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Abstract

In this study we address the problem of the response of a (electro)chemical oscillator towards chemical perturbations of
different magnitudes. The chemical perturbation was achieved by addition of distinct amounts of trifluoromethanesulfonate
(TFMSA), a rather stable and non-specifically adsorbing anion, and the system under investigation was the methanol electro-
oxidation reaction under both stationary and oscillatory regimes. Increasing the anion concentration resulted in a decrease
in the reaction rates of methanol oxidation and a general decrease in the parameter window where oscillations occurred.
Furthermore, the addition of TFMSA was found to decrease the induction period and the total duration of oscillations. The
mechanism underlying these observations was derived mathematically and revealed that inhibition in the methanol
oxidation through blockage of active sites was found to further accelerate the intrinsic non-stationarity of the unperturbed
system. Altogether, the presented results are among the few concerning the experimental assessment of the sensitiveness
of an oscillator towards chemical perturbations. The universal nature of the complex chemical oscillator investigated here
might be used for reference when studying the dynamics of other less accessible perturbed networks of (bio)chemical

reactions.
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Introduction

Biological organization is characterized by the presence of
rhythms (typically from about mili-seconds to years) at all levels
[1]. A central property of most living systems consists of the fairly
independence of their internal rhythms with respect to external
and internal parameters. A well-recognized example is that of the
temperature regulation observed in warm-blooded animals at the
cost of considerable amounts of energy and the interplay of
intricate mechanisms of control. The concentration of some
decisive chemical species may also be regulated as in the example
of the pH of blood and for glycolysis [2]. In order to maintain
control over, usually many, variables, complex mechanisms of
regulation exist which take advantage mostly of negative feedback
loops, which have the property of keeping a stationary (or
oscillatory) state stable in face of disturbances [3,4].

The term robustness stands for the property of keeping
functionalities or parameters within a narrow window of change
when there is a disturbance in the environment or in the
concentration of key chemical species. When discussing the
robustness of a given organism it is very important to point out
which properties are robust and toward which disturbances they
are so. High levels of robustness are usually associated to a high
degree of complexity in the reaction network [5] but the increase
in the number of elements of a given set of reactions may bring

PLOS ONE | www.plosone.org

some weaknesses to the whole system commonly displayed as
catastrophic behavior in face of rare type perturbations [6]. In this
way, there is always a balance between robustness and sensitive-
ness in biological networks that establishes an optimum relation
between network structure and the frequency of rare events [7].
Although sensitiveness may be deleterious in the context of robust
systems, living organisms have adapted in order to take advantage
of the former for sensing purposes and during morphogenesis for
example.

Some attempts have been successfully made in order to quantify
robustness of a given system. Those may rely on experiments for
which some relevant properties like concentration of chemicals or
oscillatory frequencies are recorded as a function of feasible
parameter changes and the behavior of those properties analyzed.
It is also becoming routine to establish a model for a given
biological network and, with the aid of tools imported from the
field of nonlinear dynamics, to evaluate the occurrence of
bifurcations and the extent of stability of a desired property on
parameter plane maps [7,8]. Finally, ingenious approaches based
on quenching of oscillatory reactions have been proposed that
make it possible to test models quantitatively and compare the
results with experiments allowing a systematic search for better
representations of the reaction [9,10].

Biological structures display several relations among coupled
networks and it is usually difficult to analyze one of them without
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the interference of others. Because of the chemical nature of those
biological networks it is usually informative to study chemical
systems that resemble some of its properties or functionalities [11—
12,13,14]. The interplay among chemical, electrical and transport
properties makes electrochemical systems fascinating to be
employed in experimental/theoretical investigations of complex
dynamics [15-16,17]. As an illustrative example, our Group has
recently investigated the role of temperature on the oscillatory
dynamics of typical electrochemical oscillators. It was found that,
for instance, during the oscillatory electro-oxidation of methanol
[18] the frequency of oscillations would increase as temperature
rises but, quite surprisingly, we observed temperature compensa-
tion in frequency for the electro-oxidation of comparable
molecules, viz. formic acid and ethylene glycol [19,20]. The
reaction of those molecules can thus be thought as one of the
simplest yet very interesting experimental systems. Of late, Kiss
and co-workers [21-22,23,24] have discussed the role of temper-
ature and some electrical properties on the oscillation features. For
a NDR oscillator, which typically oscillates under potentiostatic
control, the authors found theoretically and experimentally that
the frequency of oscillations is directly related to the square root of
the velocity of charge transfer [21]. On the other hand however,
for HN-NDR oscillators in which the full activity of the catalyst is
inhibited by a poisoning process it was found that the frequency
was directly proportional to the square root of the velocity of
poisoning [22]. The overall increase in the value of those constants
when temperature is elevated was also suggested to explain the
oscillatorArrhenius-like behavior. The electrode area and the
velocity with which the electrode is rotated were also found to be
important for describing the locus of Hopf bifurcations [23]. Also
important in the context of this work was the finding that by
careful modification on the time-scales associated with the velocity
of change of potential by a suitable input in the capacitance of the
electrode the authors were able to either induce oscillations death
or birth [24,25].

The examples cited above show how parameters such as
temperature and electric properties impact the oscillatory dynam-
ics. However, this is not the whole story. The chemical
environment surrounding an electrochemical oscillator definitely
plays a decisive role on its integrity or stability. Reaction rates in
electrochemical systems may be particularly susceptible to the
presence of species dissolved in the electrolyte. The impact exerted
by dissolved species on the rate of electrochemical steps is non-
trivial in a sense that it depends in its turn on additional
parameters. The primary effect of anion adsorption is the blockage
of surface sites [26], generally leading to an inhibition on overall
reaction rates, but it may also influence specific steps in the
reaction scheme. On the other hand, it has been shown that some
adsorbed species may inhibit the production of poisoning species
like adsorbed CO [27], or tune the selectivity among different
pathways of reaction in favor of those producing more electrons
[28-29,30,31]. Either ways, it is undisputable that anion adsorption
plays an important role in surface chemistry, and as so its influence
on dynamical aspects of electrochemical systems should not go
unnoticed. Although less studied than under regular regime, the
effect of anion adsorption on the oscillatory dynamics has been
reported. To mention some examples, Sazou and collaborators
studied the effects caused by halide anions during the oscillatory
corrosion of iron and found that the nature of the adsorbent would
greatly affect the complexity of oscillations and the induction
period [32]. Malkhandi ez. al investigated the effect of inhibiting
anions on the oscillatory oxidation of carbon monoxide with
experiments and also simulations [33,34]. Schell and co-workers
have extensively investigated the effects that adsorbed anions
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would display on some selected electrocatalytic oscillatory
reactions [35-36,37,38,39].

The present contribution outcomes the response of an
electrochemical oscillator with respect to chemical perturbations
of distinct magnitudes and explore the robustness of the core
oscillatory state as well as the sensitiveness of some other properties
with special emphasis on the mechanism behind this dependence.
The oscillatory electro-oxidation of methanol on polycrystalline
platinum was selected for this experimental study mainly because
methanol is one of the simplest C1 molecule, the whole system 1is
very reproducible and its dynamics is relatively known [18,40
41,42,43,44,45]. The chemical perturbation consisted of the
addition of different amounts of the electrosorbing anion
trifluoromethanesulfonate, henceforth referred to as TFMSA,
and the system was investigated under regular and oscillatory
regimes. As further clarified latter, the combined use of a non-
specifically adsorbing anion and the relatively simple dynamics of
our electrochemical oscillator allows at specifically isolating the
blocking effect an adsorbing anion would cause on a surface
oscillator.

Materials and Methods

All experiments were performed at 25°C using a conventional
electrochemical cell containing a reversible hydrogen reference
electrode in the same electrolytic solution, a sheet of platinum as
working electrode with real area of 0.8 cm? and a large area
platinum ring counter-electrode. All potentials referred here are
quoted with respect to the hydrogen reference electrode. The
electrolyte was always an aqueous solution with 0.1 molL. ™! of
HCIO,4 (Merck, 99,99%) and eventually 0.1 molL. ! of methanol
(J.'T. Baker, 99.9%) and different amounts of trifluormethanesul-
fonate (97%) were added to the electrolyte. The solution was
purged with argon (White Martins, 6.0) after the cell was built up
and during experiments the purging happened only in the
atmosphere of the cell. For the voltammetric experiments, the
electrode was cycled about 20 times between 0.05 and 1.5V
before a final curve was collected, in order to guarantee a
reproducible profile. In the case of the oscillatory curves, a
normalizing procedure was performed before the collection, which
consisted of cycling the electrode between 0.05 and 1.5 V about 10
times and then polarizing it at 0.05 V for 1 min. After that a final
galvanostatic curve was recorded at the selected value of current
and when the collection was over argon was purged directly inside
the solution in order to remove soluble intermediaries from the
vicinities of the electrode and prepare the system for a new set of
experiments.

Results and Discussion

For the sake of clarity, the results have been divided in three
parts. In the next section we discuss some general aspects of the
electrochemical characterization under non-oscillatory regime. In
section 3.2 the problem of the intrinsic non-stationarity of the non-
perturbed time-series is discussed in connection with the impact of
the chemical perturbation on the induction period and on the
oscillating time. The effect of the addition of TFMSA on the
oscillation waveform is detailed in section 3.3. Finally, the
sensitiveness of our oscillator is discussed in section 3.4.

Initial Characterization

Figure 1 displays cyclic voltammograms registered at 50 mVs ™"
exploring the electrochemistry of a polycrystalline platinum
electrode immersed in a 0.1 M HCIO, aqueous solution
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containing different amounts of TFMSA. The major effects
observed as the anion concentration increases are changes in the
so called hydrogen UPD region between 0.05 V and 0.40 V as
well as in the oxide region between 0.5 V and 1.5 V. It can be
seen that the start of the hydrogen underpotential deposition
during the reverse scan is shifted towards lower values of potential.
Along the positive sweep, the end of the process of oxidation of
adsorbed hydrogen also occurs at lower values of potential.
Analyzing the positive scan it is seen that the anion causes a
depletion in the peak at 0.12 V which corresponds to the oxidative
desorption of weakly bonded UPD hydrogen. There is also a
general decrease in the intensities of the peak located at 0.32 V
and an increase for that observed at 0.24 V. However, the most
profound effect observed is the decrease in the rates of production
of platinum oxides. The beginning of the process is shifted towards
higher values of potential and it can be seen that the amount of
oxide produced, which is proportional to the area under the
reduction peak, diminishes as the poison concentration increases.
During the negative sweep the amount of oxide produced is
decreased but the energies of those species seems to be barely
affected since there is no displacement in the potential for
reduction at 0.77 V. The Hypp production display changes, which
are mirrored by those found during the positive scan. The trends
found for increasing amount of TFMSA mimic those found when
the strength of adsorption of the anion is gradually increased from
perchlorate to sulfate and finally in the presence of chloride anions
[46].

These results are similar to those found during the study of UPD
hydrogen under increasing influence of dissolved sulfate [47] and
chloride anions [48]. Charge density-potential curves acquired for
basal oriented platinum surfaces in perchloric media show that the
potential of zero total charge is only slightly affected by the
presence of 0.1 M TFMSA as expected for an anion that is known
for not being specifically adsorbed [49]. It has been shown that the
potential of zero total charge for a polycrystalline platinum
electrode in aqueous perchloric acid media lies at about 0.3 V
[50], so it is natural that the peak at 0.32 V be inhibited by anion
adsorption. The appearance of the peak at 0.24 V can be related
to the one found at 0.27 V for sulfuric acid media which is
normally associated to the adsorption of hydrogen at Pt(100) sites
[50].
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Figure 1. Cyclic voltammograms for different amounts of
anion. Cyclic voltammograms for Pt(poly) in aqueous HCIO4
0.1 molL™ " and in the presence of different amounts of TFMSA. Scan
rate=50 mVs ', T=25°C.

doi:10.1371/journal.pone.0050145.9001
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In order to quantify the inhibition caused by anion adsorption,
it 1s llustrative to estimate the amount of oxide formed during the
forward scan, 0,,, in units of monolayers (ML),

Jo753(U)(pAem—2)-dU(V)
V(Vs~1)-qp (uCem—2)

eox (M L) =

where j(U) represents the current density without the contribution
of the double layer charging, dU is the integrand, » is the
voltammetric sweep rate, and ¢y is the charge of a PtO
monolayer and amounts to 420 uCem™? [51,52]. The extent of
anion inhibition can thus be evaluated by subtracting the curve for
platinum in the base electrolyte (i.e. aqueous 0.1 moll.”' HCIO,)
and that for a specific anion concentration. In other words, the
reference condition is taken for the case where only perchlorate is
present in the electrolyte. The result of those operations can be
seen in Figure 2, which displays in panel (a) the amount of oxide
produced, and in panel (b) the number of platinum sites blocked
by anion adsorption.

Panel (a) shows that there is a general decrease in the amount of
oxide formed as the concentration of TFMSA increases. It has
been argued that for potentials lower than 1.1 V water discharges
at platinum directly producing oxides [53] and that this process is
increasingly inhibited when anions with increasing strength of
adsorption are present in the reactive medium [54]. The
diminishment found in panel (a) can thus be associated with
anion blockage and this phenomenon can be properly quantified
by subtracting the curve for a given concentration of TFMSA from
that for pure platinum as shown in panel (b). Figure 3 (a) presents
the forward scan of a cyclic voltammogram obtained at 50 mVs ™'
during the electrocatalytic oxidation of 0.1 molL. ™" of methanol,
and in the presence of different amounts of dissolved TFMSA. A
pre-peak is observed at about 0.72 'V, which is followed by a major
oxidation peak at 0.85 V. After the electrode reaches the region of
oxide production, the rates of reaction decrease dramatically and
as the potential is elevated another wave of oxidation becomes
apparent from 1.1 V on. It can be seen that the added TFMSA
barely influences the position of the oxidation peak at 0.85 V,
although its intensity is accordingly reduced as the amount of
TFMSA increases.

The decrease in the oxidation currents observed is expected
when an adsorbing species blocks surface sites for the reaction of
the organic species. It is desirable to seek a correlation between the
blockage of oxide production and the decrease in the rate of
reaction for methanol. Figure 3 (b) displays the amount of oxides
produced until the potential of 0.85 V is reached and the values of
maximum current during methanol oxidation at the same
potential. It can be seen that there is reasonable correlation
between the normalized amount of oxides produced until 0.85 V
and the maximum value of current observed. This result shows
that besides glazing at the specific inhibition of the adsorption of
methanol it is important to consider also that the anion postpones
the initial stages of water oxidation towards higher potentials.
Since the electro-oxidation of methanol critically depends on the
amount of oxygenated species adsorbed at the surface, particularly
through the steps involving production of formic acid and CO,,
the influence of the anion on the production of adsorbed
oxygenated must be regarded as important.

Non-stationarity, Induction Period and Oscillating Time
Figure 4 shows a compilation of the potential time-series

registered at applied currents between 0.2 mA and 0.8 mA and in

the presence of different amounts of TFMSA. A standard
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Figure 2. Coverage with oxides and anion as function of solution composition. (a) Coverage with platinum oxides as function of the
applied potential for data presented in Figure 1. (b) Amount of platinum sites that were blocked by anion adsorption.
doi:10.1371/journal.pone.0050145.g002

procedure was followed for the collection of each time-series, For a given applied current, say 0.3 mA, as the concentration of
which consisted of initially applying 10 cycles of a cyclic anion increases there is an appreciable decrease in the induction
voltammetry between 0.050 V and 1.5V followed by the period. Compare for example the situation for pure methanol,
application of 50 mV for 1 min. Finally, the current was stepped which starts oscillating at 250 s with that found for TFMSA
to the desired value. This procedure was adapted from that used 0.1 molL.™" which begins at 17 s. The ratio between those

by Krausa and Vielstich [40] and ensured fairly reproducible intervals is of about 15 and since the current is identical, the
results. The time-series usually fell in the same range of potentials ratio between the oxidation charge produced is also 15. Such a
but for clarity of presentation they were displaced in the y-axis. great difference in charge and hence in the amount of products
In the absence of dissolved TFMSA it is generally seen that a formed means that the accumulation of partially oxidized
given curve starts in a stationary way spending some time in the dissolved products is not fundamental to the birth of oscillations.
induction period. After that oscillations set in via a supercritical The analysis that follows will shed light on what parameter is
Hopf bifurcation giving birth to almost harmonic cycles. Those common to the beginning of oscillations.
may eventually evolve into more complex ones displaying several It is informative to study the evolution of the mean electrode
small amplitude oscillations intercalated by a large amplitude potential, ¢,,, during oscillations. Since the ohmic drop found in
excursion. The main observation that results from the addition of our experiments was negligible (<2 Q), the double-layer potential
TFMSA is the prevalence of simpler oscillations and, more @ was assumed to be equal to the measured potential U, and ¢,,
importantly, the decrease in the number of cycles. could be computed directly by integrating the potential curve, ¢(?),
(a) ————r — (b) 30 , ;
9 5| ——[TFMSA]=0moll’ ) [TFMSA] =0 moll™! /)
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Figure 3. Cyclic voltammograms for methanol oxidation and relation with oxide content. (a) Cyclic voltammograms obtained for Pt(poly)
for HCIO, 0.1 molL™" and [MeOH] 0.1 molL™" at a scan rate of 50 mVs . Several values for the concentration of TFMSA were used. (b) Total amount
of oxides produced until 0.85 V (extracted from (a)) versus the maximum current found during methanol oxidation at distinct anion dosages. The
error in evaluating the amount of oxides was estimated as +0.005.

doi:10.1371/journal.pone.0050145.g003
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Figure 4. Oscillatory methanol oxidation in the presence of different amounts of anion. Galvanostatic curves obtained for Pt(poly) for
[HClO4]1 =0.1 molL™" and [MeOH]=0.1 molL™". [TFMSA] was: a) 0 molL™", b) 0.01 moIL™", ¢) 0.1 molL™", d) 0.5 molL™", and the applied currents

ranged from values between 0.2 mA and 0.8 mA.
doi:10.1371/journal.pone.0050145.9004

for each oscillatory cycle and dividing the result by the amount of
time spent in that cycle:

2 py-dr

m— t2 _ t[

Figure 5 presents the time-evolution of ¢ (along the induction
period, continuous line) and ¢,,, for two intermediate currents and
different TFMSA concentrations. Time in these plots was
normalized in terms of the amount of time spent until the
harmonic oscillations were finished. Although the curves during
the induction period are not superposed, it is seen that oscillations
start at about the same range of normalized time, e.g. 20%-40%
of the total time. When it comes to the oscillatory region, it is
remarkable that all curves fall upon each other quite well. More
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impressive, however, is that oscillations are initiated and extin-
guished at about identical values of potential for several different
concentrations of TFMSA.

Along the induction period there is an approximate linear
increase of the electrode potential. The rate of this increase was
found to be inversely proportional to the induction period itself,
1.e., those systems whose potential rises faster start oscillating first.
For the oscillatory region it can be seen that the curves of average
potential display a positive concavity. For now the curves will be
fitted by a linear expression so that a net rate of increase of
potential can be evaluated. Later on section 4 an explanation for
why the transients are not linear will be presented.

Figure 6 shows several maps synthesizing this information. It
shows how the induction period, the rate of change of potential
during this period and the amount of time the system spends
oscillating relate to the applied current and composition in
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Figure 5. Normalized curves during methanol oscillatory oxidation for selected currents. Galvanostatic curves found for applied currents
with values of (a) 0.3 mA and (b) 0.4 mA and different solution compositions. Time was normalized for each series by the instant where 10 oscillations

cease to exist.
doi:10.1371/journal.pone.0050145.g005

solution. Values were normalized so that the higher one
corresponded to 1 (red) and the lower bound to 0 (yellow).
Figure 6 shows that as the amount of anion is increased there is
a decrease in how much time it takes for the system to start
oscillating and a decrease also on how long it stays in the

rate of change of the average potential for both regions. There is a
positive correlation between the amount of time spent at the
induction period and the amount of time the system oscillates and,
also, a negative correlation between those quantities and the rate
of change of potential during the induction period.

oscillatory regime. Those trends are followed by an increase in the

(a) Induction period (b) Time oscillating
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Figure 6. Oscillatory features as a function of the applied current and amount of anion. Maps obtained with data extracted from Erro!
Fonte de referéncia ndo encontrada. relating the induction period, the time that the system spends in oscillatory region and the rate of change of
potential during the induction period for several values of applied current and composition.

doi:10.1371/journal.pone.0050145.g006
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It is clear from the results presented so far that the oscillatory
oxidation of methanol is a transient phenomenon. We have
recently used the average value of potential to picture this process
and with the aid of spectroscopic results were able to correlate this
drift with a diminishment in the amount of adsorbed CO [44].
Nagao et al. [45] proposed that the observed transient is the result
of two coupled set of processes: a fast one that is responsible for the
oscillatory behavior and a slow one that moves the system across a
different set of parameters that cannot be completely controlled
experimentally. The authors hypothesized that this slow drift was
the result of blockage of active sites by oxides and were able to
revert the process and stabilize oscillations by applying a gradual
decrease in the value of applied current [45].

Since a huge amount of data related to the non-stationarity of
methanol oscillations under the influence of TFMSA have been
gathered in this work, it is possible to relate those results to the
ideas presented in the preceding paragraph. In order to do so, we
start with a simple and general view of an oscillating electrochem-
ical system. Under galvanostatic control the applied current (/)
comprises faradaic (/5 and capacitive () contributions,

I=Ir+1Ic (1)

the first one results of electrochemical reactions, whereas the
second one accounts for the capacitive charging of the electrical
double-layer:

I—Ip(t)zcw (2)
dt

Expression 2 is a differential equation that relates the evolution of
potential, ¢, as a function of the applied current and the kinetics of
reaction. In order to understand the effect of the drift it is
imperative however to develop an integrated form for the
expression. We may start by assuming that the potential of the
electrode is a nonstationary oscillatory function of time:

¢([)=¢m(t) +f}79rina’ic(t) (3)

Where the behavior of ¢ is understood as the sum of a periodic
function f and an evolving average potential ¢,,. One can then
apply expression (3) on (2) and integrate over an integer number of
oscillatory cycles to obtain':

_ 49,
I—(Ip)m=C T 4)

Expression (4) shows how the average potential depends on its
analogue for faradaic current. Since the applied current is
constant, the general increase in the rates of evolution of potential
during the transient must be either attributed to a decrease in the
capacity of the double-layer or to a decrease in the intrinsic activity
for methanol oxidation. It is known that the capacity of the double
layer generally increases with anion concentration [55] so this
factor cannot be responsible for the observed trend. Thus, the
increase in the rate of the potential evolution must be caused by a
decrease in the activity for methanol oxidation as the amount of
anion increases, 1.e.,
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These conclusions are supported by the voltammetric data
displayed in Figure 3, which shows a general decrease in the
intensities of organic oxidation as the anion concentration
increases. It is also evident in that figure and the discussion that
follows that the diminishment in the activity for oxidation is
directly related to the blockage of active sites by adsorbed
TFMSA. We recall that the faradaic current is directly propor-
tional to the available free sites and obtain:

A
I1—k(1—=01rmsa),=C Zm (6)

Where k is the rate constant that depends on the number of
electrons exchanged during organic oxidation and the velocity of
this process. Finally, the anion effect becomes evident if we analyze
the mathematical characteristics of a Langmuir isotherm, .

Orrasa = ko' [TFMSA]-¢*®~%0) (7)
1 —07rmsa

Here, ky and o are thermodynamic constants dependent upon
temperature and the whole expression shows that the ratio
between occupied sites against free ones always increases with the
increase of the anion concentration or the potential of the
electrode. As we have seen, the anion adsorption will lead to a
decrease in the values of methanol oxidation, which, in turn, leads
to a potential increase. What we can understand now is that higher
anion concentration will lead to a faster blockage of the surface
(equation 7) and make the average potential change faster
(equation 6). Thus, systems with high anion concentration will
reach faster the potential at which oscillations become unstable
and the oxygen reaction takes place.

The same reasoning may be used to explain the behavior of the
induction period. Since no oscillatory behavior is found in that
region, there is no reason to use averaged equations. Equation 2
shows that the greater the anion coverage is, the lesser is the value
of the faradaic current and consequently the greater is the rate of
increase of potential. High concentration of TFMSA implies
shorter induction period.

Oscillation Waveform

Along with changes in the average value of potential during a
typical time-series, variations in the pattern of oscillations can also
result of the chemical perturbation, as Figure 4 sketches. Simple
periodic oscillations may give room to period-2 ones where each
cycle repeats after 2 consecutive peaks and through a sequence of
period-doubling might reach a situation where mixed-mode
oscillations, and eventually chaos, are present. Parameter-plane
diagrams can be constructed relating morphology and important
features of the experiment such as concentrations and applied
currents. Comparable diagrams have been also reported for the
case of formic acid, and formaldehyde oxidation under the
influence of chloride anions [57,58].

Figure 7 shows the evolution of temporal patterns observed
during a typical galvanostatic experiment for several compositions
of the solution. Oscillations are color-coded according to its
morphology (1°, 1', or 1% and the stripes delimited by the
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horizontal white lines account for a given current value used in the
galvanostatic experiments. The boundaries between regions were
smoothed for clarity of presentation. In these diagrams, time is
normalized by the total experiment time, i.e. from the beginning of
the experiment to the end of the oscillations. Taking as an example
the first diagram with [TFMSA] =0 and I =0.8 mA, it is seen that
the curve first develops in a stationary fashion and enters the
region of simple harmonic (1% oscillations. As time passes the
oscillations become less harmonic and eventually change its
morphology to period-2 (1'). Finally the amount of small
amplitude modulations per cycle increases just before the electrode
potential enters the oxide region and oscillations are halted. Two
major trends can be observed in Figure 7. First, for a given
electrolyte composition higher values of applied current resulted in
time-series that although short-lived (see Figure 6) displayed a
higher percentage of complex oscillations. Second, as the amount
of TFMSA in solution increases those complex features gradually
become less prominent eventually fading for concentrations higher
than 0.1 M.

During a typical experiment, small steady changes occur at
the experimental system which are responsible for the evolution
of patterns shown in Figure 7 at a given current and
composition. It can be noted firstly that as the amount of
anion increases the range of values of current which manifest
oscillations is decreased along with the maximum value of
current that display the phenomenon. As observed when
TFMSA is absent, low values of current display mostly simple
oscillations explaining in part the features found. As we have
seen in Figure 6 an increase in the concentration of TFMSA
led to a higher pace of change of the potential of the electrode
which suggest that as the system slips faster through the hidden
parameter region there is less time for complex oscillations to
develop. Those two aspects namely the lower values of applied
currents and the faster movement along the oscillatory region

[TFMSA] = 0 molL"
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can be phenomenologically used to predict the observed trends
but should be understood as part of a bigger picture. It is
known that for complex oscillations to arise there must exist at
least three degrees of freedom. In electrochemical systems,
besides the electrode potential and coverages of adsorbed
species, the transport of active species to/from the electrode
surface might become essential to describe the dynamics and
thus provide this additional degree of freedom [16,17,59—
60,61,62]. In the present situation, the electrode is kept
stationary and mass transport of methanol would limit the
surface reaction mainly when the rates of consumption of
methanol are high, i.e. when high values of current are applied.
Along with that, it takes some time until the dynamics of the
oscillator in solution are comparable to the surface one. That
discussion explains why low values of current and high values of
TFMSA in solution are associated with simpler oscillations. This
scenario just discussed is the simplest one able to explain the
evolution of patterns as function of the concentration of
TFMSA, but it is important to say that there might exist
alternative explanations. For example, surface heterogeneity is
an important parameter in electrochemistry, particularly for
polycrystalline electrodes, and may constitute the second degree
of freedom necessary for complex oscillations to arise. In fact, it
has been shown that even considerably simple reactions such as
that for CO may display complex spatial distribution [63] and
that electrochemical oscillatory reactions can possess a compo-
nent in space [64]. Thus TFMSA could be acting on this
parameter inhibiting specific sites by adsorption. Recently the
distribution of soluble products was also found to be important
for the understanding of oscillatory reactions and the anion
could affect, through site blockage, that quantity as well [65].

No Oscillations

VA%
TV

Figure 7. Morphology of oscillations with applied current and amount of anion. Maps presenting the evolution of the morphology of
oscillations during the galvanostatic experiments. Each horizontal stripe represents an actual applied current and the gray lines divide different values

of current.
doi:10.1371/journal.pone.0050145.g007
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Assessing the Sensitiveness

After discussing the mechanistic aspects of the chemical
perturbation, namely the addition of different amounts of
TFMSA, we have discussed its effect on some features of our
electrochemical oscillator. In the following we summarize and
discuss the main aspects regarding how electrochemical oscilla-
tions may be sensitive towards surface blockage.

It has been shown that, irrespective to the chemical perturba-
tion, during a typical galvanostatic experiment, oscillations may
develop and gradually change its properties eventually coming to
an end. The primary effect of the chemical perturbation is to
shorten the oscillating time. An important result presented in
section 3.2 is that the average value of potential increases during
experiments of methanol oxidation for both the induction period
and the oscillatory region. In fact, the rate of increase was
catalogued and found to be a sensitive parameter with respect to
the presence of anions in solution, generally increasing as function
of its concentration. As a phenomenological manifestation of this
drift, it was found that the induction period generally decreases
with anion concentration along with the total duration of the
oscillatory region and the number of oscillatory cycles.

Starting from a simple and general mathematical expression it
was possible to demonstrate that the velocity of this drift was
inversely related to the activity of the electrode towards methanol
oxidation. Finally the effect of added TFMSA became clear when
it was acknowledged that through a gradual blockage of the active
sites the anion would decrease the rates of oxidation and
consequently enhance the drift. At this point it is convenient
however to recall expression 6 and observe that it can be
generalized to encompass other types of surface poisoning
processes:

ADi,,
I_k(l - epmson)m =C At (8)

The important condition in order for expression 8 to hold is that
00isn increases with potential and is not consumed by any other
parallel process. This is the case not only for anion adsorption but
for oxide production as well, thus encompassing the hypothesis
suggested by Nagao et. al [45].

Therefore, on top of the coupled feedback loops of the core-
oscillator, the unperturbed system can be thought as subjected to a
slow drift along the parameter space. The positive feedback loop
illustrated in Figure 8 summarizes this process. Starting at a given
value of average potential @,,, Figure 8 tells that a positive drift
(A@,,/ At >0), causes a further increase in @, This is a typical
process for the negative differential resistance (NDR) region and,
generally for the electro-oxidation of small organic molecules, is
associated to the surface oxidation. Dissolved anionic species acts
as surface poison and its surface concentration increases with the
electrode potential, similarly, thus, to that for the formation of
oxygenated species. Therefore, concomitantly to the natural drift
due to the slow surface oxidation, the poisoning species (TTFMSA)
introduced as our chemical perturbation reduces auto-catalytically
the number of oscillations by reducing the existence region of the
core oscillator.

Nonlinear properties and its relationship with the chemical
environment have been explored in the literature with success for
the determination of specific agents. Gao and coworkers [66], for
example, showed that the amplitude of oscillations for the
peroxide/thyocianate system was dependent on the amount of
an organic in solution. In the field of electrochemistry and
generally to surface sciences, adsorbent species may alter
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Figure 8. Schematics of the autocatalytic cycle envisioned to
be responsible for the instability in oscillations.
doi:10.1371/journal.pone.0050145.g008

drastically the nonlinear behavior as corroborated in this paper.
The endurance of oscillatory behavior during methanol oxidation
revealed itself to be highly sensitive on the presence of TFMSA in
solution as a result of the enhancement of the destabilizing
autocatalytic cycle described later. The average amplitude of
oscillations also increased, although less dramatically than the
former feature. On the other hand, the oscillatory frequency
remained nearly unchanged indicating that the core oscillatory
mechanism remains barely affected by the perturbation.

Summary and Conclusions

We have studied in this paper the effect of chemical
perturbation on the dynamics of a typical electrochemical
oscillator, namely the electro-oxidation of methanol on platinum.
The chemical perturbation was achieved by addition of different
amounts of trifluormethanesulfonate (TFMSA). After the initial
characterization of the system under non-oscillatory conditions,
the effect of chemical perturbations was discussed in terms of the
main oscillation parameters, and the sensitiveness of the oscillator
assessed. Figure 9 summarizes the main results.

In short, the chemical perturbation affects mainly the duration
of oscillations, t,., by accelerating the natural drift already present
in the unperturbed system and, thus, anticipating the collision with
the fixed point at high potential. As a consequence of the decrease

Frequency [TFMSA] =0

—8—[TFMSA] = 0.01
——[TFMSA] = 0.1
—B—[TFMSA] = 0.5

Amplitude

0sC

Figure 9. Summary. Radar graph relating the effect of chemical
perturbation on the main features of the oscillatory electro-oxidation of
methanol on platinum.

doi:10.1371/journal.pone.0050145.g009
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n

the oscillatory window, the appearance of more complex

waveforms is also prevented as the system is perturbed. In contrast,
the oscillatory frequency and amplitude are considerably robust
and remains both nearly unaffected by the chemical perturbations.
In this way, these two aspects cannot be used to anticipate the
oscillation extinction. The co-existence of sensitive and robust
properties seems common in complex systems, including biological
structures and networks. The dynamic nature of our experimental
oscillator, namely the co-existence of two disparate time-scales (i.e.
the core oscillator and the slow drift) is also very general and it is
arguable that the observed results could be to some extent
extrapolated to other less obvious comparable systems.

References

1.

6.

22.

23.

24.

Goldbeter A (2007) Biological Rhythms as Temporal Dissipative Structures. In:
Rice S A, editor. Advances in Chemical Physics. New Jersey: John Wiley & Sons.
135: 253-295.

Goldbeter A (1996) Biochemical Oscillations and Cellular Rhythms: the
Molecular Bases of Periodic and Chaotic Behaviour. Cambridge: Cambride
University Press. 605 p.

. Kitano H (2004) Biological Robustness. Nat Rev Genet 5: 826-837.

Stelling J, Sauer U, Szallasi Z, Doyle II1 EJ, Doyle J (2004) Robustness of cellular

functions. Cell 118: 675-685.
. Wolf J, Becker-Weimann S, Heinrich R (2005) Analysing the robustness of

cellular rhythms. Syst Biol (Stevenage) 2: 35-41.
Csete ME, Doyle JC (2002) Reverse engineering of biological complexity.
Science 295: 1664-1669.

. Morohashi M, Winn AE, Borisuk MT, Bolouri H, Doyle J, et al. (2002)

Robustness as a measure of plausibility in models of biochemical networks.
J Theor Biol 216: 19-30.

. Apri M, Molenaar J, de Gee M, van Voorn G (2010) Efficient estimation of the

robustness region of biological models with oscillatory behavior. PLoS One 5:

€9865.

. Hynne F, Sorensen PG, Nielsen K (1990) Quenching of chemical oscillations:

general theory. J] Chem Phys 92: 1747-1757.
Sorensen PG, Hynne F, Nielsen K (1990) Characteristic modes of oscillatory
chemical reactions. ] Chem Phys 92: 4778-4785.

. Epstein IR, Pojman JA (1998) An Introduction to Nonlinear Chemical

Dynamics: oscillations, waves, patterns, and chaos. New York: Oxford
University Press. 392 p.

. Grzybowski BA (2009) Chemistry in Motion: Reaction-Diffusion Systems for

Micro and Nanotechnology. Chichester: John Wiley & Sons. 288 p.

. Vanag VK, Epstein IR (2009) Cross-diffusion and pattern formation in reaction-

diffusion systems. Phys Chem Chem Phys 11: 897-912.

. Balazs AC, Epstein IR (2009) Emergent or just complex?. Science 325: 1632

1634.

. Hudson JL, Tsotsis TT (1994) Electrochemical Reaction Dynamics: a Review.

Chem Eng Sci 49: 1493-1572.

. Koper MTM (1996) Oscillations and Complex Dynamical Bifurcations in

Electrochemical Systems. In: Prigogine I, Rice SA, editors. Advances in
Chemical Physics. John Wiley & Sons, Inc. 92: 161-298.

. Kirischer K (2003) Chapter 2: Nonlinear Dynamics in Electrochemical Systems.

In: Alkire RC, Kolb DM, editors. Advances in Electrochemical Sciences and
Engineering. Weinheim: Wiley-VCH. 8: 89-208.

. Carbonio EA, Nagao R, Gonzalez ER, Varela H (2009) Temperature effects on

the oscillatory electro-oxidation of methanol on platinum. Phys Chem Chem
Phys 11: 665-670.

. Nagao R, Epstein IR, Gonzalez ER, Varela H (2008) Temperature

(over)compensation in an oscillatory surface reaction. J Phys Chem A 112:
4617-4624.

Sitta E, Nascimento MA, Varela H (2010) Complex kinetics, high frequency
oscillations and temperature compensation in the electro-oxidation of ethylene
glycol on platinum. Phys Chem Chem Phys 12: 15195-15206.

. Kiss IZ, Pelster LN, Wickramasinghe M, Yablonsky GS (2009) Frequency of

negative differential resistance electrochemical oscillators: theory and experi-
ments. Phys Chem Chem Phys 11: 5720-5728.

Kiss 1Z, Sitta E, Varela H (2012) On the limit of frequency of electrochemical
oscillators and its relationship to kinetic parameters. J Phys Chem C 116: 9561
9567.

Kiss 17, Kazsu Z, Gaspar V (2009) Scaling relationship for oscillating
electrochemical systems: dependence of phase diagram on electrode size and
rotation rate. Phys Chem Chem Phys 11: 7669-7677.

Kiss 12, Kazsu Z, Gaspar V (2005) Experimental strategy for characterization of
essential dynamical variables in oscillatory systems: effect of double-layer
capacitance on the stability of electrochemical oscillators. J Phys Chem A 109:
9521-9527.

. Wickramasinghe M, Kiss IZ (2010) Effect of temperature on precision of chaotic

oscillations in nickel electrodissolution. Chaos 20: 023125, 1-7.

PLOS ONE | www.plosone.org

On the Sensitiveness of a Chemical Oscillator

Acknowledgments

BCB is grateful to Raphael Nagao for fruitful discussions.

Author Contributions

Conceived and designed the experiments: GCAF BCB HV. Performed the
experiments: GCAF BCB. Analyzed the data: GCAF BCB HV.
Contributed reagents/materials/analysis tools: GCAF BCB. Wrote the
paper: GCAF BCB HV.

26.

27.

28.

29.

31.

32.

34.

36.

37.

38.

40.

41.

42.

43.

44,

46.

47.

48.

Tripkovic DV, Strmenik D, van der Viet D, Stamenkovic V, Markovic NM
(2009) The role of anions in surface chemistry. Faraday Discuss 140: 25-40.
Cuesta A, Escudero M, Lanova B, Baltruschat H (2009) Cyclic voltammetry,
ftirs, and dems study of the electrooxidation of carbon monoxide, formic acid,
and methanol on cyanide-modified Pt(111) electrodes. Langmuir 25; 6500-6507.
Batista EA, Malpass GRP, Motheo A]J, Iwasita T (2004) New mechanistic
aspects of methanol oxidation. J Electroanal Chem 571: 273-282.

Housmans THM, Wonders AH, Koper MTM (2006) Structure sensitivity of
methanol electrooxidation pathways on platinum: an on-line electrochemical
mass spectrometry study. J Phys Chem B 110: 10021-10031.

Strmenik NM, Kodama K, van der Vliet D, Greeley J, Stamenkovic V, et al.
(2009) The role of non-covalent interaction in electrocatalytic fuel-cell reactions
on platinum. Nat Chem 1: 466-472.

Sitta E, Batista BC, Varela H (2011) The impact of the alkali cation on the
mechanism of the electro-oxidation of ethylene glycol on Pt. Chem Commun 47:
3775-3771.

Sazou D, Diamantopoulou A, Pagitsas M (2000) Chemical perturbation of the
passive-active transition state of Fe in a sulfuric acid solution by adding halide
ions. Current oscillations and stability of the iron oxide film. Electrochim Acta
45; 2753-2769.

Malkhandi S, Bonnefont A, Krischer K (2005) Strictly potentiostatic current
oscillations during bulk CO eletro-oxidation on platinum in the presence of
inhibiting anions. Electrochem Commun 7: 710-716.

Malkhandi S, Bauer PR, Bonnefont A, Krischer K (2012) Mechanistic aspects of
oscillations during CO electrooxidation on Pt in the presence of anions:
Experiments and simulations. Catal Today: In Press. http://dx.doi.org/10.
1016/j.cattod.2012.05.018.

. Chen S, Noles T, Schell M (2000) Effects of anions on chemical instabilities in

the oxidation of formic acid. Electrochem Commun 2: 171-174.

Chen S, Noles T, Schell M (2000) Differences in oscillations and sequences of
dynamical states caused by anion adsorption in the electrochemical oxidation of
formic acid. J Phys Chem A 104: 6791-6798.

Chen S, Schell M (2001) Effects of anion adsorption different from blocking
surface sites deduced from instabilities in the oxidation of formic acid.
J Electroanal Chem 504: 78-88.

Chen S, Lee D, Schell M (2001) Enhancement of the electrochemical oxidation
of fomic acid. Effects of anion adsorption and variation of rotation rate.
Electrochim Acta 46: 3481-3492.

. Batista BC, Ferreira GCA, Varela H (2011) The effect of poisoning species on

the oscillatory dynamics of an electrochemical reaction. J Phys Conf Ser 285:
012003.

Krausa M, Vielstich W (1995) Potential oscillations during methanol oxidation
at Pt-clectrodes Part 1: experimental conditions. J Electroanal Chem 399: 7-12.
Schell M, Xu Y, Amini A (1994) An electrochemical mechanism for the
voltammetric oxidation of methanol and its relationship with period-doubling
bifurcations. J Phys Chem 98: 12768-12775.

Lee J, Eickes C, Eiswirth M, Ertl G (2002) Electrochemical oscillations in the
methanol oxidation on Pt. Electrochim Acta 47: 2297-2301.

Martins AL, Batista BC, Sitta E, Varela H (2008) Oscillatory instabilities during
the electrocatalytic oxidation of methanol on platinum. J Braz Chem Soc 19:
679-687.

Boscheto E, Batista BC, Lima RB, Varela H (2010) A surface-enhanced infrared
absorption spectroscopy (SEIRAS) study of the oscillatory electro-oxidation of
methanol on platinum. J Electroanal Chem 642: 17-21.

. Nagao R, Sitta E, Varela H (2010) Stabilizing nonstationary electrochemical

time series. J Phys Chem C 114: 22262-22268.

Sitta E, Varela H (2008) On the open-circuit interaction between methanol and
oxidized platinum surfaces. J Solid State Electrochem 12: 559-567.

Zolfaghari A, Chayer M, Jerkiewicz G (1997) Energetics of the underpotential
deposition of hydrogen on platinum electrodes I. Absence of coadsorbed species.
J Electrochem Soc 144: 3034-3041.

Zolfaghari A, Conway BE, Jerkiewicz G (2002) Elucidation of the effects of
competitive adsorption of Cl- and Br- ions on the initial stages of Pt surface
oxidation by means of electrochemical nanogravimetry. Electrochim Acta 47:
1173-1187.

November 2012 | Volume 7 | Issue 11 | €50145



49.

50.

51.

52.

53.

54.

56.

Berna A, Feliu JM, Gancs L, Mukerjee S (2008) Voltammetric characterization
of Pt single crystal electrodes with basal orientations in trifluoromethanesul-
phonic acid. Electrochem Commun 10: 1695-1698.

Chen Q, Solla-Gullén J, Sun S, Feliu JM (2010) The potential of zero total
charge of Pt nanoparticles and polycrystalline electrodes with different surface
structure: The role of anion adsorption in fundamental electrocatalysis.
Electrochim Acta 55: 7982-7994.

Alsabet M, Grden M, Jerkiewicz G (2006) Comprehensive study of the growth of
thin oxide layers on Pt electrodes under well-defined temperature, potential, and
time conditions. J Electroanal Chem 589: 120-127.

Jerkiewicz G, Alsabet M, Grden M, Varela H, Tremiliosi-Filho G (2009)
Erratum to: “Comprehensive study of the growth of thin oxide layers on Pt
electrodes under well-defined temperature, potential, and time conditions”.
J Electroanal Chem 625: 172-174.

Jerkiewicz G, Vatankhah G, Lessard J, Soriaga MP, Park Y (2004) Surface-oxide
growth at platinum electrodes in aqueous H2SO4 Reexamination of its
mechanism  through combined cyclic-voltammetry, electrochemical quartz-
crystal nanobalance, and Auger electron spectroscopy measurements. Electro-
chim Acta 49: 1451-1459.

Zolfaghari A, Conway BE, Jerkiewicz G (2002) Elucidation of the effects of
competitive adsorption of Cl- and Br- ions on the initial stages of Pt surface
oxidation by means of electrochemical nanogravimetry. Electrochim Acta 47:
1173-1187.

. Lamperski S (1994) A molecular model for anion adsorption at the electrode/

electrolyte interface; a classical approach. J Electroanal Chem 379: 445-454.
Bockris JO’M, Reddy AKN, Gamboa-Aldeco M (2000) Modern Electrochem-
istry 2A. New York: Kluwer Academic/Plenum Publishers. 1534 p.

PLOS ONE | www.plosone.org

1

57.

58.

59.

60.

61.

62.

63.

64.

66.

On the Sensitiveness of a Chemical Oscillator

Kikuchi M, Mukouyama Y, Okamoto H (2008) Chloride ion influencing
potential oscillation generated by formaldehyde oxidation. Electrochim Acta 53:
7817-7824.

Okamoto H, Kikuchi M, Mukouyama Y (2008) Effect of chloride ions on
potential oscillation generated by formic acid oxidation. J Electroanal Chem
622: 1-9.

Koper MTM, Gaspard P (1991) Mixed-mode and chaotic oscillations in a simple
model of an electrochemical oscillator. J Phys Chem 95: 4945-4947.

Koper MTM, Gaspard P (1992) The modeling of mixedmode and chaotic
oscillations in electrochemical systems. J] Chem Phys 96: 7797-7813.

Koper MTM, Gaspard P, Sluyters JH (1992) Mixedmode oscillations and
incomplete homoclinic scenarios to a saddle focus in the indium/thiocyanate
electrochemical oscillator. J Chem Phys 97: 8250-8260.

Strasser P, Eiswirth M, Koper MTM (1999) Mechanistic classification of
electrochemical oscillators — an operational experimental strategy. J Electroanal
Chem 478: 50-66.

Bauer PR, Bonnefont A, Krischer K (2010) Spatially resolved ATR-FTIRS
study of the formation of macroscopic domains and microislands during CO
eletrooxidation on Pt. Chemphyschem 11: 3002-3010.

Ciristoph J, Noh T-G, Lee J, Strasser P, Eiswirth M (2009) Spatiotemporal self-
organization in the oscillatory HCOOH oxidation on a Pt ribbon electrode —
Theory and experiments. Surf Sci 603: 1652-1661.

. Nagao R, Cantane DA, Lima FHB, Varela H (2012) The dual pathway in

action: decoupling parallel routes for CO2 production during the oscillatory
electro-oxidation of methanol. Phys Chem Chem Phys 14: 8294-8298.

Yang W, Sun K, Lv W, Bo L, He X, et al. (2005) Determination of alpha-
naphthol by an oscillating chemical reaction using the analyte pulse perturbation
technique. Anal Chim Acta 554: 218-223.

November 2012 | Volume 7 | Issue 11 | €50145



