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Nonlinear Dynamics of Coupled Nickel Electrodissolution with
Hydrogen Ion Reduction with Bipolar Electrodes

Yifan Liu and Istvin Z. Kiss”

Department of Chemistry, Saint Louis University, St. Louis, Missouri 63103, United States of America

We investigate the emergence of current oscillations of a bipolar electrode (BPE) in coupled anode/cathode reaction under
potentiostatic condition. In a traditional three-electrode setup, the nickel dissolution in sulfuric acid requires a minimum amount of
IR ohmic drop, and thus series resistance for the oscillations to occur. In this paper, it is shown that in bipolar setup, when the
nickel electrodissolution on the anodic side is coupled to hydrogen ion reduction on the cathodic side, spontaneous current
oscillations can occur. An electrochemical analysis of the dynamics shows that the required circuit potential for the oscillations can
be predicted from estimating the overpotentials needed for the anodic and cathodic reactions, the driving electrode, and the ohmic
drop in the electrolyte. The dynamics and range of oscillations can be tuned by different concentrations of electrolyte, on both the
anodic and the cathodic sides. In the considered example, the charge transfer resistance of the cathodic reaction can provide
sufficient total resistance even when the solution resistance does not yield sufficient IR drop for the oscillations. Our findings have
the potential to promote further studies of the collective behavior of electrochemical reactions using multielectrode arrays in

bipolar electrode setups.
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Electrochemical systems exhibit a variety of nonlinear ghe-
nomena, which are often investigated in traditional cells.” A
conventional electrochemical cell involves three (working, counter,
and reference) or two (working and the same counter/reference)
electrodes, where a circuit potential is applied between the working
and counter electrode such that the potential between the working
and reference electrode is constant.” In the commonly used three-
electrode setup, the given electrode reaction on the working
electrodes can be studied with little influence from the counter
electrode. (Similarly, with large surface area counter electrode, the
potential drop on the counter electrode can be neglected even
without a reference electrode/potentiostat, and thus the electrode
kinetics of the working electrode is decoupled from that the of
counter electrode.) In such configuration, various forms of stationary
and oscillatory patterns have been observed on the surface of a
single electrode”® and multielectrode arrays.”® Shrinking down the
size of the reactor from macro- to microscale enables the discovery
of new dynamic features'®, and further decreasing the size to
nanoscale helps for better understanding of the mechanisms of
electrochemical reactions.!'™"? However, problems also arise at
nanoscale, for example, making direct electrical contact to nanoe-
lectrodes is often difficult.

Bipolar electrochemistry is an unconventional technique that
involves two driving electrodes and a conducting object (the bipolar
electrode, BPE) in electrolytic solution.'*'® Compared to conven-
tional electrochemical cell, bipolar electrodes are distinctly different
in that they promote oxidation and reduction simultaneously on the
same electrode which acts both as anode and cathode.'” The anode
of the bipolar electrode is the cathode side of the driving electrode,
and vice versa.'® A bipolar electrode does not need direct contact
with an external wire to a power source, which makes it ideal for
nanoelectrochemistry. Studies on single bipolar nanoelectrode'® and
on array of hundreds of ultramicroelectrodes®® are thus enabled.
When the driving potential is large enough (larger than the formal
potential of the anodic and cathodic reactions), both oxidation and
reduction occur at the two ends of the electrode, making the
electrode bipolar. Thus, the anodic and cathodic reactions are
naturally coupled through the BPE. The theoretical and experimental
current-potential responses of a micro BPE under mass-transport
control have been characterized in different concentrations of
electrolyte.”’ For applications of BPE in practical settings, the
analysis of the nonlinear dynamics of coupled cathode-anode
systems can reveal the type of self-organized spatio-temporal
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structures that can affect the dominant dynamical response of the
cell.

Coupled anode-cathode reactions have been utilized as a pro-
mising green method for organic synthesis.”*> It is possible to
produce desirable products simultaneously at both anode and
cathode sides, which optimizes the energy efficiency.*** The
nonlinear dynamics of a coupled anode—cathode system, nickel
electrodissultion and hydrogen ion reduction, was explored in a
previous study®® in a traditional two electrode system. Bistability
and current oscillations were observed due to the interaction of the
reactions. The results were interpreted by the kinetics of the
relatively slow anodic metal dissolution coupled to the fast cathodic
reaction. As a result of the complex kinetics of the cathode reaction,
the charge transfer resistance exhibited a maximum value by
changing the cathode sizes; the instabilities were then interpreted
with this increased additional ohmic drop needed to drive the
cathodic reaction. In another work,26 coupled dual-anode and
single-cathode configuration was used to characterize the synchro-
nization pattern for an oscillatory reaction. The coupling effect was
demonstrated with in-phase, out-of-phase, and anti-phase synchro-
nization in smooth, relaxation, or chaotic current oscillations. The
coupling pattern was found to be induced by the cathode and was
interpreted with the ratio of charge transfer resistance of the cathode
to the total external resistance in the cell. A further study?®’
demonstrated quorum sensing transitions to current oscillations in
a coupled multi-anode and single-cathode system. The number of
anode electrodes in the system played similar role to population
density in quorum sensing: with increasing or decreasing the
population density a transition to current oscillation occurred. The
type of the transition depended on the extent of nonlinearity of the
oscillations: while relaxation oscillation exhibited regular quorum
sensing (oscillations occurred with increasing population density),
smooth oscillators demonstrated “inverse” quorum sensing (oscilla-
tions via decreased population density). In these results, 327 poth
cathode and anode reside in the same container and share common
electrolyte.

In this paper, a closed bipolar electrode is used to investigate the
nonlinear dynamics of coupled cathode-anode reactions. A closed
BPE is built with a U-cell where two compartments are separated by
the BPE in the middle. The nickel electrodissolution in sulfuric acid,
coupled to hydrogen ion reduction, is studied with different
electrolyte concentrations at the anode and cathode sides.
Polarization scans are performed to determine the circuit potential
range and current levels of the oscillations. Electrochemical im-
pedance spectroscopy is used to determine the charge transfer
resistance of cathodic reaction and the solution resistance. The
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results are interpreted by the interplay of the negative differential
resistance of the anode and the total resistance composed of charge
transfer and solution resistances. With the assumption that the
oscillations are induced by the total cell resistance, the results are
compared to those obtained in traditional three-electrode configura-
tions with applications of external resistance. The success of the
approach to decode oscillatory instabilities is demonstrated in three
different electrolyte configurations with changes in both the anodic
and cathodic sides. The advantages of using BPE for exploring
dynamical instabilities of coupled anode and cathode reactions are
discussed.

Materials and Methods

Two different configurations were used: one is the traditional
three-electrode cell, and the other is the bipolar electrode in U-cell.
The experimental setup of a three-electrode traditional cell is shown
in Fig. la. The electrochemical cell consisted of the electrolyte
(H,S0,), a counter electrode (CE, platinum coated titanium rod), a
reference electrode (RE, Hg/Hg,SO,4 sat. K,SO,), and a working
electrode (WE, nickel). The circuit potentials (V) are reported with
respect to the reference electrode. The working electrode was a

a c
RE

CE WE
RE

S a

\ N|2+> H* )

nickel wire (Goodfellow, 99.98%) embedded in epoxy. The elec-
trode array was wet polished before experiments, and the reactions
took place at the end of the electrode. The diameter of the nickel
working electrode was 1 mm. The experiments were performed at
room temperature.

For bipolar electrodes, a closed setup was used as shown in
Fig. 1b, with a Hg/Hg,SO, sat. K,SO, reference, and two platinum
coated titanium rods as driving electrodes. The two compartments in
the cell were separated by a bipolar electrode (nickel) embedded in
insulator (epoxy). The driving electrode on the right side was
connected to the working point of a potentiostat; this side became
the cathode of the bipolar electrode. The driving electrode on the left
side was connected to the counter point of a potentiostat; this side
became the anode of the bipolar electrode. A picture of the
experimental setup is shown in Fig. lc, and an optical image of
the nickel BPE embedded in epoxy is shown in Fig. 1d.

The frequency of the oscillations was calculated based on phase
description of oscillators;28 the Hilbert transform of the time series
of a signal x

H(t) = PV/ 0=, ]

t—r

BPE
embedded
in insulator

Figure 1. Schematic diagram of experimental setup in traditional cell and in BPE. (a) Experimental setup in traditional cell. WE: Working electrode (nickel);
RE: Reference electrode (Hg/Hg,SO, sat. K,SO,4); CE: Counter electrode (Pt). (b) Experimental setup in BPE. WE: Working electrode (Pt); RE: Reference
electrode (Hg/Hg,SO, sat. K,SO,); CE: Counter electrode (Pt). (c) Picture of experimental setup. (d) Microscope image of a nickel electrode (1 mm diameter)

embedded in epoxy.
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was used in defining the phase®®

_ Hx(@®)
¢ (1) = arctan 0= = [2]

where PV in the equation implies that the integral should be
evaluated in the sense of Cauchy principal value. (x) is the temporal
average of the time series x(f). x is the current (x(¢) = I(¢)). The
natural frequency of the oscillator was obtained from a linear fit of

o(t) vs. t
_1 /49
@= 27r< dt> 13]

Results and Discussion

The results are first presented for nickel electrodissolution in a
traditional three electrode cell (i.e., anodic reaction not coupled to
hydrogen ion reduction), so that the dynamics of the coupled system
in BPE can be better understood.

Nickel electrodissolution in traditional cell.—In a traditional
cell, a 1 mm diameter nickel wire, immersed in the electrolyte was
used as a working electrode in a three-electrode configuration. (See
Fig. 1 and the Methods Section for further details).

Oscillations with 3M H,SO,—Figure 2a shows a linear sweep
voltammogram (LSV) with ¢ = 3M H,SO, electrolyte in the trans-
passive metal dissolution region. With increasing the circuit potential
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(V), the current increases due to the increased metal dissolution rate
through the oxide film. At V= 1.15V a current peak is recorded, after
which the current decreases with increasing potential until V= 1.20
V. This is the so-called negative differential resistance region; above
this region the current increases again due to water electrolysis. Note
that the NDR region starts at an overpotential of about 7, ~1.8 V
considering the open circuit potential (OCP) of the electrode
(VOCP:70'64 V vs Hg/Hg2$O4/sat KzSO4)

In the nickel electrodissolution system, oscillation can occur in a
potential region just below the NDR region (where the negative
slope is hidden by other reactions, i.e., 7, ~1.7 V) when sufficiently
large ohmic IR drop is present in the cell.**° Such IR drop can be
induced by attaching an external resistance to working electrode.
Figure 2b shows the LSV with an external resistance R, = 150
attached to the working electrode. Current oscillation can be
observed in a 165 mV range of circuit potential (1.084 V
<V < 1.249 V) with a current level of /=0.553 mA at the beginning
and 0.814 mA at the end of the region, respectively. Note that the
oscillation start and end with zero amplitude and finite frequency,
which is a characteristic of a supercritial Hopf bifurcation.?

When a somewhat larger external resistance (R, = 262 2, see
Fig. 2¢) was attached to the working electrode, a larger oscillatory
circuit potential region (202 mV) was observed. In addition, note
that while the onset of oscillation is through a Hopf bifurcation (i.e.,
with small amplitude and finite frequency), the oscillations cease
abruptly with a finite amplitude and large period—this transition is
consistent with a homoclinic (saddle-loop) bifurcation.?? Close to
the homoclinic bifurcation the shape of the current oscillations are
more deformed and develop a relaxation character with slowing
down at low, and speeding up at large current levels.

~1.5

Current (mA

0.6 0.8 1 1.2
Circuit potential (V)

Current (mA)

0.6 0.8 1 1.2
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Current (mA)
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Figure 2. Nickel electrodissolution in traditional cell. (a)-(c) 3 M H,SO4; (d)—(f) 6 M H,SO,. Scan rate: 10 mV s™'. (a) Rexe =0 Q. (b) Rexe = 150 Q.

(©) Roxi = 262 . (d) Rex = 0 Q. (€) Rexe = 37 Q. () Re = 170 Q.
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Figure 3. Linear sweep voltammogram of the driving electrode (Pt) in the
U-cell with 3M H,SO,. Scan rate: 1 mV s~ L.

Oscillations with 6M H,SO,—Similar experiments were per-
formed with ¢<=6 M H,SO, shown in Figs. 2d-2f. The nickel
electrodissolution is acid catalyzed,®’ and thus larger currents can
be expected at this higher concentration. Figure 2d shows a LSV
without external resistance in the transpassive dissolution region. The
current increased with increasing the circuit potential until a peak
current of /=1.478mA was observed at V=1.024 V, with no
oscillatory behavior. Compared to the scan shown in Fig. 2a with 3M
H,SO,, the current level is increased by 89.5% when the concentra-
tion of acid is doubled. Note also that the NDR region is wider giving
a smaller slope (in magnitude) than at the lower acid concentration.
Figure 2e shows the LSV when a small amount of external resistance
(Rexs = 37 ) is added to the system. There are no oscillations and the
current level is slightly lower compared to Fig. 2d with a peak current
of 1.385 mA. When an external resistance (R,,, = 170 §2) is added as
shown in Fig. 2f, current oscillations occur, but on the negative slope
in a small circuit potential range of about 50 mV, with a current level
of I =1.198 mA to 0.824 mA. The oscillation start and end with Hopf
bifurcations under these conditions.

We thus see that with ¢=3M H,SO, electrolyte the nickel
electrodissolution (in the given cell) does not produce oscillations
without added external resistance, with relatively small R, = 150 2
external resistance the oscillation arise and cease through Hopf
bifurcations, and at large external resistance R, = 262 (2 the oscillatory
region is larger, and the oscillations cease through a homoclinic
bifurcation instead of Hopf. At the increased sulfuric acid concentration
of ¢=6M H,SO, the oscillation start to arise with about R,,; = 170 2
and typically arise on the negative slope of the polarization scan.

Nickel electrodissolution with BPE.—A BPE electrode was
constructed, in which a 1 mm diameter Ni was embedded in epoxy,
and the two ends of the wire accommodated the anodic and the
cathodic reactions as shown in Figs. 1b—1d. (See the Methods Section
for further details.) The counter and reference electrodes were placed
in the chamber of a U-cell with the anodic end of the BPE; because
here we have a reference electrode, the impact of the counter
electrode, which evolves hydrogen, is minimized. The chamber with
the cathodic end of the BPE accommodated the working driving
electrode, which is polarized anodically (V > 0) and thus oxygen
evolution reaction takes place. (Note that in order to realize the BPE,
the counter/reference electrodes should be placed in the same
compartment, opposite of the WE, so that the circuit potential between
the WE and RE includes the potential drop occurs across the BPE.)
The current-potential response of the this driving Pt electrode in the

U-cell (without BPE separating the two compartments) was deter-
mined to evaluate its effect on the cell dynamics. As shown in Fig. 3,
the open circuit potential is around Vocp=0.20 V. It takes about
V =1 V circuit potential to drive 10.55 mA current. Therefore, it takes
about 1p = 0.8 V overpotential for the driving electrode to provide the
sufficient amount of current for nickel electrodissolution to take place
in the transpassive region. This overpotential will have to be
considered in decrypting the oscillatory regions in the BPE setting.

Current oscillations with BPE.—First we consider the nickel
BPE in the U-cell with 3M H,SO, on both sides. The open circuit
potential was 0.200 V. The LSV in the transpassive dissolution range
is shown in Fig. 4a. Current oscillations were observed in a 160 mV
range for 3.10 V <V < 3.26 V. (Considering the OCP, the oscillation
start at an overpotential of about 2.9 V.) The current level at the
onset of oscillation is 0.550 mA. Figure 4b shows a time series of the
oscillatory behavior close to the onset (V= 3.130V). The oscillation
waveforms are smooth (nearly harmonic) with a frequency of 1.093
Hz. The mean current is 0.533 mA with an amplitude of 0.201 mA.

We thus see that the BPE behaves fundamentally different from a
traditional electrochemical cell. Here, oscillation can occur even
without added external resistance. As a working hypothesis, we
assume that these oscillations are induced by the hidden NDR, and
the minimum required resistance for the oscillations can be provided
by the charge transfer resistance of the cathode side of the BPE and
the solution resistance. Moreover, the circuit potential at which the
oscillations occur is very large, about 3 V, and should consist of the
overpotentials needed to drive oscillatory transpassive nickel elec-
trodissolution (7,), hydrogen ion reduction on the cathode side (7,.),
that of the driving electrode to provide sufficient current (7p), and
the ohmic IR drop in the electrolyte:

V=mn,—n,+np+ IR, [4]

Note that the solution IR contribution is relatively small (on the
order of mV), because of the large concentration of the acid and the
small solution resistance on the order of R, ~ 30 2.

To explore the origin of the spontaneous oscillation in the BPE
cell, we performed a cathodic scan in a traditional three electrode
cell to determine the charge transfer resistance of the cathodic
reaction, hydrogen ion reduction. The LSV is shown in Fig. 4c. As
expected the current increases in an exponential manner at large
negative overpotentials. In the oscillatory range, the anodic current is
about 0.55 mA, and thus the cathodic side of the BPE provides
I=—0.55 mA, and this current level occurs at a cathodic over-
potential of 7. = —0.4 V. Now the overpotential for the observed
oscillation can be calculated with n,=1.7 V, n.=—-0.4 V, and
np=0.8 V using Equation 4; V=2.9 V which agrees will with the
experimentally observed value (2.9 V).

Our next step is to evaluate the total cell resistance (Ry,) in the
BPE setup to confirm that R, is large enough to allow for the
oscillations to occur. Ry is the sum of the charge transfer (R.) and
the solution (R )resistance:

Rt = Rt + Ry [5]

The LSV of the cathode is shown in Fig. 4c; at the current level of
the oscillations (I = —0.550 mA), R, = 153 ) was obtained from the
inverse slope of the polarization curve. Electrochemical impedance
spectroscopy (EIS) was further performed to verify the resistance and
separate Ry, into the solution and charge transfer resistances. As
shown in Fig. 4d, an EIS was performed at V= —1.05 V, which
corresponds to / = — 0.550 mA. From the Randles equivalent circuit
(semicircle in the Nyquist plot) fit,> R, =31 Q, Ry = R+ R, = 150
Q, and thus R, = 119 Q. The total resistance (153 {2) measured by the
slope of the cathodic scan is in accordance with the resistance (150 €2)
found by EIS. These observation indicate that the charge transfer
resistance of the cathodic reaction, R., = 119 , contributes largely to
the Ry, = 150 2.
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Figure 4. Nickel electrodissolution in BPE (3M H,SO4|Ni|3M H,S0O,). (a) Linear sweep voltammogram. Scan rate: 10 mV s~L. (b) Current oscillation vs time
at V.=3.13 V. (¢) Cathodic scan of nickel electrode in traditional cell. Scan rate: 1 mV s~ (d) Nyquist plot of EIS obtained at V= —1.05 V in the traditional

cell.

As the experiments with the traditional setup Fig. 2b showed, the
nickel dissolution system exhibits oscillations starting and ending
with Hopf bifurcation in a circuit potential range of 165 mV in the
presence of R,,, = 150 (2 resistance. This agrees well with the BPE
results with the oscillations through Hopf bifurcation, with a range
of 165 mV. We also showed that the oscillations occur at over-
potentials that drive the anodic side of the BPE to the NDR region.
The results with the BPE are thus consistent with oscillations
emanating from the NDR of the anodic dissolution reaction, with
the cathodic end (and the cell solution resistance to a lesser extent)
providing the necessary total cells resistance for the oscillations. We
should emphasize that in addition to the remarkable similarities
between Figs. 2b and 4a, there are also differences, which are not
captured by the simple model. While the total resistance with the
traditional setup is nearly constant with increasing the potential, in
the BPE the R., depends on the current level. Previously, it was
shown?’ that the effective R, for a Butler-Volmer kinetics at large
overpotentials is inversely proportional to the current level:

_RT
aF|l|

(6]

ct

where R is gas constant, 7 is temperature, « is the transfer
coefficient, and /.. is the cathodic current level. Therefore, at small
current the coupled cathode-anode system experiences large resis-
tance, which is diminished with increasing the current. This can be
seen in Fig. 4a: the current increases with increasing V with a
positive curvature (and thus indicating progressively less resistance),
instead of the nearly linear increase with constant resistance in

Fig. 2b). Therefore, while many of the features of the BPE system
can be captured by overpotential and R, predictions, we anticipate
that, generally speaking, not all dynamical states could be equivalent
in the traditional setup and the BPE.

The BPE setup allows varying the anodic and cathodic side
electrolyte compositions relatively easily, which facilitates the in-
vestigation of nonlinear phenomena in a large parameter space. Here
we demonstrate two such examples, one with decreasing the acid
concentration (c) on the cathode side, and the other with increasing ¢
on the anode side. These two conditions were chosen as they typically
both increase the IR drop in a traditional cell, the former by increasing
the solution resistance, and the latter by increasing the current. As with
increasing the IR drop the nickel electrodissolutin is expected to
oscillate in larger circuit potential regions,?® the initial expectations
were that both would promote instabilities in the BPE cell as well.

Effect of decreasing sulfuric acid concentration on cathode side.—
The LSV in the transpassive dissolution region is shown in Fig. 5a with
3M H,SO, on the anodic, and 0.1IM H,SO,4 on the cathodic side.
Current oscillation is again observed for 3.250 V <V < 3.502 V. The
oscillation start with Hopf bifurcation and end with homoclinic
bifurcation with a circuit potential range of 252 mV. The current level
at the onset of oscillation is 0.545 mA. The current oscillation waveform
has a strong relaxational character as shown in Fig. 5b with a frequency
of 0.768 Hz. The mean current is 1.102 mA with an amplitude of 0.500
mA. Both the mean current and the amplitude are larger than those in
Fig. 4b, where the oscillations are smooth and occur at lower V.

Another cathodic scan in a traditional cell was performed to
determine the resistance of the cathodic side in the decreased acid
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Figure 5. Nickel electrodissolution in BPE with decreased acid concentration at the cathodic side (3M H,SO4|Ni|0.1M H,SO,). (a) Linear sweep
voltammogram. (b) Current oscillation vs time at V = 3.23 V. (c) Cathodic scan of nickel electrode in traditional cell. Scan rate: 1 mV s~ '. (d) Nyquist plot

of EIS obtained at V= —1.29 V.

concentration (¢ = 0.1 M)as shown in Fig. 5c. The inverse of the slope
(275 Q) was determined at the current level (0.545 mA) where the
onset of current oscillation was observed in Fig. 5a. As shown in
Fig. 5d, EIS was performed at V=-1.29 V, corresponding to the
cathodic current / = —0.545 mA expected from the oscillations in
Fig. 5a. It was found that for ¢ = 0.1 M H,SO,, the solution resistance
is Ry = 148 (2, and the total resistance is R,,, = Ry + R., = 262 (), and
thus R., = 114 . The total resistance (275 £2) measured by the slope
of the cathodic scan is close to the resistance (262 2) found by EIS.
‘We note that in this case, about half of the total external resistance is
provided by the solution resistance. The current oscillations obtained
in the BPE setup thus can be compared to the oscillations in the
traditional setup with R.y = 262 €2, shown in Fig. 2c. Both polariza-
tion scans show Hopf and homoclinic bifurcations at the beginning
and at the end of the oscillations, respectively, with similar ranges
(202 mV vs 252 mV in BPE), and emergence of relaxation oscilla-
tions. Note that the BPE oscillation range is somewhat larger, which
can be contributed to the nonlinear dependence of the charge transfer
resistance on the current level discussed above. Overall, there is
excellent agreement between the predicted behavior from the tradi-
tional setup and the observed behavior with BPE.

Lowering the acid concentration thus generates polarization
scans that mimics oscillations in the traditional setup observed at a
larger total resistance. This could be expected because decreasing
the acid concentration increases the solution and charge transfer
resistance of the hydrogen ion reduction reaction. Note that because
of the BPE configuration and the large cathodic overpotential, the
experimentally measured R., value remained nearly the same (in
fact, decreased slightly from 119 Q to 114 Q); this nearly constant

value is in agreement with the prediction of Equation 6. Thus, in this
case, the change of the features of the oscillations (due to change of
Ry are nearly fully contributed to the change in the solution
resistance. As such, we would expect that further decrease in the
acid concentration would further increase the cell series resistance,
and the oscillation would occur at progressively larger potentials
until mass transport limitations start to play a role.

Effect of increasing the sulfuric acid concentration on the anode
side.—When the concentration of the sulfuric acid on the anode side
is changed, the current level required for the oscillations can also
change, which should be incorporated in the analysis. Figure 6
shows the BPE results with 6 M H,SO, on the anodic, and 3M
H,SO, on the cathodic side. The LSV in the transpassive dissolution
region is shown in Fig. 6a. In this case, oscillations do not occur. As
expected, higher current levels are measured than those observed
with the 3M H,SO,. EIS results obtained at V= —1 V, where the
same current level is obtained in a cathodic scan as the peak current
in Fig. 6a, are shown in Fig. 6b. The solution resistance was R; =
11 €2, the total resistance was R,,,= R, + R, =37 €2, and thus
R., =26 Q. This small external resistance cannot induce oscillations
in Ni dissolution in traditional setup (see Fig. 2e). The lack of
oscillations in the BPE setup at increased current oscillations thus
can be contributed to the decreased charge transfer resistance of the
cathode at the high current level, as predicted by Equation 6. While
the traditional setup generates oscillations at both ¢ =3 and 6 M with
similar external resistances, in the BPE setup the higher current level
and thus lower charge transfer resistance of the cathode does not
provide the sufficient feedback for spontaneous oscillations to occur.
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Figure 6. Nickel electrodissolution in BPE with increased acid concentraiton at the anodic side (6 M H,SO4|Ni|3M H,SO,). (a) Linear sweep voltammogram.

Scan rate: 1 mV s~ (b) Nyquist plot of EIS obtained at V= —1.00 V.

Conclusions

The nonlinear dynamics of a coupled cathode-anode reaction in a
bipolar electrode setting was decoded. Compared to the traditional
setting where external resistance was required to induce oscillations,
in BPE the cathode reaction can facilitate the emergence of
oscillatory instabilities even without an external resistance. In the
BPE, a larger circuit potential is required to drive the reactions, as a
result of the additional overpotentials required for the cathodic
reaction and the driving electrodes. By tuning the concentration in
the cathodic and the anodic chambers, the dynamics and oscillatory
range can be changed. The analysis of the charge transfer resistance
of the fast process (in our case, the hydrogen ion reduction reaction)
along with measurements of solution resistance (e.g., with EIS) can
interpret and predict the occurrence of oscillations. In this respect,
the results are similar to those observed with the cougling of the
cathode and the anode in a proton-exchange fuel cell,>* where one
reaction, in that case, the anodic reactions, drove the oscillations, and
the cathodic process reacted, i.e., “synchronized”. Resolving cathode
and anode potentials in both BPE and fuel cells can provide valuable
information about the coupling of the electrodes.

In addition to oscillations, the BPE could also be used to study
bistability when considering forward and backward scans in the
LSV; here new factors should be considered, in particular, the
current level affects the charge transfer resistance of the coupled
electrode and thus the interpretation of the bistability ranges induced
by saddle-node bifurcations should consider that the imposed charge
transfer resistance depends on the current level. >

The wireless feature of the BPE can open novel routes to
studying nonlinear dynamics in electrochemistry; this feature is
similar to coupling chemical reactions to obtain new types of
behavior, as it was demonstrated with coupling of two reactors
with the chlorite-iodide reaction for rhythmogenesis,” and the
parallel coupled bromate-chlorite-idode system for birythmicity
and compound oscillations.* Here we used a reference state where
both compartments contained 3M H,SO, and changed the concen-
tration in one of the compartments; future studies could explore the
impact of antagonistic changes in both compartments, e.g., in-
creasing the concentration in one compartment at the expense of
decreasing the concentration in the other.

The BPE also allows investigations of electrode arrays without
complicated multichannel potentiostats, for example, through optical
recordings using fluorescence.?’
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