005N HCl; 15N
H,80, + 025N HCI; 1.5 N H,80, + 0.60 N HCI.
The runs were made in the range 25-50°C under a
continuoys purified N, atmosphere.

Potentiostatic £/] curves were previously recorded
to establish the active to passive transition potential
range of the different solutions, either with the still disc
electrodes or under rotation in the range 1681000 rev
min~'. The chosen potential step (E,) corresponded to
the minimum potential required to produce the oscil-
lating current. The potential step was applied as
indicated elsewhere[20] and the current/time records
were displayed on a fast Esterline- Angus recorder.

RESULTS

General characteristics of the oscillating current

In solutions containing only 15N H,SO, the
potentiostatic E/I curve shows that passivation sets in
when the potential exceeds 1.590 V, then the residual
passivity current is independent on stirring. For a rde,
no effect is abserved between 100 and 1000 rev min ™.
Contrarily, when HCl is added to approx. 0.01 N, the
passivity current although still keeps a low value it
starts to depend on the stirring conditions.

In still solutions the periodic current oscillations are
produced only when the HCl concentration exceeds a
certain threshold and the potential step is comprised
within a relatively narrow potential range. Thus, the
Au/1.5 N H,SO, + 0.05N HCI is potentiostatted at
E, = 1.511 V a smooth periodic current oscillation at
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Fig. 1. Current/time display 2N HC], E,: 1.712V, 25°C.

1/16 Hz is observed. On increasing the HCI con-
centration tc 0.25N at E = 1.552V, the current
oscillation frequency is 1/5Hz and for a mixture
containing 0.6 N HCI, the frequency is 1/3.45 Hz. Each
period (Fig. 1) roughly involves a lapse of large anodic
current (¢;) which is called the active region and a lapse
of relatively low current (¢,) which is called the
passivation region. As an example, for the 1.5N
H,S0O, + 06N HC solution f, =0.80s and
t, = 2.65 s. Apparently thecurrent fluctuation is easier
to establish if soluble Au species are initially present in
solution.

The potential at which the periodic current oscil-
lations are produced with the still solutions cor-
respond to the potential range where a limiting current
(I;,,) is observed with the stirred solutions. At low
rotation speeds (w) the limiting current approaches a
linear dependence with the square root of w (Figs 2 and
3) and the slope of the I, vs @' plot increases linearly
with the HCI concentration.- At high rotation speeds,
however, apparently a rate independent of w is ap
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proached. The periodic current oscillations produced
with the still solutions disappear immediately on
stirring.

The morphology of the anodized substrate changes
accordingly with the solution composition. The per-
iodic effect is associated with a localized type of
corrosion. After anodizing the Au/1.5N H,SO, sys-
tem at potentials within the range of the passivity
potential the surface metal results covered with a
relatively thin dull and dark deposit which as revealed
by X-ray diffractometry corresponds to the Au, 0,
structure. On the other side, after anodizing the HCI
containing solutions, the metal surface comes out
completely electropolished to a mirror surface. In the
case of the rde the electrode surface exhibits the
characteristic map of curved radial lines[21].

Characteristics of the oscillating 1/time profile

The frequency of the oscillating current depends
principally on the solution composition and stillness
and on the perturbation potential (E,). Once the
periodic effect sets in (Fig. 1) the [/time profile
obtained for the different solutions exhibit common
characteristics. The active region lasting during ¢,
presents an abrupt initial current jump to attain a
current peak. Afterwards the current decays relatively
smoothly down to the time ¢, from the initiation of the
cycle. Att,a sharp current decrease is seen. The passive
region time (t,) is equal to the difference t,—¢,.

For each particular solution both t, and ¢, depend
on E,. When E, increases, !, decreases slightly but
t, increases appreciably (Table 1}. The potential
tflreshold (E,) depends on the solution composition.
When the interface is perturbed with the E, potential
step then ¢, decreases as the HCI concentration
increases (Table 2). The current oscillations earlier
recorded in the Au/4 N HCI system by other au-
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Fig. 3. Dependence of i, on »'? at different HCI concentrations in 1.5 N H,80, solutions. ( x ) 0.05 N HCl,
(@) 0.25 N HCL, (O) 0.59 N HCL 25°C.

thors[17] are in good correspondence with the I/t
characteristics reported here for the more diluted HC]
solutions.

The height of the current peak (I;;) observed at t,,,
increases linearly with the HCl concentration. Other-
wise, the residual current recorded in the passive
region slightly decreases when the HCI concentration
increases. The charge involved in the active region is
comparatively larger than that of the passive region.
Nevertheless, in any case the net faradaic processes
yield the electrodissolution of the metal during the
periodic fluctuation of the current. The charge related
to the passive region is always much larger than that of
an oxygen monolayer formed on gold based on the
Au,0, stoichiometry. It should correspond to an
oxide film of 50-80 A thickness. According to
measurements reported by other authors the com-
position of the film should correspond to gold hy-
droxide with some occluded water[2].

Under the E, potential step the osciliation frequency
(f) defined as the inverse of the period time (T),
increases linearly on the HCI concentration. The
temperature dependence of the frequency fits an
Arrhenius plot with an experimental activation energy
equal to 3.9 kcal/mol (Fig. 4).

INTERPRETATION AND DISCUSSION

Previously reported data have shown that the
passivity potential (E,) of the Au/HCl{aq) interface, at

Table 1. Values of ¢, and ¢, at different E,. 1.5 N H,50, +
0.60 N HCl at 25°C

E ta t

b P
V) ®) ®
1.592 1.4 2.0
1.596 20 ; 32
1.600 2.3 6.0
1.602 2.5 8.1
1.606 39 148

25°C, depends on the acid concentration according to
the following equation[14,16]:

E, = 1.630 + 2.303 glog Cuar- (1)
The potential required for producing the oscillating
current depends in principle on the HCI concentration
as predicted by (1). Since the reversible potential of
the Au/Au Cl; couple, at 25°C, is 1.154 V[22] the
establishment of the oscillating current involves alarge
polarization of the interface.

The electrochemical characteristics of the
Au/HCl{aq)} interface in the potential range pertaining
to the electrodissolution of the metal are related to the
following overall reactions[16]:

Au + 2C17 = AuCl; + e 2

and

3AuCl; = AuCly + 2Au+2C1~.  (3)

Reaction (2) is foellowed by a heterogeneous equilib-
rium represented by reaction (3). Reaction (2) is a
relatively fast electrochemical process which under the
usual perturbation conditions is under diffusion con-
trol. In the present case, this is confirmed by the
dependence of I, on the HCI concentration and from
the effect of stirring on the periodic effect. Therefore, as

Table 2. Values of ¢, and ¢, at different HCI concentrations.

25°C

Cha E, La I, ! E, (from (1))
N} V) s) (s) (Hz) V)

050 1.600 110 12.6 0.042 1.628
1.00 1.630 710 150 0.045 1.630
1.50 1.642 55 134 0.053 1.641
2.00 1.712 37 22 0.169 1.648
400 1800* — — — 1.666

* Data taken from [17].
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reaction (2) proceeds, a decrease of the HCl con-
centration at the interface should occur. Then, the
characteristics of the current in the active region are
mainly diffusion controlled. It is worthwhile to note
that the number (z) of clectrons per mole of reacting
Cl~ ion at the interface goes from 0.5 to 0.75 depending
on the extent of contribution of reaction (3). The value
derived from voltammetry for z is 0.66. This figure is
used to obtain the diffusion coefficient of the reacting
species from the I, vs @' ? plots from those solutions
containing an excess of supporting electrolyte (Fig. 2),
using Levich’s equation[21] and the proper viscosity
and density of cach solution. At 25°C the calculated
diffusion coefficient (D = 1.2 x 10”5 cm?/s) coincides
with the one already reported[16]. In spite of the
diffusion kinetic centribution in the active region
other facts are relevant for interpreting the oscillat-
ing current effect. It is well established that C1~ ion
adsorbs specifically on gold[13, 16] and that the metal
electrooxidation through the complex ion formation
implies the appearance of bare metal surface where the
electroformation of an oxygen containing layer takes
place. The potential threshold for the latter reaction
which initiates through the discharge of water mol-
ecules[10, 11] is slightly higher than that of the C1~
ion discharge, at least for HCI concentrations larger
than 10~3 M. Therefore, the oxide layer electrofor-
mation process becomes possible if chloride ions at the
surface are used up faster than they are replenished by
diffusion. The electroformation of the oxide layer on
the metal plays an important role in the establishment
of the oscillating current. As far as the HCl con-
centration at the interface is kept high enough to
prevent the water discharge, as in the case of stirring,
no periodic current oscillations set in.

The analysis of the I/time display of each period
furnishes interesting information 'about the corres-
ponding rate processes. Thus, in the active region the

J. J. PopESTA, R. C. V. PIATTI AND A, J. ARvia

smooth current decay zone fits a linear I/t~'"? re-
lationship as one finds for a simpie linear diffusion fast
electron transfer reaction involving soluble species
occurring under a potentiostatic step[23]. But the
current peak, which is undoubtedly related to a
diffusion of the HCI species, is beyond the simple
diffusion model and indicates the contribution of the
oxide dissolution process. Thus, during each period
the initiation of the active region comprises a metal
surface which goes from its complete coverage to a
practically bare metal surface. The oxide dissolution
process yielding the uncovered metal surface, depends
on the local HCl concentration. The latter at the end of
the passive region reached practically the bulk con-
centration value.

The film dissolution process may occur either
uniformly or non-uniformly. If the film dissolves
uniformly the covered to uncovered area transition in
the limiting case is stepwise. But this possibility seems
unlikely because of the three-dimensional structure of
the film formed during passivation. Under these
circumstances the oxide film may dissolve locally so
that the bare metal regions spread laterally. Then, the
chloride ion concentration distribution at the surface
will be non-uniform, the area first activated may
already passivate before the surface activation is all
over. The situation thus corresponds to a dissipative
space structure described by thermodynamics[24] and
is reflected through the type of localized corrosion
associated to the periodic phenomena. Therefore, the
kinetics should be locally described by a system of
coupled differential equations. The integration of the
local current density over the surface should give the
resulting current. .

On the other hand, the initiation of each period can
be expressed through a simple average diffusion model
involving an average time-dependent electrode surface
area. Thus, the equation for the diffusion controlled
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Fig. 4. Arrhenius plot for the current oscillation frequency. 1 N HCL
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fast process involving soluble species can be written as
the product of two independent terms one containing
the changing area and another containing the rest of
the terms:

D'Cie,

{Ig> = zF(A) e 4

where <I,> denotes the average diffusional anodic
current, z is the charge entering the reaction per mole
of reacting species Ciiq is the bulk HCI concentration
and D is the diffusion coefficient of C1~ ion. {A) is the
average value of the time dependent bare metal area.
Equation (4) implies the occurrence of two inde-

pendent processes, namely the chemical dissolution of
the oxide layer and the electrooxidation of the metal
through the chloro-gold-complex species. To evaluate
{ A} one further assumes that the passivity disappears
on the average surface by a first order chemical
dissolution, according to:

dA
e ko(1— A), ®

where k, stands for the formal average first order rate
constant of the dissolution process and (1 — A) cor-
responds to the fraction of the oxide covered electrode
surface. After integration of (5), taking into account the
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following boundary conditions t =0, A=0and t=ty,
A=1, and replacing the solution into (4), one obtains:

— kst
ay=-x4-2 (6)
where K contains the rest of the terms of (4). By
adjusting the k,; value, (6) reproduces reasonably well
the I/time profiles (Fig. 5). At constant ionic strength
k; depends linearly on the HCI concentration (Fig. 6).
Within the concentration range covered by the present
work k, also depends on the total ionic composition of
the solution as it should be expected for this type of
reactions. During the active region, the Cl~ ions are
progressively replaced by the complex Au(I) and
Au(III} ions yielded by reactions (2) and (3) and its
concentration at the interface decreases according to
(6). Therefore when the concentration of C1~ ion at the
electrode surface becomes zero the discharge of water
and the initiation of the passive region are feasible. The
corresponding faradaic processes imply the pro-
gressive coverage of the surface with an oxide layer of
increasing thickness. The anodic current in the passive
region is then small. The film formation takes place
simultaneously with the slow but continuous back
diffusion of HCI towards the interface.

At the very beginning of the passive region, the
formation of the oxide monolayer involve a charge
density including an unknown roughness factor of the
order of 0.4mC/cm?. The kinetics of this process is
already fairly well established in acid solutions[5-127.
The rest of the anodic charge involved up to time T
corresponds to the thickening of the oxide layer. The
current decrease at the initiation of the oxide thicken-
ing when the HCI concentration at the interface is still
low so that the chemical dissolution of the film can be
ignored, approaches a linear I/logt relationship as
usually found for different mechanisms related to the
potentiostatic growth of oxide film[25]. Under the
present circumstances working at a constant potential
which is lower than that for oxygen evolution the
contribution of the “blister” mechanism for the film
growth in the passive region is likely negligible[2].
Once the acid concentration at the interface is re-
plenished by back diffusion, the oxide film is dissolved.
Thus, the sequence of processes are repeated. The
periodic phenomena lasts until no more available
metal exists, Therefore, the two electrochemical pro-
cesses are coupled to the diffusion and chemical
dissolution processes. The different rate constants of
these processes originate the bi-stability of the electro-
chemical system[26]. Therefore, the electrochemical
characteristics of the periodically oscillating current
are justly one example which approaches better than
other systems the model for the electrochemical oscil-
lations proposed by Degn[19] consisting of an
external resistance, a current/potential curve with a
negative slope and a concentration polarization term.

These results also handle further support to the
participation of a competitive adsorption between C1~
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ionand OH ™ containing species in the dissolution and
passivation of Au in HCI containing solutions.
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