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We study the interaction of intrinsic electrochemical noise with autonomous nonlinear dynamics of a three-
electrode electrochemical cell. The amplitude of this intrinsic �internal� noise, regulated by the concentration of
chloride ions, is monotonically increased and the provoked dynamics is analyzed. The experimentally con-
structed coherence factor � versus the concentration of the chloride ions’ curve has a unimodal shape indicat-
ing the emergence of intrinsic coherence resonance. The abscissa for the maxima of this unimodal curve
corresponds to the optimum value of intrinsic noise where maximum regularity of the invoked dynamics is
observed.
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Stochastic resonance �SR� �1–3�, the phenomena wherein
the addition of external noise enhances the detection of weak
subthreshold signals in nonlinear systems, has attracted a lot
of attention lately. This apparently counterintuitive role of
noise has been studied exhaustively both theoretically and
experimentally in diverse physical, chemical, and biological
systems �4–9�. A comprehensive review by Gammaitoni et
al. �10� highlights all the important advances in this field
along with the prominent references. Another important as-
pect of the constructive role of external noise in nonlinear
systems is coherence resonance �CR� �11,12� where, even in
the absence of a subthreshold deterministic signal, enhanced
regularity of the provoked dynamics is observed for opti-
mum levels of superimposed external noise. In comparison,
the role of internal noise and its interaction with nonlinear
dynamics �13–15� is less understood. Since it is possible to
envisage numerous real systems with intrinsic noise, the
question that internal noise could, similarly to its external
counterpart, play a constructive role in nonlinear systems has
tremendous validity and applicability. For example, it has
been categorically �experimentally� shown that synaptic
noise improves the detection of subthreshold signals in Hip-
pocampal CA1 neurons �15�. Moreover, it has been shown
numerically by Schmid et al. �14�, using the Hodgkin-
Huxley model �16�, that internal noise caused by the fluctua-
tions of individual channels in an assembly of ion channels
can induce intrinsic coherence resonance �ICR�. Conse-
quently, for optimum levels of internal noise, the regularity
of the observed spike sequence is augmented �14�.

In this paper, we report the experimental observation of
ICR in a three-electrode electrochemical cell. The amount of
internal noise is regulated by the concentration of chloride
ions in the electrolytic solution. For appropriate values of the
system parameters, these chloride ions attack the anode sur-
face stochastically through a process known in electrochem-
istry literature as pitting corrosion �17,18�. Increasing the
concentration of chloride ions augments this stochastic activ-
ity �increased levels of internal noise�, resulting in enhanced
levels of pitting corrosion. It is observed that the internal-
noise-provoked system dynamics exhibits ICR as a function
of the concentration of chloride ions present in the electro-
lytic solution. This inception of ICR, evident from the regu-
larity of the invoked time series of anodic current �I� at cer-

tain optimum levels of internal noise, is furthermore verified
quantitatively by calculating the coherence factor � �19,20�
defined as

� = h���/�p�−1, �1�

where h is the height of the dominant peak �at frequency �p�
in the power spectra and �� is the width of this dominant
peak at a height of exp−1/2 h. It needs to be pointed out that
the local fluctuations in the original power spectra were sup-
pressed using a running average of 30 data points. This
smoothed power spectra was used to determine the quantities
required to calculate �. Scanning electron microscope �SEM�
imaging of the anode is carried out to visualize the surface
morphology of the anode surface undergoing pitting corro-
sion. This was, in part, done in an effort to correlate the
regularity observed in the time series with the spatial orga-
nization of the pitting centers on the anodic surface.

The experimental system was comprised of a three-
electrode electrochemical cell configured for studying the
potentiostatic �EG&G PARC model 362 potentiostat� elec-
trodissolution of iron in a solution of potassium sulfate and
sulfuric acid. The working electrode �anode� was an iron disk
�Sigma Aldrich; purity 99.8%� with 6.3 mm diam shrouded
in epoxy such that the polished cross-section surface was
exposed to the electrolytic solution. This restricts the corro-
sion process to take place solely at the surface of the anode.
The electrolyte solution was a mixture of 1.0 M sulfuric acid
and 0.6 M potassium sulfate for one set of experiments,
whereas a mixture of 1.0 M sulfuric acid and 0.4 M potas-
sium sulfate was used for another set of experiments. A vol-
ume of 500 ml was maintained in the electrochemical cell.
The anodic potential V, measured relative to a saturated
calomel electrode �SCE�, was used as the control parameter.
The cathode was a graphite rod, 5.0 mm diam and 2 cm long,
immersed in the electrolytic solution. The following protocol
was implemented as a precursor to each experimental run:

�a� The anode surface was polished with sandpaper of
600 grating and rinsed thoroughly with distilled water before
being mounted in the electrochemical cell.

�b� Nitrogen gas was pumped into the cell for about 15
min to cleanse the electrochemical cell of oxygen gas.
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Subsequently, a fixed amount of potassium chloride, our
source of chloride ions �internal noise�, was added to the
electrolytic solution without changing the volume main-
tained in the electrochemical cell. After a waiting time of
about 15 min, wherein the transient behavior was observed
and therefore neglected, the anodic current I data �the current
between the anode and the cathode� was recorded for analy-
sis using a 12-bit data acquisition card at a sampling fre-
quency of 200 Hz. This entire procedure is repeated for dif-
ferent �increasing� concentrations of chloride ions added to
the electrolytic solution, analogous to monotonically increas-
ing the amplitude of the internal noise, and the experimental
� curve is constructed.

As a prelude to the experiments on ICR, the autonomous
system dynamics of the electrochemical cell, in the absence
of added potassium chloride, was explored using the stan-
dard cyclic voltammogram technique �21�. Different dynami-
cal responses of the anodic current I were observed as a
function of the anodic voltage V, the scan parameter �22,23�.
Two basic types of dynamics were observed: steady-state
fixed-point behavior with a constant current response and
period-1 oscillations emerging from a supercritical Hopf bi-
furcation, where VH�140 mV. At anodic voltages slightly
above the Hopf bifurcation, small, sinusoidal oscillations
were observed. At higher voltages, relaxation oscillations
were observed in which the period increased with an increase
in voltage. This increase in period as a function of the bifur-
cation parameter is characteristic of a homoclinic bifurcation,

such as a saddle-node or a saddle-loop bifurcation �24�. This
period lengthening occurs until oscillations cease at the ho-
moclinic bifurcation point Vhc at about 250 mV. It needs to
be mentioned that while this cyclic voltammogram technique
is not as precise as a bifurcation diagram, it is a fast and a
fairly reliable method to identify the different dynamical re-
sponses observed in the distinct regions of parameter space.

Although the qualitative features of the experimental vol-
tammogram are preserved from one experimental run to an-
other, the exact values for the different bifurcation points
may shift a little. This is, in part, due to the inevitable errors
involved in the preparation of the electrolyte solution and the
electrodes. In our experiments on ICR, the set point for the
autonomous system was chosen to be 700 mV such that a
constant anodic current I �fixed point� of about 0 mA was
observed. This setpoint, maintained constant for all experi-
mental runs, was chosen far away from the bifurcation point
in an effort to minimize the effects of small variations in the
autonomous dynamics. At these experimental conditions, the
anode is susceptible to pitting corrosion in the presence of
chloride ions, our source of internal noise. Thereafter, potas-
sium chloride is added to the electrolytic solution in order to
analyze the effect of noise on the autonomous fixed-point
dynamics. It is observed that up until a certain concentration
�0.025 M� of added potassium chloride, the value of the an-
odic current I increases, reaching a value of about 100 mA.
However, the anodic current time series continues exhibiting
fixed-point behavior. This concentration of potassium chlo-

FIG. 1. The internal-noise-provoked dynamics in the electrochemical cell. The setpoint for the autonomous system is chosen to be
V0=700 mV and the composition of the autonomous electrolyte solution is a mixture of 1.0 M sulfuric acid and 0.6 M potassium sulfate. The
left panel shows the experimentally generated coherence factor � vs concentration of chloride ions’ curve. It has a unimodal shape
confirming the emergence of intrinsic coherence resonance in the noise-provoked dynamics. The right panels show a section of the
noise-invoked time series for the anodic current I corresponding to the experimental data points. Panels �a� and �e� show a time series
corresponding to low and high levels of noise and consequently are devoid of any periodic features. Panel �c� shows a time series
corresponding to an optimum level of noise and therefore is extremely regular.
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ride, where the anodic current I exhibits fixed-point behavior
at about 100 mA, is chosen to be the first point of the ex-
perimental � curve presented later. For subsequent experi-
mental runs, each one started with fresh electrolyte solution
and polished electrodes, the concentration of the added chlo-
ride ions was systematically increased, and the asymptotic
time series of the anodic current �recorded for each experi-
mental run� was used to calculate the coherence factor �.
Furthermore, the surface morphology of the anode, subse-
quent to some experimental runs, was analyzed using the
surface electron microscope.

Figure 1 shows the experimentally generated coherence
factor ��� versus concentration of the chloride ions �internal-
noise amplitude� curve. The time series corresponding to
some of the experimental data points are shown in the adja-
cent panels. The computed � curve has a unimodal shape
indicating the observance of ICR. It implies that for some
optimum levels of internal noise the interplay of the stochas-
tic pitting process, provoked by the chloride ions, and au-
tonomous nonlinear dynamics invokes enhanced coherence.
This is manifested by the emergence of increased regularity
for oscillations presented in the time-series panel �c�. In con-
trast, at low levels of chloride concentrations, the noise-
provoked dynamics is devoid of any periodic features and for
the most part exhibits fixed-point direct-current response at
about 100 mA. Furthermore, at high levels of chloride con-
centrations, the dynamics is totally dominated by the sto-
chastic pitting process resulting in the observance of a noisy
fixed-point behavior. The profile of the provoked time series
in different panels varies as different parameter domains are
visited for distinct noise strengths. It is interesting to observe
that the average value of the fixed-point current value for
both low and high levels of internal noise remains nearly the
same �100 mA�.

We also tried to correlate the enhanced periodicity of the
time series to the spatial organization of the anode morphol-
ogy undergoing pitting corrosion. For these purposes, after
some experimental runs, the anode was dismounted from the
electrochemical cell and taken over to the SEM laboratory
for imaging purposes. Figure 2 shows the images of the an-
ode surface obtained, using the SEM, corresponding to
points �a�, �c�, and �e� of the � curve shown in Fig. 1. It is
observed that the anode surface corresponding to data point
�c� of the � curve, where maximum coherence in the noise-
induced time series is observed, exhibits increased homoge-
neity �smoothness� in the surface morphology. This could be
due to a more regular spatial distribution of the pitting cen-
ters at this optimum level of internal noise. In contrast, the
images corresponding to low �a� and high �e� levels of inter-
nal noise exhibit a substantially rougher morphology for the
anode surface. It needs to be clarified that although it is
interesting to detect qualitatively that SEM images indicate
enhanced levels of spatial organization for optimum levels of
noise, it is by no means conclusive proof for the emergence
of ICR. It is the experimentally generated � curve that pro-
vides a quantitative and therefore more reliable proof for the
existence of ICR in our experiments.

Figure 3 shows another experimentally generated � curve
for a different composition of the autonomous electrolytic
solution, that is, 1.0 M sulfuric acid and 0.4 M potassium
sulfate. The autonomous dynamics for this electrolyte mix-
ture is slightly different from the one observed in earlier
experiments. Procedures identical to the ones used in previ-
ous experiments were implemented for the autonomous as
well as the noise-provoked dynamics. The Fig. 3 curve, simi-
lar to its Fig. 1 counterpart, shows a unimodal shape. The
time series and SEM images of the anode surface �not
shown� are consistent and indicate the emergence of ICR in

FIG. 2. SEM images revealing
the morphology of the anode sur-
face at the conclusion of three ex-
perimental runs. The images pre-
sented are a 12-fold magnification
of the actual eletrode. The images
are for the data points �a�, �c�, and
�e� �extremas� of the experimen-
tally constructed � curve shown in
Fig. 1. The corresponding time se-
ries are shown in panels �a�, �c�,
and �e� of Fig. 1.
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these experiments. The results of Figs. 1 and 3 furnish ex-
perimental evidence for the existence of intrinsic coherence
resonance in an electrochemical cell. To reiterate, this was
confirmed quantitatively by calculating the coherence factor
� versus amplitude of the internal-noise curves. SEM imag-
ing of the anode surface also indicates �qualitatively� the
emergence of ICR for the noise-provoked behavior.

There have been published reports �25–28� wherein the
authors used the concentration of chloride ion as a bifurca-
tion parameter. They conclude that the chloride ions cause a
localized breakdown of the passive oxide film leading to the
inception of pitting corrosion and consequently complex cur-
rent dynamics. Subsequently, they use a point defect model
�PDF� �29�, involving Schottky-pair equilibrium, to under-
stand the physiochemical process and/or mechanism of the

observed pitting corrosion. In comparison, we start with the
premise that the observed pitting corrosion is a stochastic
process and proceed to interpret our results within the frame-
work of noise-induced resonances. Therefore, in our experi-
ments, analogous to results of SR and CR for external noise,
the bifurcation parameter gets varied dynamically due to the
added internal noise. Furthermore, augmenting the amplitude
of internal noise enables the noise-assisted dynamics to visit
different domains of the bifurcation diagram. Finally, we
provide both quantitative �calculation of �� and qualitative
�SEM photographs of the anode surface� evidence for the
emergence of ICR.

In the past there have been numerous reports involving
the applications of external-noise-induced resonances such as
maintenance of traveling waves, detection of subthreshold
signals, enhanced sensitivity in human and/or animal re-
sponse, etc. �10�. However, these applications were invari-
ably restricted to situations where external noise can be su-
perimposed onto the autonomous system dynamics. On the
other hand, since most of the real systems in nature possess
internal noise, our observation of intrinsic coherence reso-
nance renders the noise �external and/or internal�-induced
resonance phenomena ubiquitous. Furthermore, our results
are of immense relevance to biological systems in general
and neuronal systems in particular. For example, internal
noise provoked by the fluctuation of individual channels in
an assembly of ion channels induces neuronal firing �14�. In
the framework of our results this would imply that as the
amplitude of the internal noise is varied, different profiles of
spike sequences �and consequently different interspike inter-
vals� are generated, yielding the most regular firing pattern at
an optimum value of internal noise. This would autoenable
the neurophysiological sensory system to generate the de-
sired spike train by manipulating its levels of internal noise.
The omnipresence of noise-induced resonances and their
possible applications to diverse nonlinear processes validate
the relevance and/or importance of our experiments. Future
numerical and theoretical work could enrich these experi-
mental findings.
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FIG. 3. The experimentally generated coherence factor � vs
concentration of chloride ions’ curve has a unimodal shape confirm-
ing the emergence of intrinsic coherence resonance in the noise-
provoked dynamics. The setpoint for the autonomous system is cho-
sen to be V0=700 mV and the composition of the autonomous
electrolyte solution is a mixture of 1.0 M sulfuric acid and 0.4 M
potassium sulfate.
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