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The Belousov-Zhabotinskii (BZ) oscillating reaction mixture (malonic acid, bromate, and cerium ions
in a strongly acidic medium) was studied. The oxidation state of the Ce**/Ce*? catalyst fluctuates and
drives the open-circuit potential (OCP) of the solution. Oscillatory profiles were analyzed using Au, Pt
and C micro- and macro-electrodes to study the stages of induction, oscillating, and equilibrium. The
oscillating behavior of the BZ system is transient, reaching a non-oscillating reductive steady-state. The
time for achieving the oscillating state depends on the substrate (electrode material and size) while the
number of oscillations is independent of substrate. Fast Fourier transform (FFT) analysis yields the
fundamental frequency of the oscillating profile and evaluates the exponential falloff as the system
approaches equilibrium. Also, Ce™ concentration was tracked in the UV Vis. Chemical oscillations of
the catalyst Ce** ion were reproduced using a numerical model, and its dynamical profile was analogous
to the experimental data.
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1. INTRODUCTION

In recent years, the study of non-linear dynamics and chaos phenomena has received great
interest in scientific disciplines, [1-3] including electrochemical systems and devices [4-8]. Chemical
reactions are exemplary non-linear systems, and they have provided some of the most visually
astonishing evidence, including magnificent but simpler models utilized for theoretical studies [1]. The
evidence of non-linear chemical behavior is everywhere. Consider, for instance, life organisms
periodical phenomena, seasonal changes in leaf color, heartbeat rhythm, menstrual periods, and pattern
formation in biological and geological systems [9-10]. Oscillations are also associated with metal
dissolution processes [11]. Because of their broadly ranging implications, there has been a renewed
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interest in the long-time stability [12] of these systems and the details of the diffusion layer in the
micrometer scale [13]. The periodicity caused by the reactions and diffusion form non-equilibrium
structures in soft matter with characteristic lengths in the nanometer scale [14]. The first observation of
periodical behavior in a chemical system was ascribed to Robert Boyle in the late 17" century [10].
Nevertheless, oscillating chemical reactions did not attract much attention in those early days. There was
a steadfast conviction that the 2" law of thermodynamics would not permit such type of abnormality.
Perhaps the primary victim of this prejudice was Boris P. Belousov, whose attempts to publish his first
observations concerning chemical oscillations in mixtures of citric acid, bromate, and cerium were
completely frustrated by the minds who “knew best.” However, a new dawn in the field emerged with
novel and irrefutable evidence of Belousov’s oscillations by the then-young soviet biophysicist named
Anatolii Zhabotinskii [15]. He was more successful in popularizing the reaction [16] which today is
known as the Belousov-Zhabotinskii reaction (BZ). The BZ reaction has played a role in non-linear
chemical dynamics similar to the hydrogen atom in quantum mechanics [9]. This reaction has been
recently used to demonstrate that control of the oscillation with an applied potential is possible [17] and
the ensemble Au NPs in spiral patterns [18]. More recently, applications in electrodeposition [19] and
analysis [20-21] have been proposed.

The BZ reaction is an example of a dissipative far-from-equilibrium system, which is an ordered
state of matter occurring far from the bifurcation point where the thermodynamic branch with minimum
entropy production becomes unstable [22]. The oscillations arise from the interchange of heat and matter
with the environment, along with entropy dissipation by the system [23]. One necessary, but not
sufficient, condition, for oscillations is that at least one autocatalytic phase must be included in the
reaction scheme. The general mechanism has been described qualitatively [24-25]. The BZ reaction is
the oxidation of an easily brominated organic substrate catalyzed by a metallic ion in a strongly acidic
medium [25]. Three major stages are considered in the reaction scheme: (1) reactions between
oxybromine species; (2) autocatalytic oxidation of a metallic ion in the presence of bromate and HBrO;
and (3) reduction reactions of the catalyst and the organic substrate coupled to bromide and CO;
production [26]. A detailed analysis of the BZ reaction is complicated due to several stages and
participating reactants. The model introduced by Gyorgyi and co-workers contains at least 80 elementary
reactions and 26 species of variable concentration [25]. More recently, efforts have included finding an
exact solution for the concentration wave [27]. Other studies of the BZ reaction in a batch reactor were
performed that included the development of a model that allowed variations of the reactant
concentrations [28]. An open-gel reactor triggered by varying the light excitation threshold for a Ru
complex (ruthenium-4-4’-dimethyl-2,2bipyridiyl) was used to study propagating spiral waves [29], but
we note that here we do not use a Ru redox couple. While the different models are of interest, we note
that our analysis here is based on the time dependence of the OCP and the dependence of the oscillatory
behavior with electrode materials and size down to the micrometer scale, that is, within the scale of the
diffusion layer.

We are interested in the effect of the different materials used here: Au, C, and Pt, which are
known to have distinct electrochemical properties. Therefore, the comparison of electrodes of the same
size with different materials provides insight into the oscillations of different intermediates. We will
show that the C electrode has a significantly higher voltage and frequency than the Au and Pt electrodes,
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likely due to the material being sensible to an organic intermediate. Concerning the different electrode
sizes, the electrodes used here cover two domains: from a few tens of micrometers to a few millimeters.
While previous reports use electrodes in the millimeter to centimeter scale, we present the use of
microelectrodes in open circuit measurements to increase sensitivity in space and time domains.
Microelectrodes are sensitive to concentration changes across a few tens of micrometers, and because of
their faster time response, they can follow changes in a shorter time scale. Our data will show that
microelectrodes have different pre-oscillatory times than their macroscopic counterparts. Interestingly,
only small changes in frequency with size are observed with carbon macroelectrodes displaying a higher
oscillation frequency than Pt and Au. Overall, we will discuss our results with the Oregonator model of
the BZ reaction.

The BZ reaction oscillations are based on the existence of two states, referred to as reduced and
oxidized. These two states are available for the system to change alternately from one to the other
depending on the bromide (Br-) concentration. The reductive state is predominant at high Br-
concentration, where the majority of Ce ions approach their reduced state, Ce*3, and the general
chemistry is the organic substrate’s bromination with simultaneous removal of Br~ from solution [25].
The most frequently used organic substrate is malonic acid (MA). Afterward, the system changes to the
oxidized state when the Br~ concentration becomes rate-limiting. This state is characterized by high
values in HBrO,, Ce**, and organic radical concentrations. Additionally, progressive bromination of MA
and the ultimate oxidation of MA to CO> occur at this state. Bromide ion is consumed slowly to produce
BrOs~ and, when the Br~ concentration diminishes to a certain critical value, the reduced state turns
unstable. Then, the autocatalytic step takes control of the reaction allowing the Ce*® oxidation to Ce**,
[24].

In this study, the oscillating profiles of the BZ reaction were studied at different substrate
electrodes: Au, Pt, and glassy carbon, micro- and macro-electrodes surfaces, using different stirring
rates. The main characteristics of the BZ reaction oscillations, such as amplitude and frequency, were
analyzed. Fast Fourier Transform (FFT) was applied to know the fundamental frequencies of the
oscillating profiles and evaluate the exponential falloff as the system approached thermodynamic
equilibrium. As an additional technique, UV-visible spectrophotometry was used to track Ce™
absorbance during the BZ reaction. Chemical oscillations of Ce** ion were reproduced using numerical
integration of the Oregonator [30]. The oscillations dynamical profile was compared to that obtained
experimentally.

2. EXPERIMENTAL

The solutions for studying the BZ reaction were prepared using deionized water (18 MQcm,
Thermo purifier) along with the following reactants (all reactive grade) sustained by reported
methodologies [31-32]: H2SO4 (Pharmco-Aaper), malonic acid-MA—(Sigma-Aldrich), KBrOz (Sigma-
Aldrich) and Ce(S0Oa)2 (Sigma-Aldrich). Different concentrations of each of the BZ reaction components
were evaluated with the purpose of establishing the optimal quantities for keeping an adequate tracing
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of the BZ reaction. The final concentrations utilized in this study were: 0.9 M H,SO4, 0.10 M MA, 0.08
M KBrOs, and 1 mM Ce(SOa4).. To recreate the BZ system, three different solutions were prepared:

Solution A (0.2 M MA in 0.8 M H2S04): In a flask, 80 mL of deionized water were added to
2.081 g of malonic acid. Afterward, 4.26 mL of H>SO4 (98%, v/v) were added and the volume was taken
to 100 mL using deionized water. Solution B (0.32 M KBrOz in 0.8 M H2S0s): In a flask, 80 mL of
deionized water were added to 5.344 g of KBrOz. Afterwards, 4.26 mL of H2SO4 (98%, v/v) were added,
and the volume was taken to 100 mL using water. Solution C (4 mM Ce(SQO4)2 in 0.8 M H2S04): In a
flask, 40 mL of deionized water were added to 66.45 mg of Ce(SQOa4).. Afterward, 2.13 mL of H2SO4
(98%, v/v) were added, and the volume was taken to 50 mL using deionized water. 10 mL of Solution A
and 5 mL of Solution B were mixed in a 50-mL beaker containing a magnetic stirrer (2.5 cm, diameter
0.8 cm). The electrodes were placed and the stirrer plate was turned on, ensuring that the magnetic stirrer
neither hit the beaker’s walls or the electrodes. Next, 5 mL of Solution C were added and the data were
collected immediately. Except for the stirring, the reaction was held undisturbed.

Working electrodes with disk-type geometry and different substrates were used: Pt (25 um and
1.6 mm of diameter), Au (12.5 um and 1.6 mm of diameter) and C (carbon fiber 25 pm, and glassy
carbon -GC-3 mm of diameter). Pt micro-electrodes were manufactured in the laboratory and
characterized using established methods [33]. Figure 1e is a scanning electron microscopy (SEM) image
of an electrode with nominal diameter of 10 um. The rest of the electrodes were from BASI, Inc. A
reference electrode of Ag/AgCl/1 M KCI (236 mV vs. NHE) was used in all experiments (CH
Instruments). Open circuit potential (OCP) profile in time was registered using an electrochemical
analyzer (CH Instruments, Inc.) with a sampling frequency of fs = 50 data/s at 20 °C. Before each
experiment, the working electrodes’ surface were mechanically polished with 0.3-um Alumina and
cleaned in an ultrasonic bath with deionized water. The experiments were placed inside a Faraday cage
in a 50-ml beaker filled to constant volume with 20 mL of solution. The stirring rate was varied
magnetically from 0 to 1300 rpm. OCP oscillations for the BZ reaction were characterized by Fourier
Fast Transform (FFT) with the software GNU Octave 3.2.4 (Copyright© 1998-2012 John W. Eaton)
[34]. Following the methodology proposed by Baird and co-workers [35], a spectrophotometer Varian
50 Scan with a UV Vis probe was used to monitor the chemical oscillations.

3. RESULTS AND DISCUSSION

One of the most noteworthy characteristics of the BZ system is the oscillation of the catalysts’
oxidation state, [Ce**]/[Ce*®], which influences significantly on the OCP value of a potentiometric probe
[10]. Therefore, OCP changes can be monitored using an adequate electrode with Pt being used most
frequently. In a closed system, the BZ reaction exhibits typically an induction period that depends on the
experimental conditions [36]. We note that in the context of oscillatory reactions, the term “closed
system” is used to describe a system where the initial reactants are introduced to the reaction mixture
and are not replenished during the reaction. We use the term “closed systems” in this paper in keeping
with the usual nomenclature, although unfortunately, this term has been traditionally used to describe
systems where gases, such as oxygen and CO,, are allowed to exchange with the surroundings. The
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induction period is necessary for the synthesis of brominated compounds of MA whose primordial
purpose is the Br- regeneration [37]. Subsequently, an oscillatory regime takes place. For its
establishment, the production of more Br~ is required, which can be produced from the oxybromine
species reduction [25].

The BZ reaction solution’s color alternates between colorless and yellow, depending on the
catalyst’s oxidation state, and if the system is positioned in the reduced stage (high Ce*® concentration)
or oxidized (high Ce** concentration) state. We observed a progressive production of CO, bubbles due
to the MA oxidation.

3.1. Effect of the stirring rate.

In Figure 1 we present the effect of the stirring rate (0 to 1200 rpm) on the OCP oscillations in
the BZ system registered with a Pt micro-electrode (d = 25 um), as result of differences in the ionic
species concentration at the electrode-electrolyte interface.

(a) Orpm

(b) 250 rpm

(c) 375 rpm

E vs. Ag/AgCl 1 M KCI (V)
o
8

........

(d) 1200 rpm

Time (minutes)

Figure 1. Effect of the stirring rate in the BZ system over the OCP (V) oscillations registered with a Pt
micro-electrode (d = 25um): 0.8 M H>SO4, 0.10 M MA, 0.08 M KBrOs, and 1 mM Ce(SOa4)a.

(e) is an SEM image of an electrode with nominal d = 10 um; the bright spots are alumina used
for polishing.

The data indicates the appearance of an induction period of several minutes before the start of
the oscillating phase, in which the OCP leans towards more positive OCP values in the first seconds.
After that, the OCP falls to more negative OCP values. With no stirring (O rpm) the profile is irregular
because of the CO2 bubbles adhere to the working electrode’s surface. One can tell that, after introducing
stirring into the system, the OCP deviates to more positive values (10 to 15 mV). Increasing stirring rates
causes a reduction in the induction period, an increase in the amplitude, and a decrease in the period of
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the oscillations, due to the higher mass transfer rate towards the electrode’s surface. This is interesting
because according to literature, the period of oscillations becomes larger as the BrO3z~ concentration
reduces [24].

The oscillations show the relative simplicity of the waveforms (Figure 1), which are distinctive
of periodical chemical oscillators. Period averages for the first 20 oscillations are presented, except at 0
rpm, where only the first four oscillations were used. Without stirring the fluctuations became erratic
after the first 4 oscillations. The averages found are 1.273 min at 0 rpm, 1.241 min at 250 rpm, 1.204
min at 375 rpm, and 1.112 min at 1200 rpm. The corresponding amplitudes were 77 mV at 0 rpm, 140
mV at 250 rpm, 141 mV at 375 rpm, and 153 mV at 1200 rpm. Based on these results, 375 rpm was
selected as stirring rate to record OCP profiles in the succeeding experiments because we observed stable
profiles without causing turbulence that may affect the system. It has been reported that high stirring
rates may cause the disappearance of oscillations by increasing the oxygen dissolution rate which is a
direct inhibitor of the BZ reaction [32, 38]. At present, a satisfactory explanation has not been proposed
for the stirring effects on the oscillations in a “closed” BZ system. Despite this, it is considered that the
effects of oxygen and the effects of stirring have different manifestations in the OCP fluctuation. In a
closed BZ system with agitation, the parameters characterizing the oscillations depend on the speed of
agitation [38].

3.2. Effect of type and size of substrate electrode

Figure 2 compares the OCP recorded using different substrates (Au, Pt, and GC) and sizes
(micro- and macro-) of electrodes. The behavior of the OCP shows that the BZ system moves to positive
values during the induction period, and then decreases its potential starting the oscillatory regime. During
the induction period, changes in the OCP value depend on the type of substrate. In its initial stage, the
oscillations display instability and after 10 to 15 min are regularized in both amplitude and period.
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Figure 2. Oscillations of the OCP (V) for the BZ reaction recorded on different substrates and sizes
(areas) of electrodes: 0.8 M H2SO4, 0.10 M MA, 0.08 M KBrOs, and 1 mM Ce(SOa4)2, at a 375-
rpm stirring rate.
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The effect of the electrode size (area) in the OCP oscillations can be seen in Au and Pt (Figure 2
a, b, d, e). In both cases, the OCP detected with micro-electrodes (d = 12.5 um and 25.0 um, Au and Pt,
respectively) moves rapidly toward more negative values than those observed in the macro-electrode (d
= 1.6 mm). This is due to the smaller area of the micro-electrode which gives a smaller time constant.
Furthermore, the micro-dimension allows greater sensitivity to follow concentration variations of the
ionic species involved in the BZ reaction in lower solution volumes at the electrode double layer.

As reported in the literature, a micro-electrode can generate more reliable electrochemical signals
than a macro-electrode, that is, an electrode of a few millimeters in diameter. For the potentiometric
measurements used here, the micro-electrodes have an overall lower time constant (RC) because the
smaller area gives rise to a smaller double layer capacitance [39]. In general, higher oscillation amplitude
was observed in the OCP when using micro-electrodes (Figure 2) likely due to the their faster response.

3.3. Characterization of the oscillations using Fast Fourier Transform

Fast Fourier Transform (FFT) is a useful tool for determining the frequencies of stationary and
transient signals. Figure 3 shows a Fourier analysis, obtained with GNU Octave, of the oscillation signals
of the OCP for BZ reaction recorded at different substrates and size of working electrodes.
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Figure 3. Fast Fourier Transform of the OCP oscillations for the BZ reaction, recorded on different
substrates and electrode sizes: 0.8 M H2SQO4, 0.10 M MA, 0.08 M KBrOs, and 1 mM Ce(SO4)>,
at a 375-rpm stirring rate. Frequency of sampling, fs, is 50 s™.
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FFT graphs show a fundamental frequency fi confirming the periodicity of the phenomena. The
lower magnitude peaks (f = 2f1, 3f1, 4f, ...,) correspond to the harmonic components of the Fourier series.
The presence of harmonics is due to the non-sinusoidal nature of the signal. When using a sampling
frequency fs of 50 data/s, the FFT yields symmetrical data around ¥z of the Nyquist frequency of 25 Hz.
The fundamental frequency f1 (mHz) for each electrode is: 14.7 (Au, d = 12.5 um), 13.9 (Au, d = 1.6
mm), 17.1 (GC, d =3 mm), 13.5 (Pt, d = 25 um), and 13.3 (Pt, d = 1.6 mm).

Our major interest was the OCP oscillatory component; therefore, the baseline of each signal was
subtracted to remove the constant component whose transform generates a zero-Hz frequency peak. The
data presented indicate higher values for the fundamental frequency when using micro-electrodes
(Figure 3 a, d). The fundamental frequency obtained with the macro-GC electrode (Figure 3 ¢) was
higher than those obtained with Au and Pt electrodes, indicating a greater number of oscillations in the
BZ system than previously observed with macroelectrodes. In addition, the different components in the
FFT for the oscillation of different electrodes also indicate that the materials are sensitive to different
electrochemically active species.

3.4. Duration and destination of the BZ reaction

In a closed system, the oscillatory regime of the BZ reaction has a finite time. In this study, we
followed the evolution in time of the OCP for 18 h using Pt and Au micro-electrodes. As can be observed
(Figure 4), the time it takes for the system to achieve the experimental thermodynamic equilibrium
depends on the type of electrode substrate. The oscillations suddenly stopped after 9 h on the surface of
a Pt micro-electrode (25.0 um) and after 10.2 h on the surface of an Au micro-electrode (12.5 um). In
our study, we were not able to obtain OCP data for times higher than one hour when using macro-
electrodes, mostly because their greater work area facilitated adhesion of CO2 bubbles formed during
the BZ reaction that prevented potential data acquisition.

(a) Pt (25.0um)

12 14
(b) Au (12.5um)

E vs. Ag/AgCl 1 M KCI (V)

Time (hours)

Figure 4. OCP oscillations (V) of the BZ reaction registered using a Pt (a) and Au (b) micro-electrode:
0.8 M H2SOq4, 0.10 M MA, 0.08 M KBrOs, and 1 mM Ce(SOa)2, at a 375-rpm stirring rate.
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It should be noted the BZ-system characteristic behavior at the oscillations ceases when the two
major reagents have been exhausted (bromate and MA). Likewise, the number of oscillations in OCP
turned out to be independent of the type of electrode substrate. In the Pt micro-electrode 274 + 4
oscillations were recorded, whereas in the Au micro-electrode 272 + 3 oscillations were recorded.

According to Onuma and co-workers [31], three different destinations for the BZ reaction exist,
once the oscillations have ceased: (1) Processes with oscillations revival, in which case an interesting
and sudden restoration of the oscillator happens with almost the same amplitude as it had before
stopping. (2) Processes ending in a reduced steady-state without rebirth of the oscillations, wherein the
OCP decreases to a more negative value after the oscillator has stopped. (3) Processes ending in oxidative
steady-state without reviving the oscillations, wherein the OCP increases to a more positive value after
the oscillations have ceased.

At the end of oscillations, the thermodynamic equilibrium of the BZ system studied (Figure 5) is
characterized by a non-oscillatory steady-state with an OCP more negative than its initial value.
Furthermore, in the case of Au substrate, the OCP steady-state is 0.4 V more negative than the Pt
electrode OCP. Therefore, after the oscillations have ceased, a reduced steady-state prevails. During this
state, the solution was colorless, indicating the preponderance of Ce*2 ions to Ce* ions. The oscillatory
regime of the BZ reaction in a closed system before equilibrium possesses a transient behavior. The
period and amplitude of the oscillations gradually increases while decreasing the oscillation baseline, that
is, there is a negative shift in potential (Figs. 4 and 5).
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Figure 5. OCP oscillations (V) of the registered BZ reaction using two micro-electrodes: (a) Pt (25.0
um diam) and (b) Au (12.5 um diam), showing the beginning of the BZ reaction (left) and the
cessation of the oscillations (right): 0.8 M H2SO4, 0.10 M MA, 0.08 M KBrOsz, and 1 mM
Ce(S0.)2, at 375-rpm stirring rate.

When using FFT analysis for the OCP records using the Pt and Au as micro-electrodes (Figure
4), the falloff of the oscillation frequency can be evaluated for the BZ system. The reduction of the
fundamental frequency for the oscillations during the progression of the BZ reaction is presented in
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Figure 6. There is a good exponential fit using both electrode substrates. For Pt micro-electrode, y =
0.0153exp(—0.145x), R = 0.997; for Au micro-electrode, y = 0.0147exp(-0.154x), R = 0.998. It can be
seen that the falloff of the oscillations’ fundamental frequency is slightly greater when using an Au
micro-electrode (10.87 mHz) rather than a Pt micro-electrode (10.65 mHz). Consequently, the

fundamental frequency does not depend largely on the type of substrate.
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Figure 6. Fall in the fundamental frequency of the oscillations during the course of the BZ reaction
registered in micro-electrodes: (a) Pt (25.0 um) and (B) Au (12.5 um): 0.8 M H2SOg4, 0.10 M
MA, 0.08 M KBrOs, and 1 mM Ce(S0Oa4)2, at a 375-rpm stirring rate.

3.5. Spectrophotometric analysis of the BZ reaction
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Figure 7. Reaction profile detected at 217 nm, which is the wavelength proportional to Ce™
concentration using (a) an optic fiber probe in a beaker filled with 20 mL of reaction solution at
a 375-rpm stirring rate; (b) a cuvette (b = 1 cm) filled with 2 mL of reaction solution (dilution
factor of 4, except for the acid) without stirring.

The oscillations recorded during the BZ reaction can be monitored in a variety of forms, from
changes in color and pH to changes in potential. In this study, we used a simpler approach to follow
chemical oscillations over time by measuring the absorbance with an UV-vis detector. In this qualitative
test, it was possible to observe the induction period and the oscillatory profile of the BZ reaction, as a
result of changes in the ionic concentration of cerium (Figure 7). The wavelength whose adsorption is
proportional to the concentration of Ce™, which represents one of the absorption maxima of 1 mM
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Ce(S04)2 in a 0.8 M H2SO4 solution, was 217 nm. The BZ reaction is sensitive to initial experimental
conditions, and although some effect of the incident light on the system may be expected, these have
been found to be negligible [31].

The absorbance record over time (Figure 7) was performed using the same geometry and stirring
conditions as the previous OCP experiments. While monitoring the absorbance, periodical and irregular
oscillations were observed (Figure 7 a), which made clear that the probe disturbs the BZ system,
presumptively by easing the CO; adherence on the probe’s surface. Therefore, we used a conventional
spectrophotometer cuvette without stirring (Figure 7 b). It was necessary to dilute the system (1:4)
because the CO» formation generated light scattering producing measurement errors. In the latter case,
periodic oscillations were observed with both regular amplitude and period. Hence, the absorbance data
obtained with diluted conditions were used for numeric analysis.

3.6. Numerical integration of the BZ reaction in the Oregonator model

Detailed analysis of the BZ reaction is complex due to the large number of phases and chemical
species involved. The design of models that preserve the main features of the BZ reaction has been
important. One of the most studied is the Oregonator (from Oregon and oscillator) first proposed by
Field and Noyes at the University of Oregon [30]. The Oregonator consists of five stoichiometric steps:

I A+Y > X+P ki )
Il. X+Y —>2P Kin @)
. A+X—2X+ pZ Kinn (3)
V. OX —> A+P Kiv @)
V. B+Z>fY ky 5)

where p is a constant and ki.iv are constants with known values [24-25]. The constants used for
the model are given in Table 1.

Table 1. Constants used for the kinetic model of equations (1) — (5).

Kinetic rate constants Initial concentrations [M]
k=21 Mtst [A]=0.08
kn=2x10° M1st (A =Br03)
km=1x10* M1st Intermediates:
kv=4x10" Mtst [X]=0,[Y]=0,
[Z] = 0.001
kv=1st® [P1=0
X=HBrOz, Y=Br,Z=
Ce+4

P =0.5 HOBr, P is treated
as an inert product
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NOTE: All pseudo—first-order constants assume the experimental value [H'] = 1 M to be
constant. (a) kv is given an arbitrary value which is treated as constant during the calculation. (after ref

[30])

The kv value and the stoichiometric factor f are treated as adjustable parameters, with kv usually
in the range 0.01-1 and f =1 for p=1 or f = 0.5 for p= 2. Bromate concentration (A) is taken as constant,
and the HOBr concentration (P) does not appear in the governing kinetic equations [40]. More
sophisticated analysis allows f to fluctuate with the instantaneous concentrations of MA, BrMA, and
HOBY.

The underlying dynamics of the Oregonator is an activator/inhibitor system containing an
autocatalytic step and a negative delayed feedback loop step via [1l—-V—I1I which in turn inhibits the
autocatalytic production of X in step I11. These five stages combined in proportion {1,1,2,1,2} to produce
the overall reaction A + B+ (1 —-f)Y — 2P + (p- 1)Z. The variables of the chemical species involved in
the BZ reaction (equations 1-5) are [41]: BrOs~ (A); MA (B); HOBr (P); HBrO; (X); Br- (Y); and Ce**
(2). Field employed this model to discuss the excitability of a stable steady-state to small, but finite,
perturbations and explained successfully the period irregularities approaching the end of the chemical
oscillations [42].

In this study, the numerical integration of the Field—Noyes equations [1, 43] was performed
using the experimental concentration values of the chemical species involved in the BZ reaction and the
rate constants reported in the literature [24-25]. In the numerical integration, or Oregonator, the
concentrations were transformed to dimensionless variables, X, Y, and Z. Nevertheless, these variables
still represent the chemical concentration of bromous acid, bromide ion, and ceric ion, respectively.

0.2 -

‘‘‘‘‘‘

01 H ‘\

Absorbance (AU)
Evs. Ag/AgCl 1 M KCI (V)
o

oLT 1 1 1 1 I L 1 1 1 1 1 |
20 30 40 50 60 3 3.1 3.2 33
Time (minutes) Time (hours)

=1
. | ]
’} 1

l

l | I
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Time (AU)

Figure 8. Top: Absorbance oscillations proportional to Ce** and OCP oscillations obtained
experimentally (Figure 7b and 4a). Bottom: Numerical integration of the Field-Noyes equations
(Oregonator) for the experimental parameters used in this study. Variables X, Y, and Z represent
bromous acid, bromide ion, and Ce*, respectively. The initial conditions for the numerical
resolution were Xo = yo = 0, zo = 0.001. Major species: A = KBrOz =0.08 M, B=MA =0.08 M.
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These values correspond to the region of instability of the system based on the diagrams of the
model available in the literature. For example, in the Oregonator model used in this paper (ref [30],
Figure 6) we are clearly in the unstable region. We analyze this bifurcation diagram based on the initial
experimental concentrations used here and with the kinetic parameters used in the simulations that
reproduce qualitatively the experimental observations. Under our specific conditions, kv = 1 (reaction
V) and f = 1, where f is the so-called stoichiometric coefficient of reaction V. The analysis is based on
the previously reported parameters and constraints for the Oregonator model used in this work (reference
[30]). The parameters and conditions follow:

klllB
S:W/k,—A (6)

VK k,, AB
2k, k,, A
q= 8
kII kIII B
_@-f-g)+[@+f-1? +4(f +1q]"” -
SS 2q
fa,
s =71 (10)
+ag
a= S(l_ 2assq) s (11)
b=s(1-a,) (12)
c=0+ay)/s (13)
d= s /s (14)

The constraints for oscillatory behavior were derived from analytical solutions of the simplified
Oregonator model given in reference 27. The conditions for oscillations are given by equation 15, for
the kinetic parameters for which Q < 0, which are shown in Figure 9. The graph is drawn based on the
condition that Q = 0 for a set of ky and f values in equation 15. The ky and f values for which Q = 0 are
the lines in Figure 9 for different experimental concentrations while the area below the curves represents
the kv and f values that are consistent with oscillatory behavior. These stability criteria were derived in
reference [30], Figure 6 therein.

Q=-lac+hd +(a—c)w]<0 (15)
where the parameters are defined above, eq. (6-14). The lines in Figure 9 represent the solutions for Q
=0 (eq.15), with the regions under the curve corresponding to the oscillatory region. We show the results
for Q = 0 for our initial concentrations (——), for A = B = 0.08 M and with ki =1 x 10* Mt s For
comparison, the graph also shows the solution for the conditions in the original reference (- - - for A =
B =0.06, ki1 = 8 x 10° M"* s1) [30], with our proposed starting point marked (x) ky = 1s%, f=1. Note
that the difference in concentrations and the larger rate constant ki used in the simulations predicts
oscillations for a larger range of ky values, in other words, the model indicates that the observation of
oscillations is consistent with ky < 745 s~1 (kv maximum in Figure 9). We point out that different models
exist in the literature because the kinetics in equations (1) — (V) can be treated as pseudo—first-order-like
in the work presented here, or an alternate model could include explicit second-order rate constants. The
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mechanism can also be re-written with different stoichiometric coefficients, especially in the case of the
redox cycle in equation V, such as in the model given by Tyson [44] based on a review of the
Oregonator. In any case, the predictions of these models are qualitative and our experimentally observed
oscillations are consistent with previous kinetic studies of the Oregonator system: we observe
oscillations because our experimental conditions correspond to the unstable region of the available
stability diagrams (e.g., refs [30, 44]), such as the one in Figure 9. While a study of the proposed
mathematical models is outside the scope of this paper, we focus on the use of the Oregonator [30] to
discuss our observations from the qualitative reconstruction of the observed oscillations.

800
600 -
400 |
<& /
200 | /
0 x

00 05 10 15 20 25 3.0

S
Figure 9. Instability region of the Oregonator steady state. The lines indicate the values for f and ky for
which Q = 0 (eq. 15), with the area under the lines corresponding to oscillations. ——) A=B =
0.08 M and with kiy =1 x 10* M s used in this work; (- - -) for A=B =0.06, ki1 =8 x 10° M-
Ls1as in ref 27. (x) marks the initial experimental conditions proposed here, assuming ky = 1
s, f = 1; these values reproduce qualitatively the oscillations as shown in Figure 8.

To summarize, the chemical oscillations of each intermediary (X, Y, and Z) were reproduced and
the values used for the simulations are consistent with the predictions of the Oregonator that oscillations
will be present (Figure 9) [30]. Figure 8 shows the dynamic behavior of the calculated concentration of
Ce*, (Z in the numeric solutions), that is comparable to the absorbance and electrochemical OCP
oscillations obtained experimentally. We must remember that concentration variations occur exclusively
for some intermediary species; however, the main reactants (malonic acid and bromate ion) decrease
slowly but continuously during the reaction process (oscillatory phase). Hence, the reaction flows
directly toward the path that decrease the free energy: no oscillations happen in the overall reaction
direction, which is always moving inexorably toward the equilibrium state [40, 45] .

4. CONCLUSIONS

The Belousov-Zhabotinskii (BZ) reaction was studied in presence of Ce™/Ce*® catalyst on
different substrates of Pt, Au, and glassy carbon micro- and macro-electrodes, applying different stirring
rates to the system comprising of sulfuric acid, malonic acid, bromate ion, and cerium ion. The open
circuit potential (OCP) in the closed BZ system exhibits a non-oscillatory induction period, followed by
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an oscillatory phase. Both stages depend on experimental conditions, such as substrate type, size (area)
of electrode, and stirring. With each oscillation, the solution’s color alternated between colorless and
yellow according to the catalyst oxidation state, reduced (Ce*®) or oxidized (Ce**), respectively.

The OCP oscillations registered by micro-electrodes (12.5- and 25.0-um in diameter) display
higher frequency and amplitude and overall more stable oscillations compared to macro-electrodes. We
can assign these findings to the smaller electrode dimensions which confer a lower time constant, thus
improving the detection limits of the OCP value. With increasing stirring rate for the BZ electrolyte
(from O rpm to 1200 rpm), the oscillation amplitude augments (from 77 to 153 mV) and the period
diminishes (from 1,273 to 1,112 minutes). Furthermore, a time delay exists in the induction period.

OCP oscillations cease when the BZ system relaxes towards thermodynamic equilibrium
characterized by a steady reduced state (more negative OCP values). The time required to reach this state
depends on the type of micro-electrode substrate: 9 h for Pt, and 10.2 h for Au. However, the number of
oscillations is independent of the substrate and is about 272 and 274, for Au and Pt, respectively. The
fixed number of oscillations with different oscillation times, and the observation that the FFT spectrum
as well as the OCP offset is a function of the electrode material indicates that the Au, C, and Pt electrodes
are sensitive to different redox species that oscillate with different characteristic times, but interestingly,
have the same number of cycles in our experimental conditions.

The falloff of the fundamental frequency for the oscillations in the BZ system using two different
micro-electrodes (Pt and Au) proved to fit exponentially. The frequency drop does not depend greatly
on the type of substrate: in Au micro-electrode resulted in 10.87 mHz, while the Pt micro-electrode
resulted in 10.65 mHz. Using the wavelength adsorbed by the catalyst Ce**, we could track the BZ
reaction fundamental oscillations and these were reproduced numerically. Chemical oscillations for the
Ce catalyst concentration were successfully reproduced using a numerical integration provided by the
Oregonator. The dynamical behavior and oscillatory profile were similar to that obtained
experimentally. Overall, the OCP oscillations represent the fundamental frequency of the BZ reaction,
although they also carry information of redox species that have different affinities to the electrode
materials. These redox processes are the subject of our current investigation and will be presented in due
time.
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