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Abstract: The current oscillations of a copper electrode in trichloroacetic acid solutions were
studied in this paper. The Cu/CCl;COOH system is a new electrochemical oscillator, showing
rich dynamic behaviour on two controllable parameters: the trichloroacetic acid concentration
(¢ccrycoon) and the imposed potential (E). Phase trajectories were reconstructed from time
series using time delay methods in order that the complex oscillations could be analyzed. Five
kinds of oscillations, periodic and quasiperiodic, mixed-mode, aperiodic, small amplitude and
chaotic current oscillations, were observed. The EDS (energy dispersive spectroscopy) tech-
nique was used to analyze the elemental composition of the film formed on the surface of the
copper electrode after the current oscillations.
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INTRODUCTION

Since the time that nonlinear dynamics methods, such as time delays, were used for
the analysis of electrochemical oscillations, interest in the investigation of the oscillations
has been renewed.!2 Hudson and Tsotsis have reviewed the status of research on the dy-
namics of electrochemical reactions.> Dewald et al.!-2 used nonlinear dynamical methods
to analyze the different oscillatory modes of copper in acetate buffer and proposed that the
oscillations arose from an intricate process involving surface reactions, film formation and
dissolution, and mass transfer, but the nature of the surface film and its composition re-
mained unclear.# Glarum and Marshall>-¢ also used nonlinear dynamical methods to ana-
lyze the electrochemical behavior of the anodic dissolution of copper in phosphoric acid
solutions. They suggested that the film might be a highly viscous, dehydrated surface layer.
However, whether the film was a true solid phase with distinct boundaries or a highly vis-
cous layer maintained by water depletion has not been proved. Oscillations in cop-
per/acidic chloride solutions have always been the main topic in discussing the electro-
dissolution of copper in acidic solutions. Qualitative explanations for the oscillatory be-
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haviour of copper in these systems have been suggested by several authors.”-14 It is un-
likely that a single model can explain all the oscillatory phenomena that have been ob-
served, because the nature of the electrode surface and covering film depend strongly on
the conditions underwhich the experiments were performed.!> Thus, the origin of the os-
cillatory behaviour in the copper/acidic chloride system is not well understood. Surface
films are believed essential for polishing, but the nature of the surface remains uncertain.
Further investigations are needed in which the electrochemical oscillations of copper in
other electrolytes are studied.

The purpose of this paper is to summarize the results of an experimental investigation
of the anodic dissolution of copper in CCl3COOH solutions. It was hoped that a better un-
derstanding of the dependence of the oscillatory behavior on the nature of the surface film
would be gained.

EXPERIMENTAL

A three-electode system was used in all experiments. A stationary working electrode, 6.0 mm in diame-
ter, made of pure copper (99.9 % Cu) was used. The pure copper rod was embedded in resin, and only the end
of the rod was exposed to the solution. The specimen was polished with #600 and #1200 emery papers to a
mirror-like surface, then washed with alcohol and then two times with distilled water in an ultrasonic bath be-
fore each experiment. The counter electrode was a platinum sheet (surface area 5.0 cm?), and a saturated cal-
omel electrode (SCE) was used as the reference, with its Luggin capillary probe located 2 mm below the
working electrode (all potential values are reported with respect to the SCE). The electrolyte was prepared
with analytical grade CCI;COOH and two times distilled water. The electrochemical measurements were
carried out using a PAR potentiostat/galvanostat Model 283 incorporated with M352 corrosion software. All
measurements were performed at 25 + 1 °C.

The samples of Cu were prepared after oscillations of the Cu electrode had occurred in CCl;COOH so-
lution. Then the Cu electrode was rinsed three times with anhydrous ethanol and then two times with distilled
water. The EDS technique (energy dispersive spectroscopoy, AMRAY 1840) was applied to evaluate the ele-
mental composition of the film formed on the surface of the Cu electrode after the current oscillations. The
base pressure was 2 x 10 mbar, and the high voltage was 25 kV.

RESULTS
Polarization phenomena

The polarization curves of copper in solutions of different concentrations of trichlo-
roacetic acid (ccccoopn) at a scan rate of 10 mV/s are shown in Fig. 1, from which it can
be seen that the current-potential (/-£) curves show two different types of current oscilla-
tions. The first type which occur in low concentrations of trichloroacetic acid (ccccoon
< 1.0 mol dm3), is when current oscillations are observed in both the forward (positive)
and backward (negative) potential scans. In 0.50 mol dm=3 CCl3COOH solution (Fig. 1a),
in the forward potential scan, the anodic dissolution current increases almost linearly as the
potential is swept from 0 to about 0.80 V, then current oscillations are observed until the
potential reaches about 1.10 V when the current decreases to a low value. The polarization
behavior in the backward sweep resembles that in the forward one. As the cccpcoon In-
creases to 1.0 mol dm=3 (Fig. 1b), the amplitudes of the current oscillations obviously in-
crease. The second type is when current oscillations are observed only in backward poten-
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Fig. 1. Effect of CCl3COOH concentration on the polarization behavior of the Cu/CCl3COOH system.
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tial scan in 2.0 mol dm= < ccepcoon < 4.0 mol dm3 solutions. In 2.0 mol dm
CCl3COOH solution (Fig. 1c), the current increases as the potential is swept to positive
values and a maximum value of the current (/,,,5) appears at about 0.60 V, then the current
decreases until the electrode enters a passive region, and no current oscillations are ob-
served. Current oscillations are observed only in the backward potential scan. The polar-
ization curves in 4.0 mol dm3 (Fig. 1d) resemble those in 2.0 mol dm 3 CCI;COOH solu-
tion. The maximum value of the current decreases as the ccc;coop Increases.

Current oscillations

Curent oscillations are observed with a stationary copper electrode from 0.50 to 4.0
mol dm=3 CCl3COOH solutions. The upper and lower E-boundaries of the oscillatory re-
gion under potentiostatic condition of copper in different concentrations of CCl3COOH
solutions are shown in Table I. The oscillatory region shifts negatively as the ccci;coon
increases. The current oscillations are found to depend strongly on two parameters, namely
the cccscoon and the imposed potential. Five main types of oscillations, namely periodic
and quasiperiodic oscillations (ROs), mix-mode oscillations (MMOs), aperiodic oscilla-
tions (AOs), small amplitude oscillations (SMOs) and chaos, are observed for a copper
electrode in different concentrations of CCl3COOH solution.

In high concentrations, AOs and ROs are mainly observed. Typical current oscillations
in 4.0 mol dm= CCl3COOH solution at Egcg = 0.60 V together with the corresponding
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Fig. 2. Different oscillatory behavior of Cu at Egcg = 0.60 V in a 4.0 mol dm™ CCl3COOH solution and the
corresponding phase trajectories. (7=1 s).
phase trajectories are shown in Fig. 2. The current behavior goes through a series of transi-
tions. The two dimension phase trajectories, projected into the [/(7), [(#+1)] (T = 1 s) plane,
have been constructed by time delay methods,!!~15 in order to analyze the character of the
oscillations. (The phase trajectory was made by plotting every current measurement of the
time series with that current as one coordinate, the current at time T after that as the second
coordinate.) The shape of the phase trajectories has a one-to-one correspondence with the
time series from which they were constructed. Fig. 2a shows the initial period and a multi-pe-
riod state which occurs 100 s after the potential had been stepped from the open circuit poten-
tial to Egcg = 0.60 V. The phase trajectory (Fig. 2a’) shows that the current oscillations are
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Fig. 3. EDS analysis of the film.

AOs. Beginning an experiment with the system in the aperiod state corresponding to a wave-
form, a critical value is reached at which point the period decreases, signalling the transition
to a different oscillatory state, a period-two state.!3 The measured time series for the pe-
riod-two state consists of alternating peaks of two different amplitudes. A time series of a
portion of the 2-peak behavior and the phase trajectory can be seen in Figs. 2b and 2b’, re-
spectively. The trajectory on the attractor lies in two distinct loops and the flow on the attrac-
tor alternates between these two loops. The small loops correspond to the small amplitude
oscillations whereas the large loops correspond to the large amplitude oscillations in the time
series in Fig. 2b. Increasing the time further leads to a bifurcation in which the system makes
a transition to another oscillatory state, a period-one state. A time series of a portion of the
1-peak behavior and the phase trajectory can be seen in Figs. 2c and 2¢’, respectively. This
1-peak behavior does not change. The limit cycle attractors are closed lines with a number of
loops. Since the oscillation amplitude changes slightly in each cycle of oscillations, the radius
of the loop changes slightly. At the beginning, the oscillations are AOs, and this behavior
subsequently becomes less complicated, giving rise to two-peak oscillations, and finally
one-peak oscillations (ROs). It is assumed that the composition and the structure of the film

TABLE . The relationship between the oscillatory potential region (AEg) and the CCl;COOH concentra-
tion (ccapcoon)

ccencoor/mol dm™ AEqsc/Vsc
0.10 No current oscillations
0,50 0.80-1.10
1.0 0.74 —0.92
2.0 0.50-0.80

4.0 0.45—-0.75
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Fig. 4. The sequence of current oscillations of Cu in 2.0 mol dm™ CCl3COOH solution and the correspond-
ing phase trajectories as a function of potential (7= 1 s).

may change with time at the beginning of the experiment and may not change after a period
of time. After the experiment, elemental EDS analysis of the corrosion product on the surface
of the copper electrode shows an enrichment of the element CI (Fig. 3). A salt film may be
formed on the surface of copper electrode.

A sequence of i~ curves and the corresponding phase trajectories is illustrated in
Fig. 4 when the Cu was electrodissolved in 2.0 mol dm=3 CCl3COOH solution. A se-
quence of oscillatory modes is observed on changing the potential in the Cu/2.0 mol
dm3 CCI;COOH system. Analysis of this oscillatory sequence may lead to valuable
information about the type of the dynamical equations governing the behavior of the
system.!6-18 As shown in Fig. 4a’, it is chaotic oscillation when the potential is held at
0.50 Vgcg. When the potential is increased to 0.65 and 0.70 Vgcg, the oscillatory
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Fig. 5. Typical current oscillations of Cu in 1.0 mol dm CCl;COOH solution and the corresponding phase
trajectories. (7=1s).

curves (Figs. 4b and 4c, respectively) and the corresponding phase trajectories (Figs.
4b’ and 4c¢’, respectively) show that these oscillations are MMOs. These kinds of
MMOs belong to a periodic-chaotic sequence in which intervals of periodicity are sep-
arated by intervals of a chaotic state, which resembles random mixing of adjacent peri-
odic paterns.! For 0.75 V (Fig. 4d), the trajectory is a simple closed curve (Fig. 4d”), so
the current oscillations are ROs. If the potential is held at 0.80 V (not shown), the cur-
rent oscillations end after three cycles of oscillation.

At low concentrations of trichloroacetic acid (ccczcoon < 1.0 dm3), chaos and
SMOs are observed. The oscillations occur at more positive potentials. A typical time se-
ries of copper in 1.0 mol dm3 CCl3COOH solutions and the corresponding phase trajec-
tories are shown in Fig. 5. The trajectories (Figs. 5a’ and 5b”) show that the oscillations are
chaotic. In 0.50 mol dm=3 CCl3COOH solution (Fig. 6), SMOs are observed. A strange
phase trajectory is observed (Fig. 6a’), so the oscillations are chaotic, too.

DISCUSSION

Although the origin of the oscillatory behavior of metals in acidic electrolyte is not well
understood, there are at least two points that can be proposed. The first point is that the oscil-
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Fig. 6. SMOs observed in 0.50 mol dm™ CCl;COOH solution and the corresponding phase trajectory. (7'=1 s).

lations are caused by periodic film formation-dissolution. This was verified by the fact that
current oscillations could be generated when the chemical environment near the surface of an
iron electrode was changed artificially.1%20 The second one is that the film formed on the
surface of a copper electrode may contain more than one material.>-!5 The result of EDS
analysis (Fig. 3) indicates that the surface film on the surface of a copper electrode in
CCl3COOH solutions is rich in chloride. Chloroacetic acid always contains some amount of
CI and it is known that insoluble CuC1!52! may be formed. Under potentiostatic conditions,
the behavior of the current in the experiment with copper in 4.0 mol dm—= CCl;COOH solu-
tion at 0.60 V (Fig. 2) changes slowly. This is because the film and the conditions on the sur-
face of the copper electrode change slowly, which give rise to a change in the current.2 It was
found that the electrode surface was never in the same state during the oscillatory response.?2
There is a strong correlation between the film/surface properties and the type of the oscilla-
tion obtained.!3 Due to the slowly changing nature of the electrode surface, the current be-
havior is in fact transitory. However, the time scale of the surface change is much slower than
that of the oscillations so that large enough sections of data can be extracted and analysed and
be considered stable for the time period.

It was shown experimentally? and theoretically?3 that different films adsorbed on the
copper electrode surface coexist when the system exhibits chaotic behavior.! A sequence
of chaos and MMOs preceding ROs is observed for copper in a 2.0 mol dm—3 CCl;COOH
solution under potentiostatic conditions. It may be assumed that the small and large ampli-
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tude oscillations are related to different types of surface films formed on the surface of the
copper electrode during its electrodissolution.

Sazou et al.2* proposed that the complex periodic and chaotic oscillations observed dur-
ing the corrosion of iron in chloride containing sulphuric acid solutions are related to different
states of localized corrosion. It has been proposed that the various dynamic behaviours are
caused by the different composition or structure of the films formed on the surface of the
copper electrode. In low CCl3COOH concentrations (cccpscoon < 1.0 mol dm3) solution,
different types of films may be formed during the electrodissolution processes, so different
types of current oscillations are observed.

Itagaki et al.?5 used a channel flow double electrode for studying the oscillatory
electrodissolution of copper in acidic chloride solutions. They found that the oscillations
originated from the dissolution of cupric ions and an adsorbed intermediate, which was
composed of cupric species. The rich dynamical behavior observed with a stationary cop-
per electrode in CCl3COOH solutions may be explained by cupric ions and an adsorbed
intermediate being easily formed on the electrode surface and, thus, a surface film is
formed easily which induces current oscillations.

CONCLUSIONS

Current oscillations occur during the electrodissolution of copper in CCl3COOH so-
lutions. The new Cu/CCl3;COOH oscillatory system shows a rich dynamical behavior. The
results of nonlinear-dynamic-analysis confirm the existence of different types of oscilla-
tions in the Cu/CCI3COOH system. The different types of current oscillations may be
caused by different types of films formed on the surface of the copper electrode during the
processes of its electrodissolution.
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Y oBOM pajiy cy poydJaBaHe CTpyjHe OCLIanije Ha 6akapHOj eNEKTPOIN Y PACTBOPY TPHXJIIO-
peuphetre kucemmne. Cucrem Cu/CCl;COOH je HOBH eeKTPOXEMHjCKU OCLIIIATOP KOjU Hocefyje
[APOKO JMHAMITYKO MOHAIIAE 3aBUCHO OfI /IBa TapaMeTpa KOjUM C& OHO MOYKE KOHTPOJIACATH,
KOHIIEHTpaIyje TPUXIOPCHpheTHe KUCENMHE ¥ HAMETHYTOT €JIeKTPOHOT MoTeHnyjana. Ha ocHOBY
BPEMEHCKMX HHM30Ba OCIIUIAlMja KOpUCTehr MeTONy BPEMEHCKHX KalllIbeHa KOHCTPYHCAHE CY
¢azHe TpajekTopurje Kako 61 ce MOTJIe aHAIN3MPATH OBe KOMIUTEKCHe ociunanyje. OnaskeHo je meT
BpCTa CTPYjHUX OCHMJIALMja: MEPUOIMIHE, KBA3U-IEPUOIMIHE, MEIIOBUTE, alEPUOANIHE U Xao-
trare. EJIC TeXHKOM aHaIM3MpaH je eJeMeHTaTH! cacTaB (pryiMa KOji ce CTBapao Ha OaKapHO]
€JIEKTPO TOKOM CTPYjHUX OCLIJIALyja.

(ITpumsbero 26. Maja, peBuanpano 12. cenrem6pa 2003)
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