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ABSTRACT: A multitude of chemical, biological, and material systems present an
inductive behavior that is not electromagnetic in origin. Here, it is termed a chemical
inductor. We show that the structure of the chemical inductor consists of a two-
dimensional system that couples a fast conduction mode and a slowing down element.
Therefore, it is generally defined in dynamical terms rather than by a specific
physicochemical mechanism. The chemical inductor produces many familiar features in
electrochemical reactions, including catalytic, electrodeposition, and corrosion reactions in
batteries and fuel cells, and in solid-state semiconductor devices such as solar cells, organic
light-emitting diodes, and memristors. It generates the widespread phenomenon of
negative capacitance, it causes negative spikes in voltage transient measurements, and it
creates inverted hysteresis effects in current−voltage curves and cyclic voltammetry.
Furthermore, it determines stability, bifurcations, and chaotic properties associated to self-
sustained oscillations in biological neurons and electrochemical systems. As these
properties emerge in different types of measurement techniques such as impedance
spectroscopy and time-transient decays, the chemical inductor becomes a useful framework for the interpretation of the electrical,
optoelectronic, and electrochemical responses in a wide variety of systems. In the paper, we describe the general dynamical structure
of the chemical inductor and we comment on a broad range of examples from different research areas.

1. INTRODUCTION
The familiar inductor element used in the analysis of
electromagnetic circuits was discovered by Faraday. A variable
current I(t) that passes through an inductance L generates a
voltage uL opposing the increase in current

u t L
I t

t
( )

d ( )
dL =

(1)

When a voltage source V0 applied to an inductor with a
series resistance Rs is switched on, the current risen to the final
value V0/Rs is delayed by a characteristic time L/Rs. By taking
the Laplace transform of 1 in terms of the variable s = iω,
where ω is the angular frequency, the impedance of the
inductor takes the form

Z s
u s
I s

Ls( )
( )
( )

= =
(2)

These features are usually associated with the phenomenon
of electromagnetic induction, in which a variable magnetic flux
intersects a coiled wire. An inductive response is obtained in
the impedance of magnetic materials, as shown on the right
side of Figure 1a (blue section). However, there is a totally
different class of phenomena that produces the same temporal
dynamics and the same impedance as the typical coil inductor,
as shown in eqs 1 and 2, but does not arise from an
electromagnetic origin. It is indicated by the red section on the
left side of Figure 1a.

Chemical and electrochemical systems,1 neurons,2,3 and
optoelectronic semiconductor devices like solar cells4 and
organic light-emitting diodes (LEDs)5 contain an inductive
behavior in the small-signal ac impedance (an arc in the fourth
quadrant of the complex plane), a negative spike component in
the time-transient decays, and, in some cases, an oscillatory
response to stimuli. These features form a general dynamic
behavior across different types of systems rather than a specific
physical mechanism. It is a futile exercise to search for a
microscopic coil in these systems. In this paper, we describe
the generic behavior that we call a “chemical inductor”, which
arises from two coupled processes. The first responds rapidly
to an external stimulus, and the second is slow and delayed
with respect to the first one.
Historically, the observation of inductive processes is well

recognized in the dominant models of neuroscience, such as
the Hodgkin−Huxley (HH) paradigm.3 In this model, and in
hundreds of similar derived mechanisms,6,7 the ionic
conductivity across the ionic channel in the membrane is
delayed by a voltage- and time-dependent conductivity
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function. Emerging solar cells and lead halide perovskite
electronic devices represent examples in which a strong
inductive response is measured in impedance spectroscopy
analysis.4,8,9 The electronic transport under an applied voltage
is a fast process, and interactions of mobile ions with contacts
is a slow process that delays the overall electrical current. The
main difference between the properties of the chemical and
magnetic inductor can be observed in Figure 1. A magnetic
inductor such as a ferrite inductor is a fast response system in
which the rise of the impedance at an increasing frequency of
eq 2 is suppressed by a parasitic capacitance, as shown in
Figure 1c, causing resonant frequencies of 10−100 MHz. The
inductor element stands alone in the equivalent circuit. The
chemical inductor is typically much slower with a peak
response in 1−10 Hz, and the inductor branch contains a
resistance Ra in series with the inductor La, as shown in the
equivalent circuit of Figure 1b that is central in this work. This
chemical inductor structure is familiar in many research fields
that use impedance spectroscopy and time-transient response,
but a general description has not been given and separate
mechanisms are searched each time.
In this paper, we aim to clarify the structure of this feature in

terms of a minimal dynamical model that can be found in very
different systems, with variables that carry distinct physico-
chemical interpretations. We use the methods of equivalent
circuits to represent impedance spectroscopy data and obtain
an interpretation of the system.8,10,11 An important feature of
the practical analysis of impedance spectroscopy is that the
circuit elements change exponentially with the voltage. Hence
a variety of spectra are possible in a single system, according to

the evolution of the individual elements. Therefore, the
equivalent circuit that is valid over a wide voltage range is an
important tool to comprehend the mechanisms that form a
system’s response.
In the first part of the paper, we present the general theory

based on a two-dimensional set of differential equations that
generate the family of models shown in the equivalent circuits
of Figure 1b,d,e. In practical devices and electrochemical
systems, the modeling and interpretation are often more
complex than these elementary models, as the system contains
a variety of features that become manifest in a larger set of
differential equations or additional features in the equivalent
circuit. However, the presence of the chemical inductor can
then be recognized according to the basic structures of Figure
1, which provides important insights into widely observed
phenomena such as negative capacitance or self-sustained
oscillations. We will also connect the basic dynamical structure
with the actual interpretation of experiments. In Section 2.2,
we describe the properties of a particular model for a halide
perovskite memristor so that we can track the changes of the
circuit elements when the voltage is modified, interpret the
corresponding spectra, and analyze the connection to time-
domain measurements such as the cyclic voltammetry. In
Section 2.3, we describe in detail a variety of systems that show
the phenomenon of the chemical inductor, and in Section 2.4,
we show the self-oscillating systems.

2. RESULTS AND DISCUSSION
2.1. Model and Dynamical Properties. 2.1.1. Time-

Domain Model and Impedance Analysis. Consider the

Figure 1. (a) Comparison of the impedance response of chemical and magnetic inductors. Red and blue lines correspond to the circuits of the same
color below. Equivalent circuits for (b) chemical inductor under voltage control (parallel mode), (c) electromagnetic inductor, (d) chemical
inductor circuit under voltage control (series mode), and (e) current−control model, including a negative capacitance.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c00777
J. Am. Chem. Soc. 2022, 144, 5996−6009

5997

https://pubs.acs.org/doi/10.1021/jacs.2c00777?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00777?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00777?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00777?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c00777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


voltage u and current I across the device, and an additional
internal current denoted by the variable x. The system is
described by the nonlinear coupled dynamical equations

I C
u
t R

f u x
d
d

1
( )m

I
= + +

(3)

x
t

g x u
d
d

( , )kτ =
(4)

The first equation shows that the current I is composed of
three branches: a capacitive charge with capacitance Cm; a
conduction channel of conductivity function f(u); a resistance
scale parameter RI; and a slow recovery current that responds
to the changes by a voltage-driven adaptation function g(x, u),
as indicated in the second equation.
The first two channels in eq 3 are “fast” in the sense that the

charging time constant τu = RICm is much shorter than the
adaptation current time constant τk. The steady-state current−
voltage characteristic has the form

I
R

f u x u
1

( ) ( )
I

= +
(5)

where the last summand is the solution of g(x, u) = 0. By a
linear expansion of eqs 3 and 4 where the small perturbation is
denoted by ŷ, we obtain the results

I C su
R

f u x
1

m
I

̂ = ̂ + ′ ̂ + ̂
(6)
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− +
̂

(7)

Hence, the impedance takes the form

Z s C s R
R L s
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This function corresponds to the equivalent circuit of Figure
1b. The circuit elements are defined as12

R
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g
L

g
; ;b
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a
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u
a

k

u

τ
= = − =

(9)

The three separate branches of linear impedance are
associated with the terms of eq 6 already discussed: (1) the
capacitive and (2) conductive channels, and (3) the RL branch
generated by the delay in eq 4 that becomes 7 in the linearized
form. Structurally, the inductor element cannot stand alone in
the equivalent circuit due to its origin in a relaxation equation
for the slow variable. This result shows that eqs 3 and 4
generate a chemical inductor, whatever the form of the
adaptation function g(x, u) or its physico-chemical inter-
pretation. We note that the signs of the partial derivatives in eq
9 have the effect of forming positive or negative circuit
elements, which has an important influence on the stability
properties as described later.13

The model of eqs 3 and 4 is the “backbone” of the
emergence of a chemical inductor. More complex systems
containing this type of structural dynamics will show one or
more chemical inductors. One may use a more general
coupling F(u, x) in eq 3, and the linearized equation will have
the same form as 6 with different coefficients.
The analysis of the impedance spectra is facilitated13 by

introducing the characteristic frequencies ωa = (RaCm)
−1, ωb =

(RbCm)
−1, and ωL = Ra/La and the correspondent characteristic

times τa = ωa
−1, τb = ωb

−1, and τL = ωL
−1. Then, the impedance

function 8 can be written as

Z s
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A set of impedance spectra for the circuit of Figure 2a
obtained by eq 8 is shown in Figure 2b, where Z′ = Re(Z) and
Z″ = Im(Z). In this figure, only the inductor La is varied. When

Figure 2. (a) Equivalent circuit corresponding to eq 8. (b) Set of impedance spectra generated for Cm = 1, Ra = 1, Rb = 2 and La as indicated. The
green dot is the dc resistance at ω = 0, and the red dot is the resistance at the intercept when the spectrum crosses the real axis Z′ at ω = ωc. (c)
Time constants τa = RaCm and τL = La/Ra for a varying inductance. (d) Representation of the real part of the capacitance as a function of frequency.
The red point indicates the crossing of the horizontal axis.
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it is small, the channel RaLa of the equivalent circuit is highly
conducting at all frequencies, and the spectrum is simply a
positive arc. However, when La increases, the channel is
conducting only at very low frequencies. Then, the impedance
at a high frequency is the arc RbCm and enters the fourth
quadrant, forming the inductive loop and reaching the dc
resistance at a low frequency

R
R R
1 1

dc
a b

1

= +
−i

k
jjjjj

y
{
zzzzz (11)

Already in 1941, the inductive pattern of Figure 2b was
reported for impedance spectroscopy measurement of the
squid giant axon by Cole and Baker,14 as shown in Figure 3.

A calculation of the frequency of intercept of the real axis (in
addition to the obvious points ω = 0, ∞) gives the following
result8

1 1 1
c

L a L
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τ τ τ
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y
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Therefore, a crossing of the real axis, the red point in Figure
2b, is observed only if ωc is real, when τL > τa. The intersection
of the characteristic times in Figure 2c corresponds to the value
that produces a crossover to the fourth quadrant, see also
Figure 9. In some research areas, it is customary to represent
the capacitance that corresponds to the impedance data set, see
Figure 4. The complex capacitance C(ω) is defined from the
impedance as C(ω) = 1/[iωZ(ω)], and the real part is denoted
as C′(ω) = Re[C(ω)]. By eq 2, the effective capacitance of the
inductor is

C
L

( )
1

L
a

2ω
ω

= −
(13)

It follows from eq 13 that the inductive arc in Figure 2b
causes a negative value of Re(C) at a low frequency, as shown
in Figures 2d and 4d (left); that is a normally denominated
“negative capacitance effect”.4,5,9,15−21 This effect has been
broadly studied in emerging solar cells, as discussed in Section
2.3.4.4,9,19,20,22 We remark that the inductive feature commonly
found in solar cell devices does not require negative parameters
in the equivalent circuit: it is generated by a positive chemical
inductor. In the analysis of LEDs and solar cells, it is often

represented that the value is Abs[C′(ω)], see Figure 4d
(right). Then, the crossover to the negative capacitance
appears as a spike at the angular frequency ωc.

2.1.2. Time-Domain Response, Stability, and Self-
Sustained Oscillations. There is a direct connection between
the impedance properties and the time-domain response. This
is amply exploited in the methods of engineering control.23

However, electroactive and photoactive materials show a large
change in characteristic frequencies as the voltage is varied,
which makes the analysis challenging. In the following, we
analyze the dynamical effects of the chemical inductor by
solving eqs 3 and 4 for a particular model, the FitzHugh−
Nagumo neuron (FHN) model, according to a recent report.24

A program for the calculation of these features is available
online.25 This dynamical system is a broadly studied two-
dimensional neuron model6,26−31 that becomes very rich by
the presence of a negative capacitance in Rb of Figure 1b in
addition to the capacitor and inductor. It shows a sudden
transition to an unstable regime in which the non-linear system
performs self-sustained oscillations, termed a Hopf bifurca-
tion.32,33 These are complex properties that will be very briefly
described here to show the consequences of the inductor in the
dynamics. A full description of impedance spectra and the
correspondent dynamics in a variety of systems according to
the characteristic frequencies and bifurcations is presented in a
separate publication.13

Figure 3. Complex plane plot of the impedance of the squid giant
axon. The frequencies in kHz are indicated. Republished with
permission of the Rockefeller University Press, from Cole, K. S., and
Baker, R. F. Journal of General Physiology 1941, 24, 771−788.
Copyright Rockefeller University Press (1941).

Figure 4. Left column. Results of the measurement of an ITO/
PEDOT/superyellow/Ba/Al organic LED device. (a) Impedance
plots for different bias voltages. (b,c) shows a magnification of the
observed inductive behavior at 2.9 and 2.7 V. (d) Capacitance vs
frequency for various bias voltages exhibits a region of negative
capacitance. Reprinted from Bisquert, J.; Garcia-Belmonte, G.;
Pitarch, A.; Bolink, H. Negative capacitance caused by electron
injection through interfacial states in organic LEDs. Chem. Phys. Lett.
2006, 422, 184−191, with permission from Elsevier. Copyright
Elsevier (2006). Right column. Impedance spectra for a CdS/CdTe
solar cell. (a) Complex plane plot of the impedance at two different
forward biases under dark conditions. (b,c) shows a magnification of
the observed inductive behavior at −0.8 and −0.6 V. (d) Absolute
value of capacitance vs frequency at forward bias. Reproduced with
permission from Nano Lett. 2006, 6, 640−650. Copyright (2006)
American Chemical Society.
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The FHN model26,27 imitates the generation of action
potentials of the more complex HH model with a single
recovery variable. It is described by the functions f(u) = u3/3 −
u and g(u, x) = u/Rw − bw, where Rw and b are constants. Even
with a two-dimensional structure, the bifurcation and
dynamical properties are rather complex.6,29−31 Recently, the

ac impedance properties of the FHN model have been
characterized,24 and the main results are shown in Figures 5−8.
Here, we discuss some cases of the FHN model when the

system is fixed to a certain current associated with the voltage
uapp. For each case, we show the associated impedance
spectrum, which is an instance of Figure 1b. The phase

Figure 5. Impedance spectrum and time-domain response of the FitzHugh−Nagumo model dynamical equations,24 corresponding to the
equivalent circuit of Figure 1b. The model parameters are [RI, b, r, ϵ, τm, τk, uapp] = [0.5, 1, 1.2, 2, 0.01, 0.005, 0.8], and the calculated circuit
elements and characteristic frequencies are [Ra, Rb, La, Cm, ωa, ωb, ωL, ωc] = [0.416, −1.39, 0.00208, 0.02, 120, −36.0, 200, 126i] (a) complex plane
impedance plot. Green dot: dc resistance. (b) Evolution of a point in the phase plane starting from the orange point, with an external current
established at the blue fixed point (voltage uapp). (c) Time evolution of the voltage.

Figure 6. Impedance spectrum and time-domain response of the FitzHugh−Nagumo model dynamical equations,24 corresponding to the
equivalent circuit of Figure 1b. The model parameters are [RI, b, r, ϵ, τm, τk, uHopf, uapp] = [0.5, 1, 1.2, 0.3, 0.01, 0.033, 0.837, 1.2], and the calculated
circuit elements and characteristic frequencies are [Ra, Rb, La, Cm, ωa, ωb, ωL, ωc] = [0.417, 1.136, 0.0139, 0.02, 120, 44.0, 30, 52.0] (a) complex
plane impedance plot. Green dot: dc resistance. Red dot: resistance at the intercept. (b) Evolution of a point in the phase plane starting from the
orange point, with an external current established at the blue fixed point (voltage uapp). (c) Time evolution of the voltage.

Figure 7. Impedance spectrum and time-domain response of the FitzHugh−Nagumo model dynamical equations,24 corresponding to the
equivalent circuit of Figure 1b. The model parameters are [RI, b, r, ϵ, τm, τk, uHopf, uapp] = [0.5, 1, 1.2, 0.3, 0.01, 0.033, 0.837, 0.87], and the
calculated circuit elements and characteristic frequencies are [Ra, Rb, La, Cm, ωa, ωb, ωL, ωc] = [0.417, 1.136, 0.0139, 0.02, 120, 44.0, 30, 52.0] (a)
complex plane impedance plot. Green dot: dc resistance. Red dot: resistance at the intercept. (b) Evolution of a point in the phase plane starting
from the orange point, with an external current established at the blue fixed point (voltage uapp). (c) Time evolution of the voltage.
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portrait shows the evolution in the plane of the two variables
(u, x) for the indicated initial condition. The vector field (u̇, ẋ)
gives the possible trajectories in the phase space (u, x). The
nullclines are the lines u̇ = 0 and ẋ = 0, and their intersection is
a fixed point. Finally, the projection into the u-axis shows the
temporal evolution of the voltage.
At a large voltage, the fixed point is stable and the trajectory

in the phase plane spirals to the fixed point so that the voltage
affects an underdamped oscillation to the steady-state value.
This is the case in Figures 5−7. In Figure 5, the inductance is
small, and the system is dominated by the RC arc in the first
quadrant of Figure 5a. The temporal response in Figure 5c is a
positive overshoot. In Figure 6 the inductor La is larger than in
Figure 5, and the inductive loop becomes fully developed in
the fourth quadrant of Figure 6a producing a negative
capacitance effect. The time-domain response in Figure 6c
shows a negative spike that is due to the nonequilibrium initial
situation represented by the initial value of the slow variable x
= 3, as shown in Figure 6b. In Figure 6c, we note that the
combination of the capacitor and inductor produces over-
damped oscillations before the system settles to the final
voltage uapp. The damped oscillations become much larger in
Figure 7, when the system approaches the voltage of the Hopf
bifurcation, uHopf.
To determine the condition of bifurcation, we develop the

linear stability analysis of eqs 3 and 4 based on the Jacobian of
6 and 7.32 As the impedance is obtained from the same
linearized equations, the elements of the Jacobian can be
written in terms of equivalent circuit elements in the form

R C C

L
L
R

1 1

1
b m m

a

a

a

− −

−

i

k

jjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzz (14)

The Hopf bifurcation of this nonlinear system happens when
the trace of the Jacobian matrix is zero, corresponding to the
condition

L bω ω= − (15)

that is satisfied if Rb takes negative values. At the bifurcation,
the impedance spectrum jumps to the left side of the vertical
axis as shown in Figure 8a, presenting a negative resistance
value at the frequency ωc (red point). This type of spectrum

indicates the occurrence of self-sustained oscillations in
neurons and electrochemical systems at a fixed current
(galvanostatic conditions), and it was termed as the “hidden
negative resistance” by Koper.1,24,34 The voltage oscillations
are shown in Figure 8c corresponding to the periodic stable
trajectory in the phase plane. In Figure 8b is depicted a limit
cycle in which, in contrast to the previous figures, each
oscillation never passes through the fixed equilibrium point but
remains far from equilibrium on the way toward equilibrium.

2.1.3. Potentiostatic Oscillations. If the system is fixed
potentiostatically, the voltage between the outer contacts, V, is
constant, and the circuit in Figure 1b cannot show oscillations.
The effect of the series resistance Rs that is present in
electrochemical cells and in all practical solid devices changes
the situation as the outer voltage and can be expressed as

V IR us= + (16)

where u is the internal voltage or the potential drop across the
double layer. Now, u can oscillate since the variations are
compensated by the complementary voltage across Rs.

1,35−37

Combining 16 with 3 and 4, another equivalent circuit
structure in the series mode appears as shown in Figure 1d.
Note that here, Rb of Figure 1b is not a necessary element since
negative Ra can be compensated by the positive Rs to provide
the oscillating pattern of Figure 8c. The series model is applied
not only in electrochemistry but also in semiconductor device
models.38,39

Another aspect worth mentioning, as explained by
Fletcher,40 is that in a typical three-terminal electrochemical
cell (with the working, counter, and reference electrodes),
inductive and capacitive artifacts appear when the circuit is
reduced to a two-terminal impedance, even though the system
contains no inductor at all.
In summary, eqs 3 and 4 represent the basic structure of

electrical and electrochemical dynamical systems, leading to a
chemical inductor. These types of models form a part of the
general framework of fast−slow dynamical models,41 which
includes notorious dynamical models like the van der Pol
oscillator or the FitzHugh−Nagumo neuron model.26,27 In
electrical devices such as solar cells, u is the voltage difference
between the contacts. In electrochemical systems, u is the
voltage across the double layer. In biological systems such as
neurons,7 u is a transmembrane electrochemical potential that
governs ion fluxes. On the other hand, variable x is strongly

Figure 8. Impedance spectrum and time-domain response of the FitzHugh−Nagumo model dynamical equations,24 corresponding to the
equivalent circuit of Figure 1b. The model parameters are [RI, b, r, ϵ, τm, τk, uHopf, uapp] = [0.5, 1.2, 1.2, 0.3, 0.01, 0.033, 0.8, 0.6], and the calculated
circuit elements and characteristic frequencies are [Ra, Rb, La, Cm, ωa, ωb, ωL, ωc] = [0.5, −0.781, 0.0139, 0.02, 100, −64, 36, 48] (a) complex plane
impedance plot. Green dot: dc resistance. Red dot: resistance at the intercept. (b) Evolution of a point in the phase plane starting from the orange
point, with an external current established at the blue fixed point (voltage uapp). (c) Time evolution of the voltage.
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system-dependent and various specific cases are found. It may
correspond not only to a slow current effect as already said but
also to the activation of ionic conductivity of ion channels in
the neuronal membrane,3 to surface adsorption,34,42 or to the
distribution of particles inside a semiconductor device.39

2.1.4. Current-Controlled Recovery. We consider a similar
dynamical model in which the change of the slow variable is
driven by the electrical current. The dynamical equations take
the form

I F u x( , )= (17)

x
t

h x I
d
d

( , )kτ =
(18)

The first reported memristor43 was described by a model of
this type. A linear response analysis provides the impedance in
the form

Z s R
C s

( )
1

R
b 1

a
a

= +
+ (19)

This function corresponds to the equivalent circuit of Figure
1e. The circuit elements are
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F h
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x I

u x
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u k

x I

τ
= = = −

(20)

For simplicity, we have dropped in eq 17, the main
capacitive charging Cm, which may be added as a parallel
capacitor for the interpretation of experiments.
To illustrate the model, we consider a simple coupling F(u,

x) = f(u)/RI + x and h(x, I) = aI − bx, where a and b are
positive constants. The circuit elements have the values

R
R
f

R
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f
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I
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I

u
a

u k

I

τ
= = − = −

(21)

This result indicates that in the current−control recovery,
there is no chemical inductor but both Ra and Ca are negative
elements. The remarkable feature is that, despite the negative

values that cause impedance components in the third quadrant
of the complex plane, the time constant for recovery RaCa = τk/
b is positive. This is because the adaptation current x tends to
the value aI/b as time tends to infinity.

2.2. Application of the Impedance Model and
Hysteresis: The Case of the Memristor. A memristor is a
two-terminal device that undergoes a voltage-controlled
conductance change.44 There are a variety of material
platforms for memristive devices including silicon oxides,45

silicon nitrides,46 metal oxides,47,48 and halide perovskites.49−51

These devices are attractive for memory applications and for
formation of artificial synapses for brain-inspired computing
systems.52−54

The resistive switching property and strong hysteresis effect
occur because the resistance depends on the history of one or
more of the state variables of the system. Therefore, eqs 3 and
4 represent the basic dynamical equations of a voltage-
controlled memristor, while a current-controlled model is
described by 17 and 18.44,55 We can conclude that any
memristor of types 3 and 4 will show a chemical inductor
effect, as has been shown recently.12 Originally, Chua
proposed56 that the memristor constitutes a fourth funda-
mental element, but this assumption has been criticized,57

since the memristor is a nonlinear element, similar to a diode
or a transistor, but in terms of linear response, it can be
constructed from the standard elements as the equivalent
circuit of Figure 1b.

2.2.1. Impedance Response of a Model Memristor. To
illustrate the practical applicability of the concept of the
chemical inductor, we show a specific model for a halide
perovskite memristor that has been described recently.58 It is
formed by the dynamical equations

I C
u
t

u
R

i
d
dm

b
c= + +

(22)

i
t

u i i
d
d

( )d
c

c0 cτ θ= −
(23)

Figure 9. Representation of a model memristor. (a) Equivalent circuit corresponding to eq 8. (b) Current at forward and backward voltage sweeps
at the indicated scan rates. The gray line is the stationary (dc) curve. (c) Resistor and inductor as a function of voltage. (d) Time constants τa =
RaCm and τL = La/Ra as a function of voltage for Cm = 1; Rb = 1; ic0 = 10; VT = 1; Vm = 0.05; and τd = 10. The crossing points are u = 0.62, 1.38.
(e,f) Set of impedance spectra at the indicated voltages.
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The fast variable is the voltage u, and the slow variable is the
current ic. The ic in equilibrium (d ic/d t = 0) rises from zero to
a saturation value ic0 according to the occupation function θ(u)
= [1 + e−(u−VT)/Vm]−1 that satisfies 0 ≤ θ ≤ 1, where VT is an
onset voltage and Vm is an ideality factor with a dimension of
voltage, see the central gray line in Figure 9b. Eq 23, where τd
is a characteristic time for diffusion, expresses the delay of the
current ic in reaching the occupation value imposed by the
external voltage due to ionic motion that is necessary to form
the high conduction state. The equivalent circuit has the
standard form of the chemical inductor arrangement, Figure
9a, with a constant capacitance Cm, an Ohmic resistance Rb,
and a voltage-dependent resistor and an inductor given by the
expressions

R
V

i (1 )a
m

c0θ θ
=

− (24)

L Ra d aτ= (25)

Both functions display a minimum at u = VT, as shown in
Figure 9c.
The time τL = τd is a constant, and τa = RaCm is a function of

voltage, as shown in Figure 9d. Figure 9e shows the evolution
of the impedance spectra as the voltage increases. The high-
frequency arc in the first quadrant is barely affected by the
voltage changes, but the low-frequency arc in the fourth
quadrant undergoes important changes. This is because both
Ra and La become smaller, and the pathway through the RL
line in the equivalent circuit is activated. The crossing of the
characteristic times in Figure 9d indicates that the spectrum
enters the fourth quadrant at u = 0.62, and the dc resistance
becomes minimum at u = VT. When the voltage increases, Ra
and La start to increase and the inductive features recede, as
shown in Figure 9f. At u = 1.32, the inductive arc vanishes and
leaves only the RC arc in the first quadrant. Experimental
results of the impedance spectroscopy analysis of the halide
perovskite memristor show the large chemical inductor effect
near the threshold voltage for the transition to the conductive
state as shown in refs 21 and 58.
2.2.2. Inductive Hysteresis. An important method to

determine the time-domain response of a device or an
electrochemical cell is to sweep the voltage at a constant
rate, vr, as defined by the voltage dependence on time

V v tr= (26)

This is the method to measure current−voltage curves in
solar cells, and it is called cyclic voltammetry in electro-
chemistry. An example is shown in Figure 9b by calculating the
dynamical behavior of 22 and 23 under constraint 26.58 The
current measured at infinitely slow steps is the gray line, but
fast sweeps lead to substantial differences in the forward and
reverse scan currents. These hysteresis effects are very
significant for the temporal behavior of electronic devices
such as solar cells.59−64 We have previously described the
connection of the hysteresis properties to the equivalent circuit
of impedance spectroscopy.59 The capacitive current in a
forward scan (vr > 0) gives an added positive current to the
steady-state value65

I C
V
t

C v
d
dcap m m r= =

(27)

The addition of the capacitive current to the equilibrium
current makes the forward current larger than in reverse, and
this behavior is known as normal hysteresis.66,67 On the other
hand, the opposite behavior was observed68 in which the
forward scan decreases the dark current, as shown in Figure 4b,
and it is called inverted hysteresis.61−63 Recently, it was shown
that inverted hysteresis is produced by the low-frequency
inductor.59,64 This is because the effective total capacitance is
negative, as shown in eq 13; hence, the sign of the transient
current changes. In terms of eqs 22 and 23, the transient
inductive current has the form

I
i
t

v
i
V

d
d

d
dind d

c
r d

cτ τ= − = −
(28)

It is proportional to the scan rate, just like the capacitive
current, but it is negative in the forward scan since d ic/d V > 0.
This is the general reason why normal hysteresis is capacitive
and inverted hysteresis is inductive.59

2.3. Non-Oscillatory Systems that Exhibit a Chemical
Inductor. Let us review systems in which the chemical
inductor causes important effects, starting with the systems
that do not oscillate by the absence of bifurcations. In general,
these systems fulfill all the requirements of eqs 3 and 4. For
example, electrochemical reactions that respond to an
externally applied voltage−current (fast process) require the

Figure 10. Impedance plot of pure Mg in 1.0 m NaCl. Symbols represent experimental EIS data, and the line (in red) represents the fit to the
equivalent circuit given in the inset. Reproduced with permission from ChemPhysChem 2015, 16, 536−539. Copyright (2015) John Wiley and
Sons.
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supply/departure of ions coupled from the catalytic sites (slow
process). A wide range of systems fulfill the requirements such
as in the electrochemical corrosion of metal alloys, proton
membrane fuel cells, solar cells, memristors, and LEDs.
2.3.1. Corrosion of Metal Alloys. In the field of metallurgy,

corrosion of alloys has been widely studied by impedance
spectroscopy and observation of the impedance loop has been
reported in the presence of reactive metals.69 Recently, IS
measurements have been coupled with atomic emission
spectroelectrochemistry to monitor onsite the electrochemical
dissolution of Mg2+.70 It is observed that the oxidation of the
metal Mg(0) to form Mg2+ correlates with the applied voltage
perturbation introduced during the IS measurement (Figure
10a), and the IS spectrum shows the presence of the inductive
loop (Figure 10b). The combination of the two techniques
allows us to conclude that dissolution of Mg2+ ions is the slow
and limiting step in this electrochemical reaction and must be
the slow process of eqs 3 and 4. Indeed, during the frequency
sweep at frequencies below 1 Hz, the voltage excitation
becomes slow enough to enable all Mg2+ ions to depart from
reactive centers, leading to the formation of the inductor. Of
course, the kinetics of dissolution could be modified if
conditions are such that they are no longer mass-transport
limited. For example, by using efficient stirring or by sonication
of the reactive surface. Overall, the presented model in this
work could be applied to obtain accurate kinetic information
about the corrosion process. It is noted that the high-frequency
response is more complex than that arising from eqs 3 and 4 as
it shows two arcs, and further additions need to be introduced
into the model.
2.3.2. Corrosion of Electrodes in Batteries. Metal alloys are

used as structural elements in electrodes for several electro-
chemical systems with solid/liquid or solid/solid interfaces like
in batteries. One can infer that if the alloy contains a reactive
metal under the operating conditions, corrosion will also be
observed in the complete device and the inductive loop will
appear. This is clearly the case for the emerging Mg−air
batteries where Mg−Al−Pb alloys are used as anode
electrodes.71 It was shown in the previous section that the
slow Mg2+ dissolution acts as the slow process required to
observe the inductive loop. Not surprisingly, batteries
containing this alloy also show the inductive loop at low
frequencies as a clear sign of corrosion.
The actual origin of the observed inductances for Li-ion

batteries has been recently reviewed.72 For a long time, the
formation of the solid electrolyte interphase was held
responsible for the presence of the inductive loop. Although
not totally ruled out, the authors identified four other different
sources of chemical inductance loop formation that include
external parameters such as the actual setup for the experiment
(Figure 11). For example, the use of springs in the Swagelok T-
cell does generate a magnetic inductance at high frequencies;
the cell not being measured in the steady-state (drift) leads to
formation of a loop at an intermediate frequency, and
corrosion of the electrodes and/or the reference electrode is
observed in the low-frequency region.
2.3.3. Proton Membrane Fuel Cells. Proton-exchange

membrane (PEM) fuel cells often lead to inductive loops
(Figure 12).73−75 The reasons for the observation of the
inductance have been reviewed recently, but the interpretation
of the impedance spectra at low frequencies is still ambiguous.
Several mechanisms have been proposed such as side reactions
with intermediate species, carbon monoxide poisoning, and/or

issues with water transport. On the one hand, inductive loops
have been predicted by models that account for formation of
hydrogen peroxide as an intermediate in a two-step oxygen
reduction reaction. Similarly, this oxidant can be a source of
corrosion for the Pt contact that leads to dissolution of the
metal.74 Overall, in this electrochemical system, there is more
work to be done to understand the chemical origin of the
inductive loop, but our model could help to identify the nature
of these processes.

2.3.4. Solar Cells and Light-Emitting Diodes. Emerging
solar cells, made by combinations of organic and inorganic
materials and liquid electrolytes, have been broadly studied by
impedance spectroscopy,8,76,77 and the presence of the
chemical inductor is widespread. In 2006, a broad variety of
solar cells containing a “negative capacitance” were analyzed4

such as nanowired ZnO/CdSe/CuSCN, thin-film CdS/CdTe,
and dye-sensitized solar cells, and the equivalent circuit of
Figure 1b was found to provide a good description of the
impedance response, Figure 4a (right). The same inductive
impedance pattern is found in organic LEDs as they share

Figure 11. Impedance plot of discharged lithium-ion half cells with
graphite. Numbers indicate the charge−discharge cycles carried out.
Inductive loops can be switched on and off by adding and removing
the spring and the reference electrode, respectively. Reproduced with
permission from Brandstaẗter, H.; Hanzu, I.; Wilkening, M. Myth and
Reality about the Origin of Inductive Loops in Impedance Spectra of
Lithium-Ion ElectrodesA Critical Experimental Approach. Electro-
chim. Acta 2016, 207, 218−223. Copyright (2016) Elsevier.

Figure 12. Impedance plot of a H2/air PEM fuel cell (50 cm2, 65 °C,
0.5 bar(g), 15 A, H2/air stoichiometry 2/4, 100% RH), high-
frequency resistance, total R, DC point, and the last measured point.
Reprinted from Pivac, I.; Šimic,́ B.; Barbir, F. Experimental diagnostics
and modeling of inductive phenomena at low frequencies in
impedance spectra of proton exchange membrane fuel cells. J.
Power Sources 2017, 365, 240−248, with permission from Elsevier.
Copyright (2017) Elsevier.
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device configuration and materials, as shown in Figure 4a
(left).5

Lead halide perovskite solar cells are a recent class of
solution-processed hybrid photovoltaic devices with out-
standing efficiencies.78 These solar cells have shown intense
inductive features in very early reports,79,80 and the features
have been confirmed in measurements of stabilized and robust
devices.9,19,20,64,81 An example of a perovskite single crystal is
shown in Figure 13. At 0 V of applied bias (black data points),

there is no inductive feature, as the curve in Figure 13b has no
spike. However, at 0.5 V and 1 V, the chemical inductance is
clearly appreciated as a double inductive feature in Figure 13a,
which has also been observed in halide perovskite
memristors.21 The inductive effect has been associated with
the presence of mobile ions that cause a number of effects in
the halide perovskites.8,81 The slow mode that generates the
inductor line in the equivalent circuit has been interpreted as a
delayed surface voltage82 and as a sluggish surface recombi-
nation current.22,83,84 It has been shown that the inductive
impedance is correlated to the amount of inverted hysteresis in
current−voltage curves,59,64 as described in Section 2.2.2.

2.4. Oscillating Systems. 2.4.1. Electrochemical Oscil-
lators. The mechanism of the inductor is well known in
electrochemistry in relation to the electrochemical impedance
spectroscopy of reactions with an intermediate adsorbed
species or with an autocatalytic step.42,85−87 Some electro-
chemical systems with chemical inductor structures oscillate,
and others do not, as shown in Section 2.3, depending on the
conditions of Hopf bifurcations that were stated in Section
2.1.2. The self-sustained oscillations in electrochemical
systems1,35−37 have been fully classified using the theory of
bifurcations, stability, and the methods of impedance spec-
troscopy.88−92 The presence of oscillations in a two-dimen-
sional system requires a negative resistance domain. These
systems are usually characterized on the basis of equivalent
circuits that combine Figure 1b,c, often with more complex
features corresponding to the set of couplings in the reaction
mechanism, according to the general theory of chemical
oscillators.32 Figure 14b shows the realization of the

impedance spectra of Figures 6 and 8, and the associated
oscillations are shown in Figure 14a.92 A famous representative
model is the system developed by Koper and Sluyters34 that

considers a single species which diffuses toward the electrode
where it is successively adsorbed and electrochemically
oxidized.89,93 A detailed analysis of the impedance properties
of this model is presented in our recent work.13

Figure 13. (a) Impedance plot of CH3NH3PbBr3 perovskite single
crystals exhibiting the low-frequency inductive (negative capacitance)
response. It is observed that the inductive behavior is more featured
for higher potentials. (b) Variation of the capacitance absolute value
with the bias voltage. The spike corresponds to the crossing of
negative values at low frequencies. The 0 V spectrum without
induction is marked in black. At high frequencies, responses collapse
to the geometrical capacitance. Reprinted from Kovalenko, A.;
Pospisil, J.; Krajcovic, J.; Weiter, M.; Guerrero, A.; Garcia-Belmonte,
G. Interface inductive currents and carrier injection in hybrid
perovskite single crystals. Appl. Phys. Lett. 2017, 111, 163504, with
the permission of AIP Publishing. Copyright (2017) AIP Publishing.

Figure 14. (a) Voltammogram of 0.1 M HCHO in 0.1 M NaOH for a
0, 1000, and 1500 Ω external resistance (internal cell resistance ca. 95
Ω). Scan rate 10 mV s−1, 3000 rev min−1. Amperogram taken at 0.01
mA s−1. (b) Impedance diagrams taken at −0.50 V (■), −0.45 V (○),
and −0.35 V (Δ). Indicated frequencies in Hz. Republished with the
permission of Royal Society of Chemistry, from Koper, M. T. M.
Nonlinear phenomena in electrochemical systems. Journal of the
Chemical Society, Faraday Transactions 1998, 94, 1369. Copyright
(1998) Royal Society of Chemistry.
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2.4.2. Excitability and Spiking of Neurons. In neuron
ensembles, the phenomenon of excitability is controlled by a
Hopf bifurcation in which the neuron makes a transition from
a resting state to a rhythmic oscillation characterized by rich
spiking patterns that form the basis of computation in the
natural brain.6,7,94 The stimulation of the neuron trans-
membrane voltage causes several selective molecular mem-
brane channels to open and close, allowing many ionic and
molecular substances to flow and creating an action potential
or a spike of 100 mV that is repeated with periodic rhythms.95

The central framework for the understanding and physical
characterization of neuron excitability is the model of Hodgkin
and Huxley (HH)3 developed around 1950 for the squid giant
axon. This dynamical model is more complex than that of eqs 3
and 4 as it contains a four-dimensional structure associated
with the voltage and three recovery variables termed [n, m, and
h] that determine the voltage-dependent conductances of
sodium and potassium ion channels. In the paper of HH, the
neuron-equivalent circuit is presented in terms of time-
dependent resistances, as shown in Figure 15a, and the
inductor does not appear explicitly. However, whenever the
small ac impedance of the HH model is calculated,2,55,96−100 a
circuit of the classes of Figure 1b−d appears, and this is
because HH contains the mechanism of the chemical inductor.
Early measurements of the neuron impedance are shown in
Figure 3, providing a clear instance of the chemical inductor in
an oscillating system.
In fact, a complete analysis of the small ac equivalent circuit

of HH,12 first presented by Cole (p 299),100 shows that the
potassium channel presents the structure of Figure 1b, see
Figure 15b, while the sodium channel contains two chemical
inductor branches so that the equivalent circuit contains a total
of three inductive branches corresponding to the mentioned
recovery variables. The results in Figure 15 of a calculation of
impedance responses as the membrane voltage is varied from

the resting state show different impedance patterns: in c and d,
the impedance of Figure 6a is shown both for sodium and
potassium channels. While the potassium channel does not
contain a negative resistance, the hidden negative resistance of
Figure 8a occurs in a narrow voltage range in Figure 15c for
the sodium channel. Here arise the self-sustained oscillations of
the giant axon. Furthermore, the sodium channel shows the
phenomenon of the negative inductor.12

The inductive behavior of non-magnetic origin in the squid
giant axon was well recognized before 1940 by Cole, based on
impedance spectroscopy measurement as in Figure 3,2 but a
reasonable interpretation was not obtained. He later remarked
that “the suggestion of an inductive reactance anywhere in the
system was shocking to the point of being unbelievable.”100

Hodgkin and Huxley3 proposed that the potassium con-
ductance is proportional to the power of a variable that obeys a
first-order equation in order to match the very different
transient curves: the delayed increase in depolarization but a
simple exponential decay in repolarization. Thus, as explained
later by Hodgkin,101 “the inductance is mainly due to the
delayed increase in potassium conductance, which can make
the membrane current lag behind voltage, provided the
internal potential is positive to the potassium equilibrium
potential.” This is a clear early formulation of a chemical
inductor mechanism.
Since the HH model shows a great deal of complexity,

simpler models are used that describe well the properties of
neural dynamics with a reduced number of adaptative
parameters. The minimal structure that generates action
potentials is described by a two-dimensional model as shown
in eqs 3 and 4.6,102 An example of the properties of the FHN
model has been described in detail in Section 2.1.2.

2.4.3. Conditions for Self-Sustained Oscillations. As
described in Section 2.1, the impedance spectra provide a
mark of the underlying dynamic regimes. It is particularly

Figure 15. (a) Hodgkin−Huxley electrical model for the squid giant axon membrane consisting of variable resistances in the ion channels as
defined in the original publication. (b) Equivalent circuit for the Hodgkin−Huxley model for small ac voltage perturbations. The potassium channel
components are indicated in blue and the sodium elements in red. Impedance complex plane plots of the HH model for different membrane
voltages for (c) sodium channel and (d) potassium channel. Adapted with permission from Bou, A.; Bisquert, J. Impedance spectroscopy dynamics
of biological neural elements: from memristors to neurons and synapses. J. Phys. Chem. B 2021, 125, 9934−9949. Copyright (2021) American
Chemical Society.
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interesting to establish the fundamental structure of systems
that show rhythmic oscillations of an external variable.
Understanding the impedance properties of neurons is an
important tool for building artificial neurons for neuromorphic
computation.103,104 The analysis of neuronal and electro-
chemical systems presented earlier in this work can be
combined to show the properties of oscillations in terms of
equivalent circuit properties, as derived from linear stability
analysis. The destabilizing effect of a negative resistance that
leads to instability and oscillations36,105,106 and the require-
ment of an inductor to generate action potentials100,107,108

have been previously recognized.
According to our analysis, the general features of a two-

dimensional system that shows self-sustained oscillations are

(1) membrane or surface capacitance,
(2) a chemical or an electromagnetic inductor, and
(3) in Figure 1b, either Rb or La must take negative values to

satisfy the condition 15 for a Hopf bifurcation that
induces a stable limit cycle. A similar condition occurs
for the series circuit in Figure 1d.

Living brains do not use integrate-and-fire (RC) neurons, in
contrast to many current neuromorphic computational
systems. As discovered by Cole and Hodgkin and Huxley,
real neurons contain a chemical inductor mechanism that
provides the response properties of the action potential.

3. CONCLUSIONS
We found a common structure in electrochemical, biological,
and semiconductor systems in which a fast conduction mode
contains a slow channel with time-dependent dynamics. This
structure leads to a generic circuit that contains a capacitance
and a resistor, and the slow mode gives an inductance that is
termed a chemical inductor. When negative elements such as a
negative differential resistance come into play, this dynamical
model can be generalized to a self-sustained oscillating system
under an externally fixed voltage or current. The transition
from rest to periodic spiking occurs at a Hopf bifurcation. The
experimental analysis of the impedance spectra enables us to
recognize the dynamical properties of such systems.

■ AUTHOR INFORMATION
Corresponding Author
Juan Bisquert − Institute of Advanced Materials (INAM),
Universitat Jaume I, Castelló 12006, Spain; Yonsei Frontier
Lab, Yonsei University, Seoul 03722, South Korea;
orcid.org/0000-0003-4987-4887; Email: bisquert@uji.es

Author
Antonio Guerrero − Institute of Advanced Materials
(INAM), Universitat Jaume I, Castelló 12006, Spain;
orcid.org/0000-0001-8602-1248

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.2c00777

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank financial support by Ministerio de Ciencia e
Innovación of Spain (MICINN) project PID2019-
107348GB-100. Universitat Jaume I is also acknowledged for
financial support (UJI-B2020-49).

■ REFERENCES
(1) Koper, M. T. M. Oscillations and Complex Dynamical
Bifurcations in Electrochemical Systems. Adv. Chem. Phys. 1996, 92,
161.
(2) Cole, K. S. Rectification and inductance in the squid giant axon.
J. Gen. Physiol. 1941, 25, 29−51.
(3) Hodgkin, A. L.; Huxley, A. F. A quantitative description of
membrane current and its application to conduction and excitation in
nerve. J. Physiol. 1952, 117, 500−544.
(4) Mora-Seró, I.; Bisquert, J.; Fabregat-Santiago, F.; Garcia-
Belmonte, G.; Zoppi, G.; Durose, K.; Proskuryakov, Y. Y.; Oja, I.;
Belaidi, A.; Dittrich, T.; Tena-Zaera, R.; Katty, A.; Lévy-Clément, C.;
Barrioz, V.; Irvine, S. J. C. Implications of the negative capacitance
observed at forward bias in nanocomposite and polycrystalline solar
cells. Nano Lett. 2006, 6, 640−650.
(5) Bisquert, J.; Garcia-Belmonte, G.; Pitarch, A.; Bolink, H.
Negative capacitance caused by electron injection through interfacial
states in organic light-emitting diodes. Chem. Phys. Lett. 2006, 422,
184−191.
(6) Izhikevich, E. M. Dynamical Systems in Neuroscience; MIT Press,
2007.
(7) Gerstner, W.; Kistler, W. M.; Naud, R.; Paninski, L. Neuronal
Dynamics. From Single Neurons to Networks and Models of Cognition;
Cambridge University Press, 2014.
(8) Guerrero, A.; Bisquert, J.; Garcia-Belmonte, G. Impedance
spectroscopy of metal halide perovskite solar cells from the
perspective of equivalent circuits. Chem. Rev. 2021, 121, 14430−
14484.
(9) Khan, M. T.; Huang, P.; Almohammedi, A.; Kazim, S.; Ahmad,
S. Mechanistic origin and unlocking of negative capacitance in
perovskites solar cells. iScience 2021, 24, 102024.
(10) Lasia, A. Electrochemical Impedance Spectroscopy and its
Applications; Springer, 2014.
(11) Orazem, M. E.; Tribollet, B. Electrochemical Impedance
Spectroscopy, 2nd ed.; Wiley, 2017.
(12) Bou, A.; Bisquert, J. Impedance spectroscopy dynamics of
biological neural elements: from memristors to neurons and synapses.
J. Phys. Chem. B 2021, 125, 9934−9949.
(13) Bisquert, J. Hopf bifurcations in electrochemical, neuronal, and
semiconductor systems analysis by impedance spectroscopy. Appl.
Phys. Rev. 2022, 9, 011318.
(14) Cole, K. S.; Baker, R. F. Longitudinal impedance of the squid
giant axon. J. Gen. Physiol. 1941, 24, 771−788.
(15) Jonscher, A. K. The physical origin of negative capacitance. J.
Chem. Soc., Faraday Trans. 2 1986, 82, 75−81.
(16) Ershov, M.; Liu, H. C.; Li, L.; Buchanan, M.; Wasilewski, Z. R.;
Jonscher, A. K. Negative Capacitance Effect in Semiconductor
Devices. IEEE Trans. Electron Devices 1998, 45, 2196.
(17) Ehrenfreund, E.; Lungenschmied, C.; Dennler, G.; Neugebauer,
H.; Sariciftci, N. S. Negative capacitance in organic semiconductor
devices: Bipolar injection and charge recombination mechanism. Appl.
Phys. Lett. 2007, 91, 012112.
(18) Pingree, L. S. C.; Scott, B. J.; Russell, M. T.; Marks, T. J.;
Hersam, M. C. Negative capacitance in organic light-emitting diodes.
Appl. Phys. Lett. 2005, 86, 073509.
(19) Fabregat-Santiago, F.; Kulbak, M.; Zohar, A.; Vallés-Pelarda,
M.; Hodes, G.; Cahen, D.; Mora-Seró, I. Deleterious Effect of
Negative Capacitance on the Performance of Halide Perovskite Solar
Cells. ACS Energy Lett. 2017, 2, 2007−2013.
(20) Klotz, D. Negative capacitance or inductive loop?A general
assessment of a common low frequency impedance feature.
Electrochem. Commun. 2019, 98, 58−62.
(21) Gonzales, C.; Guerrero, A.; Bisquert, J. Spectral properties of
the dynamic state transition in metal halide perovskite-based
memristor exhibiting negative capacitance. Appl. Phys. Lett. 2021,
118, 073501.
(22) Ebadi, F.; Taghavinia, N.; Mohammadpour, R.; Hagfeldt, A.;
Tress, W. Origin of apparent light-enhanced and negative capacitance
in perovskite solar cells. Nat. Commun. 2019, 10, 1574.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c00777
J. Am. Chem. Soc. 2022, 144, 5996−6009

6007

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Bisquert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4987-4887
https://orcid.org/0000-0003-4987-4887
mailto:bisquert@uji.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Guerrero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8602-1248
https://orcid.org/0000-0001-8602-1248
https://pubs.acs.org/doi/10.1021/jacs.2c00777?ref=pdf
https://doi.org/10.1002/9780470141519.ch2
https://doi.org/10.1002/9780470141519.ch2
https://doi.org/10.1085/jgp.25.1.29
https://doi.org/10.1113/jphysiol.1952.sp004764
https://doi.org/10.1113/jphysiol.1952.sp004764
https://doi.org/10.1113/jphysiol.1952.sp004764
https://doi.org/10.1021/nl052295q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl052295q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl052295q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2006.02.060
https://doi.org/10.1016/j.cplett.2006.02.060
https://doi.org/10.1021/acs.chemrev.1c00214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.isci.2020.102024
https://doi.org/10.1016/j.isci.2020.102024
https://doi.org/10.1021/acs.jpcb.1c03905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c03905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0085920
https://doi.org/10.1063/5.0085920
https://doi.org/10.1085/jgp.24.6.771
https://doi.org/10.1085/jgp.24.6.771
https://doi.org/10.1039/f29868200075
https://doi.org/10.1109/16.725254
https://doi.org/10.1109/16.725254
https://doi.org/10.1063/1.2752024
https://doi.org/10.1063/1.2752024
https://doi.org/10.1063/1.1865346
https://doi.org/10.1021/acsenergylett.7b00542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.elecom.2018.11.017
https://doi.org/10.1016/j.elecom.2018.11.017
https://doi.org/10.1063/5.0037916
https://doi.org/10.1063/5.0037916
https://doi.org/10.1063/5.0037916
https://doi.org/10.1038/s41467-019-09079-z
https://doi.org/10.1038/s41467-019-09079-z
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c00777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(23) Dorf, R. C.; Bishop, R. H. Modern Control Systems, 13th ed.;
Pearson, 2017.
(24) Bisquert, J. A frequency domain analysis of excitability and
bifurcations of Fitzhugh-Nagumo neuron model. J. Phys. Chem. Lett.
2021, 12, 11005−11013.
(25) Bisquert, J. Excitability and Bifurcations of FitzHugh−Nagumo
Neuron: An Analysis By Small Signal AC Impedance Spectroscopy;
Notebook Archive. https://notebookarchive.org/excitability-and-
bifurcations-of-fitzhugh-nagumo-neuron-an-analysis-by-small-signal-
ac-impedance-spectroscopy--2022-02-6xrs4ab/ (accesed Jan 03,
2022).
(26) FitzHugh, R. Impulses and Physiological States in Theoretical
Models of Nerve Membrane. Biophys. J. 1961, 1, 445−466.
(27) Nagumo, J.; Arimoto, S.; Yoshizawa, S. An Active Pulse
Transmission Line Simulating Nerve Axon. Proc. IRE 1962, 50,
2061−2070.
(28) Yamakou, M. E.; Tran, T. D.; Duc, L. H.; Jost, J. The stochastic
Fitzhugh−Nagumo neuron model in the excitable regime embeds a
leaky integrate-and-fire model. J. Math. Biol. 2019, 79, 509−532.
(29) Rocso̧reanu, C.; Georgescu, A.; Giurgitȩanu, N. The FitzHugh-
Nagumo Model: Bifurcation and Dynamics; Kluwer Academic Publish-
ers, 2000.
(30) Kostova, T.; Ravindran, R.; Schonbek, M. Fitzhugh−Nagumo
revisited: types of bifurcations, periodical forcing and stability regions
by a Lyapunov functional. Int. J. Bifurcation Chaos 2004, 14, 913−925.
(31) Armbruster, D. The (almost) complete dynamics of the
Fitzhugh Nagumo equations. Nonlinear Dyn. 1997, 2, 89−102.
(32) Scott, S. K. Chemical Chaos; Clarendon Press, 1991.
(33) Guckenheimer, J.; Myers, M. Computing Hopf Bifurcations. II:
Three Examples From Neurophysiology. SIAM J. Sci. Comput. 1996,
17, 1275−1301.
(34) Koper, M. T. M.; Sluyters, J. H. Instabilities and oscillations in
simple models of electrocatalytic surface reactions. J. Electroanal.
Chem. 1994, 371, 149.
(35) Koper, M. T. M. Non-linear phenomena in electrochemical
systems. J. Chem. Soc., Faraday Trans. 1998, 94, 1369−1378.
(36) Krischer, K. Nonlinear Dynamics in Electrochemical Systems.
In Advances in Electrochemical Science and Engineering; Alkire, R. C.,
Kolb, D. M., Eds.; Wiley, 2002; Vol. 8, pp 89−208.
(37) Orlic, M. Self-Organization in Electrochemical Systems I;
Springer, 2012.
(38) Schöll, E. Nonequilibrium Phase Transitions in Semiconductors;
Springer-Verlag, 1987.
(39) Ushakov, Y.; Akther, A.; Borisov, P.; Pattnaik, D.; Savel’ev, S.;
Balanov, A. G. Deterministic mechanisms of spiking in diffusive
memristors. Chaos, Solitons Fractals 2021, 149, 110997.
(40) Fletcher, S. The two-terminal equivalent network of a three-
terminal electrochemical cell. Electrochem. Commun. 2001, 3, 692−
696.
(41) Kuehn, C. Multiple Time Scale Dynamics; Springer, 2015.
(42) Sadkowski, A. Small signal local analysis od electrocataytical
reaction. Pole-zero approach. J. Electroanal. Chem. 1999, 465, 119−
128.
(43) Strukov, D. B.; Snider, G. S.; Stewart, D. R.; Williams, R. S. The
missing memristor found. Nature 2008, 453, 80−83.
(44) Pershin, Y. V.; Di Ventra, M. Memory effects in complex
materials and nanoscale systems. Adv. Phys. 2011, 60, 145−227.
(45) Mehonic, A.; Shluger, A. L.; Gao, D.; Valov, I.; Miranda, E.;
Ielmini, D.; Bricalli, A.; Ambrosi, E.; Li, C.; Yang, J. J.; Xia, Q.;
Kenyon, A. J. Silicon Oxide (SiOx): A Promising Material for
Resistance Switching? Adv. Mater. 2018, 30, 1801187.
(46) Jiang, X.; Ma, Z.; Xu, J.; Chen, K.; Xu, L.; Li, W.; Huang, X.;
Feng, D. a-SiNx:H-based ultra-low power resistive random access
memory with tunable Si dangling bond conduction paths. Sci. Rep.
2015, 5, 15762.
(47) Yang, J. J.; Pickett, M. D.; Li, X.; Ohlberg, D. A. A.; Stewart, D.
R.; Williams, R. S. Memristive switching mechanism for metal/oxide/
metal nanodevices. Nat. Nanotechnol. 2008, 3, 429−433.

(48) Wang, X.; Shao, Q.; Ku, P. S.; Ruotolo, A. A memristive diode
for neuromorphic computing. Microelectron. Eng. 2015, 138, 7−11.
(49) Kang, K.; Hu, W.; Tang, X. Halide Perovskites for Resistive
Switching Memory. J. Phys. Chem. Lett. 2021, 12, 11673−11682.
(50) Kwak, K. J.; Lee, D. E.; Kim, S. J.; Jang, H. W. Halide
Perovskites for Memristive Data Storage and Artificial Synapses. J.
Phys. Chem. Lett. 2021, 12, 8999−9010.
(51) Gogoi, H. J.; Bajpai, K.; Mallajosyula, A. T.; Solanki, A.
Advances in Flexible Memristors with Hybrid Perovskites. J. Phys.
Chem. Lett. 2021, 12, 8798−8825.
(52) Tuchman, Y.; Mangoma, T. N.; Gkoupidenis, P.; van de Burgt,
Y.; John, R. A.; Mathews, N.; Shaheen, S. E.; Daly, R.; Malliaras, G.
G.; Salleo, A. Organic neuromorphic devices: Past, present, and future
challenges. MRS Bull. 2020, 45, 619−630.
(53) van de Burgt, Y.; Gkoupidenis, P. Organic materials and devices
for brain-inspired computing: From artificial implementation to
biophysical realism. MRS Bull. 2020, 45, 631−640.
(54) Hosseini, M. J. M.; Donati, E.; Yokota, T.; Lee, S.; Indiveri, G.;
Someya, T.; Nawrocki, R. A. Organic electronics Axon-Hillock
neuromorphic circuit: toward biologically compatible, and physically
flexible, integrate-and-fire spiking neural networks. J. Phys. D: Appl.
Phys. 2020, 54, 104004.
(55) Chua, L. Memristor, Hodgkin−Huxley, and Edge of Chaos.
Nanotechnology 2013, 24, 383001.
(56) Chua, L. Memristor-The missing circuit element. IEEE Trans.
Circuit Theory 1971, 18, 507−519.
(57) Abraham, I. The case for rejecting the memristor as a
fundamental circuit element. Sci. Rep. 2018, 8, 10972.
(58) Berruet, M.; Pérez-Martínez, J. C.; Romero, B.; Gonzales, C.;
Al-Mayouf, A. M.; Guerrero, A.; Bisquert, J. Physical model for the
current-voltage hysteresis and impedance of halide perovskite
memristors. ACS Energy Lett. 2022, 7, 1214−1222.
(59) Bisquert, J.; Guerrero, A.; Gonzales, C. Theory of Hysteresis in
Halide Perovskites by Integration of the Equivalent Circuit. ACS Phys.
Chem. Au 2021, 1, 25−44.
(60) Almora, O.; Aranda, C.; Zarazua, I.; Guerrero, A.; Garcia-
Belmonte, G. Noncapacitive Hysteresis in Perovskite Solar Cells at
Room Temperature. ACS Energy Lett. 2016, 1, 209−215.
(61) Rong, Y.; Hu, Y.; Ravishankar, S.; Liu, H.; Hou, X.; Sheng, Y.;
Mei, A.; Wang, Q.; Li, D.; Xu, M.; Bisquert, J.; Han, H. Tunable
hysteresis effect for perovskite solar cells. Energy Environ. Sci. 2017,
10, 2383−2391.
(62) Tress, W.; Correa Baena, J. P.; Saliba, M.; Abate, A.; Graetzel,
M. Inverted Current−Voltage Hysteresis in Mixed Perovskite Solar
Cells: Polarization, Energy Barriers, and Defect Recombination. Adv.
Energy Mater. 2016, 6, 1600396.
(63) Wu, F.; Pathak, R.; Chen, K.; Wang, G.; Bahrami, B.; Zhang,
W.-H.; Qiao, Q. Inverted Current−Voltage Hysteresis in Perovskite
Solar Cells. ACS Energy Lett. 2018, 3, 2457−2460.
(64) Alvarez, A. O.; Arcas, R.; Aranda, C. A.; Bethencourt, L.; Mas-
Marzá, E.; Saliba, M.; Fabregat-Santiago, F. Negative Capacitance and
Inverted Hysteresis: Matching Features in Perovskite Solar Cells. J.
Phys. Chem. Lett. 2020, 11, 8417−8423.
(65) Fabregat-Santiago, F.; Mora-Seró, I.; Garcia-Belmonte, G.;
Bisquert, J. Cyclic voltammetry studies of nanoporous semiconductor
electrodes. Models and application to nanocrystalline TiO2 in
aqueous electrolyte. J. Phys. Chem. B 2003, 107, 758−768.
(66) Almora, O.; Zarazua, I.; Mas-Marza, E.; Mora-Sero, I.; Bisquert,
J.; Garcia-Belmonte, G. Capacitive dark currents, hysteresis, and
electrode polarization in lead halide perovskite solar cells. J. Phys.
Chem. Lett. 2015, 6, 1645−1652.
(67) Kim, H.-S.; Jang, I.-H.; Ahn, N.; Choi, M.; Guerrero, A.;
Bisquert, J.; Park, N.-G. Control of I-V Hysteresis in CH3NH3PbI3
Perovskite Solar Cell. J. Phys. Chem. Lett. 2015, 6, 4633−4639.
(68) Garcia-Belmonte, G.; Bisquert, J. Distinction between
Capacitive and Noncapacitive Hysteretic Currents in Operation and
Degradation of Perovskite Solar Cells. ACS Energy Lett. 2016, 1, 683−
688.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c00777
J. Am. Chem. Soc. 2022, 144, 5996−6009

6008

https://doi.org/10.1021/acs.jpclett.1c03406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c03406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://notebookarchive.org/excitability-and-bifurcations-of-fitzhugh-nagumo-neuron-an-analysis-by-small-signal-ac-impedance-spectroscopy--2022-02-6xrs4ab/
https://notebookarchive.org/excitability-and-bifurcations-of-fitzhugh-nagumo-neuron-an-analysis-by-small-signal-ac-impedance-spectroscopy--2022-02-6xrs4ab/
https://notebookarchive.org/excitability-and-bifurcations-of-fitzhugh-nagumo-neuron-an-analysis-by-small-signal-ac-impedance-spectroscopy--2022-02-6xrs4ab/
https://doi.org/10.1016/s0006-3495(61)86902-6
https://doi.org/10.1016/s0006-3495(61)86902-6
https://doi.org/10.1109/jrproc.1962.288235
https://doi.org/10.1109/jrproc.1962.288235
https://doi.org/10.1007/s00285-019-01366-z
https://doi.org/10.1007/s00285-019-01366-z
https://doi.org/10.1007/s00285-019-01366-z
https://doi.org/10.1142/s0218127404009685
https://doi.org/10.1142/s0218127404009685
https://doi.org/10.1142/s0218127404009685
https://doi.org/10.1142/9789812831132_0004
https://doi.org/10.1142/9789812831132_0004
https://doi.org/10.1137/s1064827593253495
https://doi.org/10.1137/s1064827593253495
https://doi.org/10.1016/0022-0728(93)03248-n
https://doi.org/10.1016/0022-0728(93)03248-n
https://doi.org/10.1039/a708897c
https://doi.org/10.1039/a708897c
https://doi.org/10.1016/j.chaos.2021.110997
https://doi.org/10.1016/j.chaos.2021.110997
https://doi.org/10.1016/s1388-2481(01)00233-8
https://doi.org/10.1016/s1388-2481(01)00233-8
https://doi.org/10.1016/s0022-0728(99)00067-4
https://doi.org/10.1016/s0022-0728(99)00067-4
https://doi.org/10.1038/nature06932
https://doi.org/10.1038/nature06932
https://doi.org/10.1080/00018732.2010.544961
https://doi.org/10.1080/00018732.2010.544961
https://doi.org/10.1002/adma.201801187
https://doi.org/10.1002/adma.201801187
https://doi.org/10.1038/srep15762
https://doi.org/10.1038/srep15762
https://doi.org/10.1038/nnano.2008.160
https://doi.org/10.1038/nnano.2008.160
https://doi.org/10.1016/j.mee.2014.12.008
https://doi.org/10.1016/j.mee.2014.12.008
https://doi.org/10.1021/acs.jpclett.1c03408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c03408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c02332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c02332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c02105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1557/mrs.2020.196
https://doi.org/10.1557/mrs.2020.196
https://doi.org/10.1557/mrs.2020.194
https://doi.org/10.1557/mrs.2020.194
https://doi.org/10.1557/mrs.2020.194
https://doi.org/10.1088/1361-6463/abc585
https://doi.org/10.1088/1361-6463/abc585
https://doi.org/10.1088/1361-6463/abc585
https://doi.org/10.1088/0957-4484/24/38/383001
https://doi.org/10.1109/tct.1971.1083337
https://doi.org/10.1038/s41598-018-29394-7
https://doi.org/10.1038/s41598-018-29394-7
https://doi.org/10.1021/acsenergylett.2c00121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c00121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c00121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphyschemau.1c00009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphyschemau.1c00009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.6b00116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.6b00116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c7ee02048a
https://doi.org/10.1039/c7ee02048a
https://doi.org/10.1002/aenm.201600396
https://doi.org/10.1002/aenm.201600396
https://doi.org/10.1021/acsenergylett.8b01606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b01606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c02331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c02331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0265182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0265182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0265182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b00480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b00480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b02273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b02273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.6b00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.6b00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.6b00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c00777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(69) Pebere, N.; Riera, C.; Dabosi, F. Investigation of magnesium
corrosion in aerated sodium sulfate solution by electrochemical
impedance spectroscopy. Electrochim. Acta 1990, 35, 555−561.
(70) Shkirskiy, V.; King, A. D.; Gharbi, O.; Volovitch, P.; Scully, J.
R.; Ogle, K.; Birbilis, N. Revisiting the Electrochemical Impedance
Spectroscopy of Magnesium with Online Inductively Coupled Plasma
Atomic Emission Spectroscopy. ChemPhysChem 2015, 16, 536−539.
(71) Wang, N.; Wang, R.; Peng, C.; Peng, B.; Feng, Y.; Hu, C.
Discharge behaviour of Mg-Al-Pb and Mg-Al-Pb-In alloys as anodes
for Mg-air battery. Electrochim. Acta 2014, 149, 193−205.
(72) Brandstätter, H.; Hanzu, I.; Wilkening, M. Myth and Reality
about the Origin of Inductive Loops in Impedance Spectra of
Lithium-Ion ElectrodesA Critical Experimental Approach. Electro-
chim. Acta 2016, 207, 218−223.
(73) Roy, S. K.; Orazem, M. E.; Tribollet, B. Interpretation of Low-
Frequency Inductive Loops in PEM Fuel Cells. J. Electrochem. Soc.
2007, 154, B1378.
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