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Dynamic Complexity in the Electrochemical Oxidation of Thiourea
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We explored the temperature-dependent dynamics of the electrochemical oxidation of thiourea under potential-
control mode and found complex oscillations with one large peak and one small peak per period. Adjusting
the temperature caused the relative amplitudes and positions of the two peaks to vary. Experiments showed
that there were two distinct oscillatory regimes as a function of the external current, and at some temperatures,
three-frequency quasiperiodic oscillations occurred for current densities between the two oscillatory windows.
We examined the species present and the component reactions by employing cyclic voltammetry and
electrolysis—HPLC—MS in the two oscillatory regimes. Adsorption and desorption of multiple species,
including water and chloride, contribute to the rich dynamical phenomena that were observed.

1. Introduction

Among the wealth of phenomena displayed by nonlinear
systems maintained far from thermodynamic equilibrium,!-*
perhaps the most remarkable are deterministic chaos and the
scenarios by which it evolves from simple oscillations. These
“universal” behaviors appear in a variety of systems in physics,
engineering, biology, chemistry, and electrochemistry.>~'% The
effort to understand chaos has attracted a great deal of attention
in the past four decades. When a parameter of a deterministic
system is varied, chaotic behavior can appear through a number
of routes, including period-doubling, quasiperiodic, mixed-mode,
and intermittent bifurcations.! In these scenarios, the system first
undergoes a Hopf bifurcation, which generates a stable limit
cycle from a steady state. As the control parameter is further
varied, an additional fundamental frequency can arise, causing
more complex oscillations. Landau and Dokl suggested one
route to chaos, through an infinite sequence of Hopf bifurcations,
to explain the generation of turbulence in fluid systems. Ruelle
and co-workers'®!7 proposed that chaos could be obtained after
three bifurcations with the generation of only two incom-
mensurate frequencies, where arbitrarily small changes convert
the system from quasiperiodic to chaotic. This scenario was later
observed in experiments on Rayleigh—Bénard convection.*!8

It might be expected that three-frequency quasiperiodic
oscillations would be difficult to observe, given that they can
be destroyed by small perturbations. Indeed, an oft-quoted article
proclaims that “Period three implies chaos.”'® Grebogi, Ott, and
Yorke? showed numerically, however, that addition of a smooth
nonlinear perturbation does not necessarily generate a chaotic
attractor. Yet, three-frequency quasiperiodicity in experiments
remains arare phenomenon. Examples include a Rayleigh—Bénard
experiment with mercury in a magnetic field by Libchaber et
al.?! and the voltage spectrum of a ferroelectric barium sodium
niobate (BSN) crystal observed by Martin et al.>?> To our
knowledge, no previous observation of such behavior in
chemical or electrochemical systems has been reported.
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Initial studies of the electrochemical oxidation of thiourea
revealed that the reaction is a complex process, and several
possible products were suggested.?>?* However, the mechanism
remains obscure, and further studies are clearly needed.
Recently, we reported that the electrochemical oxidation of
thiourea in the presence of adsorbed chloride ion displays a
period-doubling bifurcation and other complex oscillations under
potentiostatic conditions.?> Here, we show that the same system
is capable of exhibiting more complex dynamical behaviors,
including temperature-dependent mixed-mode oscillations under
potential-control mode and two- and three-frequency quasip-
eriodic oscillations under galvanostatic conditions. In addition
to probing the system dynamics, we carried out a detailed
investigation of the relevant species and electrochemical reac-
tions by combining cyclic voltammetry (CV) with electrolysis—high-
performance liquid chromatography (HPLC)—mass spectrom-
etry (MS). We were able to detect several oxidation products
directly, and we propose a mechanism for this electrochemical
process.

2. Experimental Section

Cyclic voltammetry, linear galvanic voltammetry, and all
dynamic electrochemical measurements were conducted in a
cylindrical cell with an internal diameter of 5.5 cm and a volume
of 40 mL. The working electrode was a polycrystalline platinum
disk with a diameter of 2.0 mm (CH Instruments, Austin, TX),
and the counter electrode was a platinum wire. The reference
electrode, a saturated calomel electrode (SCE), was linked to
the cell through a salt bridge. The three electrodes formed an
equilateral triangle, 1.8 cm on a side. Before each experiment,
the working electrode was first polished with fine alumina
powder (0.05 ym) and then immersed in a 1:1 v/v mixture of
HNO; (60%) and H,O, (30%) at 60 °C for 30 min. After that,
cyclic potential sweeps between —0.25 and 1.2 V at a scan rate
of 1.0 V/s were performed in 0.5 M H,SOy solution for 30 min
to further clean the electrode surface. The Pt electrode was rinsed
repeatedly with Milli-Q water and transferred to the test solution
under the protection of a water droplet on its surface.

Potentiostatic electrolysis experiments for HPLC analysis
were performed in a glass cell with a volume of 2.5 mL
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Figure 1. (a) Linear sweep voltammogram of thiourea on a platinum
electrode at 0.01 mV/s and (b,c) enlargements showing the transition
from simple to multimode oscillations. Electrolyte solution: 0.2 M
thiourea, 0.3 M KCl, 2.18 M HCI. Temperature: 5 °C.

equipped with a magnetic stirrer. Both the working and counter
electrodes were platinum wires, and an SCE was used as the
reference electrode. High-performance liquid chromatography
experiments were performed on an Agilent 1100 system
equipped with a quaternary pump and an MWD UV detector
(Agilent, Santa Clara, CA). Separation was achieved on a
Phenomenex Ginimi C;g column (5 ym, 250 x 4.6 mm i.d.) at
25 °C. The mobile-phase composition was methanol/acetonitrile/
water (HCI, pH = 2) = 6:26:68 (v/v/v), and the flow rate was
0.4 mL/min. Before each injection, the solution was diluted
5-fold, and a wavelength of 214 nm was selected for data
recording. In the HPLC—MS experiments, the LC column
effluent was interfaced with an LCQ Advantage ion-trap mass
spectrometer (Thermo Finnigan, Waltham, MA) equipped with
an electrospray ionization (ESI) ion source. Both positive- and
negative-ion modes were used to detect different substances.
The sheath and auxiliary/sweep gas flow rates were set to 30
and 10 arbitrary unit, respectively, and the capillary temperature
was 300 °C. The probe voltage was kept at +3.0 kV in positive-
ion mode and —2.0 kV in negative-ion mode.

All electrochemical experiments were performed on a CHI
660A Electrochemical Workstation (CH Instruments). Water
used in all experiments was purified with a Millipore Milli-Q
system (18.2 MQ+cm). The methanol and acetonitrile used in
this work were HPLC grade, and all other chemicals were
analytical grade. Before each experiment, oxygen was removed
from the solution by bubbling with ultrapure (>99.9%) nitrogen.

3. Results and Discussion

a. Potential Control. Figure 1 presents a linear voltammo-
gram of thiourea on a platinum electrode at a scan rate of 0.01
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Figure 2. Current oscillations obtained at (a) —1.5, (b) 1, (c) 7, (d) 9,
and (e) 12 °C. The applied potential was 0.75 V, and the other
conditions were as in Figure 1.

mV/s at 5 °C. Scanning at such a low rate is analogous to
measuring a bifurcation diagram with the applied potential as
the control parameter. The system moves through the various
dynamical regimes, and the bifurcation behavior can be observed
on the voltammogram. As shown in Figure 1a, when the applied
potential approaches ca. 0.6 V, fluctuations in current begin,
and the amplitude of the current oscillations increases smoothly
and quadratically with the applied potential, indicating that the
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Figure 3. (a) Linear galvanic scan at 0.01 mA/s. Composition: 0.2 M
thiourea, 0.3 M KCl, 1.5 M HCI. Temperature: 15 °C. (b) Enlargement
of the region around transition between A- and B-type oscillations.

current oscillations arise through a supercritical Hopf bifurcation.
As the potential increases to ca. 0.9 V, a plateau appears, and
the peak-to-peak amplitude of oscillation reaches its maximum,
ca. 3 mA/cm?. In addition to the changes in amplitude, the
waveform of the oscillations evolves from simple periodic to
complex as shown in Figure 1b,c.

We showed earlier that the applied potential and the
concentration of HCI can be taken as control parameters that
give rise to period-doubling bifurcations and the appearance of
complex oscillations.?> We find here, as demonstrated in Figure
2, that the reaction temperature also has a significant influence
on the dynamic behavior. When the oxidation of thiourea is
carried out at 0.75 V, complex oscillations (Figure 2a) can be
observed at —1.5 °C. In each period, a large oscillation is
followed by a smaller one, which starts at about the half-height
of the large peak. The relative amplitudes and phases of the
large and small peaks can be modulated by temperature. In
Figure 2b, for which the temperature was 1 °C, the small
oscillation still lies to the right of the large one, but its amplitude
is now much smaller. If the temperature is increased further,
the small oscillation moves to the left of the larger one, as seen
in Figure 2c for a temperature of 7 °C. As we continue to
increase the temperature, the scenario of changing relative
amplitudes and phases is repeated. Above about 12 °C, this
complex behavior gives way to simple, single-peak oscilla-
tions,? as shown in Figure 2e.

b. Current Control. Figure 3 shows a linear galvanic
voltammogram obtained by slowly sweeping the applied current
density at 15 °C. Here, the electrochemical oxidation of thiourea
exhibits two distinct oscillatory regimes, labeled A and B.
Oscillation A appears as the current density goes above ca. 1.4
mA/cm?. The smooth quadratic increase in the amplitude with
applied anodic current again suggests a supercritical Hopf
bifurcation. When the current density approaches ca. 13.5 mA/
cm?, the oscillation amplitude reaches its maximum. If the
current density is increased further, the system undergoes a
transition from oscillation A to oscillation B (Figure 3b). Under
these conditions, the interval between oscillations A and B is
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Figure 4. Potential oscillations at different current densities: (a)

1.60, (b) 4.77, (c) 10.50, and (d) 12.41 mA/cm?. Other conditions
as in Figure 3.

quite small, and the two regions nearly overlap, which explains
why a single continuous oscillatory regime is observed under
potentiostatic sweep conditions at some temperatures.

To fully characterize the dynamical properties in constant-
current mode, we performed galvanostatic chronopotentiometry
for long time periods. Figure 4 shows potential oscillations
obtained at 15 °C with all other conditions the same as in Figure
3. Figure 4a presents the potential oscillations obtained at 1.60
mA/cm?, close to the Hopf bifurcation. Only simple oscillations
can be observed here, with an amplitude of about 2 mV and a
period of about 120 s. As we increase the current density, both
the amplitude and the frequency of the oscillations increase,
until another incommensurate frequency is generated through
a second Hopf bifurcation, producing quasiperiodic oscillations
(Figure 4b). If we increase the current density further, the
oscillations shift to more positive potential, and the amplitude
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Figure 5. (a,c,e,g,i,j) Potential oscillations and (b,d,f,h) corresponding power spectra at 20 °C and current densities of (a,b) 10.50, (c,d) 11.30, (e,f)

11.78, and (g,h,i,j) 11.35 mA/cm?.

increases as well, but the quasiperiodic behavior persists. When
the current density reaches ca. 10 mA/cm?, the system lies at
the border of oscillation region A, at a current density somewhat
lower than the value suggested by the dynamic linear galvanic
voltammogram in Figure 3. Here, even a very small increase
in current density will drive the system into oscillation B. This
jump is accompanied by transient oscillations, as the system,
initially in oscillatory region A, oscillates at higher and higher
potentials until it reaches oscillatory region B. If the current

density is raised still further, stable B-type oscillations are
obtained. As shown in Figure 4c, near the boundary, quasip-
eriodic oscillations are observed. At higher current densities
(Figure 4d), simple oscillations are restored.

As in potential-control mode, temperature also has a signifi-
cant influence on the dynamical behavior under galvanostatic
conditions. Figure 5 shows the potential oscillations and the
corresponding power spectra observed at 20 °C for several
values of the applied current density. When the current density
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Figure 6. Cyclic voltammograms in (a,c) 0.5 M HCIO, and (b,d) 0.5 M HCI solutions in the absence (dashed line) and presence (solid line) of 1
mM thiourea. Scan rate: 0.05 V/s. Temperature: 25 °C. Potential range: (a,b) between —0.1 and 0.6 V and (c,d) between —0.1 and 1.45 V.

is 10.50 mA/cm? (Figure 5a), complex oscillations appear.
Although the waveform is quite different from that in Figure
4b, the quasiperiodic character is still apparent in the power
spectrum (Figure 5b), where two incommensurate frequencies
are observed. The first frequency, fj, appears at around 0.4 mHz,
which corresponds to the long-time behavior of the potential.
The other frequency, f>, at about 0.027 Hz corresponds to the
high-frequency oscillations. When the current density is raised
to 11.30 mA/cm?, the mean potential rises, and the amplitude
increases to about 0.4 V. The two-frequency quasiperiodicity
persists, and both f; and f> increase. If the current density is
further increased, the system undergoes a transition to oscillatory
region B. As shown in Figure 5e, at 11.78 mA/cm?, fi
disappears, and another frequency, f3, arises; that is, the system
displays a new mode of two-frequency (f> and f3) oscillation.

If the current density is set in the region between oscillations
A and B, e.g., at 11.35 mA/cm?, the behavior becomes more
complex, as seen in Figure 5g. The power spectrum, shown in
Figure 5h, contains three frequencies: f; ~ 0.57 mHz, f, ~ 0.034
Hz, and f3 &~ 5.0 mHz. To exhibit the high-frequency oscillations
more clearly, we expanded the time scale in Figure 5i,j. These
results suggest the presence of a three-frequency quasiperiodic
oscillation. To our knowledge, this is the first system with the
ability to support a three-frequency torus in either a chemical
or an electrochemical system.

As seen in Figure 3, at most temperatures, there are two
distinct oscillatory regimes under galvanostatic conditions. From
their mean potentials, the oscillations in Figure 5a,c and Figure
Se can be assigned to oscillatory regions A and B, respectively.
At 15 °C, we find two-frequency quasiperiodic oscillations at
both the upper border of oscillation A and the lower border of
oscillation B. A similar scenario might be expected at 20 °C,
but the three-frequency quasiperiodic orbit in Figure 5g arises
between the two oscillatory regions. The two oscillatory regimes
overlap somewhat, and one of the domain frequencies, f>, in
the three-frequency oscillation is common to both A and B,
whereas f and f5 can be seen in A and B, respectively. These

observations strongly suggest that this rare phenomenon arises
from the interaction between oscillatory modes A and B.

c. Analysis of Species and Electrochemical Reactions. To
study the chemical processes that underlie the oscillatory
behavior, we also carried out cyclic voltammetry experiments.
In order to evaluate the influence of chloride adsorption on the
electrochemical oxidation of thiourea, we employed both
nonadsorbing HC1O4 and HCI as supporting electrolytes. Figure
6 presents cyclic voltammograms obtained in the absence (dotted
line) and presence (solid line) of 1 mM thiourea. With only 0.5
M HCIO;, present, two pairs of current peaks are observed in
the potential range between —0.05 and —0.1 V, corresponding
to the adsorption and desorption of hydrogen. Adsorption of
oxygen occurs when the potential is above ca. 0.5 V in the
positive scan direction. If the switching potential is increased
to 1.45 V, oxygen evolution can be observed at potentials above
1.4 V (dotted line in Figure 6¢), and desorption of the oxygen
monolayer occurs at ca. 0.5 V in the reverse scan.

When 1 mM thiourea is added to the HClO4 solution,
adsorption and desorption of hydrogen are inhibited almost
completely. In the forward scan, oxidation of thiourea occurs
when the potential is above ca. 0.2 V. As shown in Figure 6a,
a pair of current peaks is obtained at 0.40 and 0.08 V. The
difference between the two peak potentials, 320 mV, is much
larger than that expected for a reversible (Nernstian) system,
58/n, where n is the number of electrons transferred in the
process. This observation indicates that the oxidation of thiourea
at these potentials is sluggish and irreversible.2° Further experi-
ments revealed that the anodic peak current in Figure 6a
increases linearly with the concentration of thiourea and with
the square root of the scan rate. From this relationship, we
evaluated the number of electrons transferred as 1 equiv/mol.
As seen in Figure 6c¢, thiourea can be further oxidized at
potentials above ca. 0.8 V, where oxygen adsorption is quite
facile in the blank solution.

When the experiments are conducted in 0.5 M HCI, as shown
in Figure 6b,d, the voltammograms are similar to those in 0.5
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Figure 7. (a—e) TIC chromatograms of electrolysis products in 0.5 M HCl solution at various potentials and (f—j) mass spectra of the corresponding
eluted components: (a,f) 0.65, (b,g) 1.0, (c,h) 1.25, (d,i) 1.50, and (e,j) 1.75 V. T = 20 °C.

M HCIOy solution in the potential range between —0.1 and 0.6
V, except that the peak currents are somewhat larger. However,
when the anodic switching potential is extended to 1.45 V, quite
different behavior is observed. As presented in Figure 6d, in
the absence of thiourea, adsorption and desorption are dramati-
cally enhanced when the potential is increased above ca. 1.10
V, as indicated by the much larger current density. The effects
of chloride adsorption are largely impervious to the presence
of 1 mM thiourea, and the current comes almost entirely from
the faradaic adsorption reaction of chloride at potentials above
1.2 V. This result indicates that the adsorption of chloride cannot
be ignored, and it might play a role in the oscillatory mechanism.

To determine the possible products at various electrode
potentials, we performed electrolysis—HPLC—MS experiments.
The electrolysis was performed in 0.5 M HCI solution from
0.5t0 2.0V for 8 h. The products were then separated by HPLC,
and both mass spectrometric and UV signals were recorded.
Figure 7 shows typical TIC (total ion current) chromatograms
obtained from a solution containing 10 mM thiourea. As shown
in Figure 7a, when the potential is held at 0.65 V, in addition
to the residual thiourea [(HoN),CS, TU] that appears at a
retention time, fg, of 6.99 min, the major product is obtained at
tr = 4.61 min. Comparison with reference mass spectra suggests
that this peak corresponds to c,c'-dithiodiformamidinium
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(b) TUO, and TUO; in HCI and HCIO, solutions at potentials from
0.50 to 2.0 V. T =20 °C.

([(NH,),CSSC(NH,),]**, FDS), in agreement with the CV
results and previous suggestions.?»>* As the potential increases,
the electrochemical reaction rate, i.e., the oxidation current,
increases, leading to a decrease in thiourea concentration as the
concentration of FDS increases. Above ca. 0.75 V, thiourea can
be further oxidized, yielding various products. When the
potential is kept at 1.0 V, both thiourea and FDS can be detected
in positive-ion mode. Although it is not generally recommended
to use negative-ion mode with a strongly acidic mobile phase,
formamidine sulfnic acid [(H,N),CSO,, TUO;] can still be
detected by such an unconventional approach. As shown in
Figure 7b, TUO, elutes at trg = 6.27 min, and it appears in the
mass spectrum at a mass-to-charge ratio of 143.35 (bound to
CI7). At a potential of 1.25 V, another product with mass ca.
60 and fr = 6.49 min appears (Figure 7c), which we identify
as urea. Formamidine sulfonic acid [(H,N),CSO3, TUO3] is
formed when the potential is increased to ca. 1.50 V (g = 6.38,
see Figure 7d). As depicted in Figure 7e, if the potential is
increased still further, the concentration of TUQO; decreases, and
the concentration of TUQOj5 increases. Addition of BaCl, to the
product solutions results in formation of a white precipitate at
potentials above ca. 1.50 V, suggesting that SO4>~ can be formed
at these potentials.

To assess the effect of chloride on the overall process of
thiourea oxidation and its contribution to the mechanism of
oscillation, we used HPLC with a MWD UV spectrometer as
detector to analyze the products in HCI and HCIO4 solutions.
For ease of comparison, the electrolysis time was limited to
2.5 h. All retention times reported here are 0.14 min shorter
than those found with MS because of the time delay caused by
the pathway between the UV detector and the ion source. Figure
8 presents the peak areas of each effluent in the HC1 and HC1O4
solutions. At potentials below 0.75 V, FDS production and
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thiourea consumption are both greater in 0.5 M HCI than in
0.5 M HCIlOg4. Between 0.75 and 1.50 V, the concentrations of
thiourea, FDS, and TUQ; are higher in HCIOj4 solution. Further
increasing the potential leads to a dramatic decrease in thiourea
and FDS in HCIO,, indicating that the oxidation reaction in
HCIOy solution is much faster. When the potential is kept at
2.0 V, only small amounts of thiourea, FDS, TUO,, and TUO3
can be detected, suggesting that substances with low or no UV
absorption such as urea, SO4>~, or even N, or CO, are formed.
In 0.5 M HCI, the amounts of residual thiourea, FDS, TUQO,,
and TUO; are much higher. As indicated in the cyclic volta-
mmograms (Figure 6d), the adsorption and desorption of
chloride are significant at these potentials, which might inhibit
the adsorption and desorption of water. As an oxygen-transfer
reaction, the further oxidation of thiourea requires generation
of adsorbed hydroxyl radicals (*OH,qs) during concomitant
formation of surface oxides at the electrode surface.?’” The
competing adsorption of chloride might decrease the thiourea
oxidation rate and contribute to the oscillatory mechanism.

In oscillation region A, the main product is FDS, according
to the above results and earlier studies,?>?* and the most likely
reactions are

(H,N),CS = [(H,N),CS'" +e¢” (R1)
2[(H,N),CS"]" < [(H,N),CSSC(HN,),I*"  (R2)

Judging from the potentials, TUO, and urea can also form in
this region. These processes can be described by the reactions?*

[(H,N),CST"+H,0— [(H,N),CSOH,]"  (R3)
[(H,N),CSOH,]" — [(H,N),CSOH,]*" +e~  (R4)
[(H,N),CSOH,]*" — (H,N),CSO+2H"  (R5)
(H,N),CSO + H,0— (H,N),CSO,+2H" 4+ 2¢~ (R6)
[(H,N),CSOH,]*" —S + (H,N),CO+2H"  (R7)

At high concentrations of thiourea, diprotonated sulfenic acid,
[(HoN),CSOH,]?*, can react with thiourea, yielding FDS

[(H,N),CSOH,]*"+(NH,),CS —
[(NH,),CSSC(NH,),]*" +H,0 (R8)

In the potential region of oscillation B, TUO, can be further
oxidized to TUOs3. At these potentials, both TUO3 and urea can
be completely oxidized to nitrogen, carbon dioxide, and sulfate.??

(NH,),CSO,+H,0— (NH2)2CSO3+2H+ +2e  (R9)
(NH,),CS0,+3H,0 — SO,”+CO,+N,+10H" + 8¢~
(R10)

Clearly, reactions R6, R9, and R10 cannot be elementary
reactions, as electron-transfer theory®® predicts that electrons
can only be transferred one at a time. As oxygen is transferred
from water to product molecules, the adsorption and desorption
of water might play an important role in these oxidation
processes.?’

H,0—"OH+H" +e” (R11)

The adsorption of hydroxyl radical is strongly suppressed by
the adsorption of chloride ions. We conclude that further
oxidation of thiourea can occur through the indirect interaction
of adsorbed residues and hydroxyl radicals. As revealed by the
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CV and HPLC experiments, the adsorption of chloride ion has a
significant influence on the oxidation of thiourea in oscillation B

Cl —CI't+e (R12)
The strong competing adsorption of chloride might poison the
electrode surface and inhibit the oxidation of thiourea. As
complex oscillations can be observed only in the presence of
specifically adsorbed anion CI~, reaction R12 might play an
important role in the oscillatory mechanism, which we plan to
study in future work. The competing absorption and desorption
of species, including sulfur-containing intermediates, water, and
chloride, causes the system to display rich nonlinear dynamics
such as periodic doubling oscillations,? quasiperiodic oscilla-
tions, and mixed-mode oscillations.
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