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Abstract We have found a new chaotic current oscilla-
tion in the H,O,—H,SO4—Pt electrochemical system due
to the addition of small amounts of bromide ions. In
the system with bromide ions, an oscillation, called
oscillation D, appears near the potential where another
oscillation, called oscillation A, appears. The chaotic
oscillation is observed in a potential region where both
oscillations A and D simultaneously appear. When the
electrode potential is stepped to a potential in the
above region from the rest potential, a period-1 oscil-
lation first appears for a while. A period-doubling
bifurcation cascade then occurs, which is followed by a
chaos. The appearance of the chaotic oscillations is
explained on the basis of the reported mechanisms for
oscillations A and D.
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Introduction

Electrochemical oscillations have been reported for a
variety of systems as summarized in recent reviews [1-6],
including anodic metal dissolutions, cathodic metal
depositions, the reductions of hydrogen peroxide, per-
sulfate, etc., and the oxidations of hydrogen, formalde-
hyde, formic acid, etc. Some mathematical models based
on experimental facts have recently been reported [7-12],
which well explain the oscillation behavior.
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The electrochemical oscillations have been classified
into several categories [3—6, 13—16]. One of the most
typical oscillators is the NDR oscillator, which shows a
negative differential resistance (NDR) in the stationary
voltammogram. This oscillator shows only current
oscillations under potential controlled conditions with a
sufficiently large solution or external resistance. Another
typical oscillator is the HNDR oscillator, which does
not show an NDR in the stationary voltammogram due
to NDR-hiding factors. This oscillator shows not only
current oscillations under potential controlled condi-
tions but also potential oscillations under current con-
trolled conditions.

Electrochemical oscillations show not only a simple
periodic pattern but also chaotic or mixed-mode ones,
which have been summarized in reviews [3, 4]. Those
observed in the electrodissolution of metals were the
most intensively studied [1, 3, 17-20]. We have been
studying the potential oscillations during the oxidations
of formaldehyde, formic acid, and methanol [10, 21-23],
which are surface electrocatalytic reactions. The chaotic
behavior observed during the galvanostatic oxidation of
formaldehyde was clarified in detail [21-23]. On the
other hand, current oscillations during the oxidation of
formic acid have been studied by Strasser et al. [24, 25].
Their studies involved the clarification of the mix-mode
oscillations.

We have also reported [15, 16, 26-29] that the H,O,
reduction at Pt electrodes in acidic solutions shows
various types of oscillations, called oscillation A, B, C,
D, and E. Oscillation A is observed in the potential re-
gion of formation of under-potential deposited hydro-
gen (upd-H) [26, 27], whereas oscillation B is observed in
the region of hydrogen evolution [15, 26]. Oscillation E
is observed when a single-crystal Pt(111) electrode is
used [28]. On the other hand, oscillations C and D are
observed when small amounts of halide ions are added
to the solution [16, 29]. It is well known that halide ions
such as chloride or bromide ion adsorb on Pt surface.
The potential and time dependence of the adsorption
and desorption of halide ions have been investigated in



detail [30-37]. Based on their reports and our experi-
mental results obtained by impedance measurements
and a specular reflectance method, we could conclude
that the coverage of the adsorbed halide was a slow
variable for oscillations C and D [16].

Recently, we have found a chaotic oscillation ob-
served during the reduction of H,O, in the presence of
bromide ions. These oscillations appeared in the poten-
tial region where both oscillations A and D were ob-
served. This paper reports the behavior of the chaotic
oscillation and bifurcation phenomena.

Experimental

The electrochemical measurements were done using a
three-electrode system. A polycrystalline Pt (99.99%)
disc of 1.0 mm diameter was used as the working elec-
trode (WE). The counter electrode (CE) was a Pt-plate
or a Au-plate (10x10 mm?), and the reference electrode
(RE) was a reversible hydrogen electrode (RHE). The
distance between the WE and RE was 38 mm, the rea-
son for which will be explained in the next section. The
RE was placed close to the CE.

The Pt-disc electrode was prepared by cutting a Pt
sphere, which was obtained by heating Pt wire in a
hydrogen-oxygen flame, and sealing it with glass. It was
then polished with alumina powders ranging from 3 um
to finally 0.05 um in diameter, immersed in 60% HNO;
for about 1 day to remove any surface contamination
and then rinsed with pure water. Just before the mea-
surements, the electrode surface was further cleaned by
repeated cyclic potential scans between —0.1 and
+1.85 Vvs. RHE in 0.3 M H,SO4 (M = mol dm*3) for
about 60 min.

The basic electrolyte solutions were made of 0.3 M
H,SO0,0.5 M H,0,. When the chaotic oscillation was
studied, small amounts of KBr were added to the base
solutions. The chemicals used were of special grade and
water was Milli-Q water. The current density (j) vs.
potential (£) and j vs. time () curves were measured with
a potentiogalvanostat (Hokuto Denko HA-501) and an
arbitrary function generator (Hokuto Denko HB-105).
The measured data were recorded using an NI-DAQ
card (National Instruments) at a sampling frequency of
10 kHz.

Results

Figure 1 shows the well-known j—E curve for a Pt-disc
electrode in 0.3 M H,SO,. The scan rate was 0.01 V s~
The j—E curve reproduces well the essential features of
polycrystalline Pt electrode. For reference in later dis-
cussions, Fig. 2 reproduces the reported j—E curve for a
Pt-disc electrode in 0.3 M H,SO,4-0.5 M H,0,. The scan
rate was 0.01 V s~'. The H,O»-reduction current started
to flow at ca. +850 mV (the rest potential). Oscillation
A, classified as an NDR oscillator [15, 16], appeared in
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Fig. 1 A j—E curve under potential-controlled conditions for a Pt-
disc electrode in 0.3 M H,SO,. The scan rate was 0.01 V s~!
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Fig. 2 A j—F curve under potential-controlled conditions (a), and
enlarged curves for cathodic scan (b) and for anodic scan (c), for a
Pt-disc elelctrode in 0.3 M H,SO4-0.5 M H>O,. The scan rate was
0.01 Vs~

the potential region where a negative differential resis-
tance (NDR) appeared in the j—F curve. Oscillation B
appeared in the potential region of hydrogen evolution.
These were explained in Refs. [15, 16, 28, 29, 38].

The appearance of NDR has been explained as
follows [27-29]: The H,O, reduction is initiated by
the dissociative adsorption of H,0O,, followed by
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electrochemical reduction of the resultant adsorbed OH.
The NDR results from suppression of the dissociative
adsorption by the formation of under-potential depos-
ited hydrogen (upd-H). This scheme is written as fol-
lows:

2 Pt + H,0, — 2Pt-OH (1)
Pt—OH+H" +e¢~ — Pt+ H,0 2)
Pt+H" +e” =Pt — H(upd — H) (3)

where Pt schematically represents a surface Pt site. The
coverage of upd-H is a fast species inducing the NDR,
therefore we can say that at each potential a competitive
adsorption equilibrium for coverage of upd-H reaches.
The NDR plays an essential role in a positive feedback
mechanism, as will be explained later.

Figure 3 shows j— curves after the electrode potential
(E) was stepped at t = 0 s from +850 mV (about the
rest potential) to +20 mV, where oscillation A appeared
for a long time (longer than 60 min) as shown in Fig. 3d.
The current suddenly increased when E was stepped, and
immediately decayed with time as shown in Fig. 3a. An
aperiodic oscillation appeared in the transition state
between the initial stationary current and the final stable
oscillation with a period-1 pattern [38], as shown in
Figs. 3b, c. The waveforms of the aperiodic oscillation
became more complex as the electrode area increased
and the distance between the WE and RE decreased. In
this study, in order to simplify or shorten the transition

state as much as possible, we used a small electrode (disc
of 1.0 mm diameter) as the WE and made the distance
between the WE and RE longer (38 mm) for all mea-
surements. As a result, the aperiodic oscillation ap-
peared for a short time (ca. 10 s). In addition, a negative
global coupling [5, 6], which is likely to induce a geo-
metrical pattern formation, was neglected, because the
RE was not close to the WE.

In the previous study, we did not investigate whether
or not the aperiodic oscillation in the transition state was
chaotic. As shown in Fig. 3b, c, the one-dimensional
Poincaré maps do not show a clear curve, which is
thought to be one piece of evidence of a deterministic
chaos. This, together with the absence of a period-dou-
bling cascade, suggests that the aperiodic oscillation is
not chaotic. In the map, the values of the current min-
imum were plotted along the horizontal axis and the
values of the next minimum along the vertical axis.

Figure 4a shows a j—E curve when 300 uM KBr was
added to the solution. The scan rate was 0.01 V s~'. In
the potential region above + 500 mV, no current flowed
due to high coverage of the adsorbed bromide ions. The
current started to flow at ca. +500 mV and gradually
increased with decreasing potential. Oscillation D, which
was classified as an HNDR oscillator, began to appear
at a more positive potential than oscillation A. For the
cathodic scan, oscillation D appeared in the potential
region below ca. +82 mV and continuously changed
into oscillation A, as shown in Fig. 4b. On the other
hand, in the absence of bromide ions, no oscillation was

Fig. 3 j—t curves for a Pt-disc (a)
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Fig. 4 A j—F curve under potential-controlled conditions (a), and
enlarged curves for cathodic scan (b) and for anodic scan (c), for a
Pt-disc electrode in 0.3 M H,SO4-0.5 M H,O,with 300 uM KBr.
The scan rate was 0.01 Vs~

observed in the potential region above ca. +14 mV for
the cathodic scan, as shown in Fig. 2b. Therefore, it can
be said that the oscillation, which appeared above ca.
+ 14 mV and below + 82 mV in the presence of bromide
ions, included at least oscillation D. For the anodic scan,
however, oscillation A was clearly observed in the po-
tential region below ca. +40 mV, as shown in Fig. 4c.
Accordingly, both oscillations A and D simultaneously
appeared in the potential region from +40 to +14 mV.
We then studied the oscillation in this potential region.

Figure 5 shows j—¢ curves in the presence of 300 uM
KBr after £ was stepped at ¢+ = 0s from +850 to
+20 mV. An oscillation appeared shortly after the po-
tential step as shown in Fig. 5a. The amplitude of the
oscillation observed during the first stage was greater
than that of the following oscillation, probably because
the surface concentration of H,O, (Cxeo) was high just
after the potential step. A period-1 oscillation then ap-
peared for a long time (longer than 180 s), as shown in
Fig. 5a, b. A period-doubling bifurcation cascade then
occurred, as shown in Fig. 5c, although the period-2>
pattern appeared only for a short time (shorter than
0.3 s). The oscillation then became aperiodic, as shown
in Fig. 5d. After this, the oscillation pattern became
period-3, as shown in Fig. 5e. The oscillation period
increased to around 7, one by one. The large-amplitude
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peak then disappeared, producing period-1 as shown in
Fig. 5f, and finally the oscillation disappeared.

The aperiodic oscillation shown in Fig. 5d is proba-
bly chaotic because the period-doubling bifurcation
cascade occurred before the aperiodic oscillation, as
mentioned above. To verify that it was chaotic, the one-
dimensional Poincaré map was plotted. The map cor-
responding to the aperiodic oscillation pattern showed a
curve with one minimum. Figure 6 shows power spectra
for the oscillations corresponding to Fig. Sc—e. The
spectrum for the aperiodic oscillation shows a broader
band structure, as shown in Fig. 6b, than those for the
periodic oscillations such as the period-2 and period-3
oscillations. Thus, we could conclude that the aperiodic
oscillation shown in Fig. 5d was chaotic.

We measured similar j—¢ curves at other potentials,
and found that the complex oscillation such as period-2,
27, chaos and 3, etc., appeared in the potential region
from +15 to +30 mV, which was included by the po-
tential region where both oscillations A and D simul-
taneously appeared, +40 to + 14 mV. Therefore, we
think that it is necessary for the appearance of complex
oscillations that both oscillations A and D appear
simultaneously, as will be discussed in the next section.

Discussion

We have found a new chaotic current oscillation in the
H,O,—H,SO4—Pt electrochemical system due to the
addition of small amounts of bromide ions. On the other
hand, the aperiodic oscillation in the transition state in
the absence of bromide ions did not provide any evidence
of chaos. The appearance of such an aperiodic oscillation
could be explained by local (stationary) deviations in the
true electrode potential, which were caused by inhomo-
geneous distributions of the current, and by fluctuations
(local temporary deviations) in the parameters, such as j,
the true electrode potential, C%0, and the coverage of
upd-H (0y) [38]. After the transition state, the oscillation
pattern became stable and periodic due to the decrease in
the local deviations and fluctuations. Similarly, in the
presence of bromide ions, an aperiodic oscillation ap-
peared for a short time just after the potential step, during
which the oscillation was not chaotic. The appearance of
the aperiodic oscillations could also be explained by the
same idea as stated above. On the other hand, the chaotic
oscillation occurred after the period-1 and period-dou-
bling cascade. Therefore, the chaotic oscillations shown
in Fig. 5d should essentially differ from the aperiodic
oscillation observed in the transition state.

The chaotic oscillation was observed at a potential
where both oscillations A and D simultaneously
appeared, as mentioned in the previous section. There-
fore, it is natural that the appearance of the chaotic
oscillations is explained on the basis of the reported
mechanisms both for oscillations A and D. Oscillation A
results from two feedback loops, a fast positive and a
slow negative one [26, 27]. The positive one includes an
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NDR-inducing species, the adsorbed hydrogen atoms.
The negative feedback loop includes Cyo. For oscilla-
tion D, we reported that there were two positive feed-
back loops and two negative ones [16]. One of the NDR-
inducing species is the same as the species for oscillation
A. One of the negative feedback loops includes the
coverage of adsorbed bromide ions (0y). The oscillation
period of oscillation D, which depends on the time scale
of a slow negative feedback species, was shorter than
that of oscillation A. Therefore, the simultaneous pres-
ence of two oscillations with different oscillation periods
probably produces the complex oscillation patterns such
as period-2, 22, chaos and 3, etc. In other words, we can
say that the positive feedback loop and two negative
feedback loops mentioned above give rise to the complex
oscillation pattern, which has been pointed out by
Strasser et al. [25].

In the presence of bromide ions, the period-1 oscil-
lation observed just after the aperiodic oscillation with
large amplitude, as shown in Fig. 5a, can be attributed
to oscillation D, because the oscillation appears soon
after the potential step in contrast to the case without
bromide ions as shown in Fig. 3a, b. At +850 mV
(about the rest potential) both Cyo and 0y are high.
After the potential step, the average value of Cyo and
that of 0y decrease with time. We think that the de-
creases in the average value of Cyo and that of 0y ten-
tatively cause the bifurcation. Further studies are now
under way.

The H,O, reduction at Pt electrodes in acidic solu-
tions shows various types of periodic oscillations.
Moreover, the system shows a chaotic one. It is quite a
unique feature that such a large number of non-linear
phenomena are observed in one electrode system.
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Fig. 6 Power spectra for the oscillations corresponding to the
period-2 pattern shown in Fig. 5c (a), to chaos shown in Fig. 5d
(b), and to the period-3 pattern shown in Fig. 5e (c)

Conclusion

A chaotic oscillation was observed at a potential where
both oscillations A and D simultaneously appeared.
When the electrode potential was stepped to this po-
tential from the rest potential, a period-1 oscillation first
appeared for a while. A period-doubling bifurcation
cascade then occurred, which was followed by a chaos.
After that, the oscillation pattern became period-3. The
period increases to around 7, one by one. The appear-
ance of the chaotic oscillations could be explained on
the basis of the reported mechanisms for oscillations
A and D.
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