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Abstract
Electrochemical impedance spectroscopy is an efficient, non-intrusive and semi-quantitative technique to 

characterize the performance of bio-electrochemical systems such as microbial fuel cells and enzymatic fuel cells. 
Indeed, quantitative interpretation of the impedance data can be obtained with the help of mechanistic models 
using meaningful equivalent circuits. The production of maximum power using such systems has been limited by 
their higher internal resistance. The contribution of several different resistances to the overall internal resistance 
of the system can be ascertained through the measurement of impedance using EIS, which is greatly required for 
understanding and engineering of its principle components leading to better enhancement of its performance. EIS has 
been successfully employed in most of the MFC researches helping in advancement of the field through emergence 
of many novel MFC designs with greater power generating capacity. In a nutshell, impedance spectroscopy provides 
a valuable addition to the existing biochemical and spectroscopic techniques to better optimize the electrochemical 
behavior of the biological system.
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Introduction
Bio-electrochemical energy conversion using biological fuel cells has 

been recently emerging as a sustainable and renewable technology for 
energy technology for portable remote power generation applications. 
Biological Fuel Cells (BFCs) use biological catalysts (e.g. microbes, 
enzymes) for the catalysis of electrochemical reactions. Besides 
significant performance improvements in BFCs over the past few 
years (in terms of power density, robustness etc), several fundamental 
challenges still exist. Understanding of the issues and challenges is 
critical in the further advancement of this technology for practical 
applications. This necessitates the use of potent characterization tools 
to study these systems to extract information that will lead to the 
understanding of the fundamental challenges. Such an understanding 
will enable BFC researchers to design systems that could overcome 
the fundamental challenges. There has been quite a bit of literature on 
BFCs on aspects such as cell design, reaction mechanisms, operational 
conditions and system limitations. However there has not been enough 
focus on the appropriate electrochemical techniques for biological 
fuel cell diagnostics in the available literature. Also there is no detailed 
literature on any particular technique specifically for BFC diagnostics. 
This article comprehensively reviews the use of electrochemical 
impedance spectroscopy for biological fuel cell characterization.

Biological Fuel Cells
Over the years there have been two types of biological fuel 

cells, microbial based and enzymatic based. Recently a third type of 
biological fuel cell has been emerging which is based on photosynthetic 
organelles [1-7]. By the sheer number of articles published in the 
literature, number of researchers working in the field of microbial fuel 
cells (MFCs) vastly outnumbers both enzymatic and photosynthetic 
fuel cells. Microbial electrolyzers function similar but opposite to 
that of microbial fuel cells where electrical energy is used to generate 
a chemical product [8]. There have not been any significant attempts 
in system level studies in both enzymatic and photosynthetic fuel 
cell when compared to MFCs or microbial electrolyzers. Accordingly 
the electrochemical impedance spectroscopy technique has not been 

explored in great detail for these systems. In this review, we restrict 
our discussion of EIS within the context of microbial fuel cells. The 
mini-review by He and Mansfeld [9] explored the use of EIS in MFCs, 
whereas this review sheds light on the characterization of MFCs using 
EIS comprising the research works published thereafter until now. 
Another critical review by Dominguez-Benetton et al. [10] explains 
elaborately on the use of graphical methods for improving EIS analysis 
and the constant phase elements parameters. Overall, we present here a 
review updated on the most recent findings regarding EIS in the study 
of microbial fuel cells from a clearly different perspective avoiding 
redundancy as much as possible. 

Microbial Fuel Cells (MFCs) are devices that use micro-organisms 
such as bacteria as catalysts to oxidize organic and inorganic matter 
and generate electricity [11-14]. The electrons generated during the 
oxidation of these substrates by the bacteria are captured by the anode 
and then transferred to the cathode via the external circuit which results 
in the generation of electricity under load (resistor). The microbial 
catalysts employed in the MFCs are called exo-electrogens, which are 
capable of transferring the electron extracellularly to their immediate 
vicinity, i.e., the anode which acts as an alternate electron acceptor. The 
transfer of electron to the anode surface can take place in two different 
ways – 1) direct electron transfer by biofilm forming bacteria such as 
Geobacter sp. which transfer electrons through proteins on their cell 
surface called outer membrane cytochromes and/or through some 
specialized appendages called pili or nanowires; 2) mediated electron 
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transfer i.e., some bacteria such as Shewanella sp. secretes mediators 
(flavins) which shuttle the electrons from bacteria to the anode surface. 

In MFCs, the voltage generated depends on various factors such as 
the rate of transfer of electron from the bacteria to anode, diffusion of 
substrate into the biofilm, ohmic resistance of the electrolyte and other 
electrochemical kinetics. Accordingly, the design of the MFCs has been 
improving continuously to overcome the physical constraints of the 
device such as operating conditions, electrode spacing, etc. [15], but 
the ultimate factor to be considered is the bacterial metabolism and 
the electron transfer rates at either electrodes. The basic technology, 
challenges and the applications of microbial fuel cells have been 
reviewed extensively in several articles [11,16]. The main reason for 
varied difference in the MFC setup designed so far is the internal 
resistance of the reactor, compared to the intrinsic resistances due to 
the kinetic and mass transport effects. Thus MFC setup has been viewed 
as the design with current passing through two resistors connected in 
series, one being the external load connected and the other being the 
internal resistance of the system. So the maximum power generated 
by a MFC depends on the total internal resistance of the system. Such 
internal resistance of a MFC can be evaluated by methods such as 
current interrupt, polarization slope method or power density peak 
methods. The above methods require the MFC to be a simple resistive 
unit (that obeys Ohm’s law), whereas in reality a MFC impedance would 
consist of contributions from individual resistances due to activation 
kinetics, charge transfer, double layer charging, mass transport effects 
and ionic resistance. Moreover, these individual contributions do not 
remain constant, but vary depending on the operating conditions and 
have pronounced effect on the performance of MFCs. But the dynamic 
response of the system cannot be measured using the aforementioned 
current interrupt or polarization slope methods. This calls for alternate 
methods for the analysis of individual resistances in MFCs.

Characterization Tools
Investigation of biological fuel cells can be carried out using a variety 

of surface, analytical, spectroscopic, biochemical and electrochemical 
characterization techniques. The choice is a particular tool depends 
on the property of MFC to be investigated. Morphological (surface) 
characterization techniques such as scanning electron microscopy 
(SEM), fluorescent microscopy, confocal laser scanning microscopy 
(CLSM) are useful in the characterization of microbial biofilm on the 
anode surface of MFCs in order to understand the growth patterns, 
biofilm density, heterogeneity and thickness of the biofilm. They are 
also useful in studying the porosity of the electrode and membrane 
materials used in MFC. The substrate utilization, product composition 
and extracellular mediators in the MFC anolyte can be detected and 
analyzed by a variety of biochemical, spectroscopic and electrochemical 
methods. Biochemical methods such as redox mediator assays are 
quantitative and help in measuring the concentration of the redox 
mediators, while spectroscopic methods such as UV-VIS, LC-MS 
and HPLC are also highly useful in identifying and subsequently 
quantifying the chemical species. On the other hand electrochemical 
techniques such as cyclic voltammetry (CV), differential pulse 
voltammetry (DPV) are qualitative, help in identifying the components 
responsible for electron shuttling in the form of current peaks based 
on their reversible electrochemical activities. CV has been extensively 
used in the characterization of the biological-fuel cells where mediated 
electron transfer is the predominant mechanism of electron transfer 
[17]. The secretion of flavins by Shewanella sp. and their role in 
extracellular electron transfer have been identified with the help of CV 

and their concentrations were then quantified using chromatographic 
techniques [17].

Increasingly often, analysis based on another electrochemical 
technique namely electrochemical impedance spectroscopy (EIS) 
is now being used. In voltammetry, by imposing potential steps or 
sweeps, the electrode is driven to a condition far from equilibrium 
and the response will be observed which a transient signal is usually. 
However, in EIS, the system is perturbed with an alternating current 
of small magnitude and the way the system follows the response is 
studied at steady state. Another significant advantage of impedance 
measurements is that the technique is non-intrusive or non-destructive, 
i.e., it can be performed in the operating MFC without disturbing the 
system, whereas other characterization tools discussed above require 
the MFC need to be disturbed and the samples are being collected 
for subsequent analyses. Hence, EIS is a steady state electrochemical 
technique where the measurements are made without altering the 
current-voltage properties of the biological fuel cell system. EIS has 
also been widely used in various areas of electrochemical research such 
as corrosion [18,19] and fuel cells [20]. Further, EIS is a useful tool 
to investigate the contribution of different internal resistances to the 
overall impedance of the fuel cells [21-27]. 

Basics of Impedance
The importance of impedance is significant and appreciable 

especially in a highly heterogeneous system such as MFCs. The 
electrochemical interface of MFC is highly complex where the microbes 
colonize the electrode, making the electrochemical reaction intricate. 
Electrochemical Impedance Spectroscopy (EIS) is a powerful method 
to investigate the dynamics of the bound or mobile charges in the bulk 
or interfacial region of such system. The basics and fundamental theory 
of impedance are discussed in the following section. 

Fundamental theory

According to Ohm’s law, resistance (R) is defined as the ratio 
of voltage (V) to current (I) and is a measure of opposition to the 
passage of electric current through the conductor. Besides the normal 
resistance, there are two other mechanisms impeding the current flow 
in the electrical circuit: the induction of voltages in the conductor self-
induced by the magnetic fields of current called inductance (L) and the 
electrostatic storage of charge induced by voltage between conductors 
called capacitance (C). The inductance and capacitance are together 
called the reactance (X). The concept of resistance has been extended to 
the quantity called impedance (Z) in the AC circuit. Whereas, the DC 
signal can be defined as analogous to the AC signal at the frequency 
tending to zero. The ideal resistance possesses only magnitude whereas 
the impedance possesses both the magnitude and the phase angle 
and is usually represented in the form of a complex number. The unit 
of impedance is the same as that of resistance, which is ohm (Ω). In 
the complex plane, the real part of impedance is resistance and the 
reactance forms the imaginary part of the impedance.

Thus for a sinusoidal current or voltage input, the magnitude of 
the complex impedance is the ratio of voltage amplitude to the current 
amplitude, whereas, the phase angle of the complex impedance is the 
phase shift by which the current is ahead of voltage. 

Representation of impedance 

The magnitude and the phase angle of the complex impedance can 
be easily represented with the help of phasor diagram representing the 
magnitude of the impedance vector as |Z| and the phase angle as θ. 
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The magnitude of the impedance can be expressed in terms of real and 
imaginary components as given in Equation (1).

2 2| |= +r jZ Z Z
				                  

(1) 

and the phase angle can be obtained as given in Equation 2.
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Nyquist plot and Bode plot are commonly used to represent the 
impedance measurement as shown in the Figure 1. In the Nyquist 
plot, the real part of the impedance is represented in the x-axis and the 
imaginary part of the impedance is represented in the y-axis and each 
point in the Nyquist plot corresponds to impedance at one frequency. 
One major limitation in the Nyquist plot is that the frequency cannot 
be ascertained by simply looking at the plot. This limitation has been 
overcome in the Bode plot, where the impedance is plotted with the 
logarithmic frequency plotted on the x-axis and both the absolute value 
of impedance and the phase angle are plotted on the y-axis. 

Electrical circuit elements

EIS data is commonly analyzed by fitting into an equivalent 
electrical circuit model. Most of the circuit elements in the model 
are common electrical elements such as resistors, inductors and 
capacitors. The impedance response of such ideal resistors, inductors 
and capacitors are given below.

=RZ R 					                   (3)

ω=LZ j L 					                   (4)
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ω

=CZ
j C

 					                   (5)

The impedance of an ideal resistor will be purely real and the 
current through the resistor will be always in phase with the voltage 
across it, whereas, the impedance of an ideal inductor and capacitor 
will be purely imaginary. The impedance versus frequency response 
of an inductor will be opposite to that of a capacitor. An inductor’s 
impedance increases as the frequency is raised whereas the capacitor’s 
impedance decreases with an increase in frequency.

EIS models usually consist of a number of elements connected in 
the network either in series and/or parallel combinations. For a highly 
nested electrical circuit, the equivalent impedance is calculated by 
lumping together the simple circuits.

Electrochemical parameters relevant to impedance

Electrolyte resistance: In an electrochemical cell, the resistance 
offered by the ionic solution (electrolyte) is an important factor 
contributing to the overall impedance of the cell. The resistance 
of the ionic solution depends on type of ions, ionic concentration, 
temperature and the geometry of the projected area across which the 
current is carried and is defined by Equation 6.

ρ=
lR
A 					                  (6)

where ‘ρ’ is the resistivity of the solution and is more commonly 
expressed as its reciprocal term called conductivity (κ), ‘l’ is the length 
and ‘A’ is the area of the object containing the solution. Determination 
of the current flow path and the geometry of the electrolyte solution are 
important parameters to be considered in calculating the conductivity 
of the electrolyte. Nevertheless, the microorganisms in solution can 
also contribute to the electrolyte resistance [28]. Accordingly this can 
be addressed by proposing two resistances in parallel at the electrolyte 
level. One resistance corresponds exclusively to the nature of 
electrolytic medium and the second resistance specifically concerning 
the resistance due to microorganisms. But it is of not a major concern 
here, since the electrolyte resistance can be calculated by fitting the EIS 
to an equivalent electrical circuit model.

Double layer capacitance: A charge separation or electrical double 
layer exists at any interface in the polarized system such as the interface 
between the electrode and the electrolyte, ion exchange membranes, 
etc., which is equivalent to a capacitor in the electrical circuit. Similarly, 
charge separation also occurs across the bacterial membrane to 
maintain the proton motive force for their energy metabolism [29]. The 
formation of biofilm on the electrode surface can have a pronounced 
effect on the thickness of double layer, which in turn influences the 
double layer capacitance of the system. The value of double layer 
capacitance depends on various factors such as electrode polarization, 
ionic concentration, temperature, type of ions, oxide layers; roughness 
of the electrode, etc. On a bare metal immersed in an electrolyte, 20-60 
μF of capacitance can be measured for every 1 cm2 of the electrode. For 
carbon based materials, the capacitance ranges anywhere from 30 to 
200 μF/cm2 [30]. More recently Malvankar et al. [31] reported direct 
measurement of in-vivo capacitance of G. sulfurreducens biofilm and 
demonstrated that the pseudo-capacitance has been conferred upon 
by the c-type cytochromes on the bacterial outer membrane such as 
OmcB, OmcE, OmcS and OmcT. Further, it is interesting to note that 
a high capacitance of around 3500 μF has been measured with 100 mV 
amplitude voltage excitation for the wild type G. sulfurreducens DL-1 
strain, which contain several different outer-membrane cytochromes 
[31]. The expression for double layer capacitance has been developed 
by many models such as Helmholtz’s model, Guoy-Chapman model, 
Stern model and Grahame model which can be found elsewhere [23]. 

Polarization resistance: The electrode is said to be polarized if the 
applied electrode potential (Eapp-Eoc) is different from the equilibrium 
potential of the electrochemical reaction at the polarized electrode 
leading to oxidation/reduction of the species at the electrode surface. 
For the two simple kinetically controlled reactions occurring, the 
potential of the cell is related to the current as defined by the Butler-
Volmer related, a simplified version of which is given by Equation 7.

2.303( ) 2.303( )

 β β
− − − 

 = − 
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OC OC

a c

E E E E

corrI I e e

		   
            (7) Figure 1: Representation of EIS data in (a) Nyquist plot, (b) Bode plot and (c) 

phase angle plot.
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Where I and Icorr are the measured cell current and the corrosion 
current respectively, βa and βc are anodic and cathodic Beta coefficients 
(V/decade). But applying a small signal approximation to the above 
equation, the corrosion current can be obtained as given in Equation 8.

( )
1 

2.303
β β
β β

 
=  +  

a c
corr

a c P
I

R
    			 

             (8) 

The above equation incorporates a term RP called polarization 
resistance. Thus the current can be calculated by knowing the 
polarization resistance and the Beta coefficients.

Charge transfer resistance: The transfer of electron from the 
ionic species in the solution to the solid metal is called charge transfer 
reaction, which depends on the kind of the reaction, temperature, 
concentration of the reactants and the potential. The general relation 
between the potential and current relating the amount of electrons and 
charge transfer is given by Equation 9. 

( )
0 * *
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o R

o R

zFC zF Ci i exp exp
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             (9)

Where i0 is the exchange density, CO is the concentration of the 
oxidant at the electrode surface and CO* is the concentration of the 
oxidant in the bulk, CR is the concentration of the reductant at the 
electrode surface, CR* is the concentration of the reductant in the bulk, 
z is the number of electrons involved, α is the reaction order, F is the 
Faraday constant, η is the over-potential, T is the temperature and R 
is the gas constant. When the concentration at the electrode surface is 
equal to that at the bulk, the equation simplifies to the following form 
(Equation 10) called Butler-Volmer equation, which is applicable when 
the polarization depends only on the charge transfer kinetics, i.e., for a 
completely stirred system.
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            (10)

When the over-potential (η) is very small and the electrochemical 
system is at equilibrium, the expression for the charge transfer 
resistance is given by Equation 11.

0
 =CT
RTR
zFi 					   

            (11) 

If RCT is known, the exchange current density (i0) can be calculated 
from this equation. 

Diffusion: Diffusion plays a greater role in mass transport 
processes from the bulk electrolyte through the biofilm. The substrates 
have to diffuse through the biofilm, get oxidized and the products 
formed have to diffuse back to the bulk electrolyte. Such diffusion 
is appreciable only at the lower AC frequency, whereas at a higher 
AC frequency the impedance due to diffusion is negligible, since the 
reactants would not have enough time to move from bulk to the surface 
for the electrochemical reactions. Accordingly the impedance created 
by this diffusion phenomenon requires incorporation of a diffusion 
element in the equivalent circuit model. The element representing the 
semi-infinite linear diffusion is called Warburg impedance, whereas the 
finite diffusion can be represented by O, T and G elements [23,32,33]. 
The equation for finite diffusion O element (ZO) is given by Equation 
12.

( )
1 1/2
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ω is the radial frequency, δ is the Nernst diffusion layer thickness, D is 
the average value of diffusion coefficients of the diffusing species, DO is 
the diffusion coefficient of the oxidant, DR is the diffusion coefficient of 
the reductant and A is the surface area of the electrode.

Similarly finite diffusion T element (ZT) through a film with a fixed 
amount of electro-active species (e. g. batteries and superconductors) 
is given by Equation 14.

( )
1 1/2
2 1  ωσ ω δ

−    = −     
T

jZ j coth
D

		
           (14)

If the diffusion thickness is infinite, the diffusion element given 
in Equation 12 simplifies to Warburg impedance (ZW) as given in 
Equation 15.

( )
1
2 1σ ω

−
= −wZ j

				               (15)

The Warburg impedance appears as a diagonal line with a slope of 
45° on the Nyquist plot and exists with a phase shift of 45° on the Bode 
plot. 

Further, quantitative information such as diffusion co-efficient 
of the electro-active species can be calculated from the modeled 
diffusional impedance data using Equation 12, which eventually help to 
ascertain the comprehensive validation of the equivalent circuit model.

Equivalent Circuit Models
A metal surface covered with smooth, undamaged coating 

generally has very high impedance. The equivalent circuit for such 
an undamaged metal surface consists of a resistance (R) in series with 
a simple capacitance (C) and is called purely capacitive coating. The 
corresponding Nyquist plot for such an ideally polarized electrode will 
have a straight vertical intersecting the Z’-axis and the X-intercept gives 
the value of resistance. But practically, due to the contamination and 
roughness of the electrode, the straight line can be observed intersecting 
the Z’ axis at an angle smaller than 90°. The corresponding phase angle 
given by θc = -(1- β) π/2 is assumed to be independent of frequency 
and is called constant phase angle. The value of dimensionless quantity 
β varies from 0 to 1. Accordingly the Cdl will be replaced by CPE 
(constant phase element) in the equivalent circuit. Most rough surfaces 
and porous electrodes (such as MFC biofilm) will use CPE instead of 
an ideal capacitor.

A simplified Randles circuit is one of the most commonly used cell 
models and a starting point for other complex models. The simplified 
Randles cell consists of a solution resistance, double layer capacitance 
and a charge transfer or a polarization resistance. The double layer 
capacitance (Cdl) is in parallel with the charge transfer resistance (RCT) 
and this parallel combination is in series with the ohmic resistance (RΩ) 
as shown in the Figure 2a. This is simply equivalent to a metal electrode 
dipped in the electrolyte. The corresponding Nyquist plot contains a 
semicircular arc intersecting the real axis (Z’) at two places as shown in 
Figure 2b. The intercept closest to the origin gives the value of solution 
resistance (RΩ) and the intercept farthest from the origin gives the 
value of total resistance (RΩ+RCT). Similarly the inclusion of Warburg 
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element to this simplified Randles cell result in a semicircle with one 
extended arm as shown in Figure 2c and 2d. 

Similarly, more complex model can be developed based on the 
physical characterization of the electrode such as partially blocked 
electrode, electrode coated with an inert porous layer, completely 
porous electrode, electrode coated with multiple layers of inert porous 
layers, etc., which are very well explained by Orazem and Tribollet [23] 
and in the former reviews on EIS [10,34]. 

EIS Measurement 
EIS measurement is a simple procedure usually conducted with the 

help of a Frequency Response Analyzer coupled to a potentiostat. The 
frequency range usually varies from 100 KHz to 1 mHz and a small AC 
signal of amplitude 5 or 10 mV is usually applied to analyze the current 
response of MFC without disturbing its operation. Such small signal will 
not create a large over-potential to disturb the system [26]. The MFC 
can be connected to the potentiostat either in two-electrode or three-
electrode mode. The three-electrode mode is employed to analyze the 
individual impedance (anode impedance or cathode impedance). In 
such cases, for measuring the anode impedance, anode is the working 
electrode, cathode acts as counter electrode and the reference electrode 
(Ag/AgCl) can be placed near the anode. Similarly when cathode is the 
working electrode, anode as the counter electrode and the reference 
electrode (Ag/AgCl) near the cathode can be useful for the measuring 
cathode impedance. For the measurement of full cell impedance, two-
electrode mode is used where one electrode serves as working electrode 
and the alternate electrode can serve as both the counter and reference 
electrode, which does not require a separate reference electrode. 
However such measurements assume that the potential of counter/
reference electrode does not vary during measurement which is far 
from practical for the case of MFCs. Impedance spectra are usually 
collected at the potential of OCV or different applied potentials based 
on the necessity of the testing conditions under study. 

MFC Impedance
The total power output of the MFC is limited by its high internal 

resistance which necessitates the analyses of the various components 
of internal resistance and their contribution to the overall internal 

resistance and adoption of suitable methodologies to overcome them 
are very important criteria to be considered to enhance the performance 
of MFC.

The flow of current due to the transfer of electron across the 
electrified interface contains both faradaic (current flow results in 
an electrochemical reaction) and a non-faradaic (current flow does 
not result in electrochemical reactions) components. The faradaic 
component arises from the electron transfer across the interface by 
overcoming an appropriate activation barrier namely the polarization 
resistance (Rp) and ohmic resistance (RΩ). The non-faradaic current 
arises from charging the double layer capacitor at the interface which 
incorporates a double layer capacitance (Cdl). The ohmic resistance is 
contributed by resistance due to electrolyte solution, proton exchange 
membrane and other connections. In contrast to the nearly ideal RΩ 
and Cdl, the faradaic component Rp is not ideal and changes with the 
frequency. The polarization resistance includes the charge-transfer 
limited activation losses (Ract) and diffusion-limited concentration 
losses (Rconc). Charge transfer resistance is the major kinetic limitation 
due to slow activation reaction rates on both the anode and the cathode. 
The charge transfer at the interface also affects the mass transport of 
the reactant and the product; thereby incorporating diffusion limited 
resistance. Both the charge transfer resistance and the diffusion 
resistance occur at the interface between the electrode surface and the 
surrounding electrolyte [22,35]. Thus the internal resistance can be 
written as Equation 16.

Ω= + +a c
int p pR R R R

				               (16)

The above equation can further be expanded to Equation 17 by 
including both the activation (Ract) and concentration polarization 
(Rconc) of the anode and the cathode [10]. 

 Ω= + + + +a c a c
int act act conc concR R R R R R 		             (17)

The various factors that affect the internal resistance of the MFC 
include different types of substrates used in the anode chamber, types 
of electron acceptors, mediators, concentration of electrolyte buffers 
used, geometry and design of the reactor, etc., Several studies have 
revealed that the configuration of anode, cathode and the PEM were 
found to significantly affect the internal [15,36-40].

Since the past decade, EIS has been employed to determine each 
of these components of internal resistance with the help of equivalent 
electrical circuit models and the knowledge of which can be addressed 
specifically to optimize the design of MFC leading to enhanced power 
output of the system [41,42]. Extensive literature for the usage of EIS 
in optimizing MFC has been reviewed in the following section in three 
different categories as anode impedance, cathode impedance and 
impedance of the full cell. The effect of substrates, mediators, buffers, 
electrode materials on anode and cathode impedances and the effect 
of geometry and cell design on impedance of the full cell has been 
discussed elaborately. Table 1 summarizes the studies conducted by the 
researchers to analyze the effect of various factors on the impedance of 
anode, cathode and the full cell using EIS.

Half-cell Systems
Anode impedance

Influence of bacterial biofilm: The anode polarization resistance of 
the anode is a major component of the internal resistance of the MFC. 
Development of biofilm on the anode surface significantly decreases 

Figure 2: (a) Representation of Randles circuit, (b) its characteristic Nyquist 
plot, (c) Randles circuit with Warburg element and (d) its characteristic Nyquist 
plot.
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Impedance Study MFC Set up Anode Cathode References

Anode 
Impedance

Biofilm growth Two chamber Bare Graphite felt Bare Graphite felt [44] 

Biofilm growth Single/ Air-cathode Carbon felt (porous) Carbon felt (porous) [46] 

Impact of initial biofilm growth Two chamber Carbon paper Carbon paper [41] 

Time-course correlation of biofilm 
properties Single/ Air-cathode Carbon paper Carbon paper [43] 

Effect of mediators Single + Two Carbon paper Carbon paper [42] 

Effect of pH on anodic reactions Single/ Air-cathode Graphite felt Carbon cloth [51] 

Cathode 
Impedance

Effect of substrate Single + Two Carbon paper Carbon paper [42] 

Effect of substrate diffusion Two chamber Reticulated Vitreous Carbon 
Foam Reticulated Vitreous Carbon Foam [55] 

Effect of mediators Single + Two Carbon paper Carbon paper [42] 

Effect of different cathode materials Single/ Air-cathode Carbon felt Pt, Mn2O3 and Fe2O3 on Carbon paper [57] 

Effect of different cathode materials Single/ Air-cathode Graphite felt Graphite felt, Carbon paper, Stainless 
steel mesh [58] 

Effect of cathode binding agent Single/ Tubular Carbon granules Catalyst layer and Carbon fiber [59] 

Characterization of Bio-cathode Two chamber Graphite paper Graphite paper [64] 

Full Cell 
Impedance

Reactor configuration Single/ tubular air-cathode Carbon granules Carbon cloth [67] 

Reactor configuration Single/ Tubular/ Upflow Granular activated Carbon Granular activated Carbon [22] 

Reactor configuration Floating MFC Carbon granules Catalyst layer and Carbon fibre [68] 

Effects of ionic strength of anode 
fluid Single/ Air-cathode Carbon cloth Carbon cloth [69] 

Effect of separators Single/ Air-cathode Graphite fibre brush Carbon cloth [70] 

Electron transfer mechanism Two chamber Carbon cloth Carbon cloth [71] 

Table 1: Summary of literature on the use of electrochemical impedance spectroscopy for microbial fuel cells.

anode charge transfer resistance indicating their catalytic role in the 
transfer of electron to the anode as reported in multiple reports [41,43-
45]. Manohar et al. [44] used EIS to evaluate the electrochemical 
properties of the MFC harboring S. oneidensis MR-I where the anode 
polarization resistance decreased significantly from 7790 kΩ to 10.2 kΩ 
due to the formation of bacterial biofilm on the anode compared to 
the control MFC without the bacteria. The other internal resistances 
including the polarization resistance of the cathode, ohmic resistance 
of the electrolyte and double layer capacitance were almost stable and 
remained constant in their observations. Further, the anode charge 
transfer resistance is the major contribution to the total internal 
resistance of the MFC, and is lower for MFC that contained microbial 
biofilm [44]. Similarly in a study conducted by He et al. [46] to evaluate 
the effect of pH on anodic and cathodic reactions in air-cathode MFC, 
the anodic bacterial activity was found to be optimal at the neutral pH 
under which the polarization resistance of the anode was also found 
to be the least compared to other conditions tested. Moreover, Borole 
et al. [47] observed a reduction in anode impedance from 296.1 Ω to 
36.3 Ω in the first 43 days in a compact, flow through porous electrode 
chambered MFC coupled to air cathode, harboring enriched microbial 

consortia on the anode and finally to 1.4 Ω at a final external load of 50 
Ω with further enrichment as shown in Table 2. 

Nevertheless, the initial bacterial growth rate and its characteristic 
biofilm formation rate also determine the MFC performance which can 
be evidenced from the measurement of anode charge transfer resistance 
of the MFC by Ramasamy et al. [41]. It has been demonstrated that 
as bacteria grow on the anode surface, the anode charge transfer 
resistance decreases with time thereby reducing the activation barrier, 
enhancing the power density during initial phase of bacterial growth 
in the MFC [41]. Figure 3 shows the Nyquist plot of the anode 
impedances measured at different time courses such as day 1, day 5 
and 3 weeks with decreasing anode polarization resistance. Further 
Ren et al. [43] demonstrated that the anode charge resistance reduced 
from 9 kΩ-cm2 on 3rd day to 2.5 kΩ-cm2 after two weeks as a result 
of gradual development of biofilm on the surface of anode. All these 
studies confirmed the fact that the anode charge transfer resistance is 
greatly influenced by the micro-biota growing on the anode surface.

In addition to the charge transfer resistance, it is noteworthy that 
other impedance parameter called double layer capacitance can be 

Day 24 Day 43 Day 61 Day 68 Day 130 Day 136 Day 165

Ranode 296.1 36.3 5.77 3.15 1.41 1.49 1.88

Rtotal 299.8 48.6 18.2 17.9 16.6 18.3 20.1

Table 2: Changes in anode and total impedances during a 173-day period in the flow-through porous air-cathode MFC [46].
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correlated to the biofilm formation. Kim et al. [48] has studied the 
influence of attached bacteria and biofilm on double layer capacitance 
using EIS. Moreover, Malvankar et al. [31] has observed the increase in 
double layer capacitance of the G. sulfurreducens biofilm by two orders 
of magnitude over the capacitance of the electrode without the bacteria 
and demonstrated that the ability of electron conduction through the 
biofilm could have been attributed to a network of conductive pili of G. 
sulfurreducens.

Effect of mediators: Some bacteria are well known for their 
synthesis of endogenous mediators, which act as electron shuttles 
facilitating the transfer of electron between the bacteria and the anode. 
This has been particularly observed in the microbial communities where 
few organisms adhere to the anode surface for direct electron transfer, 
while others secrete soluble mediators for electron transfer. Shewanella 
sp. are well known for this type of mediated electron transfer [49-51]. 
EIS has also been successfully exploited to analyze the response of such 
mediators to a low amplitude AC signal over mid-frequency ranges. 
Ramasamy et al. [42] had observed a response in the mid frequency 
region in EIS which was attributed to the charge transfer resistance 
(RES) of the endogenously synthesized mediators (Figure 4). Due to 
their low concentration in the anolyte, the charge transfer resistance 
offered by these mediators was low even though the mediated redox 
processes possess high electron transfer rate. RA corresponds to the 
charge transfer resistance for the anode and Rother was correlated with 
the charge transfer resistance of other metallic salts in the electrolyte, 
which is present in the control as well. 

The addition of mediators to the anolyte decreases the charge 
transfer impedance for the substrate oxidation and enhances the kinetics 
of electron transfer from the substrate to the anode. Study conducted by 
Ramasamy et al. [42] witnessed these finding by observing a reduction 
in the magnitude of the low frequency Nyquist arc after the addition of 
5 µM riboflavin to the anolyte which corresponds to the charge transfer 
impedance for the oxidation of substrate (RA) (Figure 5). Further it 
has been concluded that the redox process involving the mediators are 
10-15 times faster than the bio-electrochemical oxidation of substrate 
which is the rate limiting step on the anode [42].

Effect of electrolyte pH: The pH of the electrolyte used in the MFC 
greatly influences the power output of the system. The electrolyte pH 
affects the bacterial growth on the anode compartment and most of the 
bacteria grow well at neutral pH of 7. Even though bacteria tolerate a 
mild variation of neutral pH, but highly acidic and alkaline environment 

greatly impair their growth and energy generating mechanism [51,52]. 
On the other hand, the rate of oxygen reduction is favored at alkaline 
pH in the electrolyte in the cathode compartment. The MFC tends to 
maintain different levels between the anode and cathode chambers, 
which together determine the power output of MFC. For air-cathode 
MFC, a trade-off between the pH levels for bacterial growth and oxygen 
reduction reaction is required for achieving better power output. He et 
al. [46] evaluated the effect of electrolyte pH on the rate of the anodic 
and cathodic reaction in air-cathode MFC using EIS in pH range 
between 5 and 10. It was observed that the polarization resistance of the 
anode (Rp

a) has decreased from pH of 5, reaching the minimum at pH 7 
and then increased further beyond pH 8 until pH of 10, which could be 
well correlated with the typical growth parameter of the bacteria on the 
anode. Similarly the cathodic reaction was enhanced with increasing 
pH and the polarization resistance of the cathode (RP

c) has been found 
to be decreasing for the entire range of pH conditions tested [46]. 

Cathode impedance

Effect of substrate type: Oxygen is considered to be the most 
suitable electron acceptor due to its higher redox potential, low cost, 
availability, sustainability, and lack of chemical waste product. It is 
also the most feasible reductant for large-scale practical applications 
[16]. Further when O2 is used as the reductant in MFCs, the system 
does not require a separate cathode compartment; instead the cathode 
can be just kept open to air and the system is called air-cathode MFC. 
The major limitations are the poor diffusion and solubility of oxygen 

Figure 3: Nyquist plot of the anode impedance for two-chamber MFC on days 
1, 5 and 3 weeks of an established biofilm [41].

Figure 4: Bode phase angle plots of the anode for potassium ferricyanide 
(FeCN) and oxygen based MFCs [42].

Figure 5: Nyquist plots of the anode impedance before and after addition of 
riboflavin (5 µM) to anolyte. Inset graph show the expanded view of the boxed 
region [42].
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leading to very slow kinetics of its reduction reaction at electrode. 
However, in a single chambered MFC with a rotating cathode, He et al. 
[53] has observed an increase in polarization resistance of the anode. 
Even though, the oxygen diffusion can be enhanced by such suitable 
modifications, it was found detrimental for the bacterial metabolism 
on the anode in a single chambered MFC. On the other hand, 
potassium ferricyanide has been extensively employed as catholyte in 
the laboratory scale two-chambered MFC which produces 1.5 to 1.8 
times more power than that of Pt-catalyst–dissolved oxygen reactor 
[54]. Further, ferricyanide has low over-potential using a carbon paper, 
resulting in the cathode working potential close to its OCV. However, 
the greatest disadvantage of ferricyanide is that it needs to be replaced 
regularly which limits its practical usage in large scale MFC. The 
electrochemical kinetics of the two systems can be typically analyzed 
with the help of EIS. Ramasamy et al. [42] has observed that the charge 
transfer resistance of the cathode with ferricyanide has been lesser 
compared to that of oxygen suggesting that the ferricyanide reduction 
is a faster than oxygen reduction reaction (Figure 6). The onset of 
second arc for the oxygen corresponds to the higher impedance of the 
oxygen reduction compared to the reduction of ferricyanide. However, 
the measurement impedance was also influenced by the mass transfer 
effects [42].

Effect of substrate diffusion: The diffusion of oxygen to the 
cathode surface for its reduction is of major concern in MFCs with 
aerated-cathode due to the coupled gas diffusion and solubilization in 
the electrolyte. The diffusion limitation which has been incorporated 
in the form of Warburg element in the equivalent electrical circuit 
model can contribute significantly to the overall internal resistance in 
such systems affecting the overall power output [41,54]. Lepage et al. 
[55] included such a Warburg component in the EIS equivalent circuit 
model to characterize the MFC designed using reticulated carbon foam 
electrodes with microbial consortia at the anode and aerated cathode 
system. Figure 7a depicts the equivalent circuit model used by Lepage 
et al. [55] to fit the cathode impedance containing series combination 
of ohmic resistance (Rsβ), a parallel R1-CPE1β and a generalized finite 
Warburg element in its short circuit version (Rβ – Wβ || CPEβ). The 
Warburg element has been included, since the major limitations in 
the MFC design is the diffusion of oxygen from the electrolyte to the 
hydrophobic carbon surface. It was also confirmed that the resistance 
of cathode compartment mainly contributed to the overall resistance 
of the cell (Figure 7b). In addition to such a higher resistance, the 
contribution of the oxygen diffusion is attested by the Warburg 

element with resistance Rw of 2.99 kΩ cm2 and time τw of 16.4 s [55]. 
This phenomenon has also been witnessed by Kim et al. [56]. 

Effect of mediators: The mediators are secreted by the bacteria 
in the anode compartment, which facilitates the electron transfer 
from the bacteria to the anode. The cathode compartment is spatially 
separated by the cation exchange membrane (CEM), so diffusion of 
mediators from the anode compartment to the cathode compartment 
necessarily depends on the permeability of the CEM used in the MFC. 
If nafion is used as CEM, it is impermeable to any mediators produced 
in the anode compartment and those mediators do not have any effect 
on the cathodic reaction. Whereas, filter membranes are sometimes 
used in the place of PEM, which allow the transport of small molecules 
can have pronounced effect on the cathodic reduction reaction. The 
mediators can facilitate the electron transfer in the cathode half-cell. 
The concentration, electrochemical properties of the mediators and the 
cathodic potential highly influence the effect of mediators on the EIS 
response. Ramasamy et al. [42] studied the effect of mediators on the 
cathode impedance in two different MFC setups such as ferricyanide 
cathode with nafion and oxygen cathode with filter membrane 
and clearly pictures a distance response for the effect of mediators 
using EIS. Figure 8 shows the Bode plot for the ferricyanide cathode 
contained only two time constants corresponding to the metal salts in 
the electrolytes at high frequency region and ferricyanide reduction in 
the medium frequency region. Whereas, the Bode plot for the oxygen 
cathode contained three time constants corresponding to oxygen 
reduction at low frequency region, metal salts in the electrolytes at 
high frequency region and a significant time constant at the medium 
frequency region, which was correlated with the charge transfer 
impedance of the mediators [42]. 

Effect of cathode material type: The type of cathode material is 
of greater importance in terms of stability, cost and electrochemical 
feasibility for scaling up of the MFC particularly in the case of air-

Figure 6: Nyquist plots of the cathode for potassium ferricyanide (FeCN) and 
oxygen based MFCs [42].

Figure 7: (a) Equivalent circuit model with Warburg element used by Lepage 
et al. and (b) Nyquist plots of the impedance of the full cell (global) together 
with the contributions of the anode and the cathode [55].
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cathode MFC. The different cathode material imparts different 
activation resistances for the oxygen reduction reaction that can 
be quantitatively captured by their EIS response. Martin et al. [57] 
compared the different cathode materials such as Pt, Fe2O3, Mn2O3 
and carbon to investigate better oxygen reduction reaction in the 
air-cathode MFC. The EIS analyzes revealed that the charge transfer 
resistance of the cathode for the materials tested are 4.4 Ω, 3.6 Ω, 4.1Ω 
and 18.1 Ω respectively. The total cathode impedance also followed the 
same trend and it has been concluded that Pt cathode showed better 
oxygen reduction reaction compared by the metal oxides and carbon 
[57]. More recently, Zhang et al. [58] evaluated the bio-cathode material 
in MFC by comparing the graphite felt, carbon paper and stainless steel 
mesh using EIS as shown in Figure 9. It has been observed that charge 
transfer resistance of the cathode (Rct) was maximum for stainless steel 
mesh (~820 Ω), followed by carbon paper (23 Ω) and the graphite felt 
(11 Ω) and concluded that the graphite felt bio-cathode exhibited the 
best catalytic behavior towards oxygen reduction reaction [58].

Effect of cathode binding agent: The performance of MFC is 
greatly influenced by the method of assembling the membrane and 
the electrode. Nafion solution, perfluorinated ion-exchange solution 
is often used as a binding agent to connect the Pt particle, membrane 
and the carbon electrode [14,44,55]. EIS was employed by Huang et al. 
[59] to investigate the performance of MFC with and without Nafion 
as cathode binding agent and found that the power output of the MFC 
without Nafion was higher compared to that with Nafion. This was also 
reflected in the EIS response of the both the MFCs studied as shown 
in Figure 10. The Bode plot shows that the impedance of cathode with 
Nafion (NC) was higher than that of without Nafion (WC) for both 
the exposure times tested. It was also concluded that the impedance 
of cathode for both NC and WC decreased with exposure time due to 
increased porosity of the surface layers covering the cathode materials 
[59].

Characterization of Bio-cathode
The oxygen reduction reaction at the cathode is still one of the 

main limiting factors in the performance of MFC in spite of much 
improvement in the progress of efficient catalyst for the cathodic oxygen 
reduction [60]. Recently, development of oxygen reducing bio-cathodes 
is advancing since the micro-organisms are cheap and renewable 
catalyst for cathodic oxygen reduction [60-62]. In such bio-cathode 

system, both charge transfer resistance and the oxygen mass transfer 
are considered to be the major limiting factors for the performance of 
MFC [63]. In the case of bio-anode, maximum current is reached as a 
result of maximum in the biochemical conversion rate, whereas it is 
different for the case of bio-cathodes, the maximum current density 
is mainly limited by mass transfer, in addition to the charge transfer 
phenomenon due to the poor solubility of oxygen [62,63]. EIS has 
been proved to be a powerful tool for in depth analysis of bio-cathode 
behavior. The model used by Ter Heijne et al. [64] is a generalized 
Randles circuit with the finite length Warburg element for the diffusion 
transport of the reactant to the electrode surface. It has been concluded 
that fitting the impedance data at constant potential and different flow 
rates of oxygen had no effect on charge transfer resistance, but led to a 
decrease in mass transfer resistance with increasing flow rates as shown 
in Figure 11a. Such variation in the mass transfer resistance is mainly 
due to the diffusion limitation, which was overcome at higher flow 
rates. At the same time, the charge transfer resistance was found to be 
decreasing for the experiments conducted at varying cathode potential 
and constant flow rate as shown in Figure 11b. The distinct variation 
between the combined electrochemical-biochemical kinetics and the 
electrochemical kinetics alone has been studied using the EIS, which is 
very essential for characterizing the bio-cathodes. 

Figure 8: Bode phase angle plots of the cathode for potassium ferricyanide 
(FeCN) and oxygen based MFCs [42]. 

Figure 9: Nyquist plots of the MFCs with different bio-cathode (CP – carbon 
paper, GF – graphite felt and SSM – stainless steel mesh) [58].

Figure 10: Bode plots of cathode impedance for MFCs with (NC) and without 
(WC) nafion [59].
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Full Cell Systems (Complete MFC Setup)
Effect of reactor configuration

In the case of pilot scale MFCs, ohmic resistance has been observed 
to be predominant in the total internal resistances of the system [65], 
which is greatly dependent on the design and configuration of the MFC 
rather than the microbial population in the anode [11]. Almost 60% of 
the internal resistance has been contributed by the ohmic resistance in 
the MFC designed by You et al. [66]. Reducing the electrode spacing 
could be the most effective solution to reduce such larger ohmic 
resistance [15,65]. Recently design of up-flow MFCs has been adopted 
as an alternative approach, which when combined with the continuous 
operation resulted in relatively low internal resistances leading to 
greater power output [22,40]. You et al. [66] demonstrated that in a 
glucose fed up-flow air-cathode MFC, changing the sieve area from 
30 cm2 to 60 cm2 resulted in increased power density mainly due to 
reduction in the overall internal resistance from 41 Ω to 27.5 Ω and 
decrease of ohmic resistance from 24.3 Ω to 14 Ω as shown in Figure 
12. 

He et al. [22] developed a modified up-flow MFC with U-shaped 
cathode inside the anode chamber with a maximum volumetric power 
density of 29.2 W/m3. It has been observed that the overall internal 
resistance was 17.13 Ω at a volumetric loading rate of 3.40 kg COD/(m3 
Day) with the dominant component being the electrolyte resistance 
throughout the entire range of loading rates and both the anode 
and cathode charge transfer resistances were found to be important 
limiting factors for such design as shown in Figure 13. Further, a 
relatively smaller value for the diffusion resistance has showed that the 
transport limitation played a minor role compared to the ohmic and 
kinetic limitations. Based on these EIS analyses, further improvements 
were also suggested to improve the power density of the system. 

Huang et al. [67] evaluate the electricity generating behavior of 
floating MFC operated for 153 days. With the help of EIS, it has been 
observed that the polarization resistance of the anode changed with the 
operating time, reaching a minimum at day 125 and correlated with 
the maximum power density production on that day. The polarization 
resistance of the cathode has been found to be relatively constant and 
much smaller compared to that of anode. 

Effect of anode fluid ionic strength

The ionic strength of the anolyte greatly influences the solution 
resistance, which in turn affects the power output of the MFC. Aaron 

Figure 11: (a) Nyquist plots obtained for the bio-cathode at different flow rates and constant cathode potential (0.28 V vs. Ag/AgCl) and (b) that at constant flow rate 
(2.1 cm/s) and different cathode potentials [64]. 

Figure 12: Nyquist plots of impedance spectra of MFCs with varying membrane 
area of 30 cm2 (circles) and 60 cm2 (squares) [67].

Figure 13: Nyquist plot of impedance spectra of up-flow MFC at the volumetric 
loading rate of 3.40 kg COD/(m3 day) [22]. 
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et al. [68] used EIS to study the effect of the anode fluid ionic strength 
on the power output of air-cathode MFC. The individual resistive 
components have been analyzed by varying the ionic strength of the 
anolyte from 0.37 M to 0.037 M. The Figure 14 shows the Nyquist 
plot of varying responses for the different ionic strengths examined 
and it has been clearly observed that both the total resistance as well 
as the solution resistance decrease on increasing the ionic strength. 
Approximately a reduction in one third of the solution resistance has 
been noticed (from Rsolution = 3.79 Ω at 37 mM to 2.27 Ω at 370 mM) 
[68]. Interestingly the Ran remained nearly unchanged, while the Rcat 
decreased markedly more than the reduction in Rsolution, which indicates 
the impedance of cathode impedance on the performance of air-
cathode MFC.

Effect of separator

The separators are generally used to prevent the electrodes from 
touching, short-circuiting and electrolytes to mix up. The anion or 
cation exchange membranes are usually used as separators to prevent 
the diffusion of oxygen into the anode chamber and to facilitate the 
movement of only protons across it to the cathode. The addition of 
separators reduces the power density by increasing the internal 
resistance and generates pH gradients between the anode and cathode. 
Wei et al. [69] used impedance spectroscopy to understand the impact 
of the separators on the performance of air-cathode MFC. It has been 
found that at a cathode potential of 0.3 V, the average total resistance 
increased by 36% for 5 mM PBS by the use of single separator and the 
total resistance was also three to five times larger for the system with 
four separators compared to the control without separator [69]. The 
diffusion resistance has been found to the major contributing factor in 
the varying internal resistances with only small changes in the solution 
resistance and the charge transfer resistance as shown in Figure 15, 
which suggested that the usage of separators hindered ion transport 
from the bulk to the cathode leading to mass transport limitations.

Electron Transfer Mechanism of Exo-Electrogenic 
Microbes

The different electron transfer mechanisms used by the exo-
electrogenic bacteria such as Geobacter sulfurreducens and Shewanella 
oneidensis can be characterized using EIS. The electrochemical 
physiologies of these commonly used bacteria are very different. 
While G. sulfurreducens use conductive appendages called pili for 
their direct electron transfer onto the anode, S. oneidensis exploit 
the flavin mediators predominantly for the electron transfer. In 
both these micro-organisms the intracellular processes had higher 
values of impedance and capacitance compared to the extracellular 
processes [70], i.e., 80% of the total impedance has been contributed 
by the intracellular impedance (Rin) in G. sulfurreducens and 95% of 
the total impedance has been contributed by the Rin in S. oneidensis, 
indicating that the intracellular processes are rate limiting for their 
electrochemical electron transfer. Further, Jung has observed different 
impedance characteristics for both the bacteria [70]. The Rin and Rex 
of G. sulfurreducens were only 11% and 2-3% of that of S. oneidensis 
respectively, indicating that the electron transfer efficiency through 
the conductive pili by G. sulfurreducens is better than that of the flavin 
utilizing S. oneidensis. The diffusion of flavins through the membrane 
of S. oneidensis and their complex redox process has been found to 
be responsible for nearly 40 times larger electrical resistance and 
subsequent energetic loss, as dictated by their large Rex value. Figure 16 
shows the different morphologies of high-frequency arcs in the Nyquist 
plot of MFC anode inoculated with G. sulfurreducens, S. oneidensis and 

their co-culture. A unique high-frequency arc consisting of two semi 
arcs has been observed for the co-culture. Also the high-frequency 
arcs of B were larger than those of A. These observations denote that 
the impedance spectra might be a useful tool to distinguish different 
exo-electrogenic electron transfer mechanisms. The charge transfer 
resistance (RCT) is inversely proportional to the exchange current (Iex) 
which in turn, is correlated to the kinetic rate constant (ko). Therefore 
the calculation of RCT from the EIS experiment can be used to deduce 
the kinetic rate of the processes limiting the electron transfer. Further, 
the use of EIS for mechanistic analysis has been briefly reviewed by 
Macdonald [71] with particular emphasis on mathematical techniques 
that are used to extract the kinetic data. 

Particularly the electron transfer through redox active mediators 
can be investigated with the help of EIS. In such scenario, while classical 
approaches such as biochemical assays, HPLC or electrochemical 
technique such as CV, require the regular sampling of the spent anolyte 
from the operating MFC, EIS provides an effective, non-intrusive and 
online analyses of the mediators secreted by the bacteria in the operating 
MFC without interfering with its performance [17,49,72]. Ramasamy 
et al. [42] exploited EIS as a tool to evaluate the extracellular mediators 
in a lactate-fed air breathing MFC harboring S. oneidensis DSP10 and 
attributed the observed Nyquist arc in the medium frequency region to 
the charge transfer impedance of the electron shuttle redox processes 

Figure 14: Nyquist plots of air-cathode MFC for varying anode fluid strength 
[69].

Figure 15: Component analysis of cathodes and separator electrode 
assemblies at 0.3 V in 50 mM PBS. (Control - without separator, 1S - one 
separator, 4S – four separators, Rd – diffusion resistance, Rct – charge 
transfer resistance and Rs – solution resistance) [70].
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other electrochemical techniques such as cyclic voltammetry, scanning 
electrochemical microscopy, etc. In conclusion, the knowledge of 
impedance from EIS alone is not sufficient, but combining the EIS with 
the other electrochemical and biochemical methodologies could better 
assist in understanding the performance of the bio-electrochemical 
systems.
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