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Abstract: The evolution of impedance measurement methods into the current state of the art
is reviewed briefly, and recent efforts to develop new instruments to make electrochemical
impedance spectroscopy (EIS) measurements faster and more accurate are described. The
most recent approach for impedance measurement uses a multichannel detection technique,
which is analogous to a spectroscopic measurement such as in Fourier transform infrared
spectroscopy. This method, which is capable of making impedance measurements in real
time during an electrochemical experiment, allows us to come up with a new integrated equa-
tion that makes a full description of an electrochemical system possible. 
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INTRODUCTION 

An electrochemical reaction taking place at an electrified electrode/electrolyte interface cannot be fully
described unless a complete impedance measurement is made on the interface [1]. This is because the
electrode/electrolyte interface in its simplest form is made of a serial connection of a resistor repre-
senting an uncompensated solution resistance (Rs) and a parallel network of a capacitor (Cd) and a re-
sistor representing what is called a polarization resistance (Rp) for electron transfer, as shown in Fig. 1.
Here the capacitor arises from the electrical double layer formed by the parallel alignment of the
charges on the electrode surface and the same number of counterions on the solution side approaching
as close to the charged surface as two solvent molecules away [2]. The polarizational resistor originates
from the activation barrier for an electron transfer across the double layer at an overpotential (η) ap-
plied to the interface. The polarization resistor at any η becomes a charge-transfer resistance, Rct, for
the reaction of interest at η = 0 V.

*Paper presented at the 40th IUPAC Congress, Beijing, China, 14–19 August 2005. Other presentations are published in this issue,
pp. 889–1090.
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Traditionally, an electrochemical reaction has been described based on only the faradaic current
without showing other components because it has been the only quantity measured by the traditional
electrochemical measurements for an overpotential applied in voltammetric experiments. For
chronoamperometric experiments, the current is measured for a constant potential applied. In these ex-
periments, the measurements are often made with an assumption that the currents arising from non-
faradaic components are too small to be considered. Thus, the capacitive component is often ignored,
the measurements are made after the faster capacitive current decay off, or the effects of nonfaradaic
currents are removed by the background subtraction. To alleviate the problems arising from the capac-
itive components, polarographic experiments such as tast polarography and normal pulse polarography
have been developed, in which the current is sampled after the capacitive current decays off [3]. The
background subtraction technique, which is often used in the fast cyclic voltammetry experiments, as-
sumes that the capacitance is constant over a wide range of potential. However, this is a rather naïve ap-
proach as the capacitance is known to be different on both sides of the point of zero charge, which also
varies depending on the electrode material as well as the type and the concentration of the supporting
electrolyte in solution [4].

While a full interpretation of an electrochemical reaction requires knowledge of the electrified in-
terface, all the electrochemical experiments mentioned thus far provide only part of the information.
Only impedance measurements give all the information needed to describe the electrochemical reaction
at electrified interfaces. The impedance measurements were first born out in order to measure the cir-
cuit components in physics or electrical engineering [5], which were imported into the electrochemistry
to interpret the electrochemical behavior taking place at the electrified interface, employing what is
called an “equivalent circuit”. In this article, we briefly review the electrochemical impedance spec-
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Fig. 1 A simple electrified interface. The oxidants with a positive charge diffuse in toward the negatively charged
electrode, accept electrons from the electrode at the interface, become the reductants (neutral), and diffuse out to
the bulk of the solution. Here, the oxidant is also a counterion to the electrode. No specific adsorption is considered
at the interface. An equivalent circuit representing each component at the interface and in the solution during an
electrochemical reaction is also shown for comparison with the physical components.



troscopy (EIS) and efforts to develop new instruments. We will also discuss our attempt to achieve a
complete description of an electrochemical system.

BRIEF REVIEW ON IMPEDANCE AND ITS MEASUREMENT TECHNIQUES 

Evolution of hardware for impedance measurements

Impedance is a complex resistance to a current flowing through a circuit made of resistors, capacitors,
inductors, or any combination of these. Depending on how these components are interconnected with
each other, the magnitude of the current and its phase shift are determined. The response thus obtained
is also frequency-dependent and, thus, the impedance must be measured in a wide frequency range in
order to extract the information on the interface. In a normal electrode/electrolyte interface, inductors
are not usually encountered; we are going to leave out our discussion on the role of inductors here.
Although the electrical responses from the circuits upon excitation by ac voltage waves are frequency-
dependent, their frequency dependency is not based on the absorption of the frequency-dependent en-
ergy as is the case for other spectroscopic measurements. In other words, the impedance response does
not originate from the transitions between different energy levels, and, thus, the phrase “electrochemi-
cal impedance spectroscopy” is a misnomer as we pointed out earlier [1]. Nevertheless, the measure-
ments are made in the whole frequency range, resembling a true spectroscopic measurement.

The information on the impedance of the interface is derived from the measurements of both the
current and the phase shift upon excitation of the system by an ac wave of a given frequency. Techniques
capable of making these measurements include frequency response analysis (FRA), phase-sensitive de-
tection using a lock-in amplifier, and others. Of these, the current state of the art in the commercial mar-
ket is the frequency response analyzer; its principle is shown in Fig. 2. In the FRA method, a small ac
voltage wave, typically 5–10 mV (peak-to-peak) of a given frequency is superimposed on a desired dc
bias voltage and applied to the electrochemical cell. The ac current, S(t), obtained from the cell is then
multiplied by a reference sine or cosine wave and integrated to obtain both the real, Z'(ω), or imaginary,
Z"(ω), signal according to 

(1)

and

(2)

where T is a period (=1/f) of the ac wave, f is the frequency of the wave, n is the number of cycles in-
cluded in the measurement/integration, and sin(ωt) and cos(ωt) are reference signals. The high-fre-
quency harmonics are removed by digital filtering and the signal-to-noise ratio is determined by n1/2 as
is the case for any other measurements. Usually, ac waves of 10–20 different frequencies are used per
decade while scanning the frequencies from a few 100 kHz to mHz.
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Regardless of which technique is used for impedance measurements, the traditional impedance
measurement methods require a long time for data acquisition because the small ac voltages are gener-
ated in a wide range of frequencies, overlaid with a dc bias voltage at which an electrochemical reac-
tion takes place, and applied to the interface. Then, the response current signal as well as its phase shift
is measured in sequence in the frequency range covering from a few 100 kHz to mHz. Further, these in-
struments usually make multiple measurements and average the response signals to enhance the signal-
to-noise ratio as small ac signals are measured. For this reason, it usually takes about 2~3 h to as long
as overnight to scan the whole frequency range depending on how “stable” the electrochemical system
is. In other words, the stability of the electrochemical system or what has been termed as “stationarity”
in this community is a very important and strict requirement for reliable impedance measurements
[6–11]. Owing to this requirement, the instruments wait until a steady state is reached by monitoring
the current before they start making measurements, which takes additional time. The electrochemical
system continues to change in the meantime because all these are done at an applied bias potential
where an electrochemical reaction is expected to take place. For this reason, the system response at
higher frequencies can often be different at lower frequencies because the system might have changed
by the time the instrument reaches a low frequency. This makes investigators wonder at times whether
the impedance results obtained are truly representing those for the electrochemical system, which led
Macdonald et al. to propose to use the Kramer–Konig transform for testing the validity of impedance
data [12]. 

Regardless of whether the results are valid or not, it is fair to state that those obtained from the
traditional impedance measurement techniques represent an average of the responses obtained for a
“stationary” electrochemical reaction over a long time period. The average signal of a truly stationary
system may make sense at times for a chemically and electrochemically reversible system. However,
most electrochemical reactions do not reach a stationary state owing to the chemically or electrochem-
ically irreversible nature of the reactions or following reactions after electron transfer. Even if a system
readily reaches the stationarity, one would also like to monitor signals in the high-frequency domain.
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Fig. 2 Concept involved in the FRA. See the text for details.



This has led to many efforts to develop instruments, which are capable of acquiring impedance data in
shorter periods.

The first series of efforts was made by Smith et al. starting in the 1970s [13–19]. Their approach
was based on the application of the mixed ac waves of many different frequencies superimposed on a
desired dc bias potential to an electrochemical system, and the resultant current signal is deconvoluted
into the component frequencies employing fast Fourier transform (FFT). The impedance was then cal-
culated at each frequency using the original ac voltage, and the ac current was obtained from deconvo-
lution of the current signal. While it saved some measurement time, this approach did not improve the
performance of the instrument to a significant degree because the instrument had to allow enough time
to make the measurement of the slowest ac current signal. A commercial instrument adopted this ap-
proach at a lower frequency end for a while such that the software program would switch from the FRA
at high frequencies to the FFT method at lower frequencies, but the method did not catch on.

Other approaches took advantage of La Place or other forms of transform for the current signals
obtained after using small signals [20–22], which did not turn out to be very successful. A more recent
approach is the modified FFT method, in which the lowest frequency of ac voltage signals would be rel-
atively high at about 10 Hz such that a series of packets of mixed ac voltages could be applied to the
electrochemical system about every 0.1 s during the potential scan [23–26]. Because the technique
could be used during the potentiodynamic scans, it was termed as “dynamic electrochemical impedance
spectroscopy (DEIS),” and the authors were able to use the technique to monitor the impedance during
cyclic voltammetric experiments on a polyaniline-coated electrode. 

A true breakthrough came from the realization of the fact that the sum of all ac waves with the
same magnitude and phase is what is called a “Dirac δ ” function [27]. The δ function is defined as one
with an infinitely large height with almost no base. It has the following mathematical properties: 

δ(t) = 0 for t ≠ 0; �δ(t) dt = 1; and δ(t) is undefined for t = 0 (3)

It is thus analogous to a white light beam, which contains all wavelengths. Therefore, when one applies
an electrical signal having a shape of the δ function to an electrochemical system, it is equivalent to si-
multaneously applying all ac waves ranging from an infinitely high frequency to almost dc. As is shown
in Fig. 3, this experiment is analogous to using a white light beam for a spectroscopic measurement,
and the light that passes through the sample cell is resolved into its component wavelengths by a mono-
chromator and detected by a charge-coupled detector (CCD) or a photodiode array (PDA) detector. A
problem is, however, that there is no electronic device that can generate the δ function. One way to get
around this difficulty is offered by what is called a piece-wise theorem, which says that a linear system
capable of getting a function, y', for an input function, x', is also capable of getting y as an output func-
tion for an input function x [28–30]. This theorem allows us to use an integrated form of the δ function
instead, which can be easily generated by an electronic device. As we are well aware, the integrated
form of the δ function is a potential step that has been used by electrochemists for a long time. With
this problem solved, one faces with another problem of the linearity of an electrochemical system. The
current, i, flowing through an electrochemical system at an overpotential, η, is not linear, as can be seen
from the Butler–Volmer (B–V) equation [31],

(4)

where i0 is an exchange current and α is the transfer coefficient. Other symbols have their usual signif-
icances. However, when η or ∆η is small, the relation becomes almost linear. In other words, when a
small potential step is used, the i–η relation can be approximated to be linear with an error small
enough.
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With all these understood, one can now think of a scenario, in which an integrated form, i.e., po-
tential step, of the δ function is first applied. One can then measure both the step voltage as well as the
resulting current, which should have been an integrated form of the current, had we used the δ function
instead. Now, first derivatives are taken from both the step function actually applied to the system and
the current measured, which is not different from the chronoamperometric current. As a final step, one
carries out Fourier transform of the derivatives of the step function and the chronoamperometric current
to devolute the two signals into the ac voltages and currents of various frequencies. The impedances are
then calculated by dividing the ac voltage signal by the ac current signal at desired frequencies. This
will provide impedances for the whole frequency range. Thus, a single potential step experiment should
result in complete information on impedances in a wide range of frequencies.
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Fig. 3 Principles showing a multichannel detection system in (a) spectroscopic experiments and (b) impedance
experiments.



While it sounds very simple, the actual experiment is not as simple. This is because it is very dif-
ficult to generate a good step function, which requires a very fast rising potentiostat. When the rise time
is too slow or the step function is distorted, the ac waves obtained in the high-frequency region would
be distorted. Another difficulty is the bit resolution and the speed of the data acquisition system. The
speed of the data acquisition is important because all the important information is contained in a short
time period after the step function is applied and the slow analog-to-digital converter (A/DC) would
miss this. Although the current is determined both by the Ru and Rp as well as Cd at the moment when
the step is applied to the interface, the mass transport gets into the picture immediately after the elec-
tron transfer starts to occur. The effect of mass transport becomes a major factor determining the cur-
rent after the capacitive current decays and a minute difference in current is due to the mass transport
effect. When the bit resolution is low for the A/DC, it will miss this minute difference in current. Thus,
two important requirements for hardware for a good impedance measurement by this novel technique
are [32]: a fast-rising potentiostat, which is capable of generating a fast-rising step voltage, and an
A/DC that can digitize the data at a very high frequency and also has a high bit resolution. It is thus
very difficult to make impedance measurements using a commercially available potentiostat and data
acquisition system by this technique, if not impossible.

A second-generation impedance measurement system employing the criteria mentioned above is
shown in Fig. 4 [33]. In this system, a series of step functions are generated and applied to an electro-
chemical system; each of the currents obtained thereof contains full information on the impedance at
the bias potential where the step is applied. This experimental system was applied to a real-time poten-
tiodynamic study of aniline oxidation in aqueous solution, in which the electrode surface undergoes
continuous changes due to polymerization of aniline. When the currents are sampled at a designated
time after the application of the steps and the sampled currents are plotted in series as a function of the
potential at which the step was applied, this is nothing but a staircase voltammogram [34]. However,
when one analyzes each of the current resulting upon potential step, one obtains full information about
the impedance at the bias potential indicated by the base potential of the potential step. While this was
how the experiments were run with a second-generation impedance measurement system, one may also
run an experiment in which the potential is ramped to a desired bias potential and a step function is ap-
plied after a short time delay to allow the steady-state mass transport to be established. This algorithm
of the program is shown in Fig. 5 [27].

While the conventional techniques provide information on the impedance of the system averaged
over a long time of electrolysis, the technique just described provides snapshots of impedances at any
instant when the step is applied. This is because the measurements are finished within a few ms at times,
although it could take as long as a few seconds when the electron-transfer rate is slow. This technique,
however, may miss the information on the contribution of the mass transport effects as the measure-
ments can sometimes be made within a short period. We will take up this problem in the next section. 
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Description of an electrochemical reaction at electrified interfaces

Now that we have demonstrated that impedance measurements can be made in real time during an
electrochemical experiment, we may readily obtain information on the impedance for an electron-trans-
fer reaction taking place at an electrified interface and we should then be able to describe the reaction
more completely than in the past with the information available from the impedance measurements. As
pointed out in the Introduction, an electrochemical system has been described with only partial infor-
mation available. To summarize again, this description includes a faradaic component, which includes
both the B–V kinetics and the effects of mass transport, and a nonfaradaic part arising from the un-
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Fig. 4 Schematic diagram of the equipment for in situ impedance measurements.

Fig. 5 A ramp signal followed by a step to determine impedance at a given overpotential.



compensated solution resistance and the double-layer capacitance, provided that one has an access to
these values. Let us first review this and then attempt to fully describe an electrochemical system.

When the Ru and Cp values are known by some means, the capacitive current, iC(t), has been es-
timated from the equation [2]

(5)

in which ∆V/Ru is taken as an initial current obtained. Thus, the capacitive current decays exponentially
over time, which is the basis for sampling the currents after it decays off in tast or normal pulse polar-
ography experiments [3]. For a linear sweep voltammetry experiments, one can show readily that the
current expression is

(6)

where A is the electrode area and dv/dt is the voltage scan rate. At a constant scan rate, the capacitive
current is constant throughout the voltage scan range provided the capacitance of the electrode is con-
stant. However, the capacitance is potential-dependent [4].

The expressions for the faradaic current have evolved over the last century. The first was the Tafel
relation [31], which relates the current with the overpotential according to

(7)

where a, b, a', and b' are constants. The Tafel relation developed into the B–V equation (eq. 4), and the
Tafel equation becomes a simplified form of the B–V equation when the overpotential is greater than
the potential region where the B–V expression can be linearized, but smaller than the mass-transport-
limited region. In other words, the B–V expression does not consider the contribution of the mass trans-
port, as the equation does not describe the faradaic current beyond the mass-transport-limited region.
Usually, the potential range within which this equation is operative is rather limited in an electro-
chemical cell, in which the solution is not stirred. When the solution is effectively stirred using a rotat-
ing disk electrode or any other effective means, the potential range may be extended significantly in
comparison to the unstirred solution.

During the experiments in still solutions, the only means of mass transport is via diffusion. When
the diffusion is factored in, solving for the expressions for the faradaic current can be very difficult.
However, the solutions of the problems are obtained from the combination of the B–V equation and the
solution of the diffusion equations under appropriate boundary conditions depending on the type of ex-
periments [35]. The diffusion equation in its simplest form can be expressed for one-dimensional dif-
fusion

(8)

when there are no further complications in the electron-transfer reaction considered such as following
or preceding reactions. Here CO(x,t) is the concentration of an oxidant at a distance x from the electrode
surface and at time t, and DO is the diffusion coefficient of the oxidant. Of course, one has to write down
this equation for every species considered. The solution of these equations under an appropriate bound-
ary condition give expressions for CO(x,t) and CR(x,t), where the subscript R stands for “reductant”.
One may then obtain an expression for the current from the flux of the oxidant or the reductant at the
electrode surface, i.e., x = 0, which has the form,
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(9)

When the overpotential is small enough or the reaction is quasi-reversible, the flux expression should
be the same as the B–V equation. Here, we consider a simple case of a small potential step experiment,
in which the overpotential is small and, thus, both the cathodic and anodic component cannot be ig-
nored. Thus, for a small potential step, Delahay obtained the following expression for the current [36]: 

(10)

for the forward reaction. Here, kf and kb are electron-transfer rate constant at the overpotential applied,
and H is defined as

(11)

In this current expression, the first part of eq. 10 describes the B–V kinetics for electron transfer, while
the mass-transport effect is taken into account in the latter part inside the exponent and the error func-
tion complement.

In order to be able to include the contribution of the capacitive current in a full description of the
electrochemical system, one has to start with an equivalent circuit because an intuitive description given
by eq. 5 may not be correct for an actual electrochemical system. An equation, derived first by Yoo and
Park based on the equivalent circuit, has the following form [27]: 

(12)

This equation, while containing the contribution of the capacitive current, does not include the effect of
the mass transport because the equation was derived based on the equivalent circuit without the mass-
transport component, i.e., the Warburg impedance (see Fig. 6a). It is interesting to notice in the above
equation that the two resistors, Rs and Rp, behave as if they were connected in parallel rather than in se-
ries. This relation has never been realized in the electrochemistry community. The capacitive currents
were always added directly to the faradaic currents, implying that Rs and Rp should have been connected
in series. 
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Fig. 6 Equivalent circuit used for derivation of: (a) eq. 12 and (b) eq. 13.



In order to be able to derive an equation that includes contributions, one has to use an equivalent
circuit with the Warburg impedance, which is shown in Fig. 6b. With appropriate steps, we can demon-
strate that the equation has the form [37]

(13)

which we realize has almost the same form as eq. 10 except that eq. 13 contains also the capacitive cur-
rent. The validity of this equation has been tested using a variety of calculations and experiments, and
it turned out that this equation indeed describes the electrochemical system fully. This equation contains
all the contributions, the nonfaradaic component from the capacitive current, and the mass-transport ef-
fects. A comparison of eq. 10 with eq. 13 leads to the following relations:

(14)

(15)

Equation 15 leads to another relation

(16)

These equations allow all the relevant parameters to be obtained from a single impedance measure-
ment, which takes no more than a few seconds at the longest. When the electrochemical kinetics is fast
enough, the mass transport starts to limit the electron-transfer reaction from relatively high frequen-
cies, making the impedance measurements possible within a few ms. These will make the electro-
chemical system fully described, and mass-transfer-compensated currents were also computed using
all the kinetic parameters obtained from the impedance measurements. The mass-transfer-compen-
sated currents follow the B–V relation rather well until the overpotential goes far beyond the diffusion
limited region.

CONCLUSIONS 

We reviewed in this article how the impedance measurements have evolved into the current state of the
art and a recent breakthrough in making the impedance measurements. The technique is analogous to
the multichannel detection in the spectroscopic measurements such as in the Fourier transform infrared
spectroscopy, realizing that the δ function is like a white light beam in the ac voltage waves, containing
all frequency components. An easy access to the relevant information on the electrified interfaces al-
lows one to derive a full description of an electrochemical system, which contains contributions from
both faradaic and nonfaradaic components. The integrated equation for both the faradaic and non-
faradaic currents shows also that two resistors, Rs and Rp, behave as if they were connected in parallel
rather than in series and the method of correcting the contributions from the capacitive component is
shown to be incorrect. We recommend that the new integrated equation of the electrochemical system
be used for a full description of an electrochemical reaction taking place at the electrified interfaces in
the future.
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