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Experimental studies have been carried out with ribbon cobalt electrodes in buffered phosphate solutions of
different concentration angH under potentiostatic control. Two conditions are investigated. Under oscillatory
conditions the system undergoes slow relaxation oscillations between active and passive states, where passi-
vation is due to the presence of a passivating surface film. Oscillations occur in both the total and local
currents, although no uniform, spatially independent oscillations are observed. During the activation phase of
the oscillations a wave propagates from each end of the electrode toward the center. In the second type of
behavior the system has a single, stable passive steady state. Activation past a threshold value of a small region
of the ribbon leads to the growth and propagation of the active region. The system is excitable in the sense that
a small disturbance, corresponding to a low current or integrated rate of reaction, produces a large excursion
before the system returns to its original stable state. Under both types of behavior the leading edge of each
wave is visible. The visible leading edge accelerates as it travels along the ribbon; long-range coupling plays
a major role in producing this acceleration. When the applied voltage is very close to the Flade potential, the
trailing edge of the active region propagates intermittently in the reverse direction, and thus the width of the
active region alternately increases and decreases. The velocity of the reverse propagation of the trailing edge is
significantly higher than the primary forward velocity of the leading edge. This modulation can be identified as
an activation process; it leads to an additiofaiermitten) acceleration of the leading edge and to an increase
in the total current[S1063-651X96)13210-4

PACS numbes): 47.52:+j

INTRODUCTION the surface of the electrode, and which later migrate to the
surface of the electrode.
Current oscillations under potentiostatic conditions during Spatiotemporal period doublings and other spatiotemporal
anodic dissolution of metals in the transition region betweerPifurcations occurring in the oscillatory range during the

the active and the passive state have been known for a lo ectrodissolution of iron in sulfuric acid have been observed
time, and have been investigated in great detail by man Hudson and co-worke{d5, 16 spatiotemporal structures

. o : ave been observed during cobalt electrodissolution by Ot-
authors[1-3], and references therdinOscillations in the terstedt, Jaeger, and Pldth].

cobalt-phosphoric acid system have b‘?e” rep_orted by Qaeger,A model of front and pulse propagation at electrode-
Plath, and Quyed], and investigated in detail by Pagitsas gjectrolyte interfaces has been proposed by Koper and
and_SaZOl{S,G]. Models of the _oscnlatlo_ns dur!ng the elec- Sluyters [18]. The same authors suggested an improved
trodissolution of iron in the active-passive region have beerﬂiissolution—precipitation model with an Ohmic drop for
developed based on the idea that the Flade potential igeta] electrodissolutions9].

shifted because of changimdd near the surface of the elec-  Otterstedt et al. [20] observed accelerating activation
trode; with the assumption that the surface is uniformfronts in the cobalt-phosphoric acid system. This accelera-
[7-10. However, it is now known that the oscillations are tion occurs both in a bistable region, where a transition from
often accompanied by spatiotemporal patterns on the surfacpassive to active states is occurring, and also in an oscillatory

Lev et al.[11] have shown with microreference electrodesregion, where the activation is one part of the overall oscil-
that current oscillations on a potentiostatically controlledlatory cycle. Flagen and Krischer observed accelerating
nickel wire in sulfuric acid in the transpassive region arewaves in an electrocatalytic reaction, and discussed the im-
accompanied by traveling current-density waves. This pheportance of the electric field in the electrolyte in producing
nomenon has been modeled recently by the same groupis acceleratiorj21,22. Accelerating waves also occur on
[12,13. iron in sulfuric acid[23]. _

Pigeaud and Kirkpatrick14] investigated the change of In this paper we report further on spatlptemporal patterns
reflectivity of an iron disk in sulfuric acid during a current OPtained in the cobalt—buffered phosphoric acid system. The
oscillation with an ultramicroscope. The authors observed &xPeriments are done on a ribbon electrode which approxi-
brightly reflecting layer during repassivation, growing with mates a one-dimensional system.
decreasing current more or less concentrically from the rim
of the disk towards its center, and assumed that it consists of
colloidal FEOH), particles which are located in the begin-  The experimental setup is shown in Fig. 1. The working
ning of the repassivation process, several microns away froralectrode was made from a 8@5-mm cobalt foil of
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FIG. 2. Schematic drawing of an experimental current-voltage
curve showing the active-passive transition at the Flade potential

- Reference Er . Solid line, experimental current vs applied potentgl. Dot-
/ ted line, current vs electrode potential The dashed line represents
the active-passive transition not seen in experiment.
Side View:
> polarization curve which is not seen in the experiment. The
active passive idealized curve(dotted ling shows the current vs electrode

potential E, which is the applied potential, corrected by
; the Ohmic potential drop in the electrolyle=V,—1 (to-
Cobalt Electrode ' tal)R, i.e., the potential drop across the electric double layer
in front of the electrode and across the passive oxide film.
FIG. 1. Top and side views of the experimental setup.  The transition from the active to the passive state occurs
when the potential drop across the double layer exceeds the
0.5-mm thicknesgJohnson Matthey embedded vertically in  Flade potential E>E¢). In the passive statd is approxi-
an epoxy resin such that only the edge o<®05 mm was mately equal toV, due to the negligible Ohmic potential
exposed to the electrolyte. The counterelectrode was madirop in the electrolyte. The active state can be reestablished
from 2-mm-diameter copper wire, bent to a rectangle of 15y setting the applied voltagé,<Ef .
X100 mm, and was located in the same plane as the working The Flade potential was determined in the following man-
electrode. Prior to each experiment, the electrode was sandeér: the electrode was first passivated by holding it at 1400
wet with grit 400 and grit 2400 sandpaper, and then cleanechV/SCE, a potential above the Flade potential, for 3 min.
in distilled water in an ultrasonic bath. A saturated calomelThe potential was then lowered to a value in the vicinity of
reference electrodéSCE was placed in a corner of the the Flade potential. Then the electrode was scratched slightly
counter electrode. The solution level was located 10 mnwith a glass rod, and the current was monitored. The current
above the electrode surface. Video images were taken with first increases due to the exposed surface of the scratch.
video camera and subsequently digitized. Experiments weré&/hen the current decreases afterwards, the chosen potential
carried out under potentiostatic control with buffered phosds considered to be anodic relative to the Flade potential; in
phate solution prepared by dissolving 85% phosphoric acidhe opposite case, it must be cathodic of the Flade potential.
and dipotassium-hydrogenphosphate in deionized water. Performed iteratively, this method allows the determination
The potential distribution on the ribbon was measuredof the Flade potential with a precision of abatib mV.
with 12 auxiliary reference electrodes positioned equidis-
tantly in a steel holder 1 mm above the electrode. The signals Oscillatory region
were recorded with a 12-channel analog-to-digital converter,

each channel of which recorded at 100 Hz. Position-time 1 N€ System exhibits sustained current oscillations in the

plots of equipotential lines, and cross sections of the Iatte%bo(')vlo Fr’:\c/)/sspggt_etﬁiiﬁs;tﬁ?all'g 4ag ?nnvafgise?hgﬂtiﬁgaéﬁge
ngrgor;%gﬁsby interpolating linearly between two nelghbor-potential which at thigpH is 1040 V/SCE. The oscillations

which we are describing do not occur uniformly, i.e., without
spatial dependence. Periodic oscillations do occur in the total
RESULTS current, which is, of course, an integral of the current over
position. Furthermore, the system oscillates locally as deter-
mined by banks of reference electrodes in the solution near
As is discussed below, the modulation is seen at potentialhe electrode surface. As far as we know, however, the sys-
close to the Flade potential. Therefore, an accurate determiem does not have an oscillatory state in which variables
nation of the Flade potential for the cobalt-buffered phos-depend only on time and not on position. This type of be-
phate system is required. havior is likely common in the oscillatory dissolution of met-
Figure 2 depicts a schematic drawing of a current-voltagels. In many experiments previously reported, only the inte-
curve showing the active-passive transition at the Flade pograted behavior, the total current, has been determigd
tential Eg ; the curve shows a negative impedance. The solidVe note that, in the oscillations reported in this paper, the
line shows the experimental current vs the applied voltag@eriod depends on the system geometry; the frequency in-
V,; the dashed line represents the unstable branch of thereases with decreasing electrode size for two reas@ns:

Flade potential
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the time required for the waves to propagate across the elec- 150 —
trode is greater for a larger electrode, dhgthe total current a
with a larger electrode is greater which moves the potential
drop across the double layer farther into the cathodic region
which slows the repassivation.

The experiments are carried out by first holding the sys-
tem at a potentigdk =1400 mV, which is anodic to the Flade
potential; at this condition the system is in the passive re-
gion, so that a film develops on the surface. The potential is
then reduced t&=1000 mV, which is cathodic with respect 50
to the Flade potential. Under these conditions, autonomous
oscillations will eventually occur, but the transient is slow §
because of the presence of the film. In order to speed up the
transient process, the initially passive electrode is scratched 0 , [ \ :
at one end, as described above. This small active region im- 63 68 73
mediately begins to move toward the center of the ribbon; time [s]
another active region formsvithout scratchingat the other 50—
end of the electrode and also propagates toward the center, b
although this second region lags the first. The leading edges 7
of these two active regions are visible. The leading edges of 40 -
the two regions meet, and annihilation occurs. After a short 4 a N
delay, two new active regions, one from each end, again a
propagate toward the center. After a couple of oscillations 30 — a
the system oscillates symmetrically, that is, waves propagate
from each end, meet in the center, and then the process is
repeated.

We first consider an example of oscillatory behavior un- 1
der conditions in which modulation does not occur; i.e., we 10 =4 a ‘4
consider a case in which the applied potential is not close to
the Flade potential. A single autonomous current oscillation
after transients have died down can be seen in Fig. 3. The 0 — T
current is shown in Fig. @). The amplitude of each oscilla- 0.0 0.1 02 03 0.4 05
tion is approximately 130 mA. The positions of the leading time [s]
edges of the propagating waves were obtained from the digi- _ o ) _
tized video images; they can be seen in Fign)3The lead- FIG. 3. (a) Single autonomous oscnlatlo_n without modulatlon:
ing edges of the waves meet at the center of the electrode . Phosphate  buffer; pH=1.67; applied potential 1000
approximately 0.5 s. An acceleration can be inferred frorﬂnV/SCE'(a) Current vs time(b) Position of the leading edge of the

Fig. 3(b), since the velocity is increasing; this is consistentactivation vs time.
with the increasing current seen in FigaB More informa-  propagating leading edge in Figlb4. The oscillation shown
tion on acceleration of fronts and waves in this electrochemiin Fig. 4 is the first oscillation observed after the oscillations
cal system can be found [20]. are initiated by scratching; this first oscillation is considered
Active regions thus propagate through a previously pasbecause the visible leading edges are clearer and easier to
sive medium. The width of each region is not constant, butletect than those which occur later after transients have died
rather increases monotonically. The repassivation has down. The active region again progresses from one end of
slower time scale than the activation, and the repassivation &te electrode toward the other. As the active region propa-
the tail of the active region moves more slowly than thegates, the trailing edge itself, in an intermittent or propagat-
leading edge. Because of this, the current rises as can be sdeg manner, accelerates in the reverse direction into the re-
in Fig. 3(@. We note, furthermore, that under the conditionspassivated region. This trailing edge, when accelerating in
of Fig. 3 the width of the active region is relatively large so the reverse direction, is also visible. The velocity of the trail-
that the repassivation area behind the active pulse cannot lieg edge(in the reverse directionis much greater than the
distinctively seen before the leading edges meet in the centeelocity of the leading edge in the forward direction. How-
of the electrode. The width of the active regions decreases aver, the trailing edge does not propagate completely to the
the potential is brought closer to the Flade potential; thus foend of the electrode, but rather appears to die out before
somewhat higher potentials the width is smaller, and a paianother modulation occurs. Several expansions and contrac-
of active regions can be more clearly seen propagating frortions of the active region width can occur as the wave propa-
the edges of the electrode toward the center. gates across the electrode. Furthermore, as shall be seen be-
At an even higher potential, only slightly cathodic to the low, as acceleration of the trailing edge in the reverse
Flade potential, the system is again in the oscillatory regiondirection occurs, there is an increased acceleration of the
in this region the widths of the active regions are very smallleading edge in the forward direction.
and modulation occurs. An example of the current under This modulation occurs with the applied voltage very
such conditions is shown in Fig(a, and the position of the close (within a few millivolts), but cathodic, to the Flade

100 —

current [mA]

position [mm]

20
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1 ‘ FIG. 5. Single oscillation with modulation. Same conditions as
40 — 4 Fig. 4. (1) Current.(2) Velocity of the leading edge of the pulse
i R obtained from Fig. ®).
.g 30 AA . . .
= | . begins to increase and shows the same modulation as the
S K current in Fig. 4a), which is again depicted in Fig. 5 as
8 20 . curve 1. The modulation of the current parallels that of the
i A velocity, i.e., a local maximum in current corresponds to a
e local maximum in the velocity.
10 at The potential in the electrolyte at a distance of 1 mm from
1 . . the ribbon electrode was measured with a bank of 12 refer-
. S . — ence electrodes. By means of a linear interpolation between
0 "1 z'; 12 16 each pair of electrodes, the potential field along the ribbon
time [s] was determined as a function of time. Equipotential lines are

FIG. 4. Single oscillation with modulation; the oscillation
shown is the first after activation. 1.5 phosphate bufferpH
=1.5; applied potential, 1050 mV/SCHKa) Current vs time.(b) 45}

Position of the leading edge of the activation vs time. sl

potential. The phenomenon could be most clearly observed 35}
in 1.25M phosphate buffer opH 1.50. In this solution the _ |
Flade potential was determined to be 1065 mV/SCE. TheE
electrode was passivated for 150 s at 1400 mV/SCE; then thg>2s|
applied potential was stepped down. It was found that a p04§20_
tential of 1050 mV, just below the Flade potential in this
solution, gave optimum results. The current is shown in Fig. 15
4(a). The modulation can be clearly seen in the shape of the ok
current vs time behavior. The position of the leading edge of
the propagating modulated wave is shown in Fith)4The 5¢
position of the leading edge increases monotonically with , ‘ s ,
time. There is again an upward concave shape denoting ac- 3@ 40 41 42 43 ﬁm4:[s] 45 46 47 48 49
celeration of the leading edge. Note that the period of the

oscillation increases considerably, almost by an order of FIG. 6. Position time plot of selected equipotential lines as de-

magnitude, as the applied potential is moved close 10 th@yeq from the signals obtained from 12 auxiliary reference elec-
Flade potential; this can be seen by comparing Figs.81d  {15des positioned equidistantly along the ribbon. Time denotes the
4(b). ) ] ] time elapsed after stepping the potential down from 1200 to 1056

The velocity of the leading edge of the pulse is deter-my/ScE, and placing the drop of acid on the ribbon at position 0
mined from the data shown in Fig(i3) by taking the differ-  mm. The numbers denote the maxima in the corresponding current-
ences of successive position points; this yields curve Zime curve(see Fig. 7. The outside equipotential lines correspond
shown in Fig. 5. The velocity is small, and almost constantto a potential of 300 mV cathodic, with respect to the applied po-
for the early portion, up to about 10 s. Then the velocitytential of 1056 mV/SCE. Subsequent lines are 50 mV, apart.
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FIG. 7. Current-time curve with modulation following the ini- o . .
tiation of activation: 1.251 phosphate bufferpH=1.50, applied FIG. 8. Potential time curve at the position 8 mm on the ribbon

potential 1056 mV/SCE. The system is oscillatory, with a period of(€r0ss section of Fig.)é The numbers denote the maxima in the
90 s. corresponding current-time cur¢Eig. 7).

for event 6 is larger than that for event 5, and both are larger
than the others.

The potential in the electrolyte at a given position along
e ribbon(8 mm) is shown in Fig. 8. This figure is a cross

shown in time-distance space in Fig. 6 for an experimen
done in the oscillatory region where modulation occurs. Al-
though the experimental conditions are slightly different thaqh

}:hoseﬁonglg. 5 tf}e two tcasels Sh.O\;V S|m|Iafrmb§IhavﬁEo; section of Fig. 6. Again, the oscillations in the potential can
IgS. 69, an auxiliary externai resistance oTILwas US€d. o gean Note that the effect of the modulation is felt at the

:hh's re3|st?rt1_ce was used to make the maé(”g"l“l ?r?d mr:mma Bistance of 8 mm, even though the leading edge is well past
€ current-ime curves more pronounced. € PNeNOMyis nhosition. This is because of the strong long-range cou-

ena described, both in the oscillatory and excitable regionspling in this system, i.e., changes at one location are felt
can be obtained with and without the external resistance.nonloca”y T

The current-time curve for the experiment of Fig. 6 is shown
in Fig. 7.

Figures 6 and 7 correspond to the first oscillation after the
first wave is initiated, and the time indicated is the time after At applied potentials anodigositive) to the Flade poten-
this initiation. After a few oscillations the system reaches atial the system is in a stable, passive state in which no oscil-
stationary oscillatory state. The potential of the electrode idations occur. Very close to the Flade potential the system
1056 mV/SCE. In Fig. 6, the outer equipotential line denotesxhibits excitable characteristics. No unifofapatially inde-
a potential of 300 mV cathodic tless thahthe electrode pendenk excitability has been observed, and it is likely not
potential. Successive lines are drawn for 50-mV incrementspossible to excite the entire system uniformly. Nevertheless,
i.e., the next line denotes a potential of 350 mV cathodicthe system can be excited in the following sense: we produce
The lowest potential line shown is 650 mV cathodic, whicha local disturbancéan active areaby removing the passive
can be seen in the region between approximately 45 and 47fém at one location. If this disturbance is very small, the
and a position between approximately 13 and 48 mm. Thereystem returns immediately to the original stable passive
are six current maxima in Fig. 7, and these correspond to thetate. If the disturbance is somewhat larger, i.e., above a
six indicated regions of Fig. 6. In each of these regions ther¢hreshold, the active region expands and travels along the
is a potential plateau; the largest of these plateaus correlectrode. The current increases to a value much larger than
sponds to the sixth current maximum. the value produced by the disturbance. When the active area

The leading edge of the active region moves at firsteaches the end or ends of the electrode, the current drops to
slowly, then more quickly as it progresses along the ribbonits original value. The current versus time dependence re-
During this progression six distinct modulations occur, i.e.,sembles that of a classical, spatially independent excitable
the trailing edge propagates six times in the reverse direcsystem which has been disturbed past a threshold. The elec-
tion. The first four of these modulations occur when the leadirochemical system can be said to exhibit spatiotemporal ex-
ing edge is still moving relatively slowly; the trailing edge citability.
propagates only a short distance in the reverse direction in The experiments are done as follows: the ribbon electrode
these four cases. During the fifth and sixth modulations thés originally in the passive, stable state at an applied potential
trailing edge propagates rapidly backwards along the ribbonyhich is slightly anodic to the Flade potential. A cobalt wire
i.e., in a direction opposite to that of the leading edge. Thesef diameter 1 mm, of which normally only the end is bare, is
trailing edges move much more rapidly than the leadingplaced against the passive ribbon. Since the wire has no pro-
edge. This can be seen in part by observing the increasddctive film, an oxidation reaction occurs on it immediately
width of the low potential plateaus in Fig. 6, i.e., the plateauafter its potential is brought to that of the ribbon. Oxidation

Stable steady state
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FIG. 9. Current-time curve with modulation following initiation 1205
of activation in the passive region: 1K¥5phosphate bufferpH b
=1.67, applied potential 1150 mV/SCE. Passivation for 15 s. Dis- -
turbance at the end of the ribbon.

@
S
]

on the wire causes a corresponding reduction of the ribbon
electrode and this reduction removes locally a portion of the
protective film. A small active region has thus been produced
on the ribbon electrode. After initiation, the single active
region travels along the ribbon, reaches the end or ends, and
the system returns to the original passive state. Since these gi

. . | isturbance
experiments are done at potentials close to the Flade poten- ¢
tial, the width of the active region is relatively small as dis-
cussed above, and modulation usually occurs; this modula- 0 A L L
tion is similar to that described above for the oscillatory 0 4 8 12 186
regime. time [s]

A current-time curve is shown in Fig. 9. This experiment
was done by passivating the ribbon for 15 s, and then dis-
turbing the ribbon with the cobalt wire at a position very c
close to one end. The ribbon is initially passive and the cur-
rent is low, as can be seen in the figure. At time approxi-
mately t=33.5 s, the disturbance is imposed and held for
about 2.5 s. The wire is then removed, and the current falls
slightly att=36 s. The disturbance is, however, large enough
that an active region has been produced which propagates
toward the other end of the wire. The active region expands
as it travels, since the activation is faster than the passiva-
tion, and the current rises. The active region grows and disturbance
shrinks(breathey as seen above in the oscillatory region and J J
a modulation of the current occurs. The active region reaches
the end of the wire at=46 s, and the current falls to a very 0 T I T T T T T i
low value and remains there. 0 10 20 30 40

The disturbances can also be imposed in the middle of the time [s]

”bbon'. In t.hls case the edgeS.Of the .actlve region move in FIG. 10. Current-time curve following activation in the passive
both directions. As the two active regions move toward the

. L . region. Passivation for 30 H=1.67. 1.2B81 is the phosphate
ends of the ribbon, the region in the center begins to r'ePaY5ffer, and the potential is 1150 mV. The disturbance is in the

sivate. The active regions again.grc_)w since the paS_SivatiOHﬂddle of the ribbon(a) Small disturbanceb) Larger disturbance.
occurs more slowly than the activation; the current rises %) With added external resistan&e=2 Q.

seen above, and the current then drops after the active re-

gions reach the ends of the ribbon. experiment of Fig. 9. In Fig. 1@), the disturbance was im-
Three examples of activation in the middle are shown inposed beginning at tiem1 s for about 2.5 s. Note that the

Fig. 10. In each case the ribbon was first passivated for 30 surrent again rises during the disturbance, and then falls after

at 1150 mV. In the experiment shown in Fig.(&Q the rib-  the wire is removed. The current then rises, and modulation

bon was activated with the same cobalt wire used in theccurs as the width of the active region grows and shrinks.

current [mA]

40

120 —

®
S
]

current [mA]

-
<)
]
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E=-12V passive film near the edge of the active region is cathodic to
the Flade potential, and therefore electrodissolution occurs.
In electrochemical systems there is coupling through the

electric field causing migration currents, as was pointed out
E=- mEbI-ZV by Franck and Meunief24]. This is a nonlocal, or long-
: , range, coupling which exists in addition to the diffusive cou-
{ active passive | pling. Because the potential is not uniform throughout the
’ E=0V | electrolyte, and therefore the coupling can decrease with po-

sition, the coupling is termed long-range rather than global.
FIG. 11. Schematic of the accelerating leading edge.  Flatgen and Krischef21,22 showed how nonlocal coupling
can cause acceleration of electrochemical waves. Bell, Jae-
) o . . . ger, and Hudsonj25] showed that migration currents can

The experiment shown in Fig. 19 is done in a similar  y13y 3 major role in the coupling between two oscillating
manner, except that the disturbance is greater, i.e., it Wagphalt electrodes. Sevcikova, Marek, andIMu[26] inves-
made with a cobalt wire whose exposed area was largefigated the influence of an electric field on the velocity and
about 4.0 mras opposed to about 1 niras in Fig. 108).  direction of wave propagation in the Belousov-Zhabotinskii
Since the disturbance is greater, the active area is wider, theaction, and showed the existence of wave splitting.
reformation of the passive region behind the wave is hin- The concept of nonlocal, or global, coupling is not limited
dered, and much less backpropagation of the trailing edg® electrochemical systems. Middya and co-worKe&s, 28|
occurs. In Fig. 1() only very slight modulation can be showed how a global interaction caused by an integral con-
seen. The experiment of Fig. @) was done with the same straint leads to spatiotemporal patterns. The effect of global
cobalt wire as in Fig. 1@). However, in Fig. 1(c) a very  coupling on spatiotemporal patterns was investigated experi-
small external resistance was added to the systtmgen-  mentally and in a mathematical model by Vesgrl. [29]
eral, the addition of an external resistance enhances the dignhd Mertens, Imbihl, and Mikhalop30].
turbances; therefore, the resistance was added to make the The long-range coupling certainly has an important effect
following result more evidentThe middle of the ribbon was ©ON the acceleration seen in the metal electrodissolution being
disturbed at time 4 s. This disturbance was not large enougfiscussed. However, there is another important feature of this
to cause the formation of an active region which coulgSystem. The rate of dissolution of the passive film is an ex-

propagate. A second disturbance was then imposed at a tmﬁ)é)nential function of the difference of the electrode potential
6 s in thé second disturbance. the wire was held on thielative to the Flade potential in the cathodic directian].

electrode for a longer time, and the disturbance was therefo ]gs the active area expands, the t_otal current increases; there—
reater. After the second disturbance, an active region wasre the Oh'ml'c potential Qrop in the e[ectrolyte aI;o In-
?ormed.which ropagated in the two di’rections These active €aSes: This increase shifts the potentials farther into the

bropag ‘ c€th0dic region, and increases the rate of electrodissolution

regions reached the ends of the electrode at a time 18 s, an the oxide film. The movement of the potentials into the

D e A athocis region an e xnental dependercy of h rt
: : . of dissolution on the potential lead to an additional accelera-

regions reached the ends of the electrode, one end remaingd " system has positive feedback analogous to an au-

slightly active, and the active region propagated backward§ ca.\tal sis

in the opposite direction, traversed the entire electrode, and ySIS.

reached the other end, at which time the electrode returned Eo The syste_m exhibits a type of ex0|tab|l|ty. which is spa-
) e . : jotemporal in nature. After a small, local disturbance, the
its original passive, stable state at a time 36 s.

system returns directly to the steady state. With a somewhat
greater disturbance, a propagating active area is formed
DISCUSSION which grows rapidly, causing a large excursion of the current

The electrochemical system exhibits two interesting charPefore the system returns to its original passive stable steady

acteristics, viz. acceleration and modulation; we discus$tate. _ o
these briefly in turn. When the applied potential is very close to the Flade po-

Consider first the acceleration. A schematic of an activatential, modulation is observed in both the oscillatory and
tion front is shown in Fig. 11. The sharp edge marks theexcitabl_e regiqns. In order to explain this phenomenon, ref-
border between the passive oxide and the active area whidf€nce is again made to thEH dependence of the Flade
expands from left to right. Long-range coupling plays a ma-Potential. The Flade potential of a metal depends onptHe
jor role in the acceleration of waves and fronts. The longof the solution according to the relationship:
range coupling is caused by the electric field. The field liner=Eomeat RT/NF In @), , wherev is the stoichiometric
are shown in Fig. 11. In the active region there is a relativelycoefficient andn the number of electrons in the electrode
small potential gradient across the electric double 1492  reaction[31,32. As the surface is activated, hydrogen ions
V in the sketch and a larger Ohmic potential drda.0 V).  migrate away from the active surface toward the counter
In the passive region, there is a potential drop of 1.2A¢  electrode. This leads to a shift of the Flade potential to the
entire applied voltageacross the double layer and the pro- left (lower potentia). If the Flade potential is shifted to the
tective film. The potentials given are measured relative tdeft of the applied potential, the surface begins to repassivate
ground. There is, of course, a smooth transition in the elecafter the leading edge has passed. When the applied potential
trolyte. Migration currents flow parallel to the surface. Theis very near to—and either cathodic to or anodic to—the
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Flade potential, the activation front is slow, and the activeexcitation occurred. The reexcitation led to new pulses.
area behind the wave can repassivate at approximately the The modulated waves in the electrochemical system ap-
time scale of the propagation of the leading edge. The pagpear to have similar characteristics with the modulated trav-
sivating film will be very thin, and shortly after it has been eling waves seen by Bayliss, Matkowsky, and Rieke in cel-
formed it will begin to be removed by the same mechanismular flames [34]; Brown and Kevrekidis considered
which drives the primary leading edgédere we ignore the modulated traveling waves in the Kuramoto-Sivashinsky
hydrogen ions formed during the passivation of the metal. equation[35].

Observations with a series of closely spaced reference In our work the principal parameter is the applied poten-
electrodegFig. 6) clearly show that the backward movement tial of the electrode. As this parameter is moved closer to a
of the trailing edge is also a propagation of an active regiorcritical value, the Flade potential, the velocity of the leading
into a passive one, similar to that which occurs at the leadingdge of the active region decreases. This slower motion al-
edge. The velocity of the trailing edda the reverse direc- lows for a repassivation in back of the region, in part through
tion) is about an order of magnitude greater than that of thehe transport of hydrogen ions away from the electrode sur-
leading edge. When the modulation occurs, both the totalace. As the velocity becomes small, conditions for activa-
current and the velocity of the leading edge of the activetion in the reverse direction become favorable and modula-

region increase. tion occurs.
A somewhat different phenomenon, backfiring of pulses
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