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Spatiotemporal patterns and symmetry breaking on a ring electrode
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A series of experiments on a ring electrode with changes in a parameter, the applied potential, are described.
Spatiotemporal patterns are investigated in a region of parameter space in which relaxation oscillations occur.
The simplest state is a periodl2oscillation that has full @) symmetry so that at each instant the pattern is
unchanged by rotations or reflections of the ring. With change in parameter a spatiotemporal period doubling
occurs to period H. This is followed by a symmetry breaking to another state with peridda#d subse-
quently by a second period doubling to perioH.8Proper orthogonal decomposition is used as an aid in
elucidating the nature of the transitions.
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[. INTRODUCTION The working electrode is an iron ringut from a 99.9985%
iron rod, Aesar Puratronjonith outside diameter of 12 mm
Spatiotemporal patterns have been observed and analyzedd inside diameter of 6 mm and encased in epoxy so that
in a variety of chemically reacting systeri$], including  only the annular shaped face is exposed. The total surface
combustion{2,3], gas-solid reactionst—6], and liquid phase area of the electrode is 84.82 rhimnd the diameter of the
reactions[7—11]. Numerous examples are now known in epoxy is 33 mm. The ring is placed in a solution ofl1
bistable, excitable and oscillatory media including fronts,H,S0, and IM NaSO, approximately 2—3 cm below the
waves, Turning patterns, spiral waves, and breakup into turtsyrface of the liquid. There is no stirring and the fluid is

bulence. _ o _ nearly stagnant. All experiments were performed at ambient
Electrochemical reactions in particular are known to &Xtemperature.

hibit teli”nporal o?cillations,l biStt?b“ity' ar_l‘_?] excittetlbilimZ] A platinum foil counterelectrode arranged in a circle with
as well as spatiotemporal patterfis3]. The patterns are a 12 cm diameter is used for the cathodic reaction. It is in the

commonly produced by a combination of nonlinear reactio : .
kinetics and potential drop through the electrolyte; the Courhorlzontal plane of the working electrode. The reference

pling mechanisms have been discussed in detail in some rg_lectrode Is Hg/HgS0, and its tip is placed in the horizontal

cent paper§13—17. A ring geometry has been used in many plane of the working electrode, .just outsid(_a the radiu_s of the
of the studies to produce a variety of controlled patterns in€P0XY- The control parameter is the applied potential; it is
cluding rotating wave$18] and standing waved6]. controlle_d by_a PAR EG&G modgl 273 potentiostat.

The results described here were obtained during the elec- Polarized lightis shone on the iron surface and the images
trodissolution of iron in sulfuric acid. This reaction system
has been used by several investigators to study pattern for  ggn
mation in two disparate regions of parameter space. In one o
these, higher frequency—often chaotic—oscillations arise \

[19]. In the other region of parameter space, much slower 500 -
relaxation oscillations occur and it is in this region that the
spatiotemporal patterns discussed in this paper arise. Pigeau
and Kirkpatrick carried out an early investigation of one type 400
of pattern on a disk surface, viz., waves with approximate .-~
0(2) symmetry during period 1 oscillatiofig0]. These stud- E
ies were subsequently extended to other patterns on both dis 7z 200
and ring geometrief21,22,. E

We present here additional results obtained with the iron ~*
system on a ring geometry and thus add to the library of 2099
types of pattern and symmetry breaking bifurcation observed
in reacting systems. With the aid of video images and de-

composition of patterns by Karhunen-lweexpansions, we 100 7

show how an oscillatory pattern with(2) symmetry under- _’__J

goes a spatiotemporal period doubling, another symmetry o - — = —
breaking, and finally a subsequent second period doubling 0 50 106 150 200 250 300

into a period 4 state.
Time (seconds}

Il. EXPERIMENTS ) ] ) ) ]
FIG. 1. A time series of the current for an iron ring undergoing

A standard three-electrode electrochemical ¢ebrking  electrodissolution at potentiostatic conditions. The pattern is formed
electrode, counterelectrode, and reference electiedesed.  during the passivation phase of the cycle.
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FIG. 2. Period 1 oscillations. Snapshots of the spatiotempora
pattern that forms on the iron ring electrode surface. The pattern i

-4000
formed during the passivation as waves move from the inner ani 26 70
outer radii of the ring. The pattern exhibits full(® symmetry. Time (s)
Snapshots from 7 to 17 s are used in the image decompositio © @)

analysis. Applied potential is-158 mV.

FIG. 3. Decomposition of the period 1 oscillation. Applied po-
are recorded using a JVC S-VHS video camera with a crosdential —158 mV. (a) First mode;(b) first coefficient; (c) second
polarized lens and VCR. The recorded images were digitizef"0de;(d) second coefficient.
and manipulated using an SGI workstation.

Most of the pattern formation to be discussed occurs during
this passivation phase.
Il RESULTS We will present here a series of five types of behavior that
All the experiments are carried out in a parameter regioroccur as the parameter, the applied potential, is altered. Im-
in which slow, active-passive relaxation oscillations occur.ages of the behavior are shown at instants in time at each of
An example of a time series of the total current from the ringthe five values of the parameter. The images are those ob-
is shown in Fig. 1(The amplitude and period both depend tained directly from the experiments and have not been fil-
on applied potential; the period decreases with decreasingred or otherwise altered. The activation and passivation can
potential) The total signal is near zero for an extended time be seen from the black/white coloration as follows: Consider
begins to rise slowly, and then undergoes a rapid rise duringne activation/passivation cycle corresponding to a single
the activation of the surface, followed by a somewhat slowerise and fall of the current in Fig. 1. Start in the passive state
decrease back to near zero during the passivation phas&here the surface appears black through the cross-polarized

(a) (b) (© (d) FIQ. 4 Snapshots of the pat.tern from a period
2 oscillation.(a)—(d) pattern during the first pas-
sivation; (e)—(h) pattern during the second passi-
vation. Partge)—(h) are equivalent to part&)—

(d) when reflected about the horizontal axis.
Applied potential is—163 mV.

(e ® (® (h)
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FIG. 6. Period 2 oscillation. Pattern on a thin ring for a 69 s
interval (one full period. Applied potential is—163 mV.
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© In Fig. 2 the activation/passivation portion of a single
FIG. 5. Period 2 oscillation: eigenfunctions and coefficietds. ~ Cycle is shown on an expanded time scale. Images corre-
Coefficient of the first eigenfunction during the first and secondsponding to one instant before the activation and six times
passivation sequences; the eigenfunctinot shown is uniform.
(b) Second eigenfunctior(c) Coefficient of second eigenfunction 02 1000
during the first and second passivation sequences.

lighting. The surface activates with no visible chan@Ehe

activation is faster than the 30 Hz frequency of the videc cn
camera). As a passivation wave covers the surface a colloic
is produced which appears white and produces the pattert ol
shown. As the colloid slowly dissolves the image appears * — 11000 , %0
darker and eventually retu)r/ns to black beforg thg pneX‘ ? Angular position (deg) ** Time {s)
activation-passivation sequence. @ ®)

In the next five subsections we shall see a sequence (o2 1000
patterns the first of which has(® symmetry; symmetry
breakings then occur with changes in the parameter. Thel W’\MMMMWWU
are, however, heterogeneities on the electrode surface and
none of the patterns is perfect. For example, consider thA Cll
patterns in Figs. 2 and 3 below that we state hay® Gym-
metry. By that we mean that the pattern i€2Dwith noise.
The heterogeneities, however, do not seem to affect the dy *%s
namics or the intrinsic nature of the patterns. We have, fo
example used several different rings of different sizes ana
have obtained the same sequence of patterns. We have alsoF|G. 7. Period 2 oscillation. Decomposition of snapshots of the
rotated a given ring between experiments, that is, carried ouhin ring corresponding to Fig. 6a) First mode;(b) first coeffi-
an experiment, rotated the ring, and done the experimentient; (c) second mode(d) second coefficient. Applied potential is
again; the results were not affected. —163 mV.

A. Period 1 oscillations: V,=-—158 mV

o
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FIG. 9. Period 2 antiphase oscillations. Decomposition of the
thin ring corresponding to Fig. 8a) First mode;(b) first coeffi-
cient; (c) second mode(d) second coefficient. Applied potential is
—164.5 mV.

Time(s)

A proper orthogonal decompositigkarhunen-Loge ex-
pansion [24,25 has been made of all the states investigated,
both of the full(nonzero thicknegsing and of the thin slice.
Although the behavior of the state being discussed in this
section is simple and can be well characterized without re-
sorting to any decomposition, we do present some informa-
tion on the decomposition as it will be useful as a compari-
son to later states. The first two modes and coefficients from
the full ring decomposition are shown in Fig. 3; the cumula-
tive normalized energies using one and two modes are 76%

- ; and 91%, respectively. One mode captures the uniform peri-

0 1 20 300 360 odic behavior and the second mode adds the radially depen-
Angle dent component. Note that the time over which the coeffi-
© cients are shown is not that of the entire period, but rather
only that portion during which the pattern changes signifi-

tern near the end of the first passivation sequetmeSnapshot of Cant.ly with time, that is, _durlng the acpvatmn/passwauon
the pattern near the end of the second passivation sequeémnce. portion qf the cycle. The tlme scale of Flg._3 corresponds to
Behavior on a thin ring for a 64 s interv@ne full period. Applied that of Fig. 2 A de_compOSItlon of the_ thin ring can of course
potential is—164.5 mV. be made with a single mode; the first mode then contains
90% of the normalized energy with the deviation from 100%

during the passivation are shown. A wave progresses frordue to heterogeneities of the surface and noise in the data.
the outer radius of the ring inward and, in addition, a second

wave starts after a time delay at the inner radius and moves
outward, until it meets the first front. There is a ful(Zp
symmetry; at each instant the pattern is unchanged by rota- A series of snapshots of the behavior at a somewhat lower
tions or reflections of the ring23]. The state is a periodic Vvalue of the parameter is shown in Fig. 4. The period has
solution p; with a period that we define adI2 The radial now doubled to ¥l and extends over two activation/
dependency is not essential to the behavior being investpassivation cycles of a time series such as that seen in Fig. 1.
gated. In discussion of later states we shall take a thin ring he images on the first half of the complete cycle are shown
from the finite thickness ring and investigate its behavior inin Figs. 4a)—4(d) and those on the second half in Figée)4-
order to show the type of transition occurring. Obviously the4(h). Again, as in the previous section, all these images are
thin ring exhibits no radial dependence and therefore its befrom the activation/passivation portion of the cycle. Note
havior depends only on time under the conditions of Fig. 2that the passivation begins at the top of the ring in the first
where there is no angular variation. The temporal variation idalf cycle and proceeds to the bottom. In the second half
periodic with period 2I. cycle the passivation begins at the bottom and proceeds to

FIG. 8. Period 2 antiphase oscillatiorta) Snapshot of the pat-

B. Period 2 oscillations: Vy=—163 mV
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FIG. 11. Decomposition of the thin ring during the symmetry
broken period 2 oscillation(a) First mode;(b) first coefficient;(c)
second mode(d) second coefficient. Applied potential is165
mV.

does rotate the patterns. In presenting the results we rotate
the patterns so that the series of results can be compared
within itself.

Proper orthogonal decompositi¢fOD) modes and coef-
ficients are shown in Fig. 5. The first eigenfunction is almost
uniform and is not shown. The first two modes capture 78%
of the normalized energy; higher modes are required to re-
construct the azimuthal motion of the pattern. As noted
above, most of the important features of the spatiotemporal
patterns can be seen without recourse to the radial depen-
dence and we therefore made a thin circular slice through the
A | data. The temporal behavior of one slice is shown as a space
0 100 200 300 360 (angle vs time plot in Fig. 6. Note that the behavior is

Angle shown for a longer time than in Figs. 4 and 5; an entire
period, including the long time in which the electrode is
© essentially passive, is seen here. The first two eigenmodes

FIG. 10. Symmetry broken period 2 oscillatiqa) Snapshot of ~and coefficients from a decomposition of the one-
final pattern of first passivation sequent®. Snapshot of final pat- dimensional slice are shown in Fig. 7. These two modes
tern of second passivation sequer(cg Space-time plot of thin ring ~ capture 93% of the cumulative normalized energy and can be
during a 62 s intervalone full period. Applied potential is—165  Used to reconstruct the essential features of the one-
mV. dimensional dynamics.

Time(s)

the top. It does not appear that the pattern can be reflected C- Period 2 antiphase oscillations: Vo=—164.5mV

about the vertical axis; that is, the vertical axis does not Two snapshots of the conditions at the end of two succes-
appear to be a line of symmetry. Note, for example, that theive passivations are presented in Figa) &nd &b). This
dark portion of the pattern in Figs(@ and 4d) and again in  state differs from that shown immediately above in its sym-
Figs. 4g) and 4h) lies to the right of the vertical axis. A metries. In the present state either a rotation by 180° or a
reflection of the pattern about the horizontal afsit not a  reflection about the horizontal axis is equivalent to a half-
rotation of the pattern by 18Dfs equivalent to a half-period period phase shift. Furthermore, there is a line of symmetry,
phase shift. i.e., the pattern can be reflected about the vertical axis.

The orientation of the patterns in Fig. 4 and in subsequent The pattern on the thin ring can be seen in the space-time
similar figures does depend on the geometry of the apparglot of Fig. 8c). The first two modes and coefficients of the
tus; for example, changing the angular position of the referdecomposition are shown in Fig. 9. The cumulative normal-
ence electrode(without changing the counterelectrode, ized energy of the two modes is 94%. The second mode is
which is a circle surrounding the ring working electrpde uniform and its coefficient has periodI2 The coefficient of
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Time (s) vation, and(g), (h) the fourth passivation. Applied potential is

(d) ~165.5 mV.

FIG. 12. Decomposition of the full ring images during the Sym- 1ha one-dimensional circular sli¢Big. 10c)] and its decom-
metry broken period 2 oscillationia) First mode.(b) First coeffi- 1 ition (Fig. 11). Note now in Fig. 1(c) that the pattern is
cient during the. first an.d Secon.d passwaudn};Seconq m.Ode('d) not symmetrical about 180° with a shift of a half period but
Second coefficient during the first and second passivations. rather the ring is broken into two segments of approximately

190° and 170°; this can be contrasted with the previous be-
Aﬁ_avior seen in Fig. @). The first two modes and coefficients
of the decomposition of the one-dimensional slice are shown
in Fig. 11; they differ from those of Fig. 9 only in the first
eigenfunction where the division int@pproximately 190°

and 170° segments can be seen.

As the potential is lowered further, symmetries seen in the Results from the decomposition of the entire ring are
preceding state are broken. This can be seen in Figs. 10 astiown in Fig. 12. Although the characteristics of this state
11, which correspond to Figs. 8 and 9 above. Note in theand the transitions to it can already be ascertained from Figs.
snapshots Figs. 18 and 1@b) that there is again a vertical 10 and 11, we present this decomposition for the full ring
line of symmetry. However, neither a reflection about thedata so that it can be used as a basis for the discussion of the
horizontal axis nor a rotation by 180° is equivalent to a half-transition to the next state in the next section. The first eigen-
period phase shift. Symmetry has been broken. This can pefunction is shown in Fig. 1@). It does have a line of sym-
haps most clearly be seen in the space-time plot made frometry, the vertical axis; however, the tolght) region ex-

the first mode, however, has periofil4The essential fea-
tures of the overall pattern and symmetries can be reco
structed with the two modes.

D. Symmetry broken period 2 oscillations:V,=—165 mV
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tends somewhat below the horizontal axis. The coefficient o€ycle now requires four activation/passivation cycles and
the first eigenfunction is seen in Fig. (b2 for the first and  thus four maxima of the time series.
second passivations. The second eigenfunction is uniform Snapshots from the period 4 oscillations are shown in Fig.
and is not shown. The coefficient for the second eigenfunci3. Two snapshots from each of the four cycles are given
tion is shown in Fig. 1&) for the two passivations corre- with (a), (b) the first cycle,(c), (d) the second, etc. The
sponding to those seen in Fig. (b2 period doubling to the periodBstate occurs through a loss
Thus we see that the behavior of the patterns in this semf symmetry about the vertical axis. Note, for example, Figs.
tion and in the previous one both have period 2, i.e., have a43(d) and 13h), which represent states near the end of the
period of 4. However, in the secong, state, a symmetry second and fourth activation/passivation cycles, respectively.
has been broken in that a rotation by 180° is no longein Fig. 13h) it can be seen that the passivation is not yet
equivalent to a half-period phase shift. As discussed by Swifcomplete in a region offset from the vertical axis, that is, at a
and Wiesenfeld26] and by Fiedlef27], such a symmetry location at approximately 45°.
breaking makes possible a subsequent period doubling such A decomposition has also been carried out on these data
as that which we shall see in the next section. For relate@"d can be used to distinguish the behavior from that shown

results involving chemical oscillators see, for example, Refin the preceding section and to ascertain the nature of the
[28]. period doubling. Fo_ur terms of the expansion are requwed_ to
reproduce the qualitative features of the dynamics. The first
two eigenfunctions and their coefficients are the same as
those obtained before the period doubling, i.e., they are the
After the symmetry breaking of the period 2 state, a secsame as those shown in Fig. 1 herefore, they are not
ond period doubling occurs. The resulting state is thgor,  shown again herg.The third and fourth eigenfunctions are
equivalently, has period78 In relation to Fig. 1, a complete presented in Figs. 14 and 14c), respectively; the coeffi-

E. Period 4 oscillations: Vy=—165.5mV
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cients can be seen in Figs.(bfand 14d) for the four con- There is another factor that can influence patterns on a
secutive activation/passivation cycles making up the entiresurface, i.e., the geometry of the cell including the orienta-
87 period. The fourth eigenfunctiofiFig. 14(c)] does not tion of the working electrodéthe ring and its position rela-
have a vertical line of symmetry; the period 4 nature of thetive to the counter- and reference electrodes. As noted above,

oscillations can be seen in the coeffici¢rtg. 14d)], i.e.,  in the present experiments the reference electrode is located
the period of this coefficient is8 in the horizontal plane of the working electrode, just outside
the radius of the epoxy. Thus there is a slight asymmetry in

IV. FINAL COMMENTS the apparatus. The effect of this asymmetry in the present

) ) ] ] system is not completely understood; however, as seen in the

An anodic reaction, the electrodissolution of a metal, hagkesults section the base state pattern is to the accuracy of the
been carried out on a ring electrode in the oscillatory regimegxperiments ) symmetric and thus the effect appears to
During the oscillations films grow and recede, thus producte small. Since geometry is important in affecting the degree
ing a nonuniform surface and spatiotemporal patterns. Thgf coupling among reacting sites, it is likely that different
applied potential has a strong effect on the rate of the reaGequences of patterns could be obtained by making substan-
tion and is easily controllable; it thus serves as a parametqyy| ajterations in the system, such as by varying the height or
that can be varied to investigate transitions among states. ragdial position of the reference electrode, by moving the po-

Surface reaction studies exhibit a certain amount of driftsjtion of the counterelectrode, etc.; large changes in these
and noise and, of more direct importance to the experimentgyantities can even destroy thé2Dsymmetry of the base
described here, are done on surfaces that are not perfecigse. |t was not our intention here to investigate all effects of
uniform. Surface heterogeneities can, of course, influence théhanges in geometry but rather to study the bifurcation struc-
observed patterngl7,22,29. Nevertheless, the results pre- yre starting from a base state that wa@Gsymmetric.
sented_ here are reproducible and appear to be due to the The sequence of patterns consisting opa relaxation
dynamics of the system. We carried out each of these experysqiliation with Q2) symmetry, ap, oscillation, a symmetry

ments several times With_t_he same results. Rotation of thBroken p, oscillation, and &, oscillation appears to arise
ring has no effect. In addition, we have observed the samgqom the dynamics of the electrochemical system.

patterns on different rings of various sizes, which is another
indication that the heterogeneities do not play a major role in
the overall dynamics. The heterogeneities and noise, how-
ever, do contribute to the small-scale imperfections in the The authors gratefully acknowledge the support of the
patterns. National Science Foundation.
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