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Wave instabilities in an excitable electrochemical system
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Spatiotemporal pattern formation under potentiostatic control in the excitable potential range at the active/
passive transition of cobalt in buffered phosphoric acid has been investigated in a ribbon electrode geometry.
The propagation of an active area with modulation and wave splitting has been observed, depending on the
parameters potential and time of passivation prior to excitation. The modulation and wave splitting are influ-
enced both by the kinetics of repassivation on the electrode surface and by long-range coupling and positive
feedback through the electric field. Modulation in the vicinity of the system boundary gives rise to an apparent
reflection of the active area at the boundary.
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PACS numbdss): 82.20.Mj, 82.45+z, 47.54:+r

INTRODUCTION Electrochemical reactions have furnished many examples
of patterns in the excitable, oscillatory, and bistable regimes
Pulses traveling through chemically reacting excitablel7—9]- Spatiotemporal pattern formation has been studied in
media can undergo wave splitting and reflection. In thePistable[10,11] and oscillatory 12—19 electrochemical sys-
former, the pulse proceeding in the forward direction sendd€MS and the role of spatial coupling through the electric
out a pulse in the reverse direction, resulting in two pulsedi®ld in electrochemical systems has been analyzed in a
traveling in opposite directions. In the latter, the pulse, upoHﬂodEI by Flagen and Krischef16] and Mazouz, Flagen,

reaching the boundary of the reacting region, reverses dire(‘?lnd quchen[l?]. . .
tion, resulting in a single pulse traveling in the opposite di- In th's.’ paper we present results of exp_erlm_ental studies of
rection. modu_latlon, wave splitting, anql refle_ctlon in an e_Iectro-
Sevcékova Marek, and Miller observed splitting and re- chemical system, n_amely the dlssolgtlon of cobalt in buff-
versal of waves in a homogeneous reacting mixture, thgred phosphoric acid. The system differs from the homoge-

Belousov-Zhabotinskii reaction, carried out in the presenc@eou.S expenmental systems mentioned abovg and from ot.her
reaction-diffusion systems in that the dynamics are heavily

higﬂuenced by the electric field, which furnishes a long-range
dcoupling. Furthermore, the kinetics of the deposition and dis-

nonisothermal oxidation reactions on metal catalysts and Obs_olution reactions contribute to the features of the dynamics.

served both wave reflection and back-and-forth front move- U”der the condition; of the experiments th? system is
ment[2,3]. They showed the importance of global coupling excitable. After the leading edge passes a location, a porous

and of nonuniform catalyst activity on the observed behayS2t film forms due to the high dissolution rate of cobalt into
ior. A model showing th)é rich var)i/ety of patterns to be an_the solution and the low solubility of different cobalt phos-

ticipated on a one-dimensional catalytic surface under an ir]phates. Excitability is reestablished as soon as a passivating

tegral constraint, namely, the average temperature of th8xIde f|Im IS formed beneath the salt f|.|m. Thls happens,

catalyst, was analyzed by Midd al. [4]. Two recent pa- according to an idea proposed to ex_pla_m oscillatiohs],

pers on simulations with reaction-diffusion equations havewhen FhepH-dependent Flade potenpal Is exceeded due to
igration of H" ions out of the salt film. Theélocal) resto-

shed considerable light on the mechanism of wave splitting * . .
and reflection in reacting systems. A pulse instability in a ation of the passive layer leads to a considerable decrease of

model of the excitable CO oxidation on platinufhi0) has the Ohmic potential drop at sites adjacent to the freshly pas-
been described by Baet al. [5]. The instability leads to sivated one, which leads to an increase of the potential drop

backfiring in a one-dimensional system and to spiral breakuﬁf h Ve | It fil d hereoth

in two dimensions. Backfiring occurs in this model in some?' the passive layer on salt film covered areas wheretie
Us high enough; the system becomes excitable again at these

areas. Nonlocal coupling affects the propagation of the ex-

§ited state as well as the repassivation of the surface.

refractory tail. Luss and co-workers have investigate

to a delayed inhibitor production. Wave splitting and reflec-
tion of pulses at a no-flux boundary have been reported b
Petrov, Scott, and Showaltf] in numerical simulations of

. . . . - . . EXPERIMENT
a reaction-diffusion model using a significantly higher diffu-
sivity of one reactant than for the oth@utocatalyti¢ vari- The experiments are done with a cobalt ribbon approxi-
able. mating a one-dimensional geometry. Details of the experi-

1063-651X/98/565)/68104)/$15.00 PRE 58 6810 © 1998 The American Physical Society



PRE 58 BRIEF REPORTS 6811

mental procedure have been reporiad].

Passivity of the electrode was established by stepping the
potential from the rest potential to the potential at which the
experiment is to be carried out. It took 3—4 s for passivity to
be accomplished depending on the applied voltage. The time
for which the system was held passive prior to the experi-
ment has been taken as parameter controlling the excitability
of the system since the passive layer continues to grow and
does not reach a final thickness withl h of polarization.

The electrode was then activated at one end by touching the
surface with a blank cobalt wire. The potential distribution
on the ribbon was measured with 12 auxiliary silver/silver
chloride potential probes positioned equidistantly above the @ time [s]

electrode surface.
75 T
RESULTS

The experiments were carried out in the excitable region
at a potential somewhat anodimore positivé relative to the
Flade potential at which a transition from an active to a pas-
sive state occurs. Under the conditions of the experiments
there is only one single, stable steady state. The electrode is
excited at the position 50 mm and the active afexcited
statg propagates from this end of the ribbon to the other.
Three parameters are important. One is the time at which the 0
electrode is held in the passive state before the experiment is
started; the longer this time the greater the thickness of the
passive layer and the greater the perturbation required to ex- )
cite the system. The second parameter is the applied poten-
tial. '_I'he_ third parameter is the Concentratlpn qf phosphate FIG. 1. (a) Modulated activation of the electrode. Projection of
species in the electrolyte. A high concentration increases th1‘|3ve selected equipotential lines onto the space time plane. The area
rate of repassivation after the active area has traversed trE) quip '

| d d also d h ial d in the el Rtween adjacent equipotential lines is displayed in a gray tone;
electrode an also decreases the potential drop In t € €€ hite denotes total passivity and black denotes highest activity. The
trolyte; the potential drop across the double lafgke driving

M - ] pH is 1.4, the concentration of phosphorous is M25and there is
force for the reactionis the difference between the applied gg_g passivation at 1140 mv, i.e., 15 mV anodic of the Flade po-

potential and the potential drop in the electrolyte. tential, prior to activation with a 0.8-mfcobalt wire. The repassi-
At 0.25M, the active area propagates from one end of theation occurs uniformly(b) Integral current-time curve correspond-
ribbon to the other with a slight acceleration until the wholeing to (a).

electrode is active(These results are not showhe salt
film formation, necessary for the repassivation, is a verythe repassivation occurs more quickly than at lower concen-
slow process in the low solute concentration. After the leaditrations; this can be seen in both Figga)land 1b). The
ing edge of the active area has traversed the electrode, thepassivation still occurs too slowly to produce a narrow ac-
electrodissolution of the metal continues for about 60 s betive area traversing the electrode. Most important for the
fore the repassivation tail traverses the electrode; the repapresent discussion is the appearance of modulation of the
sivation then occurs very quickly. active area under these conditions, i.e., the increase and de-
At 0.75M, similar results are obtained with two excep- crease in size of the active area. The oscillations in the cur-
tions. First, the repassivation occurs more quickly at thisent vs time tracdFig. 1(b)] reflect the modulation of the
higher concentration. Thus the leading edge of the activatedctive area.
area traverses the electrode as above and there is a time inThe results obtained by changing the applied potential to
which the electrode remains essentially active before the ret160 mV, which is 35 mV anodic with respect to the Flade
passivation traverses the electrode. This traverse is fast. Sggetential, are shown in Fig. 2. The time the leading edge
ond, the propagation is slightly modulated, i.e., the activeneeds to traverse the electrode is about 3 times longer com-
area contracts from the back side and then expands in thgared to Fig. 1. Since the frequency of modulation is similar
reverse direction intermittently. The main results presentedh the two cases, more modulation events can be seen in Fig.
here were obtained at the solute concentration M.2&ith 2(a) than in Fig. 1a). This is reflected in the current-time
variation of the remaining parameter, the imposed potentialcurve [Fig. 2(b)]. The speed of the active area traveling in
Figure 1 shows results obtained at an applied potential othe reverse direction is somewhat greater than that of the
1140 mV, i.e., 15 mV anodic to the Flade potential. Theforward moving leading edge. Note that the trailing edge
potential as measured by the reference electrodes as a furessociated with most modulation events does not reach the
tion of space and time is shown in Fig(al and the total point at which the active area was initiated. The splitting of
current as a function of time is shown in Fighl Note that the active area occurs at abdut 121 s (arrow). After the
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FIG. 3. Activation of the electrode with modulation and reflec-
75 — tion at the end of the ribbon. TheH is 1.4, the concentration of
phosphorous is 1.28, and there is 60-s passivation at 1150 mV,
i.e., 25 mV anodic with respect to the Flade potential, prior to
activation with a 0.8-mrhcobalt wire.
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- events are between those of Figs. 1 and 2. Moreover, an
apparent reflection of the active area at the boundary occurs,
as can be seen in Fig. 3. The active area now travels in the
/v opposite direction and undergoes splitting again=at08 s
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(arrow). It is likely that this apparent reflection also occurs
under the conditions of Fig. 2, but it was not observed in our
0 R experiments.
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Consider first the experiments done at low electrolyte
concentration. In this case the repassivation rate was very
low for two reasons. First, the area of active electrodissolu-
tion was very large and for a transient period occupied the
entire electrode. When the active area is large, the total cur-
rent is high and the potential drop in the electrolyte is large.
This results in a decreased potential drop across the double
] layer, a lower rate of metal dissolution, and thus a delayed
J formation of the repassivated region. Second, the repassiva-

tion is slow because the formation of the salt film is slow at
0 Y T the low phosphate concentration.
110 120 130 As the electrolyte concentration is increased the rate of
@) time [s] repassivation increases. Activation and passivation rates
seem to be of the same order at the concentrationM, 25

FIG. 2. (a) Activation of the electrode with wave splitting. The Which prevents the active area from spreading over the
pH is 1.4, the concentration of phosphorous is M2%nd there is ~ Whole ribbon before repassivation starts. Once repassivation
60-s passivation at 1160 mV, i.e., 35 mV anodic with respect to thé1as started at the beginning of the ribbon, it spreads quickly
Flade potential, prior to activation with a 0.8-rAimobalt wire.(b)  into the area behind the leading edge, which thereby is
Integral current-time curve corresponding(&. (c) Blowup of (a). slowed down. When the repassivation edge reaches the
Wave splitting occurs after large expansions of the active area. freshly activated area behind the leading e@igeited statg

i.e., areas in which the salt film and/or tpel in the salt film
splitting at t=121s, the oppositely moving active areasand the potential are not apt to induce passivity, the decrease
reach their respective ends at approximately the same tim@ the current stops. Once the current decrease is stopped,
the entire electrode is active for a short time, and a rapidvery increase of the current due to the propagation of the
repassivation occurs at approximatety145 s. A blowup of leading edge is positively fed back by the field. Since the
Fig. 2@ is shown in Fig. Zc), in which the splitting can be freshly passivated area behind the leading edge is more eas-
clearly seenarrow). ily activated(due to its thinness in comparison to the passive

The experiment for which the results are given in Fig. 3area in front of the leading edgehe active area expands in
was done at a potential intermediate between those of Figs.the reverse direction and modulation is observed. It seems
and 2, i.e., at 1150 mV. Both the time the leading edge needthat the repassivation is not fast enough to stop the increase
to traverse the electrode and the number of modulatioin the current before the edge traveling in the reverse direc-
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tion reaches the beginning of the ribbon; thus every modulaand the entire surface is momentarily active and then repas-
tion event covers the whole ribbon up to the leading edge. sivation occurs almost uniforml§Fig. 2 att=145s).

As the potential is increased at the same electrolyte con- The apparent reflectiofFig. 3) can be explained in the
centration(Fig. 2 relative to Fig. 1the higher potential ef- same manner. In this case, splitting takes place near the edge
fects a higher repassivation rate. As a consequence, modulef the electrode. The forward propagating area reaches the
tion events are now confined to a smaller portion of theboundary of the electrode very quickly, so that only the
system length. Splitting of the active area apparently occurbackward propagating area remains.
if the repassivation time is shorter than the time that the
backward moving edge of the actlve'a'rea_l needs to 'reach the CONCLUSION
end of the system. As soon as passivity is reestablished, the
current drops sharply. This current drop in turn causes the The long-range coupling and the kinetics of the activation
electrode potential in nearby locations to increase, which acand passivation processes combine to produce wave splitting
celerates the spreading of the newly formed passive layeand an apparent reflection in an electrochemical system.
The remaining active areas, i.e., the formerly leading edges,
which are now small areas with low currents, d_o not collap_se ACKNOWLEDGMENTS
because the lacking salt film renders passivation impossible
so that the splitting of the active area is accomplished, i.e., Financial support by the Deutsche Forschungsgemein-
the two still excited regions will start to expand in both di- schaft(Grant No. JA-346-16-1 NATO (Grant No. 95005\
rections into the freshly formed passive layer. Sometimesand the National Science Foundation is gratefully acknowl-
when modulation is great, the tails of the two split areas mee¢dged.
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