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Electrochemical impedance spectroscopy is finding increasing use in electrochemical sensors and biosensors,

both in their characterisation, including during successive phases of sensor construction, and in application as a

quantitative determination technique.
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1. Introduction

The development of electrochemical sensors and biosensors requires three essential steps, namely preparation,

characterisation and testing, for applications in synthetic and natural samples. Preparation and characterisation are

intimately linked to each other since characterisation should be performed at various stages of sensor construction,

when this involves various steps, for example after the addition of each modifier layer. Characterisation is

performed by various techniques, both electrochemical and non-electrochemical. The non-electrochemical

techniques are normally those of surface analysis, microscopic and spectroscopic. Of the former, the most use is

made of atomic force microscopy and scanning electron microscopy, the surface analysis techniques that are used

to examine the morphology of surface layers of materials in general. Electrochemical techniques are usually

voltammetric, occasionally potentiometric, and impedance. Impedance spectroscopy has been used as a

characterisation technique for materials for over a century. Its widespread use before the 1980s, just as was the

case for electrochemical pulse techniques, was hindered by the practical difficulties in applying the potential

waveform to the electrodes in an accurate way and being able to analyse the response in a short time period.

Analysis of the impedance was reliant on the use of alternating current bridges, Lissajous figures and phase-

sensitive detectors . With the advent of transfer function analysers and powerful microprocessors, these

difficulties were overcome, and it is now easy to record complete impedance spectra, usually switching from one

frequency to the next automatically, the only limitation being the number of cycles needed to obtain “reliable” data

at a particular frequency, with the minimum number varying according to the value determined by the instrument

manufacturer. Thus, it is much easier nowadays to record and analyse full impedance spectra in several minutes,

which is important for practical situations, in the sensor context for sensing or for characterising the stages of

sensor build-up.

Electrochemical impedance spectroscopy (EIS) has been the subject of monographs and chapters in textbooks,

e.g., , which present a wide variety of types of application. It can be used to investigate any system
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which exhibits interfacial electrical phenomena associated with chemical reactions, and the most common types of

application at present are arguably evaluation of power sources (batteries, fuels cells, etc.) and corrosion

phenomena.

2. Electrochemical Impedance Spectroscopy (EIS) as a
Sensor Characterisation Technique

Important sensor characterisation experiments have been performed in many studies, and characterisation

continues to be the principal use of EIS in a sensor context . EIS experiments can be carried out during the build-

up of layers in layer-by-layer sensor platforms and can give added information on what is occurring, and also probe

permanent differences after construction. Some illustrative examples will be given in the following sections.

2.1. Self-Assembled Bilayer Structures

Self-assembled structures are discussed first because they can be easily probed by EIS without a redox probe

marker. There are many examples in the literature, see , and this represents an interesting pathway for sensor

development in the future since self-assembly has a number of advantages, such as that only small quantities of

the chemical reagents are needed.

The first example involves the spontaneous self-assembly of alkanethiols on gold electrode surfaces in the

absence of any Faradaic reactions, and without any redox probe .

The impedance of a bare polished and conditioned polycrystalline gold electrode in the non-Faradaic region would

be expected to be that of a pure capacitor, as in Figure 1a. However, the phase angle is less than 90° and can be

represented by a non-ideal capacitor CPE (see Figure 2b), with an α exponent of 0.85. After self-assembly of the

alkanethiol, that occurs easily because of the strength of the gold–sulphur bonds, the exponent increases to 1.0, a

pure capacitor. This means that the surface is now completely smooth and uniform at the molecular/nanometric

level.
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Figure 1. Complex plane impedance plots for selected

electrical equivalent circuits: (a) capacitive interfacial response, (b) faradaic electron transfer reaction controlled by

kinetics over the whole frequency range and (c) electron transfer reaction with mass transfer control at low

frequencies. R : cell resistance, R : electron transfer resistance, C : double-layer capacitance, Z : Warburg

impedance.
Ω ct dl W
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Figure 2. Complex plane impedance

plots for selected electrical equivalent circuits with ideal capacitor response (dotted lines) replaced by non-ideal

capacitor constant phase elements (CPE) (solid lines). (a) Faradaic electron transfer reaction controlled by kinetics

over the whole frequency range, and (b) capacitive interfacial response.

A more complex example involves the spontaneous build-up of bilayers of myoglobin (Mb) and hyaluronic acid

(HA) on a gold quartz crystal microbalance (AuQCM) electrode previously functionalised with sodium 3-mercapto-

1-propanesulfonate (MPS) and poly (diallyldimethyl-ammonium chloride) (PDDA) . Impedance spectra after the

adsorption of each bilayer have the profile of the electrical equivalent circuit shown in Figure 2a, but it is not

immediately obvious what information can be deduced from the experimental spectra except for the values of R.

Analysis of the capacitance, either ideal or non-ideal as a CPE, provides further information, taking each bilayer as

having its own value of capacitance and summing the values of C  corresponding to capacitances in series. This

analysis shows that for up to three bilayers, the capacitance values vary with each bilayer, but they become

constant above three bilayers. Simple theoretical models employing constant bilayer capacitance values do not

provide the correct profile. These deductions are corroborated by information from quartz crystal microbalance

experiments and atomic force microscopy. Further details may be found in , and this illustrates the value of

doing a full analysis of the spectra, and not just of R, which is common practice in many published articles.

2.2. Layer-by-Layer Modified Electrode Structures

Differences between layer-by-layer structures can be conveniently illustrated by recent papers that concern GCE

modified by nanomaterials, without the addition of a redox probe.

First, GCE are modified with multiwalled carbon nanotubes (MWCNT) in chitosan, and then gold nanoparticles

(AuNP) are deposited and they decorate the MWCNT, with the modified electrode finally being used to detect and

quantify bisphenol-A (BPA) . Impedance spectra can be recorded at different stages in the build-up process of

the sensor. The circuit includes two features, namely a high-frequency diffusion impedance representing diffusion

through the modifier layers and a parallel RCPE combination to model the modified electrode–solution interface.

For bare and AuNP-modified electrodes, it is not necessary to include the diffusion impedance for good fitting.
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The second illustration concerns electrodes modified with iron oxide nanoparticles (Fe O NP) in a chitosan

dispersion (rather than MWCNT in chitosan), deposited on GCE . On top of this, a polyphenazine redox polymer

film is grown by potential cycling electropolymerisation. Three different polyphenazine films were grown in sulfuric

acid-doped ethaline (choline chloride and ethylene glycol in a 1:2 ratio) deep eutectic solvent (DES). These were

poly (neutral red) (PNR), poly (methylene green) (PMG) and poly (Nile blue) (PNB). The impedance spectra

recorded afterwards in Britton–Robinson aqueous buffer solution showed the differences between the electrical

characteristics of the three polymers, which can be ascribed to the different monomer structures. The variation with

applied potential, another important variable, is similar for all three polymers. These impedance spectra show three

features, each in a different frequency range. Apart from the two features for electrodes modified with MWCNT and

AuNP (that are diffusion impedance for diffusion through the modifier film in series with a parallel RCPE

representing the electrode–solution interface), to model the spectra at very high frequencies, an additional parallel

RCPE combination is needed, and that represents the interface between the electrode support and the modifier

film.

This general circuit can be successfully used to model other cases involving nanomaterial-modified electrodes on

which an electroactive redox polymer film is deposited.

An example in which the redox probe is used for characterisation during the build-up of the sensor is found in .

The redox probe is used to probe the effectiveness of immobilisation of successive elements of an immunosensor,

although the quantification itself is performed by cyclic voltammetry, obtaining a detection limit of 0.8 ng/mL for

carcinoembryonic antigen detection. Other examples are described in , in the assembly of aptasensors with

carbon nanomaterials. Aptamers are DNA-derived oligonucleotides and an alternative to native antibodies and can

be tuned more easily to the structure of specific analyte species.

References

1. Brett, C.M.A.; Oliveira Brett, A.M. Electrochemistry. Principles, Methods and Applications; Oxford
University Press: Oxford, UK, 1993; Chapter 11; ISBN 978-0198553885.

2. Lasia, A. Electrochemical Impedance Spectroscopy and Its Applications; Springer: New York, NY,
USA, 2014.

3. Orazem, M.; Tribollet, B. Electrochemical Impedance Spectroscopy, 2nd ed.; Wiley: Hoboken, NJ,
USA, 2017; ISBN 978-1-119-34092-8.

4. Barsoukov, E.; Macdonald, J.R. (Eds.) Impedance Spectroscopy: Theory, Experiment and
Applications, 3rd ed.; Wiley: Hoboken, NJ, USA, 2018; ISBN 978-1-119-07408-3.

5. Kanoun, O. Impedance spectroscopy advances and future trends: A comprehensive review. In
Impedance Spectroscopy. Advanced Applications: Battery Research, Bioimpedance, System
Design; Kanoun, O., Ed.; De Gruyter: Berlin, Germany, 2019.

2 3

[12]

[13]

[14]



Electrochemical Impedance Spectroscopy | Encyclopedia.pub

https://encyclopedia.pub/entry/21878 6/6

6. Srinivasan, R.; Fasmin, F. An Introduction to Electrochemical Impedance Spectroscopy; CRC
Press: Boca Raton, FL, USA, 2021.

7. Brett, C.M.A. Electrochemical impedance spectroscopy for characterization of electrochemical
sensors and biosensors. ECS Trans. 2008, 13, 67–80.

8. Brett, C.M.A. Perspectives and challenges for self-assembled layer-by-layer biosensor and
biomaterial architectures. Curr. Opin. Electrochem. 2018, 12, 21–26.

9. Brett, C.M.A.; Kresak, S.; Hianik, T.; Oliveira Brett, A.M. Studies on self-assembled alkanethiol
monolayers formed at applied potential on polycrystalline gold electrodes. Electroanalysis 2003,
15, 557–565.

10. Pinto, E.M.; Barsan, M.M.; Brett, C.M.A. Mechanism of formation and construction of self-
assembled myoglobin/hyaluronic acid multilayer films—An electrochemical QCM, impedance and
AFM study. J. Phys. Chem. B 2010, 114, 15354–15361.

11. Ben Messaoud, N.; Ghica, M.E.; Dridi, C.; Ben Ali, M.; Brett, C.M.A. Electrochemical sensor
based on multiwalled carbon nanotube and gold nanoparticle modified electrode for the sensitive
detection of bisphenol A. Sens. Actuators B 2017, 253, 513–522.

12. da Silva, W.; Queiroz, A.C.; Brett, C.M.A. Nanostructured poly(phenazine)/Fe2O3 nanoparticle
film modified electrodes formed by electropolymerization in ethaline—Deep eutectic solvent.
Microscopic and electrochemical characterization. Electrochim. Acta 2020, 347, 136284.

13. Song, Z.; Yuan, R.; Chai, Y.; Yin, B.; Fu, P.; Wang, J. Multilayer structured amperometric
immunosensor based on gold nanoparticles and Prussian blue nanoparticles/nanocomposite
functionalized interface. Electrochim. Acta 2010, 55, 1778–1784.

14. Evtugyn, G.; Porfireva, A.; Shamagsumova, R.; Hianik, T. Advances in electrochemical
aptasensors based on carbon nanomaterials. Chemosensors 2020, 8, 96.

Retrieved from https://encyclopedia.pub/entry/history/show/53989


