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We investigate the dynamical behavior of the oscillatory electrodissolution of
nickel and hydrogen reduction reaction in a closed electrochemical bipolar cell
with two nickel wires. In the bipolar setup, two-half U cells are separated by an
epoxy plate with the two embedded nickel electrodes; the oxidation and
reduction reactions take place at the two ends of the same wire. The
electrode potential oscillations were found to be strongly synchronized with
1 mm diameter electrodes in an in-phase configuration. Because experiments in
similar configurations with traditional (three-electrode) cell showed no
synchronization of the oscillatory anodic nickel electrodissolution, the
introduction of the cathodic side of the bipolar electrodes induced the
synchronization. The results were interpreted with a model that considered
the kinetically coupled cathode-anode dynamics as well as interactions on the
cathode and the anode side through migration current mediated potential drops
in the electrolyte. The electrical coupling strength was calculated from solution
resistance and charge transfer resistance measurements. The theory correctly
interpreted that the bipolar cell with large (1 mm diameter) electrodes exhibits
strong coupling with synchronization, and the bipolar cell with small (0.25 mm
diameter) electrodes and the traditional configuration exhibit weak coupling and
thus desynchronization. The experiments demonstrate the use of bipolar
electrochemical cells for the investigation of collective behavior of
electrochemical processes and the proposed approach holds promise for the
design of bipolar multi-electrode arrays with engineered coupling to promote
sensing and information processing using microchips.
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1 Introduction

Bipolar electrochemistry (Koefoed et al., 2017) have gained much interest in the field of
material science (Loget et al., 2013), industrial applications (Duval et al., 2001), biological
systems (Morse et al., 2011), in particular, with respect to addressing chemical reactions at
micro and nanoscales (Loget and Kuhn, 2011). Bipolar electrochemistry diverges from
traditional electrochemistry in both its fundamental concept and practical applications–the
potential drop that drives the electrochemical reaction is imposed in a wireless process
where asymmetric electrochemical reactions unfold simultaneously at the opposing ends of
a single conductive entity known as a bipolar electrode (Fosdick et al., 2013; Crooks, 2016).
These reactions are remotely regulated by adjusting the electric field across an electrolytic
solution that envelops the bipolar electrode (Crooks, 2016). Remarkably, without any
physical connection to an external electrical circuit, it becomes feasible to initiate desired
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reactions concurrently even across multiple bipolar electrodes,
ranging from small arrays to extensive ensembles comprising
thousands of electrodes (Mavre et al., 2010). Furthermore, this
technique accommodates the use of electrodes at various scales,
including macroscopic, microscopic, and nanoscopic levels (Sentic
et al., 2015). This versatility is particularly compelling for materials
modification, as it induces an asymmetrical alteration of the objects
involved (de Poulpiquet et al., 2023).

The study of electrochemical oscillators (Hudson and Tsotsis,
1994; Krischer, 2002; Orlik, 2012a) has led to the discovery of a
variety of synchronization phenomena using electrode arrays
(Wickramasinghe and Kiss, 2012), ranging from in- and anti-
phase synchronization of oscillator pairs to emergence of
synchrony, cluster states, and chimeras of oscillator populations
(Mukouyama et al., 1996; Kiss et al., 1999; Wang et al., 2000; Kiss
et al., 2002; Karantonis et al., 2004; Kiss et al., 2005; Varela et al.,
2005; Wickramasinghe and Kiss, 2013; Ocampo-Espindola et al.,
2019). The emergence of these synchronization patterns has been
attributed to electrical coupling through potential drops in the
electrolyte (Mukouyama et al., 1996) and external resistance
interface (Kiss et al., 1999; Wickramasinghe and Kiss, 2013) that
can overcome desynchronizing factors such as surface
heterogeneities and chaotic dynamics (Wang et al., 2000; Kiss
et al., 2002; Kiss et al., 2005; Cruz et al., 2007). Synchronization
behavior of electrochemical oscillators can be used to decrypt
electrical coupling in multielectrode devices (Jia and Kiss, 2017);
this electrical coupling can play important role in wide range of
electrochemical applications, for example, with generator-collector
or collector-collector configurations of electrochemical
microsensors (Amatore et al., 2008).

Nonlinear dynamics phenomena have been thoroughly
explored in the traditional three electrode configuration
(Orlik, 2012a; Orlik, 2012b). In these configurations, far-
from-equilibrium nonlinear electrochemical oxidation (or
reduction) are studied. However, in electrochemical systems
the interactions between the cathode-anode systems can also be
investigated (Ferrari and Massardo, 2013; Wickramasinghe and
Kiss, 2016). Even though coupling induced synchronization and
clustering behavior was explored in the traditional three
electrode configuration (Wang et al., 2000; Wang et al.,
2002), it is also possible to observe these behaviors in
cathode-anode systems (Hankins et al., 2017; Hankins et al.,
2019). The non-linear behavior of the coupled anodic nickel
electrodissolution and hydrogen ion reduction was explored in
various cathode-anode configurations (Wickramasinghe and
Kiss, 2016; Hankins et al., 2017; Hankins et al., 2019). With a
single cathode and a single anode, bistability and current
oscillations were observed depending on the size of the
cathode without any external resistance (Wickramasinghe
and Kiss, 2016). Oscillations occurred only at intermediate
cathode areas and were interpreted by the enhanced charge-
transfer resistance of the cathode reaction. The coupling
mechanism and the extent of synchronization of oscillatory
nickel electrodissolution with two anodes in the presence of a
common cathode were also studied (Hankins et al., 2017). The
synchronization patterns were analyzed by changing the size
ratio between the anode and cathode. The findings showed that
hydrogen ion reduction on a single (common) cathode reaction

can effectively couple the nickel electrodissolution reactions in
dual anode configuration. Additionally, it was shown that the
coupling imposed by a single (fast) cathodic reaction in the
presence of a multi-electrode oscillatory anode reaction is
similar to quorum sensing (Hankins et al., 2019). It was
shown that starting with a large electrode array and
decreasing the number of electrodes a transition occurs to
oscillations and thus an “inverse” dynamical quorum
transition takes place. These studies of nonlinear dynamics of
coupled cathode-anode systems used traditional cell
configuration with a separate cathode and anode.

In a recent study using an electrochemical bipolar cell, the
oscillatory electrodissolution and hydrogen ion reduction was
studied using a single nickel wire (Liu and Kiss, 2023). It was
shown that current oscillations without external resistance is
possible in the bipolar system. Additionally, tuning the
concentration on the anode and cathode, the current level and
the dynamics of the oscillations can be changed as well.

In this paper, we investigate the synchronization of electrode
potential oscillations of two nickel electrodes in a closed bipolar
system. The bipolar system is a U cell with the anodic and
cathodic compartments (with 3.00 M and 0.01 M H2SO4

electrolyte, respectively) separated by epoxy with two
embedded nickel electrodes. Chronopotentiometry is employed
to study the synchronization of electrode potential oscillations
during the concurrent nickel eletrodissolution and hydrogen ion
reduction in the bipolar system. The obtained results are
compared to those obtained in traditional three-electrode
configurations and two electrode (single cathode - two anode)
system with the application of external resistance, where the
oscillations are induced by the total cell resistance. The extent of
synchronization is determined for relatively large (1 mm
diameter) and small (0.25 mm diameter) electrodes. The
emergence of synchronized oscillations is interpreted with a
model that evaluates the electrical coupling strengths between
electrodes using the solution series resistances and the charge
transfer resistance of the hydrogen ion reduction reaction.

2 Experimental methods

2.1 Traditional three electrode cell

For the traditional three electrode system, the electrochemical
cell (half U cell configuration) consists of two 1.00 mm diameter
nickel working electrodes (WE1 and WE2), a Hg/Hg2SO4/saturated
K2SO4 reference electrode, a 1.6 mm diameter platinum rod counter
electrode in 3.00 M H2SO4 solution as shown in Figure 1A.
Individual resistance of 1 kohm was connected to each of the
two nickel working electrodes. The electrodes were wet polished
with a series of sandpapers (P180-P4000) with a Buehler Metaserv
3000 polisher before the experiments. The nickel electrodes were
connected to a Gamry potentiostat through an individual resistance
on each electrode. Electrochemical impedance spectroscopy was also
performed to measure the solution resistances as well as the charge
transfer resistance.

The same cell was also used to study oscillations in the
traditional two-electrode cell (see Figures 1B, D) with two nickel
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wires (used as the working) and a single cathode Pt wire (used as the
RE and CE electrodes).

2.2 Closed bipolar electrochemical cell

For the bipolar cell, two nickel electrodes were embedded in
epoxy with both ends of the nickel uncovered. A closed bipolar
system was made with two different compartments as seen in
Figures 1C, E. In the closed bipolar system, platinum electrode is
the driving electrode (connected to the working electrode point of
the potentiostat) which applies an anodic potential. In the same
compartment, which is referred to as the cathodic compartment,
hydrogen reduction takes place on the surface of the bipolar
electrode. In the other compartment, which we refer to as the
anodic compartment, nickel electrodissolution takes place on the
(opposite) surface of the nickel electrode; the same compartment
accommodates the RE and CE electrodes connected to the
potentiostat. The anodic and cathodic compartments are filled
with 3.00 M and 0.01 M H2SO4 electrolytes respectively. The two
compartments in the cell are separated by two bipolar nickel
electrodes embedded in an insulator (epoxy). Two different sizes
of nickel electrodes consisting of d = 0.25 mm and 1.00 mm were
used in the experiment. The oscillations of the electrode potentials
were recorded using chronopotentiometry with connecting a wire
(embedded in the epoxy) to the bipolar electrodes andmeasuring the
potential with respect to a Ag/AgCl/2 M NaCl auxiliary reference
electrode placed in the anodic side of the bipolar electrode.

2.3 Data analysis

The frequency of the oscillations was calculated based on phase
description of oscillators (Pikovsky et al., 2003). The Hilbert
transform of the time series of a signal E(t)

H t( ) � 1
π
PV∫∞

−∞
E τ( ) − 〈E〉

t − τ
dτ (1)

was used in defining the phase (Pikovsky et al., 2003);

ϕ t( ) � arctan
H t( )

E t( ) − 〈E〉 (2)

where PV in the equation implies that the integral should be
evaluated in the sense of Cauchy principal value. The phases are
unwrapped so that they continuously increase in time. <E> is the
temporal average of the time series E(t). The frequency of the
oscillator was obtained from the slope of the linear fit of ϕ(t) vs. t.

3 Results and discussion

3.1 Experimental results

3.1.1 Nickel electrodissolution in the traditional
electrochemical system

To better understand the complex dynamics in the bipolar
system, we first demonstrate the behavior of (anodic) nickel
electrodissolution using two electrodes in a traditional

FIGURE 1
Experimental setup and schematics. (A) Schematic of two Ni working electrodes (WE1 and WE2) embedded in epoxy, in a half U traditional
electrochemical cell. (B) Schematic of two Ni working electrodes (WE1 andWE2) embedded in epoxy, in a half U cathode-anode electrochemical cell. (C)
Schematic of two Ni working electrodes (WE1 andWE2) embedded in epoxy, in a bipolar cell configuration, (D) Photo of cell configuration with the half U
cell. (E) Photo of cell configuration with the bipolar cell. (F) Equivalent circuit of the traditional electrochemical cell (G) Equivalent circuit of the
bipolar electrochemical cell. E1 and E2: electrode potential; IF1,2: Faradaic current; Cd: double-layer capacitance; I1,2: current; Rs: solution resistance, Rc:
collective resistance, V: circuit potential. RE: reference electrode. CE: counter electrode. DE: driving electrode. ARE: auxiliary reference electrode.
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electrochemical system (Figure 1A) with two working, one reference,
and one counter electrode. In Figure 2A, the times series of electrode
potential oscillations are shown at a constant circuit potential V =
1090 mV with individual external resistances of Rind = 1 kohm.
(Without adding an external resistance the system does not exhibit
oscillations (Kiss et al., 1999)). The electrode potential oscillations
do not overlap and have different frequencies (f1 = 1.032 Hz and f2 =
1.047 Hz) which suggest that the two oscillators are not
synchronized and thus not (or very weakly) coupled. This lack of
synchronization is further confirmed in Figure 2B, where the phase
difference between the two oscillators are plotted with respect to
time: phase drifting behavior confirms the absence of synchrony.
This lack of synchrony without added coupling can be observed at
other circuit potentials as well. Figure 2C shows the frequencies of
the two oscillators as a function of the circuit potential for the entire
region of oscillations. Close to the onset of oscillation at V =
1070 mV the frequencies have lower (but distinct) values of f1 =
0.998 and f2 = 1.009 Hz. With increasing V, the frequencies of the
two oscillators increased to a maximum of f1 = 1.045 and f2 =
1.074 Hz at V = 1110 mV after which they to decreased to f1 =
0.810 Hz and f2 = 0.824 Hz at V = 1190 mV. The different frequency

values of the two electrochemical oscillators determined in the large
circuit potential range indicates lack of synchronization and thus
weak coupling.

3.1.2 Nickel electrodissolution in two-electrode
(cathode-anode) system

For reference, we also show the behavior with oscillatory nickel
electrodissolution using two nickel wires coupled to a (relatively
large surface area corresponding to the driving electrode, A =
69 mm2) cathode (see Figure 1B for schematic of the setup).
External resistance (Rind = 1 kohm) was again needed to obtain
current (and thus electrode potential) oscillations. In Figure 3A, the
times series of electrode potential oscillations are shown at a
constant circuit potential V = 1.780 V. The electrode potential
oscillations do not overlap and have different frequencies (f1 =
0.987 Hz and f2 = 1.014 Hz). Accordingly, the phase difference time
series (Figure 3B) exhibits phase drifting, which suggests that the two
oscillators are not synchronized and thus not (or very weakly)
coupled. This lack of synchronization was also observed at other
circuit potentials as shown in Figure 3C; the frequencies exhibit a
maximum at V = 1.800 V but are also different (14–45 mHz) at each

FIGURE 2
Desynchronized electrode potential oscillations in the traditional three-electrode electrochemical system (d=1.00 mm) (A) Time series of the
electrode potential oscillations (WE1 (blue) and WE2 (red); V= 1090 mV. (B) Phase difference vs. time plot of the two oscillators. V=1090 mV. (C) Circuit
potential vs. frequencies (d=1.00 mm). Rind = 1 kohm.
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potential. Therefore, similar to those observed with the traditional
three electrode setup, the lack of synchronization indicates
weak coupling.

3.1.3 Nickel electrodissolution in the bipolar
electrochemical system with relatively large
electrodes

Next, we performed experiments with two 1.00 mm diameter
nickel electrodes in the closed bipolar electrochemical system. In
the closed bipolar system, two platinum rod electrodes were used
as the driver (DE) and counter electrodes (CE) respectively and
an anodic (V > 0) potential was applied. Hydrogen reduction is
induced in the cathodic compartment with the driving electrode
(DE). In the other, anodic compartment of the bipolar cell, Ni is
oxidized to Ni2+ and various forms of oxides can form along with
water electrolysis. In this bipolar configuration, electrode
potential oscillations (see Figure 4A) were observed at
relatively large circuit potential V = 3.72 V even without an
individual resistance. However, in contrast to the previous
examples, the electrode potentials nearly overlap, and the
frequencies are the same f1=1.137 Hz and f2 = 1.137 Hz.

Similarly, the phase difference time series in Figure 4B shows
phase locking with a mean phase difference Δϕ � 0.00 rad. These
results indicate high level of synchronization and thus relatively
strong coupling. This phase (or frequency) synchronization was
also observed at other circuit potentials as shown in Figure 4C;
while the individual oscillators exhibit a maximum vs. V, at each
V the frequencies are the same. Therefore, there is a striking
difference between the behavior of the bipolar cell and the other
traditional configurations: the bipolar configuration imposes
strong coupling that results in the synchronization of the
electrochemical oscillators. In particular, the bipolar
configuration furnishes an additional cathode compartment;
therefore, the synchronization effects could be attributed to
the enhanced coupling on the cathode side.

3.1.4 Nickel electrodissolution in the bipolar
electrochemical system with small electrodes

We also performed experiments with a smaller electrode
diameter d = 0.25 mm using the bipolar configuration. With
these smaller nickel electrodes, electrode potential oscillations
could also be observed without an external resistance; the results

FIGURE 3
Desynchronized electrode potential oscillations in the cathode-anode system (A) Time series of the electrode potential oscillators WE1 (blue) and
WE2 (red); V= 1780 mV. (B) Phase difference vs. time plot of the two oscillators; V=1780 mV. (C) Circuit potential vs. frequencies (d=1.00 mm).
Rind = 1 kohm.
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are shown at V = 2.85 V in Figure 5A. While the oscillatory
behavior occurred without an external resistance, similar to those
with the large wires in the bipolar cell, the electrode potential
oscillations now show unsynchronized behavior: the electrode
potential oscillations do not overlap, the oscillators have different
frequencies (f1 = 1.060 Hz and f2 = 1.079 Hz), and the phase
differences diverge (see Figure 5B). The lack of synchronization
thus indicates a weakened coupling with the small electrodes.
This lack of synchronization was observed for a wide circuit
potential region 2820 mV ≤V≤ 2940 mV. For all the different
circuit potentials, the frequency difference of the two oscillators
were about 6–62 mHz. Note also that the frequencies do not
exhibit a maximum vs. V, and thus the properties of the
oscillators could also change. For example, a decrease of the
frequency in the traditional setup can be observed by
approaching a homoclinic (or saddle-loop) bifurcation (Koper,
1998). The lack of the slow oscillations at high circuit potential
indicates the disappearance of the homoclinic bifurcation
(Kiss et al., 2006).

3.2 Theory and numerical simulations

3.2.1 Theory: Coupled electrochemical oscillators
through individual and collective resistors

Interactions between the electrodes in a cell can be described
through developing a kinetic model for the electrochemical reactions.
Such model can be constructed by the mass and charge balance
equations (Kiss et al., 1999). First, we consider the traditional cell with
two working electrodes (see Figure 1A) with an equivalent circuit in
Figure 1F. The two electrodes are connected to the potentiostat
through individual external resistances (Rext,a). The electrodes have
surface area A and specific double capacitance Cd. The currents
generated by each electrodes (I1 and I2) are obtained from double
layer charging and charge transfer processes:

I1 � CdA
dE1

dt
+ AJF,1 (3)

I2 � CdA
dE2

dt
+ AJF,2 (4)

FIGURE 4
Synchronized electrode potential oscillations in the bipolar system (d=1.00 mm). (A) Time series of the electrode potential oscillatorsWE1 (blue) and
WE2 (red); V= 3720 mV (B) Phase difference vs. time plot of the two oscillators; V=3720 mV. (C) Circuit potential vs. frequencies.
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where JF,1 and JF,2, are the Faradaic current densities, E1 and E2 are
the electrode potentials. At the electrolyte side, there is a potential
drop, which in general requires solving Laplace equation. Here we
apply a simplified approach, where the potential drop in the
electrolyte is modeled through a combination of parallel (Rind,a)
and collective (Rc,a) resistances. The potentiostat maintains constant
circuit potential, V, therefore:

V � E1 + I1 Rext,a + Rind,a( ) + Rc,a I1 + I2( ) (5)
V � E2 + I2 Rext,a + Rind,a( ) + Rc,a I1 + I2( ) (6)

By combining Eqs 3–6, the differential equations for the
dynamical evolution of the electrode potentials are obtained:

Cd
dE1

dt
� V − E1( )

AR0
− JF,1 + k E2 − E1( ) (7)

Cd
dE2

dt
� V − E2( )

AR0
− JF,2 + k E1 − E2( ) (8)

where the coupling strength k can be calculated as

k � Rc

AR0 R0 − 2Rc( ) (9)

In Eq. 9, Rc � Rc,a is the (total) collective resistance and R0 �
Rind,a + Rext,a + 2Rc is the total cell resistance. The coupling strength
thus increases by increasing Rc and decreasing R0.

To complete the model, the Faradaic current density functions
(JF) must be provided considering the kinetics of the nickel
electrodissolution process. The model is based on a kinetic
scheme (Haim et al., 1992) with two dimensionless variables for
each oscillator el and θl (l = 1 and 2). The dimensionless double layer
electrode potential is obtained as el � ElF/RT, where F is the
Faraday constant, R is the gas constant, and T is temperature;
the total surface coverage of oxide species θl is already
dimensionless. The kinetic equations are (Haim et al., 1992)

del
dt

� v − el
r0

− Ch exp 0.5el( )
1 + Ch exp el( ) + α exp el( )( ) + κ∑2

j�1 el − ej( )
(10)

FIGURE 5
Desynchronized electrode potential oscillations in the bipolar system (d=0.25 mm). (A) Time series of the electrode potential oscillatorsWE1 (blue)
and WE2 (red); V= 2850 mV. (B) Phase difference vs. time plot of the two electrodes; V= 2850 mV. (C) Circuit potential vs. frequencies.
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Γl
dθl
dτ

� exp 0.5el( )
1 + Ch exp el( ) 1 − θl( ) − βCh exp 2el( ) θl

γCh + exp el( ) (11)

where τ � tkbF2/(CdK0RT) is dimensionless time (kb is rate
constant for nickel electrodissolution and K0 is the Langmuir
adsorption constant for bisulfate ions), ] � VF/RT is
dimensionless circuit potential, r0 � R0AkbF2/(RTK0) and rc �
RcAkbF2/(RTK0) are dimensionless total and collective
resistance, κ the dimensionless coupling strength:

κ � rc
r0 ro − 2rc( ) (12)

(Note that there is direct scaling between coupling strength with
and without dimensions, κ � kK0RT/(kbF2)). Kinetic parameters
Ch = 1600, α = 0.3, β = 6 × 10−5, γ = 0.001 were chosen to produce
smooth (nearly sinusoidal waveform) limit cycle oscillations close to
supercritical Hopf bifurcation. Γ1 and Γ2 parameters, which
correspond to surface molar capacities, were set to slightly
different values (Γ1 = 0.01 and Γ2 = 0.01005) to simulate surface
heterogeneities that produce the experimentally observed different
natural frequencies of the two oscillators.

The effect of the (dimensionless) coupling strength κ on the
synchronization of the oscillatory behavior is demonstrated in
Figure 6 at fixed r0=20. When the coupling strength is weak (see
Figures 6A, B, κ � 1.2 × 10−3), the electrode potential oscillations do
not overlap, the frequencies are different (f1= 0.0721, f2= 0.0724),
and phase difference diverges. Therefore, at weak coupling the

oscillations are desynchronized. However, when the coupling
strength is relatively strong (see Figures 6C, D, κ � 6.0 × 10−3),
the electrode potential oscillations nearly overlap, the frequencies
are the same (f1=0.0721, f2=0.0721), and the phase differences are
constant, nearly zero (Δϕ � 0.5 rad) corresponding to (nearly) in-
phase synchronization. We thus see that a 5-fold increase of
coupling strength can transition the system from nearly
desynchronized to nearly synchronized state. Figure 6E shows the
frequency difference of the oscillators as a function of coupling
strength κ. As the coupling strength is increased the frequency
difference becomes zero at a critical coupling strength κ �
1.6 × 10−3.

In relevance to the experimental results, one explanation for the
change from lack of synchronization in the traditional cells and the
bipolar cell with small surface area to nearly full synchronization in
the bipolar cell with large surface area is the increased electrical
coupling through potential drops in the electrolyte. To test this
explanation, we evaluate the total and the collective cell resistances
in the different cells, calculate the electrical coupling strengths, and
correlate the coupling strengths with the experimentally observed
extent of synchronization.

3.2.2 Experimental evaluation of coupling strength
in the traditional cell

In order to apply Eq. 9 to calculate the coupling strength, the
total collective resistance Rc � Rc,a and the total cell resistance R0 �
Rext,a + Rind,a + 2Rc,a are needed. Rext,a =1000Ω is the external

FIGURE 6
Numerical simulation of oscillatory electrode potential time series with weak and strong coupling. (A) Time series of the electrode potential
oscillators WE1 (blue) and WE2 (red) and (B) phase difference vs. time plot with weak coupling; κ � 1.2 × 10−3.(C) Time series of the electrode potential
oscillators WE1 (blue) and WE2 (red) and (D) phase difference vs. time plot of the two oscillators with strong coupling, κ � 6.0 × 10−3. (E) Frequency
difference vs. coupling strength showing a critical coupling κ � 1.6 × 10−3 where the synchronization sets in. V= 15, r0 = 20.
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resistance attached to the electrodes. To resolve individual (Rind,a)
and collective (Rc,a) contribution to the cell series resistance, we use
the following approach. First, the series resistance was measured
with a single electrode connected (Rs,a); in this case

Rs,a � Rind,a + Rc,a (13)

Then, the solution resistance was measured when both
electrodes are connected (Rs,a

′ ):

Rs,a
′ � Rc,a + Rind,a/2 (14)

By comparing Eqs 13, 14, Rind,a and Rc,a can be calculated as

Rind,a � 2 Rs,a − Rs,a
′( ) (15)

Rc,a � Rs,a − Rind,a (16)

The two solution resistances were measured using impedance
spectroscopy and we found that Rs,a =7.25 Ω, Rs,a

′ = 4.36Ω, and thus
Rind,a = 5.78Ω and Rc,a � 1.47Ω. Now we can calculate
R0 � Rext,a + Rind,a + 2Rc,a = 1009 Ω and Rc � Rc,a =1.47 Ω, and
thus k can be obtained using Eq. 9 for a 1 mm diameter electrode
(A � 0.785 mm2) as k � 1.84 μS/mm2. This is relatively weak
coupling that typically does not induce synchronization (Jia and
Kiss, 2012) with the oscillatory nickel electrodissolution system.

3.2.3 Experimental evaluation of coupling strength
in the bipolar cells

Dynamics of the bipolar cell (Figure 1C) can be represented with an
equivalent circuit in Figure 1G. The anode and cathode dynamics are
represented with parallel capacitance and the (nonlinear) charge
transfer resistance. Coupling can occur on both sides of the cell with
combination of individual and collective resistances due to ohmic
potential drop in the electrolyte. The previous study showed that the
oscillation of a single bipolar electrode can be understood in the nickel
dissolution/hydrogen evolution system by considering the
nonlinearities of the nickel dissolution and representing the cathode
with its charge transfer resistance measured at the potential that
corresponds to the current level of the oscillations. (Liu and Kiss,
2023). The current level at the oscillation onset for a single electrode was
I = 435 μA; we performed an electrochemical impedance spectroscopy
analysis with a traditional configuration with the 0.01 M H2SO4

(corresponding to the cathode compartment). At I= −435 μA
(corresponding to V= −1292 mV vs. Hg/Hg2SO4/sat’d K2SO4), we
found that the charge transfer resistance is Rct,c = 1462Ω. For the
calculation of the coupling strengths, this charge transfer resistance will
be considered as an individual resistance attached to the nickel wire.

Another aspect of the bipolar cell is the presence of ohmic drop
in the electrolyte on the cathodic side and thus coupling. We assume
that this coupling also occurs through combination of individual
and collective resistances as shown in Figure 1F. These resistances
can be calculated with the same procedure as that for the anode side.
The series resistance of a single cathode and the two short-circuited
cathodes were Rs,c = 538Ω, Rs,c

′ = 319Ω, and thus Rind,c = 436 Ω and
Rc,c � 102Ω (see Table 1).

Now we are in position to evaluate the coupling strength for the
bipolar cell. The total cell resistance is R0 � Rct,c + Rind,c + Rind,a +
2Rc,a + 2Rc,c � 2111Ω. The total collective resistance
Rc � Rc,a + Rc,c =103Ω. Using Eq. 9, the calculated coupling

strength is k � 32.6 μS/mm2. We thus see 20x increase of
coupling strength in the bipolar cell compared to traditional cell.
This increase is largely due to the increased ohmic drop on the
cathode side on the calculated collective resistance in the bipolar cell
(Rs,c =103Ω) compared to that in the traditional cell (Rs,a =1.47Ω).
While there is a 50 fold increase in Rc, the coupling strength is
somewhat weakened to 20x due to the increase of total cell resistance
(2111 Ω in bipolar cell vs. 1009Ω in the traditional cell).

Similar calculation was also performed with the bipolar cell
system with the 0.25 mm diameter electrodes. Table 1 and Table 2
show the measured solution resistances and the coupling strength;
the charge transfer resistance was Rct,c =45.7 kohm (at a current level
of I = - 35 μA, corresponding to V = −1410 mV vs. Hg/Hg2SO4/sat’d
K2SO4). Therefore, R0 � Rct,c + Rind,c + Rind,a + 2Rc,a + 2Rc,c �
47.3 kohm, Rc � Rc,a + Rc,c = 26.4 Ω, and thus k = 0.24 μS/mm2.
We thus see that the coupling strength decreased, largely due to the
increase of charge transfer resistance of the cathode (and thus R0).

Figure 7A summarizes the findings related to the calculated
electrical coupling strengths: very strong coupling was observed with
the bipolar cell using d = 1 mm, and weak couplings with the bipolar
cell using d = 0.25 mm and the traditional cell with d = 1 mm.
Figure 7B shows the calculated extent of synchronization for the
three different cells. To characterize the extent of synchrony, an
index (ρ) based on the alignment of phase differences (Δϕ) measured
at different times was used (Schelter et al., 2006):

ρ � 〈ǀƩeiΔϕ t( )ǀ〉 (17)
where i is the complex unit, the summation is taken over the
measured time series, < > is the time average. When ρ � 1, a
fully synchronized state is achieved with the phase differences
identical (but not necessary zero). When ρ = 0, the phase
differences are uniformly distributed within 0 and 2π during the
time series. As expected from the visual inspections of the time
series, the phase differences, and the analysis of the frequencies, the
bipolar (d = 1 mm) setup has ρ = 0.99 indicating high level of
synchrony, and the traditional electrochemical cell and the bipolar
cell (d = 0.25 mm) has ρ = 0.08 and 0.05, respectively, indicating lack
of synchrony. We thus see that stronger coupling strengths in the
cell predicted higher levels of synchronization, in agreement with
our modeling assumption that the behavior in the traditional and
bipolar cells can be described with electrical coupling of the
electrochemical oscillators.

4 Conclusion

We have shown that in a bipolar cell strong coupling effects
induced synchronization of electrochemical oscillators. In the
traditional configuration with nickel electrodissolution in 3.00 M
H2SO4 the ohmic potential drop is very small (few mV), and an
external resistance is required to observe oscillations, and there is no
synchronization. With the bipolar cell studied here, hydrogen
reduction on the cathode could destabilize the stationary
behavior on the anode with its impact on the total cell resistance;
furthermore, the large ohmic drops on the cathode side (due to the
presence of low, 0.01 M concentration of H2SO4) resulted in
synchronization of the electrode potential oscillations. By analysis
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of an equivalent circuit, we were able to experimentally characterize
this coupling strength and show that with smaller wires (0.25 mm
diameter instead of 1.00 mm) the coupling strength can be decreased
due to the increased charge transfer resistance of hydrogen
ion reduction.

The bipolar cell provides a novel route to investigate coupling of
electrochemical oscillators using electrode arrays. Previously, with
traditional cells, the coupling was either through potential drops in
the electrolyte (Mukouyama et al., 1996; Jia and Kiss, 2012; Jia and Kiss,
2017), added external (collective (Kiss et al., 1999) or cross
(Wickramasinghe and Kiss, 2013)) resistance, external feedback
(Nagao et al., 2016), or through a common cathode (Hankins et al.,
2017; Hankins et al., 2019). With the bipolar electrode the coupling is
through a potential drop in the electrolyte, and thus the synchronization
patterns are similar to those found with coupling through external
resistance interface (Kiss et al., 1999; Kiss et al., 2006) and potential drop
through the electrolyte in microfluidic flow cells (Jia and Kiss, 2012).
With microfluidic flow cells, the coupling strength could be controlled
with the placement of the working electrodes with respect to the
reservoir where the reference/counter electrode was positioned (Jia
and Kiss, 2012; Jia and Kiss, 2017). With the bipolar electrode, the
nonlinear process took place on the anode side, and the coupling on the

cathode side of the bipolar electrode was dominant. Therefore, the
traditional roles of the electrolyte–providing chemical environment for
the nonlinear charge transfer process and an electrical environment to
facilitate (long-range)migration current coupling can be separated. This
could open ways to versatile cell design where coupling effects can be
studied without large changes in the local nonlinear dynamics. The
versatility of the bipolar design thus allows changing electrolyte
concentration and tuning the local dynamics and coupling
independently. With other electrochemical systems (e.g., H2O2

reduction (Okada et al., 2021)), it could also be possible to study
nonlinear cathodic systems and couple them on the anode side of the
bipolar electrode. Exploring the interactions between the cathodes and
the anodes could also find applications in fuel cells designs where the
anodic electrode potential oscillations were shown to affect electrode
potential variations of the cathode (Nogueira et al., 2019).

In the present study we utilized advanced electrochemical
instrumentation with potentiostat and chronopotentiometry,
which required direct connection to the bipolar electrodes.
However, bipolar cell would need only a potential source (i.e., no
potentiostat is needed) and the electrode array potential oscillations
on the anode side could be recorded with electrogenerated
luminescence on the cathode side (Richter, 2004). This could

TABLE 1 Experimental series resistances for single (Rs) and connected (Rs
’) nickel electrodes and calculated individual (Rind) and collective (Rc) resistances or

the various electrochemical cell configurations.

Electrochemical cell configuration Rs/ohm Rs’/ohm Rind/ohm Rc/ohm

Traditional cell - anode side (d = 1.00 mm) 7.25 4.36 5.78 1.47

Bipolar cell - cathode side (d = 1.00 mm) 538 319 436 102

Bipolar cell - anode side (d = 0.25 mm) 35.1 18.1 33.9 1.15

Bipolar cell - cathode side (d = 0.25 mm) 1573 799 1548 25.3

TABLE 2 Calculation for experimental coupling strength for the various cell types.

Electrochemical cell configuration Rc/ohm R0/ohm A/mm2 k/μSmm-2

Traditional cell (d = 1.00 mm) 1.47 1009 0.785 1.84

Bipolar cell (d = 0.25 mm) 26.4 47300 0.0491 0.24

Bipolar cell (d = 1.00 mm) 103 2111 0.0785 32.6

FIGURE 7
Coupling strength (A) and synchronization index (B) for the various cell types.
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facilitate studies of synchronization patterns with thousands of
electrodes (Chow et al., 2009) that would not be possible with
the classical multi-electrode array technique. Such large bipolar
electrode array could be constructed with simply embedding
many wires in the epoxy, however, the coupling topology for
such arrays should be carefully investigated. Coupling could help
better designmultielectrode detectors where coupling strength could
be engineered; for sensor applications electrical crosstalk could be
minimized between the electrodes but for in situ information
processing using bipolar electrodes (Zhan and Crooks, 2003) the
coupling could be leveraged as an additional activating factor to
improve logic gate operations.
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