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1. INTRODUCTION

The past two decades have witnessed great advances in our
knowledge of the self-organization in time and/or space of
electrochemical systems maintained far from thermodynamic
equilibrium. Examples include the classification of electrochemical
oscillators,1 the description of the interplay among experimental
variables and spatiotemporal patterns,2 and the characterization
of the collective behavior of arrays of electrochemical oscillators.3,4

Starting from the observation of inhomogeneous oscillations
during the dissolution of nickel,5 much work has focused on the
dissolution of metals such as iron6,7 and cobalt,8 which support
mainly fronts and pulses.With the development of themicroprobe
electrode,9 surface plasmon microscopy,10 and spatially resolved
infrared absorption spectroscopy,11 it became possible to extend
spatiotemporal investigations to electrocatalytic reactions like
the oxidation of formic acid12 or hydrogen13 and the reduction of
peroxodisulfate.9 A vast diversity of potential or current patterns,
including fronts, standing waves, pulses, and various stationary
inhomogeneous structures, have been reported in detailed
experimental and theoretical studies. Various phenomena involv-
ing cathodic deposition patterns of metals and alloys have also
been reported in systems such as Zn,14 Ag�Sb,15�17 Sn�Cu,18

Ni�P,19 Cu,20 and Cu�Cu2O.
21 Anodic patterns associated

with the deposition and dissolution of adsorbate layers, however,
have not previously been reported.22

Reaction patterns at the electrified solid/liquid interface are
subject to different types of spatial coupling, according to the cell
arrangement and geometry and also to the way in which the
interface is controlled, i.e., galvanostatically or potentiostatically.2,23

Migration currents flowing parallel to the electrode surface have a
homogenizing effect similar to that of diffusion in conventional
chemical systems. The localization of this migration coupling can
be easily tuned24 and ranges from local, diffusion-like, to non-
local, long-range coupling. Potentiostatic and galvanostatic con-
trol modes are also associated with global coupling, which in turn
can be negative, favoring spatial structuring, or positive, favoring
homogeneous states. In spite of the myriad of possibilities for
exploring the spatial coupling in electrochemical systems, most
systematic experimental studies on the interplay between spatial
coupling and homogeneous dynamics have been focused on
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ABSTRACT: Spatiotemporal pattern formation in the electrocatalytic oxidation of
sulfide on a platinum disk is investigated using electrochemical methods and a charge-
coupled device (CCD) camera simultaneously. The system is characterized by
different oscillatory regions spread over a wide potential range. An additional series
resistor and a large electrode area facilitate observation of multiple regions of kinetic
instabilities along the current/potential curve. Spatiotemporal patterns on the working
electrode, such as fronts, pulses, spirals, twinkling eyes, labyrinthine stripes, and
alternating synchronized deposition and dissolution, are observed at different operat-
ing conditions of series resistance and sweep rate.
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one-dimensional electrodes.12,25�28 Of late, an attractive target
has been the possibility of using the spatiotemporal patterns
generated in these systems to produce ordered micro- and
nanostructures, to develop nanoelectronic devices, to improve
the material properties of alloys, and to tune complex dynamic
structures to desired states.3,4

Due to the ubiquitous presence of sulfur compounds in fossil
fuels and their high environmental toxicity, the oxidation of
sulfide, especially, has garnered significant interest. A recent
study,29 for example, suggests that a shift from gasoline-powered
to plug-in hybrid electric vehicles is likely to decrease CO2 and
NOx emissions while simultaneously increasing SO2 levels. As far
as electrochemical instabilities are concerned, Jansen30 first
reported potential and current oscillations in the electrochemical
oxidation of sulfide on platinum. Later, Chen31�33 and Feng34

extended the study of dynamical phenomena and mechanistic
features in the electrochemical oxidation process. Both groups
observed the formation and dissolution of a sulfur layer on the
electrode surface in the electro-oxidation of sulfide. Motivated by
the very rich temporal dynamics found in this system, we present
in this work an experimental investigation of the spatiotemporal
dynamics along the multiple oscillatory regions on the current/
potential curve during the electro-oxidation of sulfide on a
polycrystalline Pt disk electrode.

2. EXPERIMENTAL SECTION

In this study, all sodium sulfide solutions were prepared by
dissolving appropriate amounts of analytical grade reagent
(Sinopharm Chemical Reagent Co. Ltd., China) in ultrapure
water (Millipore system, 18.2 MΩ 3 cm). All electrochemical
experiments were performed on a CHI-660A electrochemical

workstation (CH Instruments Inc., USA). The volume of the
electrochemical cell was 40.0 mL. A polycrystalline Pt disk
embedded in an insulator with a diameter of 2.0 or 5.0 mm
and a 0.5 mm diameter platinum wire were used as our working
electrode and counter electrode, respectively. The working
electrode and counter electrode were arranged along a straight
line, with the working electrode located between the counter
electrode and the tip of the salt bridge at 2.0 cm from both. All
electrodes used in this work were purchased from CH Instru-
ments. A saturated calomel electrode (SCE) was used as the ref-
erence electrode and connected to the cell through a salt bridge,
and all potentials in this study were controlled vs SCE. To inves-
tigate the formation and evolution of patterns on the electrode
surface, we used a charge-coupled device (CCD) camera. The
2.0 mm Pt disk was used in the spatiotemporal investigations.

Before each experiment, the Pt disk was polished to amirror-like
shine with fine alumina powder (0.05 μm). It was then immersed
in a 1:1 (v:v) mixture of HNO3 (60%) and H2O2 (30%) at 20 �C
for 30 min. After that, the potential was cycled between�0.27 and
1.25 V at a scan rate of 1.0 V 3 s

�1 in 1.0 mol 3L
�1 H2SO4 solution

for 30.0 min to further clean the electrode surface. Finally, the Pt
electrode was rinsed repeatedly with ultrapure water and trans-
ferred into the test solution. All measurements were conducted
with 1.0 mol 3L

�1 Na2S held at 20.0 ( 0.1 �C with a circulating
water bath (Polyscience Instruments, USA).

3. RESULTS

3.1. Oscillatory Dynamics. Cyclic voltammetry (CV) at a
slow scan rate is a conventional way to detect dynamic instabi-
lities in electrochemical systems. In a potential sweep, the

Figure 1. Cyclic voltammetry at different scan rates. (a) 5 mV 3 s
�1; (b) 0.5 mV 3 s

�1; (c) 0.1 mV 3 s
�1; (d) 0.1 mV 3 s

�1. Diameter of the working
electrode: (a�c) 2 mm and (d) 5 mm.



12967 dx.doi.org/10.1021/jp202881h |J. Phys. Chem. C 2011, 115, 12965–12971

The Journal of Physical Chemistry C ARTICLE

potential functions as a bifurcation parameter through the
various dynamic windows. The linear voltammogram shown in
Figure 1(a) displays more than one N-shaped region during the
electrochemical oxidation of sulfide, implying the possible ex-
istence of multiple oscillatory dynamics. Previous studies33,34

suggest the presence of at least three NDR (negative differential
resistance) regions,1 including two HN-NDR,33 i.e., a hidden
(H) negative differential resistance (NDR) in an N-shaped
current/potential curve, regions and one N-NDR (N-shaped
NDR) region34 on three I/V branches with positive slopes and
one branch with negative slope, respectively. Previous investiga-
tions reported several oscillatory regions along the I/V curve in
potential and current sweeps.31�34 In addition to concentration
and temperature,32 the scan rate of the voltage sweep, the area of
the working electrode, and the series resistance are factors that
influence the oscillatory dynamics in this system.
3.1.1. Effects of Scan Rate and Electrode Area. Figure 1 shows

the effect of scan rate and electrode area on the electrochemical
oxidation dynamics of sodium sulfide on platinum. Voltammetric
curves recorded with a 2 mm Pt disk electrode in 1.0 mol 3 L

�1

Na2S are shown in Figure 1a�c. At a scan rate of 5 mV 3 s
�1, we

observe only two oscillatory peaks, at about 1.3�1.4 V
(Figure 1(a)), along the branch of negative slope in the reverse
scan. As the scan rate decreases, oscillations become visible not
only along the branch of negative slope but also on the high
potential branch of positive slope (Figures 1(b) and 1(c)).
These are N-NDR and HN-NDR oscillations, respectively.
Figure 1(d) presents a CV curve measured with a 5 mm Pt disk
electrode. Another oscillatory region, not discernible in the
voltammetric profile registered with the 2 mm Pt disk electrode,
is observed along the first branch of positive slope. This new
phenomenon indicates that the electrode area also affects the

dynamic characteristics. The effect of system size is a strong hint
that the observed temporal behavior is indeed associated with
nonuniform spatial phenomena. FromFigure 1, we conclude that
lower scan rates facilitate the observation of oscillatory dynamics
and that the electrode size impacts the temporal dynamics.
3.1.2. Effect of Series Resistance. In most electrochemical

systems, the total resistance in series with the working electrode
plays a critical role in any kinetic instabilities.35 Here we investi-
gate the effects of increasing the external series resistance on
multiple oscillatory regions in the electrochemical oxidation of
sulfide on platinum. Figures 1(b) and 2 show CV curves obtained
in 1.0 mol 3 L

�1 Na2S with a 2 mm Pt disk electrode at a scan rate
of 0.5 mV 3 s

�1 as the series resistance is increased. In the
voltammogrammeasuredwithout external resistance, Figure1(b),
one region of obvious N-NDR oscillations can be observed. In the
forward scan, when the potential approaches 0.6 V, the current
density suddenly increases to approximately 100 mA 3 cm

�2,
probably as the result of the oxidation of sulfide to a higher
oxidation state. As we sweep the potential, the N-NDR oscilla-
tions occur in both the forward and backward scans along the first
branch of negative slope. We observe periodic deposition and
dissolution of sulfur compounds during these oscillations. More-
over, the greenish-yellow surface of the electrode shows that the
dissolution of sulfur occurs mainly via formation of soluble
polysulfide. When an external resistance of 100 Ω and then 150
Ω is inserted, in Figures 2(a) and 2(b), respectively, the above
N-NDR oscillations also occur at approximately 1.0 V in both the
forward and backward potential scans. However, when the
external resistance is increased to 275 Ω in Figure 2(c), the
N-NDR oscillations change into bistable states, which is in line
with the expected behavior for this class of electrochemical
oscillator; i.e., the oscillatory region is confined to a limited

Figure 2. Cyclic voltammetry with different external resistances: (a) 100 Ω; (b) 150 Ω; (c) 275 Ω.
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region in the resistance versus potential plane, in contrast to the
behavior observed for HN-NDR oscillators. When the external
resistance exceeds 100Ω, the new oscillatory regions on the I/V
curves in Figure 2 show very regular oscillations. At an external
series resistance of 100�275 Ω, Figure 2(a) to 2(c), HN-NDR
oscillations can be observed along the first branch of positive
slope during the forward scan, as seen without an external
resistance in Figure 1(d), but not in Figures 1(b) or 1(c).
Similarly, as the potential reaches the second and third branches
of positive slope in the I/V curves, two HN-NDR oscillatory
regions appear in Figures 2(b) and 2(c). These two HN-NDR
oscillations also occur, but with significant hysteresis, in the
backward potential scan, indicating that theHN-NDRoscillations
terminate in a saddle-loop bifurcation.1 In addition to the
deposition�dissolution of sulfur compounds, we also observed
oxygen evolution at the electrode in these last two oscillatory
regions. A portion of the sulfur is oxidized to soluble sulfate ions,
as verified by chemical analysis. We speculate that the oscillations
observed in these high potential regions may arise from the
interplay between the formation/removal of sulfur and the
evolution of oxygen. As expected, fromFigure 1(b) and Figures 2-
(a) to 2(c), the series resistance shifts the I/V curve (including the
oscillatory regions) to higher potential because of the additional
voltage drop across the external resistor. Moreover, the magni-
tude of the external series resistance strongly impacts the dynamic
behavior.
3.2. Spatiotemporal Patterns. As already mentioned, the

drastic change in the temporal dynamics observed in experiments
carried out using electrodes of different sizes, c.f. Figure 1(d), and
otherwise identical experimental conditions suggests that the
current oscillations are accompanied by spatial pattern forma-
tion. We employ a CCD camera in conjunction with electro-
chemical methods to record the spatiotemporal evolution of the
surface reaction. Figure 3 shows a linear potential sweep regis-
tered at 0.1 mV 3 s

�1 and the corresponding spatiotemporal

evolution of surface patterns (movies in Supporting Informa-
tion). When the potential approaches 0.9 V, in the N-NDR
oscillatory region, pulses and spirals emerge, as shown in
Figures 3b-i to b-iv, which correspond, respectively, to points
i�iv in the inset of Figure 3a. The position vs time plots
in Figure 3c allow us to estimate the propagation velocity of
the observed pulses as 0.039 mm/s. When the potential is
increased to 1.7 V, which is located in the increasing current
region, reaction fronts appear, as shown in Figures 4b-i to b-iv,
which correspond to points i�iv, respectively, in the inset of
Figure 4a.
Figure 5 shows some typical patterns in 1.0 mol 3 L

�1 Na2S at a
scan rate of 0.01mV 3 s

�1.When the external resistance was 50Ω,
oscillatory synchronization of sulfur deposition appeared at
0.8 V, within the N-NDR oscillatory region. Point i in the left
inset of Figure 5a corresponds to the snapshot of the pattern
shown in Figure 5c-i. A portion of the sulfur on the Pt disk was
converted to polysulfide, resulting in a yellow deposition layer on
the electrode surface. When the potential was increased to 1.0 V,
also within the N-NDR oscillatory region, twinkling-eye-like
patterns (movie in Supporting Information and snapshot in
Figure 5c-ii corresponding to point ii in the middle inset of
Figure 5a) were observed and persisted to 1.2 V. This phenom-
enon, discovered in model calculations by Yang et al.,36�38 has
not previously been reported experimentally to our knowledge.
The authors observed that twinkling-eye states in their system
arise spontaneously from a homogeneous steady state due to
interaction between a Turing mode and a Hopf mode. At an
applied voltage between 1.6 and 1.7 V, in the positive slope
region of the I/V curve, labyrinthine stripes appeared, along
which traveling pulses emitted by localized spirals propagated, as
shown in Figure 5c-iii for point iii in the right inset of Figure 5a
and the movie in the Supporting Information. Comparable
patterns have been simulated earlier in reaction-diffusion systems
with two coupled layers.37 Besides the visual similarities, we do

Figure 3. Linear potential sweep, snapshots of the evolution of pulses, and position�time plots of pulses. The scan rate of applied voltage is 0.1mV 3 s
�1.

The time interval between i and ii is 9 s, ii and iii is 6 s, iii and iv is 16 s.
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not claim, however, that they represent the same phenomena. As
the external resistance was increased to 100Ω and the potential
was raised to about 1.7 V, which is also located in the increasing
current region, we also observed labyrinthine stripes like the
snapshot in Figure 5c-iii for the point labeled iii in the upper inset
of Figure 5b. When the potential approached 2.0 V, in the
positive slope region of the I/V curve, pulses appeared and
continued to 2.2 V, as shown in Figure 5c-iv for point iv in the
lower inset of Figure 5b.When the external resistance was further
increased to 350Ω, only pulses could be observed on the surface
of the electrode.

We noted above the effect of the sweep rate and of the series
resistance on the temporal dynamics. The effect of these two
parameters is also reflected in the spatiotemporal patterns. A
phase diagram summarizing the patterns observed at different
scan rates and series resistances is shown in Figure 6. Pulses are
quite robust, emerging over the entire range of external param-
eters, whereas labyrinthine stripes and twinkling eyes occur
only in a relatively narrow region of scan rate and series
resistance. Slower scan rates favor the emergence of homo-
geneous oscillations, whereas higher sweep rates allow the ob-
servation of pulses. Twinkling eyes and labyrinthine stripes are

Figure 4. Linear voltammetry and evolution of fronts. The scan rate of the applied voltage is 0.1mV 3 s
�1. The time interval between i and ii is 15 s, ii and

iii is 83 s, iii and iv is 40 s, iv and v is 60 s, and v and vi is 60 s.

Figure 5. Linear voltammetry and patterns. (a) Linear voltammetry of synchronized oscillations, twinkling-eye patterns, and labyrinthine stripes with an
external resistance of 50Ω. (b) Linear sweep voltammetry of labyrinthine stripes and pulses with an external resistance of 100Ω. (c) i Synchronized
oscillations; ii twinkling-eye patterns; iii labyrinthine stripes; iv pulses. The scan rate is 0.01 mV 3 s

�1.
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found in the region between the regions of homogeneous
oscillations and pulses (or spirals). As apparent in Figure 6, the
sweep rate has a critical role in the observed spatiotemporal
dynamics. Taking this effect into account is especially important
when considering that some experimental reports27 deal with
spatiotemporal patterns measured during a potential sweep.

4. CONCLUSIONS

We have presented an experimental study of spatiotemporal
pattern formation during the electrocatalytic oxidation of sulfide
on a disk-shaped platinum electrode. As suggested by the very
rich temporal dynamics,30�34 we found in this exploratory study
a plethora of spatiotemporal dissipative structures, including
fronts, pulses, twinkling eyes, labyrinths, and homogeneous
oscillations. High scan rates and high series resistance favor
pulses, while low scan rates and external resistance lead to
homogeneous oscillations of deposition and dissolution. Twink-
ling eyes and labyrinthine patterns occur in parameter regions
between synchronized oscillations and pulse waves.

We mentioned in the introduction that spatially extended
electrochemical systems are subject to different types of spatial
coupling. The results presented here open perspectives to the
experimental study of the impact of the nature, strength, and
range of the spatial coupling in a very rich two-dimensional
electrochemical system. We are currently working in this direc-
tion, and results will be published in due course.

When compared to the two-dimensional spatiotemporal
patterns observed during metal dissolution8 and deposition,15

the results reported here are significantly richer. Moreover, in
contrast to those systems, the surface reaction here may slightly
perturb the structure of the platinum surface, perhaps to a depth
of one to two monolayers. This opens an interesting perspective
of working with modified surfaces and evaluating the role of
surface modification on the resulting spatiotemporal patterns.
Finally, further study and understanding of the detailed mech-
anism for oscillations and spatiotemporal patterns in this decep-
tively simple system may promote its application to such
challenges as making depositional materials, controlling sulfur
deposition, and poisoning in fuel cells and controlling ordered
micro- and nanostructures.
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