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ABSTRACT

The nonlinear dynamics of an oscillatory Ni electrodissolution-hydrogen ion reduction system are explored in a multi-electrode anode-single
cathode system. A mathematical analysis of the charge balance equations reveals that the coupling scheme is similar to dynamical quorum
sensing, where the number of anode wires affects a parameter related to the population density. In a parameter region where the large population
exhibits stationary behavior, with sufficiently strong coupling (with small individual resistances attached to the anode wires), synchronized
oscillations emerge abruptly with decreasing the number of anodes. Therefore, an “inverse” dynamical quorum sensing takes place. With weak
coupling the transition is gradual. The experiments are supported by numerical simulation of a kinetic model of the process. The results thus
show that the description of nontrivial cathode-anode interactions in the form of dynamical quorum sensing provides an efficient way of
analyzing the dynamical response of complex, interacting electrochemical reactions.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5087405

I. INTRODUCTION

Synchronization of rhythmic activity plays a vital role in the
functioning of biological systems.”” With population of oscilla-
tors, global interactions (all-to-all coupling) can induce a tran-
sition to synchronization."’ Such interactions can occur through

Bacteria can sense the population density through quorum sensing:
Each cell can secrete autoinducer molecules, which are then mixed
in the intercellular medium. The bacteria can detect the intercellular
concentration of the autoinducer molecules (with receptors), which
depends on the population density. Therefore, the bacteria can deter-
mine the population density and orchestrate a coordinated behavior.

For survival, it is essential to design population density dependent
processes. We analyze a seemingly different abiotic process: The behav-
ior of an electrochemical reaction where the electrons produced by
the anode are consumed by the cathode. When this process takes
place in a particular configuration with multiple anodes and a sin-
gle cathode, a mathematical analysis shows that the underlying kinetic
equations are equivalent to dynamical quorum sensing. We show that
the electrochemical cell can generate population density dependent
oscillations and synchronization through the inherent quorum sens-
ing coupling scheme.

global constraints,”” feedback,® or a common media with a coupling
factor.”" Bacteria, for example, use the autoinducer molecule concen-
tration in the intercellular medium to determine their own popula-
tion density in order to regulate gene expression.” This phenomenon
is known as quorum sensing. Some bacterial gene expressions occur
only at a high cell-population density in response to the accumulation
of secreted autoinducer signaling molecules. A “quorum” of bacteria
is needed to effectively produce the desired effect of the gene expres-
sion. For certain deep sea marine life, bacterial gene expression
of Vibrio fischeri causes bioluminescence.'”'' In Escherichia coli,
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the gene expression causes virulence in the host body.'”"* Quorum
sensing can provide the mechanism for modulation of immune sys-
tem response,'* biofilm detachment,”” or “flocking” of swimming
bacteria.'®

The emergence of oscillatory glucose metabolism at suffi-
ciently high yeast cell density'” inspired the design of well-controlled
experiments'“~ and related modeling*' = to clarify the dynamical
mechanism of the complex process. A general dynamical model,
based on repressilator oscillators coupled through a well-mixed inter-
cellular media, showed that the cellular oscillations can exhibit robust
synchronization.”’ The Showalter group designed an experimental
system with Belousov-Zhabotinsky (BZ) beads, where the oscilla-
tions occurred on the surface of the beads, and the coupling took
place through the well-stirred solution.””** Depending on the stir-
ring (exchange) rate, gradual or sudden onset of the synchronized
oscillatory activity was observed with the increase of the oscillator
(BZ bead) density.” Coupling through an inactive medium found
applications in various systems through “crowd synchrony” and
was applied to the coherent oscillations of the Millenium Bridge,*
lasers,”” circuits,”>”’ the mercury drop (“beating heart”) chemome-
chanical oscillator system,” and synchronized synthetic biological
clocks.”

Electrochemical oscillators exhibit rich synchronization dynam-
ics that include Kuramoto transitions,” stable’”*’ and itinerant™
cluster states, and chimera patterns.”> These studies were per-
formed in the traditional “three-electrode” configuration with
a reference, a counter, and an electrode array as the working
electrode. The coupling among the working electrodes typically
occurs through the traditional (“direct”) coupling scheme, e.g.,
through an external resistance interface," potential drops in the
electrolyte,”” or external feedback.” However, in many practical
applications (e.g., fuel cells), a “two-electrode” configuration is
used with a cathode and an anode that are connected. In a pre-
vious publication,”™ the coupling of nickel electrodissolution and
hydrogen ion reduction resulted in oscillations under conditions
where none of the electrodes could display instabilities. With two
nickel wires as anode under oscillatory conditions, the cathode
surface area could be adjusted such that the oscillations became
synchronized.”

In this paper, motivated by the methodology of the quorum
sensing “crowd synchrony” experiments, we investigate the effect of
the number of anode wires on the emergence of oscillations and syn-
chronization in a multi-particle anode and single-cathode electro-
chemical cell. The experiments are performed in a “two-electrode”
cell with nickel wires (anode) and a nickel plate (cathode) in the sul-
furic acid electrolyte; the fraction of the oscillatory (vs. stationary)
dissolution and the synchronized (vs. desynchronized) elements are
analyzed as a function of the number of the anode wires (1-40), while
keeping all other parameters fixed. A kinetic model is formulated
based on mass and charge balance in the cell. A comparison is made
between the model structure of the electrochemical process and that
of the general dynamical quorum sensing model. The features of the
onset of oscillations and synchronization by changing the number
of the anode wires (“population density”) are compared with strong
and weak coupling, by tuning the individual resistance attached
to the anode wires. The experiments are supported by numerical
simulations.
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Il. BACKGROUND

The reported results in this Focus Issue on Nonlinear Chem-
ical Dynamics and Its Interdisciplinary Impact—Ilike many of our
research papers published during the last 25 years—are closely related
to the seminal contributions of Kenneth Showalter to the field. It
is true in spite of the fact that while Showalter studied temporal
and spatial-temporal instabilities (oscillations, chaos, synchroniza-
tion, quorum sensing, chimeras, chemical waves, pattern formation,
etc.) in homogeneous and reaction-diffusion chemical systems, our
research focused on the same dynamical phenomena occurring in
electrochemical systems. Interestingly, the origin of our decision
to initiate research in this old subfield of oscillating phenomena
(the first electrochemical oscillator was reported in 1828’ also stems
from the groundbreaking research of Showalter et al. Between 1986
and 1993, Vilmos Géspér (one of the authors of this paper) had the
privilege to work as a postdoctoral research fellow in the group of
Kenneth Showalter at West Virginia University. Certainly, one of the
major contributions of the group to the development of the field
was the report on the experimental control of chemical chaos in the
Belousov-Zhabotinsky (BZ) reaction.”’ That series of experiments
required eight-hour shift work of the group (Valery, Jonathan, and
Vilmos) for many weeks in order to maintain the operation of the
so-called the continuous, stirred, flow-through tank reactor (CSTR);
hundreds of liters of solutions of well-defined concentrations of the
reactants were consumed, zillions of data were stored and analyzed in
order to construct the chaotic attractor, create the Poincaré section,
and apply the proportional feedback control algorithm. Returning
to Debrecen (Hungary) in 1993, V.G. found and teamed up with a
new undergraduate student Istvan Z. Kiss (he later also worked in
the group toward his Ph.D.). He was very much interested in the
field, and, together, we built a computer controlled electrochemical
workstation for chaos control. Our original goal was to study chaotic
dynamics, develop and test different control algorithms, etc., by using
electrochemical systems, in which the period of oscillations is shorter
and data can be collected easier. We reported our successful exper-
iments in 1997." These experiments were then followed by many
others expanding our field of interest toward more complex phe-
nomena, e.g., control of synchronization.”” Now, we report on results
related to the onset of synchronization in an electrochemical system
due to coupling similar to the quorum sensing mechanism studied
by Showalter and co-workers.’

lll. EXPERIMENTAL SETUP

The electrochemical cell was constructed using a 250 ml water-
jacketed beaker connected to a Thermo Scientific Neslab RTE 7 circu-
lating bath. The electrolyte was 3M sulfuric acid (Macron). The 6 cm?
surface area nickel cathode plate was made from 99+% 0.05mm
thick annealed nickel foil (Alfa Aesar). (Previous study™ established
that about 0.5 cm? surface area cathode/anode wire provides strong
coupling in the system. With very large cathode the coupling would
be very weak; with very small electrode hydrogen bubble formation
can block the electrode, and cause reproducibility issues. The chosen
cathode size thus supports strong coupling for about 12 anode wires.)
The anode was an electrode array made from forty 1.0 mm diameter
nickel wires (99.98%, Goodfellow); the wires were embedded in Arm-
strong C-7 epoxy resin so that only the cross-sections of the wires
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were exposed to the solution. The surfaces of these electrodes were
polished using Buehler polishing pads (P120 to P4000). The cath-
ode plate (counter and reference electrode) and the anode electrode
array (working electrode) were connected to a potentiostat (Pine
AFCBP1); the potentiostat applied a constant circuit potential (V) in
a “two-electrode” configuration. The currents of the anodes were col-
lected with multichannel ammeters. To observe oscillatory behavior,
individual resistances (Rj,q = 2.5 k2, 5k, or 10 kS2) were inserted
between the nickel wires and the working point of the potentiostat.

The experimental setup and the circuit diagram of the cathode-
anode configuration are shown in Fig. 1. The cathodic and anodic
reactions (hydrogen ion reduction and nickel electrodissolution,
respectively) take place on the electrode surfaces, which share the
common sulfuric acid electrolyte.

IV. RESULTS AND DISCUSSION
A. Experiments

In the experiments, the effect of the number of the anode wires is
explored on the emergence of oscillations and their synchronization
at the fixed circuit potential and individual resistance.

The experiments were performed by connecting all the N=40
nickel anode wires and increasing the circuit potential just before
the oscillations occur (through a Hopf bifurcation) in the presence
of the attached individual resistances. The circuit potential was then
kept constant, and the anode wires were disconnected one at a time.
The current vs. time behavior was recorded after the removal of each
electrode.

Figure 2(a) shows the current vs. time at the beginning of the
experiments at N=40 with relatively small individual resistance
(Rina=2.5k2). The current signal is stationary at a mean value
of about 0.095 mA. The small differences in the electrode currents

a
Potentiostat
WE RE

CE

Ni plate
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are related to the inherent heterogeneities in the experiments, e.g.,
due to differing surface conditions.” As the number of electrodes
were decreased, the system exhibited transition to the oscillatory
state where current oscillations could be observed on a fraction of
the connected elements [Fig. 3(a)] and some of these oscillations
could be (frequency) synchronized [Fig. 3(d)]. As it is shown in
Figs. 3(a) and 3(d), when the number of electrodes were decreased
from N=15 to N= 14, there was an abrupt transition where the
currents of all the connected electrodes exhibited fully synchronized
oscillations. This synchronized oscillatory state is shown in Fig. 2(b)
(N=14). The sudden change of dynamics by decreasing the num-
ber of oscillators, with the emergence of synchronized oscillation,
can be considered as a dynamical quorum transition. We note that in
many studies, the oscillation rises with an increase in the population
density;'*** in the electrochemical example, the oscillatory transition
occurs with decreasing the number of anodes (and thus the quantity
related to population density), therefore, we consider the process as
an “inverse” dynamical transition mediated by quorum sensing.

When a higher individual resistance was used, the transition to
an oscillatory state did not occur at the same N for all electrodes.
At R,y = 10k2 with N = 40, the anodes exhibit stationary currents;
when N is decreased to 30, one of the electrodes exhibits large ampli-
tude oscillations, and the rest stationary behavior [see Fig. 2(c)]. As
the anode wires are further removed, the transition resembled that of
a progressive (or gradual) onset of oscillations and synchronization.
As shown in Figs. 3(c) and 3(f), the system is not fully oscilla-
tory until N=7, and not fully synchronized until N=5. Figure 2(d)
shows the typical behavior that consists of mixed (nearly) stationary
and oscillatory, synchronized and desynchronized oscillations with
N=11.

At an intermediate resistance (Ring = 5k$2), the abruptness of
the transition to oscillations and synchronization is in between what

i Cac

FIG. 1. Schematic of the “two-electrode” electrochemical cell with multiple anodes connected to a single cathode. (a) Experimental setup using nickel wire anodes (working
electrode) and a nickel plate cathode (counter and reference electrodes). (b) Equivalent circuit. Electrolyte: 3M H,SO,4 at 10.0 °C. WE, working electrode; CE, counter

electrode; RE, reference electrode; R, individual resistance. Zgy, i, Ex (k=1,2,..

.,N) are the Faradaic impedance, current, and the electrode potential of the k-th anode,

respectively. Cq, and Cq; are the anodic and cathodic double layer capacitances, respectively. Zg ., ic, and E; are the cathodic Faradaic impedance, current, and electrode

potential, respectively.
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FIG. 2. Experiments: Transition to
oscillatory behavior by decreasing N with
strong (left) and weak (right) coupling.
Current vs time plots. (a) Strong coupling,
large population. N=40. V=2125mV,
Ring=2.5k2. (b) Strong coupling,
small population. N=14. V=2125mV,
Ring =2.5k2. (c) Weak coupling, large

populaton. N=30. V=2650mV,
Ring = 10k€2. (d) Weak coupling, small
population, N=11. V=2650mV,
Ring = 10kS2.

FIG. 3. Experiments: Fraction of oscil-
lating and synchronized electrode cur-
rents as a function of number of anodes
(“population density”) for different val-
ues of individual resistances. Left col-
umn: Fraction of oscillatory anode cur-
rent vs. N. Right column: Fraction of
synchronized oscillations vs. N. (a) and
(d) V=2125mV, Ry =2.5k<2. (b) and
(e) V=2350mV, Ring =5k2. (c) and (f)
V=2650mV, Rijng = 10kS2.
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we had seen with the two examples (Ring = 2.5 kS2 and 10kS2) above.
Some of the currents of the electrodes exhibit oscillations with N <
14; however, all the electrode currents are not oscillatory until N=28
[Fig. 3(b)]. Furthermore, the oscillations are not fully synchronized
until N=6 [Fig. 3(¢e)].

In addition to the relatively simple, one-cluster synchroniza-
tion observed at relatively low circuit potentials, stable two-cluster
dynamics can also be observed at higher circuit potentials. In
Figs. 4(a) and 4(b), the system exhibits two separate groups of period-
2 oscillators at R;,q =500 2 with N=6. The grayscale plot further
clarifies the presence of balanced cluster configuration with three
elements in each clusters. In Figs. 4(c) and 4(d), an unbalanced two-
cluster pattern was observed with N=40 close to the homoclinic
bifurcation in the system™ (R;,g = 5k€2).

B. Theory and simulations

To confirm the experimental findings, we developed a model for
the cathode-anode interactions in the electrochemical cell. The goal
is to show the relationship between the coupling topology in a multi-
ple anode-single cathode electrochemical cell configuration and the
quorum sensing type of interactions.

The charge balance in the cathode-anode cell is modeled using
the equivalent circuit diagram in Fig. 1(b). At constant circuit poten-
tial (V),

V = Ex + Rjix — E,, (1)

Electrode Number

scitation.org/journal/cha

0.14 —~
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0.12 é
., €
0.11 9
0.1 =
S
009 ()
0.08 FIG. 4. Experiments: Cluster formation
with cathode-anode interactions. Top row:
Balanced two-cluster state with N=6.
V=2230mV, Rj,y =500 2. (a) Current
vs time. (b) Grayscale plot. Bottom
row: Unbalanced two-cluster with N = 40.
Py V=2350mV, R,y = 5kS2. (c) Current vs
01 < time. (d) Grayscale plot.
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>
002 O

where Ej and i are the electrode potential and current, respectively,
for anode k (for k=1,2,...,N), E, is the electrode potential for the
cathode, and N is the number of anodes. (We consider the anodic and
the cathodic electrode potentials to be positive and negative, respec-
tively.) The currents through the cathode (i) and the anodes (i) have
Faradaic (charge transfer due to chemical reactions) and capacitive
(charging) components. Therefore,

dE
i = Axjra(Ex) +Akcd,ad—t" fork=1,2,...,N, )
dE,
ic = chF,c (Ec) + Accd,c_) (3)
dt
where Ay is the anodic surface area for anode k (A, = A, =- - - = Ay),

A, is the cathodic surface area, and jr,(Ex) and jp (E;) are the
anodic and cathodic Faradaic current densities, which depend on
their respective electrode potentials. C;, and C, are the double-
layer capacitances per surface areas for the anode and the cathode,
respectively. The cathodic current (i. < 0) is the same as the sum of
the anodic currents (i > 0) multiplied by —1

= — le i. (4)

From Eq. (1), we obtain i as

- V_Ek+Ec

i fork=1,2,...,N. (5)
Rind
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FIG. 5. Simulations: Transition to
oscillatory behavior by decreasing N
with strong (left) and weak (right) cou-

pling. Current vs. time plots. (a) Strong
coupling, large population. N=33.
V=42 Rypy=15 A =1, Ac=0.5. (b)
Strong coupling, small population. N=7.
V=42 Ryp=15 A =1, Ac=05. (c)

Weak coupling, large population. N = 33.
V=193, Ry=70, A.=1, A,=05.
(d) Weak coupling, small population.
N=7. V=193, Ryu=70, A =1,
A,=0.5.
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Next, we can rearrange Egs. (2) and (3) to obtain the ordinary
differential equations for the changes of the electrode potentials

dE; Vv . (Ec — Ey)
— B+ ——* fork=1,2,...,N, (6
“Cor T Ak PO AR, ©
dE, NV SV E) — NE,
Cie—— =— —jr(Eo) + M (7)
dt AcRind AcRind

Using the mean field approximation for the electrode potentials of the
anodes, we can make a substitution for the summation of the anode
electrode potentials

- _2E
E= = (8)
EN = ZEk, Q)

where E is the mean field of the anode electrode potentials. The cou-
pling constants in the last terms of Eqs. (6) and (7) can be combined
into parameters K and p

1
= , (10)
ArRing
NA,
= . 11
14 A (11)

To complete the model, kinetic information is needed for the
Faradaic current density in Egs. (6) and (7). For jr(E.), we used Tafel

kinetics (the first order reaction with a constant surface concentra-
tion of the electroactive species) for the hydrogen ion reduction.”
For jr,(Ex), we used a kinetic scheme for Ni electrodissolution,
where the Faradaic current density depends on both the electrode
potential and the surface coverage of the nickel oxide and hydroxide
species (6)

dEk \%4 ( Ch eXp(O.5Ek)

+ o exp(Ek)> (1—-6

At T ARpa \1+ Cyexp(Er)
+K(E. — E) fork=1,2,...N, (12)
o 1 |: exp(0.5Ey) (1—8) BChexp(2Ey) ]
dt Ty 1+ Chexp(Ep) Y C+ expEr) ¢
fork=1,2,...,N, (13)
. _ NV _. [—0.5(E. — Eo)] + pK(E—E,), (14)
0— = —— — joexp[—0.5(E, — —E,),
dt AcRind Joexp @ p

where C, =1600 is the hydrogen ion concentration, o = 0.3,
B =6 x107°,y =0.001 are kinetic constants, jo = —1isthe exchange
current density, Eco = 0 is the open circuit potential of the cath-
ode, I are the surface capacities of the oxide and hydroxide species,
o =1 is the (relative) cathode double layer capacitance). (Note that
following the original rescaling,” the equations are in dimensionless
forms.) In the experiments, there are always some small differences
in the surface conditions, which, for example, result in a distribution
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z FIG.6. Simulations: Fraction of oscillat-
0 3 0 ing and synchronized electrode currents
0 10 20 30 0 10 20 30 as a function of the number of anodes
N N (“population density”) for different val-

ues of individual resistances. Left column:
Fraction of oscillatory anode current vs.

N. Right column: Fraction of synchronized
oscillations vs. N. (a) and (c) V=4.2,
Ring =15, A, =1, Ac=0.5. (b) and (d)
V=127, Ry =50, A, =1, Ac=05.

N

of the natural frequency of the oscillations.”” The surface capaci-
ties (I'y) were set to a normal random distribution with mean and
standard deviation of 0.01 and 1 x 1074, respectively; the random
distribution aims to simulate the inherent surface heterogeneities of
the electrodes.”

The electrochemical model equations were numerically inte-
grated, starting with N =33 and decreasing N similar to the exper-
imental procedure. (In this set of simulations the transitions were
observed well below N = 40, therefore, we started at N=33.) With
N =33, at low external resistance, R;,; = 15, the currents are station-
ary [see Fig. 5(a)]. As N was decreased, the currents remained sta-
tionary [see Fig. 6(a)], until N = 16, where all the electrodes exhibited
synchronized oscillations [see Fig. 6(c)]. The synchronized oscilla-
tions for N=7 are shown in Fig. 5(b). Therefore, at low R;.4, the
simulation agreed with experiments in showing abrupt transition to
synchronized oscillations with decreasing N.

At higher external resistance (R;,q = 70), we see a gradual tran-
sition [see Figs. 6(b) and 6(d)] from a stationary state [N=33,
Fig. 5(c)] to partially synchronized oscillations [N =7, Fig. 5(d)]; the
oscillations became fully synchronized only with N=6. Therefore,
the model also reproduced that at higher individual resistances the
transition to oscillations is more gradual, and full synchrony occurs
at smaller N, than that needed at lower Rj,q.

N

Atlarger V (closer to homoclinic bifurcation), clustering behav-
ior can be observed with the model simulations as well. Figures 7(a)
and 7(b) show the current vs. time for the oscillatory electrode
potentials at V=35.1 and R;,; =50, N=40. Two-cluster behav-
ior is observed, where the oscillations have the same frequency
(0.0565 Hz); in each cluster the oscillations are nearly in-phase, but
elements in the two clusters oscillate in nearly anti-phase configura-
tions.

The experimental and numerical findings can be qualitatively
explained by the star topology of the coupling (schematically shown
in Figure 8) as defined by Egs. (12)-(14). The cathode is coupled to
all the anodes with coupling strength K = 1/(AxR;uq). Atlow Ry, the
coupling is strong, at large R, the coupling is weak. The anodes are
coupled to the cathode with coupling strength pK, where p is propor-
tional to the number of anodes [Eq. (11)]. The cathode mediates the
coupling among the anodes, and the mathematical formula for the
coupling mechanism is equivalent to dynamical quorum sensing:””
The active oscillators contribute to the mean field of the “medium”
(cathode) through mixing, and the medium (cathode) is coupled to
the behavior of the active elements. However, in contrast to the often
assumed “passive” medium, the cathode has an important source,
the Faradaic current density, that can adjust the cathode potential
while the coupling is being mediated. For synchronized oscillations

b

0.8

FIG. 7. Simulations: Cluster formation
due to cathode-anode interactions. (a)
Current vs. time and (b) Grayscale
plot. N=40,V=235.1, Ry =50. A, =1,
Ac=0.5.
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FIG. 8. Global coupling topology expressed by the single-cathode, multi-anode
nickel dissolution system. The coupling strength, K, is dependent on the size of
each anode and the individual resistance [Eq. (10)]. The population density term,
p, is determined by the number of all anodes connected to the system (N) and
the ratio of the surface areas of the individual anode and the cathode [Eq. (11)].

to occur, one would expect sufficiently strong coupling (K and p).
Additionally, the cathode potential directly enters the anode potential
equations; in general, the anode potential can be quite different from
the cathode potentials. As the number of anode wires are changed,
the cathodic potential is adjusted to provide the cell current. With
the coupling term in Eq. (14), an offset signal is transmitted to the
anodes, which can change the bifurcation parameters for the oscil-
lations. The composite effect of the coupling thus can result in the
emergence of synchronized or desynchronized oscillations, depend-
ing on the coupling strength and the extent of heterogeneities in the
system.

V. CONCLUSIONS

We showed that in a multi-particle anode-single cathode elec-
trochemical system, the electrical interactions can be described with
similar mathematical formalism to quorum sensing. This would
allow an electrochemical system to sense the number of anodes and,
by design, to change the dynamical behavior in response to chang-
ing the anode number. In the given system, in which the conditions
were set slightly below a Hopf bifurcation for a large population, with
decreasing the number of anodes (“population density”), a transi-
tion occurs to oscillations. The oscillations are thus observed with
a decreasing population density, and an “inverse” dynamical quo-
rum transition takes place. While the occurrence of oscillations with
decreasing population density is different from some of the earlier
observations,'*”* theoretical models'” have predicted such transi-
tions, that were later confirmed with coupled Chua’s circuits.”” (In
addition, at very large cell density, the glycolytic oscillations also
cease.'”) Our results show that in the electrochemical system, such
transition can occur with the multi-electrode anode and single cath-
ode. We further note that we also performed experiments at very

ARTICLE scitation.org/journal/cha

large circuit potential, above the homoclinic bifurcation, where the
anodes have excitable behavior. In this case, we observed the onset of
oscillations with increasing population density.

With sufficiently strong coupling, the oscillations can occur in
a synchronous manner. With weak coupling, the transition is grad-
ual. These two different types of transition confirm theoretical pre-
dictions with (chaotic) Réssler oscillators® and also similar to the
BZ bead experiments.” In addition, with very strong coupling, the
synchronized behavior can exhibit phase clusters. The rich quorum
sensing (or crowd synchrony) transition dynamics observed in our
work could have importance in biological systems, e.g., in the vasoac-
tive intestinal peptide (VIP) mediated synchronization of circadian
oscillators, where only a small fraction of cells generate sustained
oscillations without coupling, but in the presence of coupling a
robust, fully synchronized gene expression pattern can be recorded.
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