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ABSTRACT: This tutorial provides the theoretical background,
the principles, and applications of Electrochemical Impedance
Spectroscopy (EIS) in various research and technological sectors.
The text has been organized in 17 sections starting with basic
knowledge on sinusoidal signals, complex numbers, phasor
notation, and transfer functions, continuing with the definition of
impedance in electrical circuits, the principles of EIS, the validation
of the experimental data, their simulation to equivalent electrical
circuits, and ending with practical considerations and selected
examples on the utility of EIS to corrosion, energy related
applications, and biosensing. A user interactive excel file showing
the Nyquist and Bode plots of some model circuits is provided in
the Supporting Information. This tutorial aspires to provide the essential background to graduate students working on EIS, as well as
to endow the knowledge of senior researchers on various fields where EIS is involved. We also believe that the content of this tutorial
will be a useful educational tool for EIS instructors.
KEYWORDS: transfer function, frequency response analyzers, constant phase element, Warburg, reflective and transmissive diffusion,
transmission line, porous electrode, metal corrosion, fuel cells, lithium-ion batteries, capacitive and impedimetric biosensors

1. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY
AT A GLANCE

Electrochemical impedance spectroscopy (EIS) offers kinetic
and mechanistic data of various electrochemical systems and is
widely used in corrosion studies, semiconductor science, energy
conversion and storage technologies, chemical sensing and
biosensing, noninvasive diagnostics, etc. EIS is based on the
perturbation of an electrochemical system in equilibrium or in
steady state, via the application of a sinusoidal signal (ac voltage
or ac current) over a wide range of frequencies and the
monitoring of the sinusoidal response (current or voltage,
respectively) of the system toward the applied perturbation.
Considering that the electrochemical system under study is a
linear time-invariant system (that is, the output signal is linearly
related to the input signal and the behavior of the system is not
changed over time), EIS is a “transfer function” technique that
models the output signal (ac current or ac voltage) to the input
signal (ac voltage or ac current) over a wide range of frequencies.
The importance of EIS over other electrochemical techniques

lies in its ability to discriminate and, thus, to provide a wealth of
information for various electrical, electrochemical, and physical
processes take place in a real electrochemical system. This task is
very challenging as all these different processes exhibit different
(from very fast to very slow) time behaviors. The resistance of a
liquid electrolyte, the different bulk and grain boundary
conductivities when a solid polycrystalline electrolyte is
employed, the charging/discharging of the electric double
layer at the electrolyte/electrolyte interface, the dependence of

the capacitive behavior of the electric double layer on the
morphology of the electrode surface and the composition of the
electrolyte, the kinetics of an electrode charge-transfer reaction,
homogeneous reactions and adsorption/desorption phenomena
coupled with the electrode charge-transfer reaction, mass
transfer phenomena (diffusion of species to the electrode
surface), etc., exhibit different time constants, τ, (a measure of
the time behavior of a process). The time constant of a process is
given as

RC= (1)

where R is the resistance of a resistor in ohms and C is the
capacitance of a capacitor in farad, F. Note that time constant is
in time units in s. [(1 ohm) × (1 farad) = (1 V/1 A) × (1
coulomb/1 V) = 1 coulomb/ampere = 1 s].
Notably, EIS measurements at an electrochemical system can

be simulated to an equivalent electrical circuit, which consists of
common passive components (such as resistances, capacitors,
and inductors) and others, more complicated (referred to as
distributed) elements, connected each other in different ways. In
other words, each of these processes can consequently be
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deemed analog to an equivalent electrical circuit that is
characterized by a different time constant. For this purpose,
most electrochemical analyzers are provided with suitable
software enabling the simulation of the impedance data to a
model circuit. Specialized equivalent circuit modeling software,
such as Zview and Zplot (Scribner Associates, Inc.) is also
available. A prerequisite for the simulation of the EIS data to an
equivalent electric circuit is that the validity of the data has prior
been evaluated. This can be done by running the so-called
Kramers−Kronig test, which is available in most software
provided with electrochemical analyzers. Considering that (i)
there is not a unique model circuit for a given impedance
spectrum and (ii) the quality of the modeling increases with the
number of the components included in the circuit (the more the
better), it is important that each component is correlated to an
individual process by scientific logic.
When working in the time domain, as with one of the

commonly used voltammetric techniques (cyclic voltammetry, a
chrono technique, etc.), some of these processes is very difficult,
if not impossible, to be analyzed. On the other hand, when
working in the frequency domain, over a wide range of
frequencies, EIS simplifies a complex electrochemical system
by deconvoluting it in individual processes with different time
constants, which then can be easily analyzed. (Very) slow
processes can be probed in (very) low frequencies, while (very)
fast processes can be probed in (very) high frequencies.
Practically, the frequency range is dictated by limitations

associated with the available instrumentation, the wiring of the
electrochemical system with the instrument (high frequency
limit), and the stability of the electrochemical system itself over
time (low frequency limit). The frequency range in most of the
commercially available electrochemical analyzers spans from 10
μHz to 1 MHz. For more specialized applications, such as the
study of ionic motion in polycrystalline solid ionic conductors, a
very fast process with a very small time constant at the
microseconds range,1 some vendors offer instruments enabling
excitation frequencies at some MHz. On the other hand, in
practical applications the lowest frequency limit is limited to 1
mHz (often, at 10−100 mHz) as the time required for a
measurement to be conducted at these frequencies is very long
(for example, at 10 μHz, a single measurement takes 1/10−5 Hz
= 105 s = 27.8 h). Typically, an EIS spectrum containing
measurements at 60 frequencies over the range from 100 kHz to
0.1 Hz (based on a logarithmic distribution, ten frequencies per
decade) takes about 2−3 min.
A comprehensive paradigm on how to estimate the frequency

range that is required for the EIS study of a typical
electrochemical process including a faradaic reaction with a
rotating disk electrode is given in refs 2 and 3. The response of
this system to a certain perturbation (for example, the resulting
ac current to a small amplitude ac voltage perturbation, typically
superimposed over a dc voltage related with the formal potential
Eo of the redox couple) is governed by three processes: the
charging/discharging of the electric double layer at the
electrode/electrolyte interface, the kinetics of the faradaic
reaction, and the diffusion of the redox species from the bulk
solution to the electrode surface. Each process exhibits a
different time constant. According to the given set of data, the
time constants, and the characteristic frequencies, shown in
parentheses, for the charging/discharging of the electric double
layer, the faradaic reaction and diffusion are 0.04 ms (4.1 kHz),
0.51 ms (310 Hz), and 0.41 s (0.4 Hz), respectively. Thus, for
this specific example, the frequency range necessary to cover

sufficiently the high and lower calculated frequencies can be
from 10 kHz to 10 mHz.
It is noted, however, that in practice, the frequency range is

not calculated but is selected in an experimental logic. Below we
will see and explain in detail that in the most typical graph for the
representation of impedance data, the so-called Nyquist plot, a
time constant can ideally be visualized as a semicircle (most of
the EIS textbook’s front pages illustrates Nyquist plots involving
successive semicircles).
At the peak frequencies ( f p) of these semicircles (the highest

point of the arc) holds the equation

f2 1p = (2)

and so, it turns out that in order for the full semicircle to be seen,
the (2πf p)τ ≫ 1 condition should be satisfied. By extension,
well-separated semicircles representing different processes with
different time constants, τx, τy, require that τx ≫ τy.
These unique capabilities have established EIS as a powerful

and highly competitive technique for the study, optimization,
and development of various real electrochemical cells in modern
applications in corrosion science, fuel cells, lithium-ion batteries,
photovoltaic cells, and (bio)sensing. This tutorial aims to
acquaint the reader with the theoretical background, the
principles, and the applications of EIS in various research and
technological sectors. In this regard, the text has been organized
to provide basic knowledge on sinusoidal signals, complex
numbers, phasor notation, and transfer functions, to define the
impedance in an electric circuit containing common passive
elements and to introduce the principles of EIS along with key
points in the validation of the experimental data and their
simulation to equivalent electrical circuits. To this goal, a user
interactive excel file containing some model circuits is provided
in the Supporting Information. The user is allowed to change the
values of the circuits’ components and to see how the respective
Nyquist and (magnitude and phase) Bode plots are transformed.
The following sections refer to the instrumentation related with
impedance measurements (frequency response analyzers and
accuracy contour plots) and the description of a real
electrochemical cell. The main electrochemical processes
(charging/discharging of the electric double layer, kinetic and
mass transfer phenomena) take place in the absence and in the
presence of a redox molecule in the measuring cell are explained
in detail, and the Randles circuit is introduced. Simulated
impedance plots of a Randles circuit for different values of the
capacitance of the electrical double layer and of the charge-
transfer resistance with respect to the different values of the
heterogeneous transfer rate constant of a redox process are
provided. The constant phase element, the Warburg impedance
element at semi-infinite diffusion and reflective or transmissive
boundary elements at finite length diffusion, and finally, the
Gerischer element expressing the semi-infinite diffusion of a
chemical-electrochemical (C−E) reaction are also presented.
Simulated impedance plots for a rotating disk electrode
experiment at different angular velocity values, of a reflective
boundary element for increasing values of the diffusion related
parameter, and of a C-E reaction at different reaction rate values
are given. The impedimetric profile of a porous electrode with a
transmission line is presented, while the inductive behavior in
electrochemical cells and during impedance measurements, as
well as additional practical considerations in conducting an EIS
experiment are provided. The last part of the tutorial is devoted
to the utility of EIS in corrosion, various energy related
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applications and biosensing, including lithium-ion batteries,
solid oxide fuel cells, dye sensitized solar cells (IMVS and IMPS
measurements), and capacitive and impedimetric biosensors.
As it is evident, EIS is a multidisciplinary subject which relies

on at least basic knowledge of electric theory, mathematics, and
electrochemistry. In this regard, the tutorial has been structured
to include basics knowledge complementary to EIS and to
generate a gradient evolution from these introductory topics to
more in-depth analysis of EIS theory. Obviously, the under-
standing of these concepts requires the minimum mathematical
knowledge that we have tried to instill in the reader.
Inevitably, the full comprehension of EIS theory requires a

vastness of information that is impossible to fit solely in a tutorial
article. For this reason, the reader is also advised to refer to
textbooks on fundamental electrochemistry,4−6 to textbooks
specialized to EIS1,3,7,8 other tutorials and review articles,2,9−12

fundamental papers,13−17 as well as to various application notes
available in theWeb sites of various vendors, such asMetrohm,18

Ametek,19 Biologic,20 Gamry,21 Zahner,22 Ivium,23 etc.
As a last note, we would like to encourage the readers to keep

reading the text despite possibly coming across difficulties in the
beginning, and to advise them not to rush to a section before
they find the preceding sections fully understood.

2. SINUSOIDAL SIGNALS
The instantaneous value of a sinusoidal signal, x(t), is given from
the projection of a rotating vector of length Xo, that rotates
anticlockwise with a constant angular frequency ω, at the cosine
axis (perpendicular component) of a trigonometric circle as
shown in Figure 1. Starting at t = 0, a complete revolution of
360° (ωt = 2π) will produce a sinusoidal waveform from 0 to
360° or 2π. At ωt = 90° = π/2 and ωt = 270° = 3π/2 the cosine
component corresponds to its maximum values, (+Xo) and
(−Xo), respectively. Thus, instantaneous values of the sinusoidal
signal x are given by the equation

x t X t( ) sin( )o= (3)

where ω is the angular frequency in rad/s and Xo is the signal
amplitude.
The Xo is also called as peak signal (Xp), and so, Xpp is the

peak-to-peak signal which obviously is double to Xp (Xpp = 2Xp).
With respect to the Xo, the ef fective signal or root-mean-square
(rms) value of a sinusoidal signal is defined as

X
X

X
2

0.707rms
o

o= =
(4)

The rms value of a sinusoidal signal, for example current or
voltage, corresponds to the value of the respective constant
signal that if applied to an ohmic resistance would produce the
same power (heating effect).
The time characteristics of the sinusoidal signal can be

described from the frequency f (circles per one second) inHertz,
Hz, and the period Τ (the time that is required for a complete
circle) in seconds, s, which connected each other and with the
angular frequency with the equation

f T2 2 /= = (5)

For example, if the period Τ of the sinusoidal signal illustrated
in Figure 1 is 0.5 s, the frequency f will be 2. When we want to
compare two sinusoidal signals of the same frequency, besides
their magnitudes, we also need to consider the phase difference
between them, if any. Figure 2 illustrates two sinusoidal signals,

x(t) and y(t), of the same frequency and magnitude, Xo = Yo. We
can see though that the instantaneous values x(t), y(t), differ
because of the phase angle or phase shift (φ) between the two
rotating vectors. For simplicity, we can assume one of these
signals as the reference and thus the phase shift between them is
expressed with respect to it. For example (Figure 2),
instantaneous values of the sinusoidal signal y are given by the
equation

y t Y t( ) sin( )o= (6)

The immobile vector, “fixed” at time t at a rotating angle ωt is
called phasor and is represented with (∼). The phasor is a
complex number that represents the amplitude and phase of a
sinusoidal signal. In the example illustrated in Figure 2, the phase
angle of phasor X̃, which is taken as reference, is zero, and the
phase difference between the two phasors X̃ and Ỹ is φ. The two

Figure 1. Representation of a vector rotating with a constant angular frequency ω and the corresponding sinusoidal signal, x(t) = Xo sin(ωt).

Figure 2. Phasor diagrams for the sinusoidal signals x(t) and y(t). The
immobile vectors after a specific time correspond to the phasors X̃ and Ỹ
and the phase difference between them.
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phasors are “out of phase” and the Ỹ phasor is said to be “lagging”
(or conversely the X̃ phasor to be “leading”). If φ = 0, the two
phasors are “in phase”, that is, they reach their maximum and
minimum values at the same time.

3. COMPLEX NUMBERS AND PHASOR NOTATION
A periodic or a sinusoidal signal can be expressed as complex
number (z)

z a jb= + (7)

where the a is the real part on the x-axis, b is the imaginary part
on the y-axis, and j the imaginary unit, j2 = −1. Note that both a
and b are real numbers; just real numbers on the y-axis are
multiplied by the imaginary unit. For the real and imaginary
parts of a complex number z, symbols z′ or zr or Re{z} and z″ or
zim or Im{z}, can also be used, respectively.
A complex number can also be expressed with respect to its

magnitude, |z|, as

z z j(cos sin )= | | + (8)

where

a z cos= | | (9)

b z sin( )= | | (10)

z a b( ) ( )2 2| | = + (11)

b
a

b
a

tan( ) and tan 1= = i
k
jjj y

{
zzz (12)

(note the dif ference between tan (φ), which is the tangent of angle
(φ), and the tan−1 or arctan, which gives the angle (φ) in radians
that then can be converted to degrees), or, by using the Euler
equation

e jcos( ) sin( )j = ±± (13)

in its exponential form as

z z e j= | | (14)

The representation of a complex number on the complex plane
and its analysis to its real and imaginary parts are shown in
Figure 3A. Conversely, since phasor X̃ is a complex number, it
can be expressed either with eqs 7, 8, and 14 or be represented
on complex plane as shown in Figure 3B.
Based on the Euler equation (eq 13) and eqs 9 and 10, ejφ is a

complex number, the real and imaginary parts of which are
cos(φ) and sin(φ), respectively. In this regard, the sinusoidal
signal x(t), written in the cosine form

x t X t( ) cos( )o= + (15)

can be expressed as the real part of a complex number

x t X Re e Re X e e( ) j t j j t
0

( )
0= { } = { }+ (16)

and be represented, in phasor notation, as

x t Xe( ) j t= (17)

where

X X e j
0= (18)

As the angular frequency ω is constant, the term ejωt can be
suppressed, and thus, the sinusoidal eq 6, from the time domain,

can be expressed by a much simpler way, only by its magnitude
and phase, by using phasors, at the frequency domain.

x t X t X X e( ) cos( ) j
0

(time domain)
0

frequency domain
= + =Ù

Accordingly, if the phase angle is zero or (−φ), in phasor
notation, the respective sinusoidal signals can be expressed as X̃
= X0 and X̃ = X0e−jφ, respectively. We will see below that the
expression of a sinusoidal signal in the frequency domain, by
phasor notation, is very convenient to the analysis of a linear
system signal response (output signal) to a sinusoidal input
signal.

4. TRANSFER FUNCTION
An electrical, mechanical, or electrochemical system can be
interrogated by applying to that an input signal x(t) to produce
an output signal y(t). Considering that (i) the output signal is
produced only after the interrogation of the system by the input
signal, (ii) under specific experimental conditions, the input/
output signals are related in a linear fashion, and (iii) the
properties of the system remain constant with time, then the
input−output relation for such a linear time-invariant (LTI)
system can be modeled by a transfer function H, so that y(t) =
H[x(t)] (Figure 4).
If the input signal is sinusoidal

Figure 3. Representation of a (A) complex number z and a (B) phasor
X̃ on the complex plane

Figure 4. Schematic representation of a linear time-invariant (LTI)
system with an input sinusoidal signal x(t) at a frequency ω and the
output sinusoidal signal y(t) at the same frequency. The input/output
signals are related with the transfer function H(ω).
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x t X t( ) cos( )o= (19)

with a small amplitudeXo that nonlinear effects can be neglected,
the resulting output signal

y t Y t( ) cos( )o= + (20)

will also be sinusoidal of the same frequency, shifted by the angle
φ with respect of the input signal, which is taken as reference.
The transfer function for this LTI system is a complex number at
the frequency domain and can be defined as the ratio of the
respective phasors, X̃ = Xo and Ỹ = Yoejφ or the various forms
apply for a complex number (eqs 7, 8, 14) as

H
Y
X

Y
X

e H j

H jH

( )
( )
( )

(cos sin )
o

j0= = = | | +

= + (21)

where |H| = Yo/Xo is the magnitude.
Even though both the input/output signals are in the time

domain, the transfer function H(ω) is a function of frequency
and does not depend on either the time or the amplitude of the
input signal.2,3 Examples of various transfer functions are given
in Table 1. In this tutorial, we will focus mostly on the

impedance transfer function, while other important transfer
functions for the study of photovoltaic cells, based on intensity
modulated photocurrent spectroscopy (IMPS) and intensity
modulated photovoltage spectroscopy (IMVS), are discussed in
section 17.3.

5. THE IMPEDANCE OF AN ELECTRICAL CIRCUIT
Impedance represents the total opposition to the current flow in
an electrical circuit composed of resistors (R), capacitors (C),
and inductors (L). Depending on the different passive elements
(R, C, L) included in the electrical circuit under test and the way
they are connected with each other, the impedance of the
electrical circuit will differ. If we assume that a low amplitude
alternating voltage at a particular frequency

v t V t( ) sin( )o= (22)

is applied to the electrical circuit and the resulting alternating
current at the same frequency

i t I t( ) sin( )o= + (23)

is measured, the impedance of the circuit at this frequency Z(ω),
based on eq 21, is defined as

Z Z e Z j Z jZ( ) (cos sin )j= | | = | | + = + (24)

where Z′ is the real part representing resistance on the x-axis and
Z″ is the imaginary part representing reactance on the y-axis, |Z|,
the module of impedance, and φ = ωt, is the phase. With respect
to eqs 9−12, the following equations are held:

Z Z cos= | | (25)

Z Z sin( )= | | (26)

Z Z Z( ) ( )2 2| | = + (27)

Z
Z

Z
Z

tan( ) and tan 1= = i
k
jjj y

{
zzz

(28)

It should be noted that despite its complex nature, the equivalent
impedance of circuit elements in series, still follow Kirchhoff’s
rule, is

Z Z Z Z ...eq 1 2 3= + + + (29)

while the impedance of circuit elements in parallel is

Z
Z Z Z
1 1 1

...eq
1 2 3

= + + +
(30)

In those cases, it is often advantageous to the use the
admittance, which is the inverse parameter of impedance (Y = 1/
Z), where the equivalent admittance of circuit elements in
parallel is

Y Y Y Y ...eq 1 2 3= + + + (31)

Admittance itself is a complex number that can be expressed as
the complex equivalent of conductivity. When written in an
algebraic form, it can be defined as

Y G jB= + (32)

where G is called conductance (the inverse parameter of
resistance) and B is called susceptance (the inverse parameter of
reactance), (see section 6). In correlation with the correspond-
ing impedance parameters, when the imaginary part is positive it
is called capacitive susceptance (BC), and when it is negative, it is
called inductive susceptance (BL).
We will see below that when the measurements of impedance

are conducted over a wide range of excitation frequencies in
order to produce the impedance spectrum, that is, an
Electrochemical Impedance Spectroscopy experiment, impe-
dance values are determined by the orthogonality of sines and
cosines method, which is compatible with the operation of the
frequency response analyzers (FRA) (see section 9) that are
commonly used in such measurements. Before that, however, it
is important to examine the behavior of the major passive
components (R, C, L) in dc circuits ( f = 0) and ac circuits ( f ≠
0), in order to understand why an impedance spectrum can
provide data for analyzing an electrical circuit, and by extension,
a real electrochemical cell.

6. RESISTANCE AND REACTANCE
In dc circuits the current flow is impeded only by resistors. This
opposition is called resistance, which is given by Ohm’s law as
the quote of the applied constant voltage V in volt, V, and the
resulting constant current i in ampere, A, flows through a
resistor.

R
V
i

=
(33)

Table 1. Various Transfer Functions (TF)

transfer function input signal output signal

impedancea voltage (V) or
current (I)

current (I) or
voltage (V)

IMPS24 light intensity (φ) photocurrent (I)
IMVS24 light intensity (φ) photovoltage (V)
electrohydrodynamic
impedance25

rotation speed (Ω) current (I) or
voltage (V)

thermoelectrochemical TF26,27 electrode
temperature (T)

current (I)

pneumatochemical impedance
spectroscopy28

pressure (P) voltage (V)

aWhen the input signal is voltage (V), measurements correspond to
admittance (see below), the inverse of impedance.
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Constant current does not flow through a capacitor. However,
depending on the applied constant voltage the capacitor stores
an amount of electrical charge (q), which equals the product of
the applied potential and its capacitance (capacitance C in farad,
F) according to the equation:

q CV= (34)

The voltage across an inductor of inductance L, in henry,H, is
given by equation

V L
i
t

d
d

=
(35)

For a constant current, di/dt = 0, the voltage across its terminal is
zero, and thus, the current flows thought it without any
resistance.
In ac circuits on the other hand, the current flow is also

impeded by capacitors and inductors. This opposition is called
reactance, denoted asXC andXL, respectively, andmeasured also
in Ohm. The voltage/current time characteristics and the
equations of impedance at each of these passive components is
given below.
As can be seen in Figure 5A, when an ac voltage is applied to a

resistor, the resulting ac current follows the ac voltage without

delay. The sinusoidal waveforms v(t) and i(t) are in-phase (φ =
0), and thus ejφ = 1, sin(φ) = 0 (eq 21). As a result, the
impedance in this case is independent of the frequency and
contains only the real component:

Z RR = (36)

If an ac voltage, v(t) = Vo sin(ωt), is applied to a capacitor C,
the resulting ac current flowing in the circuit, as a result of the
fluctuation of the electrical charge stored in the capacitor, is
given as29

i t
q
t

C v
t

C v
t

( )
d
d

d
d

d
d

= = = i
k
jjj y

{
zzz (37)

The solution of the differential eq 37 gives

v
t

V t
d
d

cos( )o=
(38)

By combining eqs 37 and 38, one gets

i t V C t( ) cos( )o= (39)

For ωt = π/2, the magnitude of the current is

I V Co o= (40)

and the reactance is given as

X
V
I

V
V C C fC

1 1
2C

o

o

o

o
= = = =

(41)

eq 41 shows that XC is inversely proportional to the frequency
and capacitance. The eq 39 can also be written as

i t V C t( ) sin( 90 )o= + ° (42)

showing that the voltage applied to the capacitor lags the current
by 90° as it also illustrated by the respective sinusoidal
waveforms in Figure 5B. According to the eq 21, for φ = 90°,
the real part of impedance is zero. In a similar way can be found
that when the circuit contains only an inductor, inductive
reactance XL is given by equation

X L fL2L = = (43)

indicating that XL increases at higher frequencies. As can be seen
in Figure 5C, the voltage and current waveforms are also “out-
phase”, however, in this case, the voltage is leading the current by
90° (the real part of impedance is also zero).
The different properties of ZR, XC, and XL in ac circuits (ZR,

contains only a real component and is independent of the
frequency, XC contains only an imaginary component and
decreases upon the increase of frequency, while XL that also
contains the imaginary part only, is increasing upon the increase
of the excitation frequency) provide us the possibility, by
measuring the impedance of a complex electrical circuit over a
wide range of excitation frequencies, to discriminate the
response of the individual passive elements.

7. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY
EIS technique relies to the application of a small-amplitude
stimulus (voltage or current), usually superimposed on a dc
signal (voltage or current) to an electrochemical system and
measurement of the resulting response (current or voltage,
respectively) over a wide range of frequencies. It is essential that
measurements are conducted by applying a small-amplitude
perturbation in order to ensure a linear relationship between the
applied signal and the response of the system. However, as can
be seen in Figure 6A, the current−voltage relationship in real
electrochemical cells is not linear. Measurements at a linear
domain can sufficiently be approximated only by using a small-
amplitude perturbation signal. Most of the available software in
modern electrochemical analyzers provides at real time during
the impedimetric measurements the so-called Lissajous plots
that display the alternating voltage at the x-axis and the
alternating current at the y-axis signals over time (Figure 6B).
Depending on the magnitude of the signals and the phase
difference between them, a typical oval plot is obtained. It turns
out that when the phase difference is 0° or 90°, the plot appears
as a diagonal or circle, respectively. The symmetry and the
motion of the Lissajous plot over time indicate whether the
electrochemical system conforms to the constrain of linearity

Figure 5. (Left) phasor diagrams and (right) the respective sinusoidal
waveforms v(t) and i(t) when a low amplitude alternating voltage is
applied to (A) a resistor, (B) a capacitor, and (C) an inductor.
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(for nonlinear systems the shape of the plot is distorted)30 and
time-invariance (when the system is stable over time, the plot is
immobile).31 To highlight the difference in the Lissajous plots in
the cases mentioned above, Figure 6C shows a nonlinear
Lissajous plot with an apparent distorted shape, while Figure 6D
shows an unstable Lissajous plot where the amplitude of the
current response decreases over time.
The validity of the impedimetric data can be further evaluated

by using the Kramers−Kronig relations. The Kramers−Kronig
relations enable the calculation of the real part of the impedance
from the imaginary part, and vice versa by using the following
equations

Z R
xZ x Z

x
x( )

2 ( ) ( )
d

0 2 2= +
(44)

Z
Z x Z

x
dx( )

2 ( ) ( )
0 2 2=

(45)

The interdependence between the real and imaginary parts of
impedance is the essential element of this transformation. These
relations allow the detection of various errors present in
impedance measurements of an electrochemical system. In
general, their satisfaction is depended by four different criteria:

7.1. Linearity

The system under investigation should be linear. In other words,
the input and output signals should involve the same frequency.
However, as mentioned above most electrochemical systems
tend to exhibit nonlinear behavior, unless small amplitude
perturbation signals are used.
Experimental Advice. Impedance measurements at differ-

ent small-amplitude perturbation signals should yield identical
results, since the impedance of linear systems is independent of
the amplitude used.
7.2. Causality

This condition implies an exclusive cause-to-effect relationship
between the input signal and the response of the system. In other
words, system’s response should be entirely dependent on the
applied perturbation.
7.3. Stability

A stable system is stable until excited by an external stimulus and
should be able to return to its original state when the
perturbation stops.
Experimental Advice. Repetitive recording of the impe-

dance spectra must yield identical results.

Figure 6. (A) Schematic representation of an electrochemical system’s response to a low-amplitude (Vo) sinusoidal signal superimposed to a constant
voltage Vdc and (B) the respective Lissajous plots if we consider that the phase shift between the perturbating and response alternating signals is 0°, 45°,
or 90°. (C) A Lissajous plot showing a nonlinear response. Courtesy ofMetrohmAutolab B.V.30 (D) Lissajous plots of a system interrogated with an ac
voltage with amplitude ±10mV, at 20 Hz, where the amplitude of the current response decreases with time. Reprinted in part with permission from ref
31. Copyright 2021 Wiley.
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7.4. Finiteness

The real and the imaginary components of the systemmust have
finite values over the entire frequency range 0 <ω <∞. This also
means that the impedance must tend to a constant value when ω
→ 0 or ω → ∞.
Kramers−Kronig transformations can detect errors in the

impedance spectrum of an electrochemical system, through data
integration over the entire frequency range, which is admittedly
experimentally impossible. For this reason, a number of
approximations have been developed to assess the Kramers−
Kronig compliance of an impedance spectrum. Boukamp32,33

proposed fitting of the impedance spectrum with a Voigt circuit
(n(RC)) with a fixed distribution of time constants to
approximate the behavior of real electrochemical systems. If a
system is well approximated by this circuit, then it is considered
to be Kramers−Kronig transformable.
Once the impedimetric data have been received and validated,

they can be analyzed by plotting them in different formats,
among others, such as −Z″ = f(Z′), Z′ = f(ωZ″), Y″ = f(Y′), Z″/
ω = f(Y′/ω), Z′, −Z″ = f( f), log|Z|, −phase = f(log f), Z′, − Z″ =
f [sqrt(ω)], etc. These graphs can be easily constructed by the
software of the electrochemical analyzers by using the data have
been collected by a single experiment, thus providing a flexible
tool to retrieve a plethora of information for the components of
the examined electrochemical system. The most widely used
formats are the Nyquist and Bode plots.
In the Nyquist plot, −Z″ = f(Z′), the imaginary part of the

impedance, usually as −Z″, is plotted versus the real part of
impedance, Z′, at each excitation frequency. As a rule, in a
Nyquist diagram the two axes should be of the same range;
however, very often, incorrectly, for reasons of clarity in the
presentation of spectra, the data in y-axis are zoomed in. The
presentation of the impedance spectra as Nyquist plots has two
major disadvantages: (a) the nondistinct display of the spectrum
in the high-frequency range, since the large impedance values in
the low-frequency range determine the scale of the axes and (b)
the lack of direct frequency-impedance matching.
The Bode plot shows two curves: the log|Z| = f(log f), and the

−phase = f(log f), thereby providing an easy matching of the
excitation frequency with the module of impedance and the
phase values. In addition, since |Z| and frequency data are
presented in a logarithmic scale, impedance data over a wide
range of frequencies is clear. Also, the use of the Bode plot is
convenient when the spectrum includes scattered values. Of

course, the validity of these values should be checked, as
indicated above, and should be removed, if found invalid.

8. SIMULATION OF IMPEDANCE DATA TO MODEL
ELECTRICAL CIRCUITS

As mentioned above, a great advantage of EIS is the simulation
of the data (an impedance spectrum) to an equivalent electrical
circuit and in this way to retrieve numerical values for the
components included in the circuit. For this purpose, one can
use the software that comes with the frequency response
analyzers, or more dedicated software, such as Zview, Zplot, and
others. The quality of the data modeling to a specific equivalent
electrical circuit is defined by the chi-square (x2) value (see
section 16). It is noted however that there is not a unique model
circuit for a given impedance spectrum. The simulation of an
impedance spectrum with more than one circuit is possible, as
some circuits are mathematically identical. An example is
illustrated in Figure 7. In this case, the selection of the most
appropriate circuit requires a deep knowledge of the electro-
chemical system.
Electrical circuits can be denoted by using the “circuit

description code” (CDC) proposed by Boukamp.34 The
simplest case where single elements are connected in series,
for example a resistor and a capacitor, the circuit is denoted as
RC.When single elements are connected in parallel are enclosed
in parentheses. For example, a parallel connection between a
resistor and a capacitor is denoted as (RC). It follows that at a
circuit, in which the “(RC)” complex element is connected in
series with a resistor, the circuit is denoted as R(RC). In a more
complex circuit in which the complex “R(RC)” element is
connected in parallel with a resistor, the complex element
“R(RC)” is enclosed in square brackets, [R(RC)], and the
circuit is denoted as (R[R(RC)]). Examples of two more
complex circuits, designated as R1(C1R2)(C2R3)(C3R4) and
R1(C1[R2(C2[R3(C3R4)])]), are given in Figure 7.
The Nyquist and Bode plots for various simple electrical

circuits containing a single passive element (R, C, or L) as well as
combinations of them in different arrangements (in series or in
parallel) are illustrated in Figure 8 and Figure 9, respectively.
When the circuit contains only a resistor, Figure 8A, the

equation of the impedance is Z = R + j0. The real part equals R,
while the imaginary part is zero. As a result, the Nyquist plot
shows a single point lying in the real axis. That is, the impedance
values at all the excitation frequencies are exactly the same and

Figure 7. Examples of different electrical circuits that generate identical impedance spectra.
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equal to the value of the resistance of the resistor (in this
example, R1 = 1 kOhm). As a result, the Bode magnitude plot
shows a straight line that crosses the left axis at |Z| = R1, as

Z Z Z( ) ( ) (R1) (0) R12 2 2 2| | = + = + = (46)

while the Bode phase angle plot shows a straight line that crosses
the right axis at φ = 0°, as in accordance with Figure 5A, through
a resistor, the voltage and current waveforms are “in-phase”.

When the circuit contains only a capacitor, Figure 8B, the
equation of the impedance is Z = 0 + 1/jωC = 0 − j(1/ωC). The
real part is zero, while the imaginary part is reversely
proportional to the capacitance and frequency. As a result, the
Nyquist plot shows a straight line lies in y-axis (the real
impedance is zero). Values close to zero corresponds to high
frequencies, while at lower frequencies the impedance values are
higher. The Bodemagnitude plot shows a straight line with slope
−1, while the Bode phase angle plot shows a straight line that

Figure 8. Nyquist, Bode magnitude and phase angle plots of some model circuits. R1 = 1 kOhm.
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crosses the right axis at φ = −90°, as in accordance with Figure
5B, through a capacitor, the voltage and current waveforms are
“out-of-phase” with π/2. Note that in real electrochemical cells
the phase between voltage and current due to a “capacitive”
element is typically lower than π/2. In this case, the
impedimetric data can be sufficiently modeled only if instead
of an ideal capacitor (C), the so-called constant phase element
(CPE) is used (see section 12).
When the circuit contains only an inductor, Figure 8C, the

equation of the impedance is Z = 0 + jωL. The real part is zero,
while the imaginary part is proportional to the inductance of the
coil and frequency. As a result, the Nyquist plot shows a straight
line lies in y-axis, below the real axis, as in this case the phase
difference between voltage and current is φ = 90°. Values close
to zero corresponds to low frequencies, while at higher
frequencies the impedance values become higher. The Bode
magnitude plot shows a straight line parallel to the frequency
axis. At all the measurements the phase difference is 90°, in
accordance with Figure 5Cwhere the voltage leading the current
π/2.

When the circuit contains a resistor and a capacitor connected
in series, Figure 8D, the equation of the impedance is

Z
j

j( ) R1
1
C1

R1
1
C1

= + =
(47)

In this case, the real part is Z′ = R1 and the imaginary part is Z″ =
1/ωC1. Note that the pattern of the Nyquist plot is a
combination of the Nyquist plots described above when the
circuit contains only a resistor, Figure 8A, or only a capacitor,
Figure 8B.
The Bode magnitude plot shows, at high frequencies, a

straight line parallel to x-axis the extension of which crosses the
axis of the impedance modulus at |Z| = R1 (that is, the response
is dominated by the resistance and thus is independent of the
frequency). At lower frequencies, the imaginary part increases, at
a specific frequency, ω = 1/R1C, equals the real part, while at
even lower frequencies, the response is dominated by the
imaginary part. This transition is shown at the Bode phase plot as
an S-shaped curve leveling, at high frequencies, at φ = 0ο and, at
very low frequencies, at φ = −90ο.

Figure 9. Nyquist, Bode magnitude, and phase angle plots of some model circuits. R0 = R1 = R2 = 1 kOhm.

ACS Measurement Science Au pubs.acs.org/measureau Review

https://doi.org/10.1021/acsmeasuresciau.2c00070
ACS Meas. Sci. Au 2023, 3, 162−193

171

https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig9&ref=pdf
pubs.acs.org/measureau?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.2c00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


When the circuit contains a resistor and a capacitor connected
in parallel, Figure 9A, the equation of the impedance is

Z
j j

j

( )
1

C1
R1

1 R1C1
R1

1 ( R1C1)

R1 C1
1 ( R1C1)

1
R1

2

2

2

=
+

=
+

=
+

+ (48)

and the Nyquist plot corresponds to a semicircle. In this case, at
very high frequencies the capacitive reactance tends to zero (ω
→ ∞, Xc → 0), and thus, all the current passes through the
capacitor. The circuit acts as a short circuit and the impedance is
zero. At very low frequencies, the capacitive reactance tends to
infinity (ω → 0, Xc → ∞), and all the current passes through the
resistor. The impedance contains only real part and Z′ = R1. In
response to the discussion above, when the ω → 0 the current is
constant. The constant current cannot flow through the
capacitor, it flows only though the resistor. At intermediate
frequencies, the current passes at the same time through the
capacitor and the resistor, while the ratio of the respective
currents is defined by the opposition of the current flow through
each branch. Traversing from high to medium frequencies, the
capacitive reactance becomes larger (see eq 41) but remains still
lower than the ohmic resistance (Xc < R1), which causes more
alternating current to go through the capacitor while less
constant current goes through the resistor. However, there is a
single characteristic frequency corresponding to equal values of
reactance and resistance (Xc = R1). At this frequency the
imaginary part of the impedance is maximum (ωZdmax″ ). By

substituting Xc with R1, in eq 41, we get that 1
C

1

Zmax
= , and

consequently

1 1
R1C1Zmax

= =
(49)

where τ = R1C1 is the characteristic time constant of the system.
Note that by substituting R1

C
1

Zmax
= to eq 48, it becomes

Z j( ) R1
2

R1
2

= , thus manifesting that in a RC parallel circuit,
and τ is found when the imaginary and real part of the
impedance are equal.
Looking at the Bode magnitude plot, according to the eqs 46

and 48, at very low frequencies, |Z| = R1, while at very high
frequencies Z 1

C1
| | = The slope of the curve is changing (this

breaking point is highlighted in Figure 9A with a dotted-line
circle) around the frequency that corresponds to the time
constant of the system.
If a resistor R0 is connected in series with the circuit in Figure

9A, the equation of the impedance for the resulting circuit
(Figure 9B), denoted as R0(R1C1), will be

Z j( ) R0
R1

1 ( R1C1)
R1 C1

1 ( R1C1)2

2

2= +
+ + (50)

At both very high and very low frequencies, the behavior of the
circuit is resistive and thus the semicircle is shifted to the real axis
to a value equal to the ohmic resistance of R0. As indicated in
Figure 9B, at very high frequencies, (ω → ∞; XC → 0), Z = R0,
while at very low frequencies (ω → 0; XC → ∞), Z = R0 + R1.
These boundaries conditions are illustrated in the Nyquist plot
as the first and the second crossing points of the semicircle on
the axis of the real impedance, respectively. In contrast with the

previous circuit (Figure 9A), this circuit has two time constants
indicating the two breaking points appear at the Bodemagnitude
plot. The τ1 at the high frequency domain is influenced by R0
and can be calculated as τ1 = [(R0R1)/(R0 + R1)]C1. The τ2, at
lower frequencies, which as the slowest one is considered as the
characteristic time constant of the system, can be calculated
from the Nyquist plot as in the case of the simple RC parallel
circuit, as 1/R1C1Z

1
max 2

= = . Looking at the Bode plot of

this circuit, the change of |Z| and phase over a wide frequency
range is described by an S-shaped and a bell-shaped curve,
respectively.
If the circuit in Figure 9B is connected in series with a second

parallel (R2C2) circuit, the circuit in Figure 9C, denoted as
R0(R1C1)(R2C2), will occur. The equation of the impedance
for this circuit is

Z

j

( ) R0
R1

( R1C2) 1
R2

( R2C1) 1

R1 C2
( R1C2) 1

R2 C1
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Similar to the above analysis, this circuit exhibits two
characteristic time constants, τ1 and τ2, corresponding to the
ωZdmax″ at each semicircle. Depending on the ratio of τ1 and τ2
values, the Nyquist plot displays two well-resolved (τ1 ≫ 100τ2)
or poorly resolved (τ1 < 100τ2) semicircles, while when τ1 = τ2 a
single semicircle is appeared. The ratio between the τ1 and τ2
values also shapes the pattern of the Bode magnitude and phase
plots. When τ1 ≫ 100τ2, the second time constant results in the
inclusion of a second step and peak, in the resulting plots,
respectively.
8.1. Tutorial Material

A user interactive excel file containing eight different model
circuits is provided in the Supporting Information. The user is
allowed to change the values of the circuits’ components and to
see how the respective Nyquist and (magnitude and phase)
Bode plots are transformed.

9. FREQUENCY RESPONSE ANALYZERS AND
CONTOUR PLOTS

As mentioned above, an EIS experiment involving the
measurement of the impedance of the cell under study after its
excitation with a small-amplitude sinusoidal perturbation signal
(for example, voltage) at several excitation frequencies, usually
over the range from somemHz to 1MHz. Even though for many
applications excitation frequencies up to 100 kHz are sufficient,
in applications involve solid electrolytes, the full resolution of
the impedimetric behavior at the high frequency range requires
measurements to be conducted up to someMHz. Depending on
the application, the sinusoidal perturbation signal is usually
superimposed over a dc signal, such as the open circuit potential
(OPC) at which the current flowing in the cell is zero, or the
formal potential of a redox probe, for example in faradaic EIS
experiments in various biosensing applications.
Nowadays, several vendors offer electrochemical analyzers

that comprise of a potentiostat-galvanostat and a FRA. The
potentiostat ensures the application of a dc voltage (or current
by the galvanostat), while the FRA ensures the application of the
sine-wave perturbation signal to the cell and the analysis of the
response into its real and imaginary components.
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A simplified schematic of a potentiostat-FRA apparatus for a
potentiostatic EIS experiment is illustrated in Figure 10. FRA

determines the impedance of the cell under study by correlating
the sinusoidal response, in this case i(t), with two synchronous
reference signals, one that is in-phase [sin (ωt)] and a second
one that is out-of-phase by 90° [cos(ωt)] with the sinusoidal
voltage perturbation.11,35

In specific, the generator produces a sinusoidal voltage
excitation signal at a particular frequency, Vo sin(ωt), which is
applied to the cell and the real part correlator at the same time
(the voltage excitation signal is usually superimposed over a dc
voltage signal and applied to the cell via the potentiostat). The
generator also produces a second waveform, [cos(ωt)], which is
out-of-phase by 90° with the excitation waveform, that is driven
to the imaginary part correlator. The cell response i(t) is fed into
both correlators and multiplied with the generated waveform.
The signals are then driven to the integrators which remove all
harmonic responses effectively except from the fundamental,
and both the real and the imaginary components of the
impedance are calculated. This process is repeated at various
frequencies set by the user and the impedance spectrum is
constructed. For more details, the reader is referred to refs 11
and 35. The real and the imaginary components of the
impedance are given by the following equations

Z
NT

i t t t( )
1

( )sin( )d
NT

0
=

(52)

Z i t t t( )
1

NT
( )cos( )d

0

NT
=

(53)

where NT is the number of periods over which the integration of
the signal is performed. At the cost of a prolonged measurement
time, which may impart the stability of the electrochemical
system, when the number of the periods increases, the
integration of the signal results in a more effective removal of
noise to the response signal.
The accuracy of the impedance measurements for a given

potentiostat/galvanostat FRA analyzer are illustrated in the so-
called accuracy contour plot (ACP). A typical ACP for
potentiostatic modulation is illustrated in Figure 11. ACP
maps areas labeled with numbers indicating the maximum
percentage error in impedance measurements and maximum
error in phase angle readings within these areas (errors’ values in
Figure 11 are given as an example). When measurements result
in higher or lower impedance values or when impedance
measurements are conducted at higher excitation frequencies,
the errors are higher.

In order to compare the accuracy of two different instruments,
ACPs should be constructed under the same experimental
conditions. Measurements are conducted at an amplitude lower
than 10 mV rms, by using the instrument’s complementary
cables, and by placing the cell under test in a Faraday cage.
Under other conditions, that is, without using a Faraday cage
and/or by using longer cables or cables which are not properly
shielded, the results will differ (see section 16). Note that the
high and low limits of the impedance measurements indicated in
the ACP in the y-axis are not those correspond to open- (when
the cables are not connected) or short- (when the cables are
connected with each other) lead measurements, respectively.
Under these conditions, impedance limits are much higher and
lower, respectively; however, the accuracy of the measurements
is very poor.36−39

At high frequencies, the accuracy of impedancemeasurements
is dictated by cabling effects. In specific, the capacitance of the
cables (which depends on the shielding quality) defines the
upper limit, while their inductance (which depends on their
length) define the lower limit of the measurable impedance.
At low frequencies, the accuracy of impedance measurements

is dictated by hardware limitations. The upper impedance limit
at low frequencies is associated with the lowest current that the
potentiostat can measure in the sense that for a certain voltage
perturbation at a high impedance cell (for example, at dielectric
coatings) the resulting current will be very low. For this purpose,
some electrochemical analyzers offer models or modules that
enable measuring currents at the pA level (normally, the lowest
measuring current is a few nA). On the other hand, the low
impedance limit at low frequencies refers mostly to galvanostatic
measurements at low impedance cells (for example, batteries
and supercapacitors). At these low impedance cells, high
currents are needed to cause a measurable voltage signal, since
it is easier tomeasure μV ac signals than to control them. For this
purpose, impedance measurements under these conditions are
preferably conducted with instruments equipped with current
boosters.

Figure 10. Simplified experimental setup for potentiostatic EIS and
working principle of a frequency response analyzer. “X”, stands for
multipliers and “∫ ” for integrators.

Figure 11. Accuracy contour plot indicating that within the blue area
and under specific experimental conditions, impedance and phase angle
readings are recorded with a maximum error 0.3% and 1°, respectively.
Outside this area and within the gray area, the errors increase up to 2%
and 3°, respectively. Errors’ values are given as an example.
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10. THE ELECTROCHEMICAL CELL
The most common electrochemical setup refers to a 3-electrode
configuration consisting of the working electrode (WE), the
reference electrode (RE), and the counter electrode (CE) in
connection with a potentiostat. The working electrode offers the
electrocatalytic surface on which a redox reaction takes place
under a desirable potential, or in other words, under a desirable
potential difference with respect to the (stable) potential of the
reference electrode. If no current flows through it, the potential
of the reference electrode is stable. The potentiostat measures
the potential difference between the working and the reference
electrode and corrects any deviation from the desirable value
(the value set by the user) by circulating a current between the
working and the counter electrodes. To ensure that all the
current passes through the counter electrode, its surface is
usually larger compared with that of the working electrode. Each
of these electrodes are connected with the potentiostat with the
appropriate current carrying (WE, CE) or voltage measure (RE)
leads (terminals). The lead which carries current is also called
force lead, while the lead that measures voltage, is also called
sense lead. Modern electrochemical analyzers are 4-terminal
devices incorporated with an extra sense lead, the working sense
(WS) lead, which is usually sorted to the WE and is used for a
more accurate measurement of the applied voltage to the
electrochemical cell.
Besides the 3-electrode cell, other cells of 2-electrodes (such

as the batteries, fuel cells or the interdigitated electrodes) or 4-
electrodes also exist (Figure 12). At a 2-electrode cell, the
reference sense lead is connected to the counter electrode (in a
2-electrode cell is named auxiliary electrode), which thus plays a
dual role; It is used for both the application of the voltage and the
current measurement. As a result, in 2-electrode cells, the
potential of the WE cannot be precisely controlled. Depending

on the way the electrodes are connected with the terminals of the
potentiostat, the impedance of a particular area in the cell can be
measured. This area is defined between the electrodes at which
the voltage is applied.
In a 3-electrode, 4-terminal, setup (Figure 12A) the voltage is

applied between the working and the reference electrodes. In
this setup, under a small amplitude voltage perturbation, the
impedance to the current flow, is due to (i) the ohmic resistance
of the electrolyte between the reference and the working
electrode, which is called uncompensated resistance (Ru). For a
given electrolyte, Ru is defined by the distance between the
reference and the working electrodes. In practice, this ohmic
resistance also includes the ohmic resistance of the connection
cables and the ohmic resistance of the working electrode, which
in most cases can be neglected, (ii) the charging/discharging of
the electric double layer; under ac conditions the electrical
double layer at the electrode/electrolyte interface behaves as a
capacitor and is symbolized as Cdl, and (iii) the polarization
resistance Rp, which is defined as the slope of the voltage/current
curve Rp = ΔV/Δi, at steady-state measurements. In EIS, steady-
state conditions are approximated when the frequency tends to
zero ( f→ 0). The equivalent electrical circuit of the cell is shown
at an enlarger scale in Figure 12A. If we consider that the WE is
an ideally polarizable electrode, then the charge transfer between
the electrode and the electrolyte is not possible or it takes place
in an infinitesimal rate and thus, the polarization resistance is
infinite. In this case, all the current passes through Ru andCdl and
the impedance of the cell can be simulated to an electrical circuit
in which Ru and Cdl are connected in series.
In a 2-electrode, 2-terminal setup, Figure 12B, the voltage is

applied between the working and the counter (auxiliary)
electrodes. Considering that both electrodes are ideally
polarizable, the impedance to the current flow is due to the
Cdl of each electrode and the ohmic resistance of the measuring

Figure 12. Different types of electrochemical cells of 2-, 3-, and 4-electrodes and different connection modes with the working (WE), working sense
(WS), counter (CE), and reference (RE) electrodes.
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solution Rs (in the absence of RE, the term Ru cannot be used)
and the impedance of the cell can be simulated to an electrical
circuit in which Rs, Cdl,WE, and Cdl,CE are connected in series. As
the total capacitance (Ctot) of the cell is given by

C C C
1 1 1

tot dl,WE dl,CE
= +

(54)

Cdl,CE can be neglected if the surface of CE is considerable higher
compared with that of WE.
In accordance with the discussion above, the measurable

impedance of the 2-electrode, 2-terminal setup in Figure 12B,
also includes the impedance due to the ohmic resistance of the
wires. In some low impedance 2-electrode cells, such as
batteries, the ohmic resistance of the wires cannot be neglected,
and thus impedance measurements at a 2-electrode, 4-terminal
mode is suggested. An example demonstrating the difference of
the measurable impedance in each case is given in section 16.
In a 4-electrode (or 4-terminal) setup, Figure 12C, an ac

current perturbation (galvanostatic measurements) is applied
between the WE and CE, while the potential difference between
RE and WS, due to the impedance of the sample, is measured.
These measurements are quite common for measuring the
conductivity of a thin polymer film or solid electrolytes.

11. FARADAIC EIS�THE RANDLES CIRCUIT
The term faradaic EIS is used when the impedance of an
electrochemical cell (for example, a 3-electrode 4-terminal setup
in potentiostatic mode) is measured in the presence of a redox
couple (Ox/Red) by applying a small sinusoidal voltage
perturbation superimposed on a dc potential which matches
the standard potential E° of the redox reaction

nOx e Red+ F (55)

In this case, the total current which passes through the Ru is
divided into the current related with the charging/discharging of
the electrical double layer, iC, and the current related to the
faradaic process, iF. At the equivalent electrical circuit illustrated
in Figure 13A, the faradaic process is represented as a general
impedance, ZF, which accounts for both the kinetics of the redox
reaction and the diffusion of the redox species to the surface of
the working electrode. In this regard, ZF can be divided into two
components:

Z R ZF ct W= + (56)

(i) the charge-transfer resistance, Rct, which is related with
the kinetics of the heterogeneous electrochemical process
assuming that the redox species are not absorbed on the
electrode surface, as per equation

R RT
k n F ACct 0 2 2=

(57)

where k0 is the heterogeneous electron transfer rate in cm
s−1, n is the number of electrons transferred in the
electrochemical reaction, F is Faraday’s constant (96485
C mol−1), R is the gas constant (8.314 J mol−1 K−1), T is
the temperature (K), A is the electroactive surface area of
the working electrode in cm2, and C is the concentration
of the redox species assuming that this concentration is
the same as the one in the bulk solution and that Cox =
CRed = C.

(ii) the so-called, Warburg impedance, ZW, which expresses
the difficulty of mass transport of the redox species to the
electrode surface considering a semi-infinite linear

diffusion. ZW behaves as an RW − CW circuit in series,
where both RW and CW are frequency dependent, and
thus, the ZW can be written as4,7,16

Z R C j( )W W W
1/2 1/2= + = [ ] (58)

where

RT
n F D C

2
22 2=

(59)

D is the diffusion coefficient (cm2 s−1) of the redox couple
assuming that DOX = DRED = D, while the rest of the
symbols have their aforementioned meaning.

The equivalent electrical circuit involving the charge-transfer
resistance, Rct and the Warburg impedance, ZW, (Figure 13B) is
the most common representation of the so-called Randles
circuit.13 Based on the above analysis, the impedance values of
the Randles equivalent circuit over a wide range of frequencies
can be separated into the real (in-phase), Z′, and imaginary (out
of phase), Z″, given by the equations4,5

Z R
R

C C R( 1) ( )u
ct

1/2

1/2
dl

2 2
dl

2
ct

1/2 2= + +
+ + +

(60)

Z
C R C

C C R
( )

( 1) ( )
dl ct

1/2 2 2
dl

1/2

1/2
dl

2 2
dl

2
ct

1/2 2= + + +
+ + + (61)

The physical meaning for the combination of the individual
components (Ru, Cdl, Rct, and ZW) is the following: Ru is
connected in series with the parallel combination of Cdl and ZF
(or according to the eq 56, Rct and ZW) indicating that all the
current will pass through the electrolyte. The parallel
combination between Cdl and Rct and ZW indicates that the
total current, it = iCddl

+ iF, will be spilt to the current for the

Figure 13. (A, B) The Randles equivalent circuit and its behavior at (C,
D) low and (E, F) high frequencies. Adapted with permission from ref
4. Copyright 2022 Wiley.
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charging of Cdl (iC ddl
) and the faradaic current (iF) for the redox

reaction depending on the relative values of the components Cdl,
Rct, and ZW at different frequencies.
At low frequencies, the reactance of Cdl is very high, such as

XCddl
≫ Rct + ZW, and thus, the current will pass through the Ru,

Rct, and ZW (Figure 13C). The respective limiting conditions (ω
→ 0) for the eqs 60 and 61 are

Z R Ru ct
1/2= + + (62)

Z C21/2 2
dl= (63)

By replacing the term σω−1/2 from the eq 62 to the eq 63
occurs:

Z Z R R C2u ct
2

dl= + (64)

Setting −Z″ = 0 (low frequency range), the low frequency limit
is a straight line (Figure 13D) with slope 1 (φ = 45°), which
extrapolated crosses the real axis (x-axis) at

Z R R C2u ct
2

dl= + (65)

At higher frequencies, iC ddl
becomes significant, while

considering Rct ≫ ZW, the current flow is impeded by Ru, Cdl,
and Rct (Figure 13E). The respective limiting conditions (ω →
∞) for the eqs 60 and 61 are

Z R
R

C R1u
ct

2
dl

2
ct

2= +
+ (66)

Z
C R

C R1
dl ct

2

2
dl

2
ct

2=
+ (67)

By eliminating the angular frequency (ω) from the eqs 66 and
67, we obtain

Z R
R

Z
R

2
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2u
ct

2
2 ct

2

+ =i
k
jjj y

{
zzz i

k
jjj y

{
zzz (68)

As a result, the alteration of Z′ with respect to Z″ leads to a
circled plot, centered at Z′ = Ru + Rct/2 and − Z″ = 0, of radius
Rct/2 (Figure 13F).
Under these conditions (Rct ≫ ZW) and at very high

frequencies, Z″ = −1/ωCdl is very low and thus the current flow
is impeded only by the Ru (Z′ = Ru), while at very low
frequencies, Z″ = −1/ωCdl is very high, and thus, the current
flow is impeded by Ru and Rct (Z′ = Ru + Rct). So, at both high
and low frequencies the behavior of the Randles circuit is
resistive and the respective valuesRu andRu +Rct can be found as
intercepts of the semicircle on the real axis. On the other hand,
the imaginary part of the impedance, due to Cdl, receives its
maximum value at an intermediate frequency within this range,
where ω = 1/CdlRct.
In real electrochemical systems, (Figure 14) the pattern of the

Nyquist plot for a faradaic impedance spectrum over a wide
range of frequencies usually involves both the semicircle (at this
frequency region the electrochemical process is controlled by
charge transfer phenomena) and the straight line (at this
frequency region the electrochemical process is controlled by
mass transfer phenomena) parts which can differ depending on
the respective values of Cdl, Rct, and ZW. The effect of Rct, in
relation to the heterogeneous transfer kinetics rate k0 (eq 57) of
the redox species in the solution, as well as ofCdl are shown at the
simulated Nyquist plots in Figures 15A and 16, respectively.

Most readers are presumably quite familiar with cyclic
voltammetry measurements and thus the effect of Rct, as
calculated by eq 57 for different k0 values, at the pattern of a
Nyquist plot for a specific electrochemical experiment, is
presented along with the simulated cyclic voltammograms of
one electron (n = 1) redox reaction at the respective k0 values,
provided by the Electrochemical Simulation Package version 2.4
(developed by Prof. Carlo Nervi). Theoretically, a peak
potential separation value, ΔEp = 57/n, indicates a reversible
redox reaction and increases at semi reversible redox reactions at
which k0 is lower (Figure 15B). In reversible electrochemical
systems which typically show fast kinetics, Rct becomes
inconsequentially small in comparison with the Ru and the Zw
dominates over nearly the whole available range of σ. When the
system is so kinetically facile, the current is limited by mass
transfer phenomena, and the semicircular region is not well-
defined. The visibility of the kinetic region over the mass transfer
region (the clear distinction between the semicircle and 45°
straight line) is influenced by the relationship between the Rct
and RW. For the semicircle to be clearly seen the Rct ≥ RW = σ/
√ω, which leads to k D /20 , as usually happens for
semireversible electrochemical systems.4

Figure 16 shows the effect of the Cdl value on the pattern of a
simulated Nyquist plot for the Randles circuit when all other
parameters remain constant. It is obvious that distortion
increases along with Cdl, eventually causing a complete
disruption of the semicircle at extreme values (maroon line).
In a real electrochemical system, the graphical approximation of
the Rct value, for instance, would yield a systematic error in
moderately increased Cdl values up to 10−4 F and would be
unrealizable in even larger values. In such cases, the estimation of
the Rct and σ values are possible only by using a proper fitting
simulation software.

12. CONSTANT PHASE ELEMENT (CPE)
In the example illustrated in Figure 17A, the Nyquist plot for an
ideally polarizable (blocking) electrode Ru Cdl shows a vertical
line crossing the real impedance axis at Ru, while in Figure 17B,
in the presence of a redox molecule, considering that the
electrochemical reaction is not limited by mass transfer, the
Nyquist plot shows a semicircle that can bemodeled to anRu(Cdl
Rct) equivalent electrical circuit. Note that the semicircle is
symmetric in the sense that the diameter (equals Rct) is two
times the radial which corresponds to the maximum imaginary

Figure 14. Randles equivalent electrical circuit over a wide frequency
range.
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impedance of the system. In both cases, Cdl has been considered
as an ideal capacitor the impedance of which is given as

Z
j C

1

dl
=

(69)

This behavior can be experimentally obtained only in the case of
perfectly flat electrodes, as for example the liquid Hg drop
electrode. Working with common solid electrodes, such as

macroscopically flat metal (monocrystalline or polycrystalline),
or graphite electrodes, even more so with screen-printed or 3d-
printed electrodes, the use of which in various (bio)sensing
applications is continuously increasing,40,41 the impedimetric
profile at the respective Nyquist plot will differ, indicating a
deviation from the ideal case described above.
In the case of the blocking electrode, RuCdl, the impedimetric

spectrum is tilted by an angle θ (Figure 17A), while in the case of
a Ru(Cdl Rct) electrochemical cell the semicircle is depressed
(Figure 17B). In these cases, the impedimetric data can be
sufficiently modeled if instead of an ideal capacitor (Cdl), the so-
called constant phase element (CPE) is used. The impedance of
the CPE is sufficiently described by equation

Z
Y j

1
( )nCPE

o
=

(70)

where Yo in Ohm−1 sn or more correctly in F sn−1, is the
parameter containing the capacitance information, and n is a
constant ranging from 0 to 1. The exponent n defines the
deviation from the ideal behavior and is related to the angle θ as

n90 (1 )= ° (71)

where θ is the phase deviation from the ideal case (φ = 90°). As
can be seen in Table 2, for n = 0.9, θ = 9°, andφ is 81°, for n = 0.8,
θ = 18°, andφ is 72°, etc. Moreover, for n = 1, eq 70 equals eq 69
(Yo = Cdl). Yo has Farad units indicating that CPE behaves as an
ideal capacitor. On the other hand, for n = 0, eq 70 is written as
ZCPE = Yo−1 (the units of Yo−1 are in Ohm) indicating that in this
case the CPE behaves as a resistor. Finally, for n = 0.5, eq 70 can

Figure 15. (A) Nyquist plots for an electrochemical process involving a redox reaction at different Rct corresponding to different heterogeneous
transfer kinetics rates (k0) and (B) the respective cyclic voltammograms at the same k0 values. Ru = 1 kOhm, Cdl = 10−6 F, and Zw = 10−2 Ohm−1/2 s1/2.

Figure 16. Simulated Nyquist plots of a Ru(Cdl[Rct Zw]) circuit at
different Cdl values. Ru = 1 kOhm, Rct = 1 kOhm, and Zw = 10−2

Ohm−1/2 s1/2.

Figure 17. Nyquist plots for CPE at (A) RuCdl and (B) Ru(Cdl Rct) circuits.

ACS Measurement Science Au pubs.acs.org/measureau Review

https://doi.org/10.1021/acsmeasuresciau.2c00070
ACS Meas. Sci. Au 2023, 3, 162−193

177

https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig17&ref=pdf
pubs.acs.org/measureau?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.2c00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


be written as Z Y j( ) 1/ o= , that is, is equivalent to the
Warburg impedance (ZW).
Considering that the equation of the CPE (eq 70) does not

directly provide capacitance values, an average double layer
capacitance, C̅dl, (or effective capacitance) can be estimated
depending on the equivalent circuit containing the CPE. For a
blocking electrode (Ru − CPE in series) or when the
electrochemical process involves a redox reaction under kinetic
control, simulated by a circuit Ru(Cdl Rct) as in Figure 13F, Brag
et al.42 proposed eqs 71 and 73, respectively, while for a film
coated surface corresponds to a semicircle, (Rf − CPE
connected in parallel), Hsu and Mansfeld43 proposed eq 74

R C
Y R

CPE:
1 1

n

n n

u dl
o u

1/

=
i
k
jjjjj
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The origin of CPE has been widely attributed to the surface
roughness of solid electrodes, which in turn causes an uneven
distribution of various properties, such as the solution
resistances, interfacial capacitances, of current densities etc.
across the electrode surface.44 However, relatedmodels have not
been sufficiently supported by experimental data. Most of these
models lead to a CPE behavior, however at a rather limited
frequency range.45−48 Indeed, studies between electrodes with
different roughness have shown that the increase of the electrode
roughness leads to a CPE behavior closer to the ideal case.7 The
behavior of CPE has also been attempted to be explained by
fractal theory.49 Related models succeed to explain the behavior
of CPE at blocking electrodes (models generate a linear
spectrum tilted with respect to the imaginary impedance axis);
however, in the presence of a redox probe, they predict
asymmetric (skewed) semicircles instead of depressed semi-
circles obtained experimentally.50−52 Other theories, supported
by experimental data, indicate that the origin of CPE is related to
the mixed (fast) diffusion- (slow) kinetic-controlled adsorption
of ions or other impurities of the electrolyte to the electrode
surface.53−55 This explanation is also in line with experimental
data showing that electrodes with increasing roughness exhibit
lower deviation (the exponent n is closer to unit) in the sense
that at a higher surface the coverage due to the adsorbed ions or
impurities is smaller.56

Table 2. Behavior of CPE at Different n Values and the
Corresponding Equations of Impedance

n
φ,

degree
deviation (θ) from the ideal behavior,

degree impedance equation

1 90 0 Z
j C

( )
1

dl
=

0.9 81 9 Z
Y j

( ) 1
( )o

0.9=

0.8 72 18 Z
Y j

( ) 1
( )o

0.8=

0 0 90 Z
Y

R( )
1

o
= =

0.5 45 45 Z
Y

j( )
1

o
=

Figure 18. (A) The semi-infinite regime of an electrochemical cell, (B) the transmission line (TL) depiction of the semi-infinite regime, (C) finite
boundary diffusion at t < td spans, (D) transmissive, and (E) reflective boundary at t > td.
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13. MASS TRANSFER IMPEDANCE
As stated before, Warburg impedance is a complex element
which represents the mass transfer of redox species to the
electrode surface and is depicted as a 45° line over the low
frequency range of the Nyquist plot (Figure 14). This behavior
refers to the time dependent (not-steady state) semi-infinite
diffusion of the chemical species, in which, as shown in Figure
18A, there is a single boundary at the electrode/electrolyte
interface, at a distance x = 0. Toward to the bulk solution, and
under quiescent conditions, the diffusion layer is extended to
infinite length (x → ∞) delimited by the dimensions of the
electrochemical cell, while the concentration gradient is
decreased with time.
The impedimetric response of Warburg impedance ZW in

semi-infinite linear diffusion can be sufficiently modeled by a
transmission line, of infinite length, which is represented by a
network of resistors and capacitors that designates the diffusion
resistance per unit length (Rd) and the chemical capacitance for
diffusion per unit length (Cd), respectively (Figure 18B).

57 This
transmission line of infinite length models sufficiently Warburg
impedance ZW as straight line of unity slope, as already discussed
(section 11, Figure 13D).
For many electrochemical systems, however, the impedi-

metric response cannot be described by theWarburg impedance
ZW of the semi-infinite linear diffusion model but by a two
boundaries steady state diffusion region of finite length, x = L,
where L is the length of the material in which the diffusional
impedance is measured58 (Figure 18C). This material for
example, can be a porous electrode of thickness L, which
separate a solid electrolyte and a metal collector electrode in a
fuel cell, a porous oxide film of thickness L between a metal base
electrode and a lithium anion containing liquid electrolyte in a
lithium anion battery, a redox polymer film of thickness L
deposited on a metal electrode immersed in a liquid electrolyte,
etc. As can be seen in Figure 18C, one of the sides of the material
is permeable to the diffusing species (ions) involved in the
electrochemical process, while the other side can be either
permeable (Figure 18D) or impermeable (Figure 18E) to the
diffusing species. Considering however the different geometries
of the real electrochemical cell, it is more accurate to say that the
finite-diffusion region (not side), after a time span

t t
D L

2 2
/d

d
> = =

(75)

(D, is the diffusion coefficient of the species) is either permeable
or impermeable to the diffusing ions. The time t refers to the
time needed until the diffusing species reach the other side of the
finite diffusion region. Until this time the concentration gradient
is time dependent, and thus the system “behaves” like that the
diffusion is semi-infinite.When the diffusing ions reach the other
side of the diffusion region, the concentration gradient takes
either a constant value different than zero or zero.
In this respect, the so-called finite diffusion can be

distinguished into two cases:
(a) When the finite-diffusion region is permeable to the

diffusing species, a steady-state concentration gradient
(dC/dx = constant) is established with the time and a
current flows the electrochemical cell. This is the case of a
transmissive or permeable boundary.

(b) When after a time the finite-diffusion region is
impermeable to the diffusing species, the charge transfer
is not possible, and the concentration gradient of the

diffusing species becomes zero (dC/dx = 0). This is the
case of a reflective or impermeable boundary.

13.1. Transmissive Boundary
The finite diffusion with a transmissive (or permeable)
boundary can be represented by a transmission line of finite
length terminated with an interfacial resistance Rint (Figure
18D). The impedance of this shorted transmission line is
referred to as ZO and can be modeled by the equation7,34

Z
Y j

B j( )
1

tanh( )o
o

=
(76)

where Yo (Ohm−1 √s) is the diffusion related parameter and B is
given as

B
D

=
(77)

where δ (cm) is the thickness of the diffusion layer and D (cm2

s−1) is the diffusion coefficient.
As can be seen in Figure 19, the impedance profile of Zo at low

frequencies tends to that of ZW (until the entering species diffuse

completely across the film) while at decreasing frequencies a
semicircle is obtained indicating that the diffusing species has
exited the finite length diffusing layer and a dc current flow
within the film. It is noted that the thicker the film the lower the
frequency at which the curvature of the impedance spectrum is
observed.
Typical examples of finite length linear diffusion with a

transmissive boundary include solid oxide59 or polymer
membrane fuel cells,60 and the diffusing layer in a rotating
disk electrode (RDE) experiment.7 At RDE voltammetry, we
can easily achieve a finite length diffusion layer (mass transfer
steady state), which is not changed with the time,61 in contrast
with a stationary electrochemical system where the thickness of
the diffusion layer is increasing with the time elapsed after a
potential step [δ = (Dt)1/2]. In RDE voltammetry, the thickness
of the diffusing layer is inversely proportional to the rotating
speed as per equation

D1.612 /1/3 1/6= (78)

Figure 19. Stylized sketches of total impedance Nyquist plots at
different mass transfer regimes.
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where ω is the angular rotation velocity of the electrode in rad
s−1 and ν is the kinematic viscosity of the solution in m2 s−1. The
effect of angular rotation velocity on the RDE’s impedance
profile is shown at Figure 20. It can be observed that when the

rotation speed of the RDE is very low (the diffusion layer is
thick) the pattern of the impedimetric spectrum at low
frequencies is approaching that of Warburg impedance ZW for
semi-infinite linear diffusion.
13.2. Reflective Boundary
As can be seen in Figure 18E, the concentration gradient of the
redox species is zero and thus no charge transfer is possible.
Typical examples of finite diffusion with reflective boundary
include lithium diffusion in thin solid state oxide films,62,63

hydrogen diffusion into thin films of various hydrogen absorbing
materials64 or mass transport of charge carriers at redox polymer
film-coated electrodes65 etc. As can be seen in Figure 19, at low
frequencies the diffusion of charges within the (polymer or
oxide) films give rise to a Warburg impedance ZW with a unity
slope while at decreasing frequencies the finite thickness of the
film in combination with blocking properties of the impermeable
interface, results in a (purely) capacitive behavior that shifts the
phase angle from 45° to (almost) 90°. In this case, the diffusion
impedance, referred to as ZT, is described by a transmission line
of finite length terminated with an interfacial capacitor Cint and
can be modeled by the equation7,34

Z
Y j

B j( )
1

coth( )T
o

=
(79)

where the symbols have the same meaning as indicated above in
the case of the transmissive boundary. Figure 21 shows a
simulated Nyquist plot of the total impedance consisting of a
reflective boundary mass transfer impedance at increasing B
values.

Note: The only difference between eqs 76 and 79 relies on that
the eq 76 for the transmissive boundary Zo(ω) contains tanh,
while the eq 79 for the reflective boundary ZT(ω) contains coth.
Symbols Zo (from coth) and ZT (from tanh) are originated by
the respect ive equations, written in admittance:
Y Y j B j( ) coth( )o o= a n d
Y Y j B j( ) tanh( )T o= , respectively. Remember that
coth(x) = 1/tanh(x). In some textbooks, Zo refers as finite
length Warburg impedance ZFLW, while ZT refers as finite space
Warburg impedance ZFSW.
Finally, in electrochemical systems where the main heteroge-

neous electrochemical reaction is coupled with a preceding
homogeneous first-order chemical reaction according to the
following general scheme for a Chemical-Electrochemical (CE)
reaction

A Ox Red
k nea

the impedance response depends on the reaction rate of the
chemical reaction (ka) in s−1, and under specific conditions can
be modeled by equation:

Z
Y j k

( )
1

( )G
o a

1/2=
+ (80)

This kind of mass transfer impedance was first reported by
Gerischer66 and for this reason it is known as Gerischer
impedance (ZG) for semi-infinite diffusion. Besides its original
use for the interpretation of impedance measurements in CE
reactions, it also has been used for fitting impedimetric data in
polymer electrolyte membrane fuel cell,67 to interpret
impedimetric data of the coupled bulk oxide ion diffusion and
surface oxygen exchange reaction in solid oxide fuel cells,68 etc.
More details on the use of ZG can be found in refs 7 and 69.
Figure 22 shows a simulated Nyquist plot of a redox

electrochemical process coupled with a chemical reaction,
with increasing ka values, to provide a concise view of the impact
of the kinetics of the chemical reaction to the impedance
spectrum.

Figure 20. Simulated Nyquist plot of an RDE experiment with
increasing angular velocity (ω) values, leading to increasing B values. Ru
= 1000 Ohm, Cdl = 10−6 F, Rct = 1000 ohm, Y0 = 10−4 s1/2 ohm−1, B =
5.222 s−1 (ω = 10 rpm), B = 2.335 s−1 (ω = 50 rpm), B = 1.651 s−1 (ω =
100 rpm), B = 1.348 s−1 (ω = 150 rpm), B = 0.953 s−1 (ω = 300 rpm), B
= 0.674 s−1 (ω = 600 rpm), and B = 0.477 s−1 (ω = 1200 rpm). D was
deemed to be 7.6 × 10−6, as per the well-known redox couple ferro/
ferricyanide, and ν was 0.01 cm2 s−1, which is the approximate value of
water’s kinematic viscosity at 25 °C.

Figure 21. Simulated Nyquist plots of an ideal electrode surface with a
reflective boundary at various (from 0.5 to 5 s−1) B values. Ru = 1000
ohm, Cdl = 10−6 F, Rct = 1000 ohm, Y0 = 10−3 s1/2 ohm−1.
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14. POROUS ELECTRODES
Porous electrodes present an admittedly more complex pattern
of impedance than common planar electrodes and should not be
confused with rough electrodes having a random profile height.
The size and the shape of pores govern the properties of a porous
material. The first establishment of a complete impedimetric
profile of a porous electrode was introduced in 1963 by De
Levie.70 The term porous electrode refers to a porous
conductive material (e.g., carbon black) or an electroactive
film (e.g., a conductive polymer at its oxidized state) deposited
on a base metal electrode. The impedance of a porous electrode
can be represented by a uniform transmission line in a similar
fashion to the mass transfer models described in Figure 18. In
this model, pores are considered as circular cylinders of uniform

diameter and of semi-infinite length while their external surface
facing the solution is not taken into consideration. The pores are
completely and homogeneously filled by the solution and since
the resistance of the pore material is negligible, the only
resistance present is the ohmic drop of the electrolyte. Thus, a
uniform resistance (r1) and capacitance (C) per unit length is
presented across the pore’s wall length. If we do consider that the
electric properties of the solution/base electrode interface can
be represented by a capacitor, then this simplified model (--RC-
base electrode), depicted in (Figure 23A), approximates better a
porous metal film or a conductive polymer, reaching the form of
a reflective boundary (Figure 19). In this case, the impedance
spectrum in the form of a Nyquist plot exhibits a straight line at
45° at high frequencies and a straight (perpendicular to y-axis)
capacitance at low frequencies attributed to the charge
saturation at the end of the pore which blocks any DC current
from passing through the electrode substrate.
A modified transmission line can be used in the presence of a

redox molecule, by adding a faradaic impedance element (ZF) in
parallel to the capacitor, as depicted in Figure 23B. In fact, the
De Levie model for the porous electrode in the absence of a
redox molecule depicted in Figure 23A can be considered as a
transmission line of a reflective boundary where the pore/base
electrode interface is terminated by a capacitance much like the
reflective boundary model explained for finite diffusion in
section 13. Conversely, the De Levie model for the porous
electrode in the presence of a redox molecule depicted in Figure
23B can be considered as a transmission line of a transmissive
boundary terminated with a resistance like the transmissive
boundary model explained in section 13. Since De Levie’s
original model, various models have been introduced, e.g., by
substituting Cwith a CPE or by considering different values of C
(or CPE) along the pore length and the terminal C (or CPE) at
the solution/base electrode interface. Examples of such complex
porous models can be found in ref.71

Figure 22. Simulated Nyquist plot of an ideal electrode surface at
various (from 0.01 to 10 s−1) reaction rate values (ka). Ru = 1000 Ohm,
Cdl = 10−6 F, Rct = 1000 Ohm, Y0 = 10−4 s1/2 ohm−1.

Figure 23. Adapted illustration of De Levie’s model for a flooded porous electrode (A) in the absence and (B) in the presence of a redox molecule.
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15. INDUCTIVE BEHAVIOR
In section 6, we saw that when the circuit involves an inductor (a
coiled wire) the latter gives rise an inductive reactance, XL =
2πf L, which is proportional to the frequency and inductance,
while the current flow through the inductor lags the voltage by
90°. As a result, in the typical Nyquist plot −Z″ = f(Z′), we have
considered so far in this tutorial, the inductive impedance
appears below the x-axis (positive values) in the first quadrant
(Z′ positive, −Z″negative). Depending on the origin of XL,
actual inductance (ideally a straight line parallel to the positive
part of the Z″ axis) or “inductive behavior” appears at the
impedance spectrum at (very) high frequencies, while at (very)
low frequencies the effect of inductance to the impedance
spectrum appears as an “inductive loop”.
Inductive behavior at high frequencies is mainly associated

with the length and the positioning of the cell cables, the
contacts between the cables and the electrodes, the high
impedance of the reference electrode, and instrumental artifacts.
When ac current flows through a wire, a magnetic field
surrounding the wire is generated and the change of rate of
this magnetic field induces an electromotive force (emf) that
opposing the cause producing the current. This property is
termed self-inductance, is proportional to the length of the
cables and appears at high frequencies (where XL is increasing
and XC is low), while is more prominent at low impedance cells
such as batteries and supercapacitors. The length of the cables
also affects the stray capacitance between the WE−CE
electrodes and the bandwidth of the potentiostat. As a result,
at high frequencies, the use of extended cables might also cause a
distortion (inductive behavior) of the measured impe-
dance.37−39,72 A high impedance of the reference electrode,
due to the design of the electrode or the fouling of the ceramic
plug, slows down the voltage response of the electrode and
impacts both the phase and the modulus of the measured
impedance. The inductive behavior due to the reference
electrode can be effectively compensated if the latter is
connected in parallel with a 50 nF−1 μF capacitor and a Pt
wire, as shown in Figure 24A.38,73

Besides self-inductance in the ac current-carrying leads (WE-
CE), mutual inductance can also be generated in the voltage
leads (RE-WS) when the magnetic field lines pass from, WE-CE
to RE-WS wires. This will create an extra emf to RE-WS wires.
As mutual inductance depends on the orientation of the wires
with respect to each other and decreases as the distance between

them increases, it is recommended, that each pair of cables is
twisted with each other and placed to the maximum distance
possible, as illustrated in Figure 24B.38 Note that this cable setup
is effective only for low impedance systems.
On the other hand, the emergence of an inductive loop at the

(very) low frequencies range is often subject to discussions or
controversies, and thus, different models have been proposed to
explain it depending on the type and operation of the examined
electrochemical cell. The consensus view of most electro-
chemists is that inductive loops at low frequencies are observed
when the electrochemical reactions are coupled by the
formation of intermediate species absorbed on the electrode
surface. A typical example is the dissolution of iron in acidic
media (pH ≤ 5), which can be described by a reaction sequence
involving up to three intermediate species,74,75 and the
formation of soluble ferrous ion, Fe(II), that diffuses to the
electrolyte.76,77

Depending on the experimental conditions (the pH of the
electrolyte and the polarization−voltage), the impedance
spectra exhibit different inductive behaviors. Impedance spectra
for the dissolution of iron in 0.5 M H2SO4 at different corrosion
potentials, are shown in Figure 25.77 Similar impedimetric
profiles have been reported for magnesium corrosion in 0.5 M
Na2SO4 where the inductive loop at low frequencies is attributed
to absorbed intermediates (MgOHads).

78

The mechanism of the formation of such an inductive loop
remains rather inconclusive since many different theories have
been proposed to explain it. However, in general, considering a
two-step electrode reaction with an adsorbed intermediate,

A A I A( ) e e
k k

ads
2a d+ ++ (81)

where A is the metal, A(I)ads is the adsorbed intermediate
formed during the anodic dissolution of A, ka is the rate constant
of the faradaic adsorption reaction, and kd is the rate constant of
the faradaic desorption reaction, the formation of the inductive
loop can be explained as follows:77 If ka ≫ kd or ka ≪ kd
throughout the measurement, the inductive loop will not
emerge. However, if the applied voltage influences the kinetics of
the system dynamically by reversing the relationship of the rate
constants during the measurement (for instance, if in the
beginning of the measurement the rates’ relationship is ka ≫ kd
and then becomes ka ≪ kd), an inductive loop will appear in the
impedance spectrum. This can be said as a general rule, but in
each system, a certain degree of deviation from that behavior
may exist.
Other electrochemical systems exhibiting low frequency

inductive loops include polymer electrolyte membrane (PEM)
fuel cells and lithium-ion batteries. In PEM fuel cells, low
frequency inductive loops have been attributed to side reactions
and intermediates involved in the operation of the cells (for
example, the formation of the electrochemically generated
H2O2, during the oxygen reduction reaction, which imparts both
the lifetime and the performance of the electrodes and the
polymer electrolyte membrane), the formation of oxide layers
onto the Pt catalyst and the subsequent dissolution of PtO as
well as to the water transport through the membrane.79,80 In
lithium-ion batteries, low frequency inductive loops have been
explained by the formation of the so-called solid electrolyte
interface81,82 while other studies attribute their origin in drift
and corrosion phenomena.83

Figure 24. Suggested connections to alleviate inductive behavior due to
(A) the high impedance of the reference electrode and (B) mutual
inductance between WE-CE and RE-WS leads.
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16. PRACTICAL CONSIDERATIONS

16.1. Frequency Range
The frequency range in an EIS experiment should be sufficiently
wide to cover all the time constants of the processes (charging of
the double layer, electron-transfer reactions, mass transfer
phenomena) occurring in the electrochemical system under test.
The highest frequency range is limited by the bandwidth of the
potentiostat. Most analyzers offer a maximum frequency up to 1
MHz, which is sufficient to attain the high frequency limit of the
impedance equal the uncompensated resistance of the electro-
lyte.84 In common electrochemical cells, the Ru can be measured
at ca. 100 kHz, while in electrochemical systems involving solid
electrolytes, the very fast time constant associated with the
measurement of ionic conductivity within the bulk of the grains
dictates measurements to be conducted at frequencies >5
MHz.85 Some vendors offer FRA analyzers enabling measure-
ments up to 10 MHz along with cables suitable for measure-
ments at high frequencies. Remember that at such high
frequencies, especially at low impedance electrochemical
systems, the inductance and the capacitance of the wires as
well as the way they are connected with the cell (Figure 24B) will
contribute to the overall impedance measured. The use of short
wires suitable for such measurements is mandatory.
On the other hand, the lowest applied frequency is usually

ranged from some mHz up to 0.1 Hz depending on the
electrochemical system under test. Generally, measurements at
low frequencies are time-consuming. For example, a measure-
ment at 1 mHz takes (0.001 s−1 = 1000 s) ca. 17 min.
Considering that in order to eliminate the noise of the signal is
suggested that each spectrum to be taken more than one times
(this option is provided by the acquisition software), measure-
ments at these low frequencies are not practical. Moreover, at
this time scale the condition of “stability” (see above) might be
violated. Time consuming measurements at the mHz frequency
range can be addressed by using the multisine option available in

the acquisition software of the frequency response analyzers,
which enables the simultaneous application of more than one
excitation signals at different frequencies (for example, 5, 10 or
even more) that are summed up to form a multisine excitation
signal. The impedance response to this multisine excitation
signal is recorded and deconvoluted by applying fast Fourier
transforms to the impedance data for its discrete frequency. The
use of multisine option is usually accompanied by a slightly
disordered spectrum compared with that obtained by applying
each frequency at a time; however, as stated above, it leads to
faster acquisition of the spectrum.
16.2. Amplitude

The amplitude of the perturbating signal (voltage or current
when the measurement is taken under potentiostatic or
galvanostatic mode, respectively) should be high enough to
induce a high signal-to-noise ratio response (a reliable, not noisy
signal) and at the same time not so high in order to keep the
system in a linear regime. The optimum amplitude of the
excitation signal is different for high and low frequencies;
however, for convenience, a single value is used for all the
applied frequencies. Remember that an easy way to select the
maximum permissible amplitude of the perturbation signal is to
refer to the shape of the resulting Lissajous plots (Figure 6). A
symmetric and stable ellipsis denotes that under the applied
experimental conditions the system is both linear and stable,
while a disordered ellipsis imposes the application of a lower
amplitude signal.
Under potentiostatic modulation, a voltage amplitude of 5−

10 mV is commonly used. When a value is adapted from the
literature, the user should check if this value refers to the peak,
peak-to-peak or the rms value (Figure 1). A Vp = 10 mV is
translated into Vpp = 20 mV and Vrms = 7 mV. For measurements
at fluids with high resistivity (nonaqueous electrolytes) the
application of a considerably higher amplitude perturbating
signal might be necessary. The ac excitation voltage amplitude is

Figure 25. Nyquist impedance spectra for the iron electrode in 0.5 M H2SO4 solution at various potentials. (a) Corrosion potential, −530 mV (vs
SCE); (b) −450 mV; (c) −400 mV; (d) −350 mV. Reprinted with permission from ref 77. Copyright 2002 Elsevier.
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usually superimposed on a dc voltage. Depending on the
application, the dc voltage usually refers to the OCP, or to the
formal potential of the redox probe involved in the measuring
solution, in the case of faradaic impedance measurements. For
example, EIS measurements in an electrolyte containing the
ferro/ferricyanide redox couple are commonly conducted at ca.
0.2 V.86

16.3. Connections

As mentioned above, EIS measurements can be conducted by
using 2-, 3-, or 4-electrodes, while modern potentiostats feature
four cables, two (WE, CE) for carrying the current and two (RE,
WS) for measuring the voltage. Besides the length and the
technical specifications of the wires, the influence of which on
the impedance data is discussed above, the connection of these
cables to the cell under study is also very important. A
challenging case is that of a 2-electrode cell, such as a common
battery.37,38,87,88 A 2-electrode battery can connect with the four
cables of the potentiostat either in a two terminal (2T) or a four
terminal (4T) configuration, as illustrated in Figure 26A.

In both cases, the current IWE‑CE that flows through the cell is
the same, while the voltage in each case is given by the following
equations

V i Z Z( )RE,WS(2T) WE CE BAT WIRE= + (82)

V i ZTRE,WS(4 ) WE CE BAT= (83)

where ZBAT is the impedance of the battery and ZWIRE is the
impedance of the wires. The impedance spectra obtained at each
measuring configurations are illustrated in Figure 26B. The
difference in the real impedance (at Z″ = 0) due to the resistance
of the wires (R wires) and the difference of the imaginary
impedance at the first quadrant due to the inductance of the
wires (XL wires) are indicated.
16.4. Faraday Cage and Distortion of the Impedance Data
by Other Equipment
The use of a Faraday cage, especially when measuring
impedance at low-current electrochemical cells is highly

recommended. In addition, the generation of time-varying
magnetic fields by other equipment operating a short distance
from the cell, such as the computer, stirrers etc. or even the
power line, might induce mutual inductance thus impairing the
impedance measurements. The influence is more severe when
extended or unshielded cables are used. Where it is possible,
other equipment should not be in operation during the
impedance measurements.38,72

16.5. Data Validation and Simulation
Once a spectrum is obtained, the validity of the data should be
checked by running the Kramers−Kronig test provided by the
control software. By default, the number of RC circuits or RC
serial arrangements is equal to the number of data points. If there
is a chance that the measured signal is subject to noise, the
number of circuits may be reduced to avoid both overfitting and
the consequent incorporation of noise in the model. The “Tau-
range factor” is a special parameter set to 1 by default. It is related
to the distribution of RC-times in the circuits, which are kept
fixed during the fit. In the Kramers−Kronig test, fit is only done
on the R-value of each RC-circuit. The result of the test is the
value of pseudo-χ2, the sum of squares of the relative residuals. In
each case, the χ2 for the real and the imaginary part is reported
(overall χ2 is a sum of real and imaginary χ2). Large χ2 value
means bad fit, small value−good fit. In this case, the definition of
“large” or “small” depends on the number and the value of data
points. As a rule of thumb, values lower than 10−6 usually mean
an excellent fit, reasonable between 10−5 and 10−6, marginal
between 10−4 and 10−5 and bad for even higher values.
Moreover, the residuals should be small and randomly
distributed around zero. The test can be conducted on the
real part, imaginary part or both parts of admittance/impedance
(complex fit). When fitting is performed on a single part only,
the second part of the measured data set is generated using
Kramers−Kronig transformation (based on the assumption that
the system obeys Kramers−Kronig criteria), and then, the χ2 for
the second part is computed. Once the Kramers−Kronig test has
been run successfully, data can be simulated to an equivalent
electrical circuit in order to gain insight for the various
electrochemical physical processes involved. Every set of data
can be simulated to a complicated equivalent electrical circuit. It
is important though for the circuit to be as simple as possible
containing passive or distributed elements that can be correlated
to electrochemical physical processes.

17. UTILITY OF EIS IN ENERGY APPLICATIONS AND
BIOSENSING

17.1. Lithium-Ion Batteries
Since their commercialization in 1991, lithium-ion batteries
have established themselves as the prime energy source in
common everyday devices.89 As seen in Figure 27A a Li-ion
battery presents a complex assembly starting with two current
collectors on its sides (copper and aluminum foil, respectively),
as well as the anode, which is commonly graphite or other
porous carbon materials like carbon black, and the cathode
which is commonly a lithium-intercalated metal oxide (LiMxOx
where M can be Co, Ni, Mo, V etc.).90 Moreover, lithium salt-
containing liquid electrolyte (e.g., LiPF6 in propylene
carbonate) lies between the anode and the cathode to enable
ion transfer between the electrodes. In real batteries, however,
the anode and the cathode are in proximity, so a lithium-
conducting separator electron-insulating membrane is also
applied between them preventing electronic current from

Figure 26. (A) 2-terminal and 4-terminal connections of a 2-electrode
cell with the potentiostat and (B) the respective Nyquist plots adapted
from ref.87 Courtesy of Metrohm Autolab B.V.

ACS Measurement Science Au pubs.acs.org/measureau Review

https://doi.org/10.1021/acsmeasuresciau.2c00070
ACS Meas. Sci. Au 2023, 3, 162−193

184

https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig26&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig26&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig26&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00070?fig=fig26&ref=pdf
pubs.acs.org/measureau?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.2c00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


crossing each side to avoid short-circuits. To understand the
impedimetric profile of a lithium-ion battery, we must consider
how it works first. When a lithium-ion battery is charging,
lithium ions are deintercalated from the lithium metal oxide of
the cathode due to the loss of an electron by the positive bias of
the charger. That electron flows through copper foil and through
the charger creating a negative charge in the graphite in the
anode. For this reason, the produced lithium ions are diffused
through the separator and are consequently intercalated in the

anode. Eventually, when charging is completed, the cathode will
be completely deintercalated while the anode will be completely
intercalated with lithium. Reversely, during a discharging
process, lithium ions will be deintercalated from the now
unstable anode producing one electron which flows through the
battery connection until it reaches the cathode, which causes
lithium ions to be diffused back to it, forming the stable LiMxOx.
With that being said, it is evident that each part of a lithium-ion
battery can be analyzed into different equivalent circuits as
depicted in Figure 27A since it forms different interfaces with its
adjacent elements.91,92 An actual impedimetric profile of a real
battery is closer to that of Figure 27B, since the contribution of
each distinctive element can be summed up to a more general
equivalent circuit (for instance Rb stands for the bulk resistance
of the half-cell, including the electrolyte, the electrode, and the
separator).93 In the Nyquist plot presented here, a semicircle
attributed to the interfacial characteristics and the charge
transfer of the lithium ions is evident, coupled with the Warburg
impedance attributed to the diffusion of the lithium ions from
the electrolyte to the electrode or vice versa.
However, an additional semicircle is visible at the higher

frequencies attributed to the interfacial characteristics of the
solid electrolyte interface (SEI), that is, an organic layer created
due to the decomposition of the liquid electrolyte near the anode
surface, which mostly influences the electrochemical properties
of the anode’s metal oxide.93−95 The existence of the SEI
influences the inherent properties of the battery itself, such as its
cycling stability. Additionally, there have been reported cases
when an inductive loop also emerged in high frequencies due to
the initial instability of the SEI while the eventual disappearance
of the inductive loop can be used as a clue to the stabilization of
the SEI layer.93

As explained above, standard lithium-ion batteries have been
established using liquid electrolytes as charge carriers. However,
contemporary literature has been occupied with the possibility
of replacement of liquid electrolyte with solid electrolytes which
exhibit faster ion conduction.96 When solid electrolytes are used,
the impedimetric spectrum at the high frequencies region is
expected to involve two different semicircles representing the
difference in charge transfer within the bulk of the grains of the

Figure 27. (A) Description of individual cell components with
equivalent circuit elements. Reprinted with permission from ref 91.
Copyright 2016 Wiley. (B) Equivalent circuit model of a lithium-ion
half-cell system. Reprinted with permission from ref 93. Copyright 2004
Elsevier.

Figure 28. (A) Nyquist plot of Li|ILE|SE|Li (green line) cell with its respective fit and characteristic peak frequencies. (B) Schematic of the Li|ILE|SE|
Li cell and the equivalent circuit used for fitting the impedance data. Li, Lithium electrode, SE, solid electrolyte, ILE, ionic liquid electrolyte, ECR,
electrochemical reaction. Adapted with permission from ref 85. Copyright 2021 Wiley.
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solid electrolyte (intragrain charge transfer) and the more
conductive grain boundaries (intergrain charge transfer).97

Nevertheless, all-solid-state systems suffer from contact issues at
“solid−solid” interfaces between the cathode and electrolyte
composite.96 That is why hybrid solid/liquid electrolyte (SE/
LE) systems have been proposed to improve cathode perform-
ance, which present a very interesting impedimetric system
currently under investigation.
Fuchs et al.85 employed a mixed solid/ionic liquid electrolyte

(SE/ILE) system between two symmetrical lithium metal
electrodes (Li) and its impedimetric profile is shown in Figure
28A. The Nyquist plot of this setup exhibiting four semicircles,
which have been divided to five different time constants
[indicated as [RCPE](1), [RCPE](2), ... [RCPE](5)] using a
proportional weighingmethod, is analyzed as follows: two in low
frequencies for the transfer across the SE/ILE phase boundary,
(RCPESLEI) and (RCPESEI), one related to the ion mobility
between the grain boundaries (GB) of the solid electrolyte
(RCPEGB) in intermediate frequencies, and one attributed to the
ion mobility within the bulk grain (BG) of the solid electrolyte
(RCPEBG) at higher frequencies. The uncompensated resistance
of the liquid electrolyte is considered to be nil, since the
electrolyte is present only as a very thin interlayer. Another
semicircle is attributed to the electrochemical reaction
(RCPEECR) in lithium metal anode. Note that complete
identification of the (RCPEBG) related semicircle requires
measurements at very fast excitation frequencies (typically over
5 MHz) for which high performance frequency response
analyzers are required to produce safe results. A schematic of
the whole cell separated by different interphases with the
respective equivalent circuits is shown in Figure 28B.
17.2. Solid Oxide Fuel Cells

Much like a battery, solid oxide fuel cells (SOFC) are also
galvanic cells which operate in a similar fashion, using typically
hydrogen as a fuel.98 These cells are composed of two thin,
porous electrodes (deposited on metal collectors), which are
separated by the solid electrolyte. Figure 29A shows a general
schematic of a SOFC based on an oxygen ion conducting solid
electrolyte. The most common solid electrolyte of this type is
yttria-stabilized zirconia (YSZ),68,99 which at high temperatures
(ca. >650 °C) exhibits a satisfactory conductivity. The
procedure begins with molecular hydrogen flow toward the
porous anode, at which two atoms of hydrogen are adsorbed and
react with an oxygen ion initially provided by the electrolyte’s
crystal lattice. This reaction produces water and releases 2
electrons, as per the half reaction:

O2H O H 2eads
2

2+ + (84)

The produced water flows out of the system, while the
released electrons travel through the anode’s current collector
(depicted in gray) to the current collector/cathode/solid
electrolyte three phase boundary. At this side, molecular oxygen
of the gas inflow, is atomically adsorbed on the cathode and
reacts with the electron pair, as per the half reaction:

O (cathode) 2e (current collector)

O (solid electrolyte)
ads

2

+

(85)

producing oxygen ions which flow freely through the solid
electrolyte until they reach the anode where this procedure
repeats itself.

The operation of a SOFC, and consequently its impedimetric
profile is highly dependent on the resistance of the solid
electrolyte, that is, the ionic conduction within and between the
grains as well as the electrochemical reactions at both the anode
and cathode. Considering that the time constants for these
processes are considerably different each other, over a wide
frequency range from a few mHz to some MHz (see discussion
in section 17.1), these processes can be ideally identified in an
impedance spectrum, as three semicircles.

Figure 29. (A) Schematic of the working principle of a SOFC based on
an oxygen ion conducting solid electrolyte. (B) Sketch of the situation
where the anode microstructure is modeled as stainless-steel columns
coated with a Ce0.8Gd0.2O1.9 (CGO) based infiltration and the
electrochemical profile can be described by a transmission line.
Reprinted with permission from ref 104. Copyright 2012 Elsevier. (C)
CNLS-fit of impedance data to an equivalent electrical circuit that was
developed by a preidentification of the impedance response by
calculating and analyzing the corresponding distribution of relaxation
times (DRT). Reprinted with permission from ref 103. Copyright 2013
Elsevier.
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However, the impedimetric response due to the electro-
chemical processes at the anode and cathode are strongly
dependent on the type of the electrodes, the type of the solid
electrolyte, the type of the fuel, the water content, the working
temperature, the gas supply etc. In this regard, even though a
plethora of impedimetric studies on different SOFC have been
reported, a consensus still does not exist regarding which
processes are limiting the overall performance of a SOFC as well
as on the discrimination of the respective impedance
contribution to the whole spectrum. So far, impedimetric data
have been analyzed and interpreted either with a porous
transmission line modeling (Figure 29B),100 or with the
distribution of relaxation times (DRT) method.101−103 This
method enables the transformation of a Nyquist plot showing
poorly separated semicircles to a DRT = f(frequency) plot
showing well resolved peaks attributed to the different time
constants involved in the spectrum, which then can be attributed
to individual processes. An example of the DRT method for
analyzing the impedimetric profile of a reformate fueled Ni/YSZ
anode based SOFC103 is shown in Figure 29C.
The deconvolution of the impedimetric data to these five

different semicircles (indicated in Figure 29C as processes (P);
P3A, P2A, P2C, P1A, and Pref) can be conducted via a complex
nonlinear least-squares (CNLS) method available in Zview
software. The physical processes represented in this spectrum
are as follows: Ro, overall ohmic losses; R3A/Q3A (Q stands for
CPE) and R2A/Q2A, gas diffusion coupled with charge transfer
reaction and ionic transport within the anode functional layer;
R2C, a Gerischer element corresponding to the activation

polarization of the cathode; R1A, a generalized finite length
Warburg element representing the gas diffusion of H2/H2O
within the anode substrate, and Rref/Qref representing the
reformate operation of the fuel cell. Details are available in ref
103.
17.3. Dye Sensitized Solar Cells, IMVS, and IMPS
Measurements

Dye-sensitized solar cells (DSSCs), developed by Michael
Graẗzel in 1991,105 are low-cost photovoltaic cells that convert
light energy into electrical energy with an efficiency up to 14%.
The construction of DSSCs is relatively simple. They are
composed of two transparent conductive electrodes (ITO of
FTO), separated by a liquid or gel electrolyte containing iodide/
triiodide (I−/I3−) redox couple, which are pressed together to
form a nonleaking cell. The anode is covered by a thin layer of a
high surface area porous semiconductor (typically TiO2)
impregnated with a dye, the sensitizer (typically the ruthenium
complex-based dye N719). The principle of operation of a
DSSC is depicted in Figure 30A. The basic characterization of a
DSSC involves the construction of a dc current−voltage (I/V)
curve under, different, constant light intensities. Under
potentiostatic control the voltage is scanned from V = 0
(short-circuit potential where the Isc = max) until reaching the
OCP where I = 0. The product of each I/V pair values gives the
power (P =VI), as illustrated in the stylized sketch in Figure 30B.
Besides dc measurements, EIS measurements at different,

constant light intensities can also provide mechanistic data for
the DSSC. Details on the EIS analysis of the DSSCs, available in
refs 106−108, will be skipped and our attention will be focused

Figure 30. (A) Schematic representation of a DSSC and (B) current−voltage plot of a DSSC. The gray area denotes the voltage perturbation around
OCP and the current perturbation around Isc defining the examined IMVS and IMPS areas under modulated light intensity (C) A simplified
experimental setup for the generation of modulated light intensities and cables connection at IMPS and IMVS measurements (D) Imaginary
component −Z″(IMVS) of the IMVS transfer function versus the frequency range from 10 kHz to 100 mHz at three light intensities 5 (blue dots), 10
(red dots), and 50 mW/cm2 (green dots) with a DSSC, using the N719 dye. Courtesy of Metrohm Autolab B.V.109
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to two other measurements in which the DSSC is illuminated,
not by a constant light intensity, but by a frequency-depended
light intensity Φ(ω) (mW cm−2).109,110 That is, at high
frequencies the light blinks fast, at lower frequencies blinks
slower while at very low frequencies ( f→ 0) the light tends to be
constant. A simplified experimental setup for the generation of
modulated light intensity (the input signal) is shown in Figure
30C. Depending on the cabling, two different sinusoidal output
signals which have the same frequency with the input signal, but
differ in magnitude and phase, can be measured: The current
(when the electrodes of the DSSC are connected with the WE-
CE leads) or the voltage (when the electrodes of the DSSC are
connected with the RE-S leads). Therefore, two new transfer
functions enabling the description of the input/output relation
in each case occur:
(a) The Intensity Modulated Photocurrent Spectroscopy

(IMPS) transfer function

H
I I

e
( )
( )

j
IMPS( )

o

o
= =

(86)

that can be calculated by measuring the ac current
generated at the DSSC

i I I tcos( )t( ) dc o= + (87)

when it is illuminated by modulated light intensity

tcos( )t( ) dc o= + (88)

under potentiostatic control at V = 0 (short-circuit
conditions) and subsequent analysis of the signals. From
the peak frequencies, f p(IMPS), of the resulting plots of the
imaginary component −Z″(IMPS) versus the frequency,
at the different light intensities, the electron transport
time constants, τtr = 1/2πf p(IMPS), can be evaluated. Data
show that the electron transport is faster when the light
intensity increases.

(b) The Intensity Modulated photoVoltage Spectroscopy
(IMVS) transfer function

H
V V

e
( )
( )

j
IMVS( )

o

o
= =

(89)

that can be calculated by measuring the generated ac
voltage

v V V tcos( )t( ) dc O= + (90)

when the cell is illuminated by modulated light intensity
(eq 88) under potentiostatic control at the OCP and
subsequent analysis of the signals.

From the peak frequencies, f p(IMVS), of the resulting plots of
the imaginary component −Z″(IMVS) versus the frequency, at
the different light intensities (indicated with arrows in Figure
30D), the electron recombination time constants, τrec = 1/
2πf p(IMVS), can be evaluated. Data show that upon the increase of
the light intensity the recombination rate increases or otherwise,
the electron lifetime decreases. The above time constants are
also very useful to evaluate the efficiency of a DSSC by
calculating the charge-collection efficiency, as per equation, ηcc =
1−(τtr/τrec). It stands to reason that high efficiencies can be
achieved by increasing the time for electron recombination or
decreasing the electron transport time through the pores of the
anode.
17.4. Capacitive and Impedimetric Biosensors
Biosensors are analytical devices integrating a physical trans-
ducer (for example, an electrode) and a biochemical transducer
(for example, an enzyme, an antibody, a single-stranded DNA,
an aptamer etc.) that are in ultimate contact, and translate the
concentration of the target analyte(s) into an electrical signal.111

The operation of capacitive biosensors is based on the alteration
of the dielectric properties and/or the expansion of the dielectric
layer at the electrode/electrolyte interface due to the specific
interaction between a surface confined receptor (for example, an
antibody, Ab) with an analyte specific to the receptor (for
example, an antigen, Ag). According to equation,

C A d/o= (91)

where ε, is the dielectric constant of the medium at the
electrode/electrolyte interface, εo, is the permittivity of free
space, A, is the surface area of the electrode, and, d, is the
thickness of the attached layers onto the electrode surface, the
capacitance of the resulting biosensor (electrode/Ab) is
decreasing due to the specific interaction between the
immobilized receptor and the soluble target and the formation
of the Ab-Ag immunocomplex on the electrode surface
(electrode/Ab-Ag) (Figure 31). Obviously, the response of a
capacitive biosensor is dependent on the size and the
concentration of the target analyte and thus this biosensor
type is mostly indicated for the sensing of bulky targets, such as
proteins or even better, cells.112−117 As regards, the formation of
the Ab-Ag immunocomplex results in alteration of the dielectric
properties of the medium as water molecules (ε = 80) are
replaced by compounds with lower dielectric constants (for
example, the dielectric constant of a protein is ca. ε = 20.118

Capacitance changes due to Ab-Ag interactions are measured at
low excitation frequencies, typically up to a few kHz. The
performance of capacitive immunosensors is greatly affected by
the nonideal capacitive behavior of the various layers that build

Figure 31. Schematic representation of a capacitive biosensor showing the buildup of the biosensor and the biorecognition event where the total
capacitance is described by various capacitors in series. Cdl, capacitance of the electric double layer; IL, insulating layer; Ab, antibody; Ag, antigen (the
target analyte).
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the biosensor. Commonly, the immobilization of Abs onto the
electrode surface is implemented through an insulating layer
deposited or developed on the electrode surface (self-assembled
monolayers of thiols, anodic oxide layers, electropolymerized
nonconductive films etc.) that bears proper functional groups
aiming (i) the effective immobilization of the recognition
molecules (Abs) and (ii) the electrode assembly to behave as an
ideal capacitor. However, the inherent nonideal dielectric
character of biomolecules as well as surface defects at the
insulating layer cause the whole assembly to deviate from the
ideal capacitive behavior thus impairing the detection
capabilities of the biosensor.
As a result, faradaic impedancemeasurements, in the presence

of a redox couple in the measuring solution, have been
considered as an alternative property for probing biomolecules
interactions.112−115,119,120 In this case, the impedance spectra
can be modeled by a Randles circuit in which the charge-transfer
resistance (Rct) varies in a concentration dependent fashion,
depending on the flux rate of the redox molecules to the
electrode surface that is being polarized to the formal potential
of the redox couple (an equimolar mixture of [Fe(CN)6]3−/4− is
often used for this purpose). The flux rate of the redox probe is
controlled by the extent of the formation of the Ab−Ag
immunocomplex. The latter acts as a physical barrier which
causes a concentration dependent lowering of the flux that is

manifested by the respective increase of the charge-transfer
resistance. Depending on the measuring pH and the isoelectric
point (pI) of the biomolecules, the flux rate is also affected by
attractive or repulsing forces of columbic nature between the
biosensor’s surface and the molecules of the redox probe. The pI
of a biomolecule refers to the pH at which the net charge of the
biomolecule is zero. Thus, when pH > pI the biomolecule is
negatively charged and when pH < pI the biomolecule is
positively charged. Figure 32A shows a faradaic impedimetric
immunosensor for the detection of Salmonella typhimurium in
milk samples, which is based on gold electrodes (AuE) modified
with a mixture of thiol-based SAMs which was used as an
anchoring layer for the immobilization of Abs specific to the
target bacteria though a bifunctional linker (glutaraldehyde).
Non-specific binding sites on the electrode surface were blocked
by depositing an inert protein (BSA). Impedance spectra were
obtained in phosphate buffered saline, pH 7 containing [Fe
(CN)6]3−/4− at 0.2 V vs Ag/AgCl 3 M KCl. As shown in Figure
32B, in the presence of the target bacteria (Salmonella
typhimurium) in the culture sample, the Rct increases as the
electron-transfer reaction is hindered by both the formation of
the Ab-Ag immunocomplex and the repulsive forces between
the negatively charged cells (more precisely, cell confined
proteins) and the negatively charged [Fe (CN)6]3−/4−

molecules. Crucially, the response of the biosensor to another

Figure 32. (A) Tentative view of the different modification and recognition steps of the BSA-blocked Au/MUAM-MH/GA/Anti-SA immunosensors
and (B) Nyquist plots showing the impedimetric response of the immunosensor (a) before and after its incubation with (b) E. coli and (c) S.
typhimurium culture samples for 1 h. Initial concentration of bacteria, 106 cfu mL−1. Measuring conditions, 0.1−105 Hz at +0.200 V bias (10 mV rms).
Electrolyte, 5 mM hexacyanoferrate(II)/(III) (1 + 1 mixture) in PBS solution, pH 7. MUAM, 11-Amino-1-undecanethiol hydrochloride; MH, 6-
Mercapto-1-hexanol; GA, glutaraldehyde. Reprinted with permission from ref 86. Copyright 2008 ACS Publications.
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bacteria (Escherichia coli) is nil, demonstrating a high selectivity
attributed to the immobilized antibodies.
Compared with capacitive biosensors, faradaic impedimetric

biosensors are usually considered to be more sensitive.
However, the ability of the former to operate at a reagentless
mode is an attractive feature for point-of-care applications. The
analytical features of faradaic impedimetric biosensors also
depend on the thickness of the sensing layer, the electrocatalytic
properties of the base electrode (or the modified electrode
surface) toward the redox probe molecules, the size of the redox
probe molecules, the density of the biorecognition layer, the
blocking of the nonspecific binding sites as well as the
accessibility of the target analytes to the surface of the biosensor.
A high signal-to-noise ratio that would ensure a low detection
limit and high sensitivity requires that the electron-transfer
process, in the absence of the target, is quite facile and thereby
offering a very low background signal (that is, a narrow
semicircle with a very low Rct) over which small signals changes
(corresponding to low concentrations of the target) can be
reliably measured. The sensitivity of the measurements can also
be improved when bulky redox molecules are used instead of
small redox molecules that can freely penetrate through the Ab-
Ag immunocomplex. Even though the [Fe (CN)6]3−/4− redox
couple, due to its low cost, highly solubility and its low formal
potential is widely used in such applications, the use of bulky
redox species, such as the silicotungstic acid hydrate (H4SiO4·
12WO3·xH2O) heteropolyacid can be evaluated for the
enhancement of the sensitivity.121 Note though that in this
case, the detection range is expected to be narrower since the
penetration (diffusion) rate of the (bulky) redox molecules
through the immunocomplex will reach a plateau even at lower
concentration of the target.
Another major challenge is that EIS biosensors can also be

associated with nonspecific signal changes that could be easily
mistaken for specific interactions. Selectivity is particularly
important in real samples where the analyte concentration can
be much smaller than the concentration of nontarget molecules.
Commonly, the blocking of the nonspecific binding sites is
attainable by covering the Ab-modified electrode surface with a
protein, such as BSA. However, this step should be carefully
optimized as extended BSA coverage will also block the specific
binding sites, thereby resulting in poor response. Finally, the
detection capabilities of EIS biosensors are greatly affected by
the bioactivity of the immobilized recognition biomolecules. In
this perspective, the surface concentration of the functional
groups which are used for the immobilization of the recognition
biomolecules should be carefully selected. In the example
illustrated in Figure 32, MH serves as a “dilutor” of MUAM that
brings the functional amino headgroups for the immobilization
of Abs, thus minimizing steric hindrances. High loadings of
MUAM might also result in the immobilization of antibodies
through multiple binding sites that in turn, can lead to reduced
flexibility (rigidity of binding) and binding capacity of Abs to the
target molecules.
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■ VOCABULARY
transfer function: the relationship between the output signal
of a linear time-invariant system to the input signal
EIS: based on the perturbation of an electrochemical system,
via the application of a small amplitude sinusoidal signal (ac
voltage or ac current) over a wide range of frequencies and the
monitoring of the sinusoidal response (current or voltage,
respectively) of the system toward the applied perturbation
time constant (τ): a measure of the time behavior of a process
and corresponds to the time that a system needs to reach the
ca. 63% of its maximum response or to decay to the ca. 37% of
its original value
Kramers−Kronig test: a test is used to check the validity of the
impedance data. The Kramers−Kronig relations enable the
calculation of the real part of the impedance from the
imaginary part and vice versa. In a causal system, these parts
are related.
Randles equivalent electrical circuit: the uncompensated
resistance of the electrolyte Ru, connected in series with a
parallel combination of the capacitance of the electric double
layer (C or CPE) with the charge-transfer resistance (Rct) due
to a faradaic reaction and the Warburg impedance, ZW
constant phase element (CPE): used to model an imperfect
capacitor
Warburg impedance, ZW: expresses the difficulty of mass
transport of the redox species to the electrode surface
considering a semi-infinite linear diffusion. It is modeled by a
straight line with slope 1
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