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Abstract
An anode was constructed using a novel technique and subsequently tested in a bio-battery. The
anode comprised of a composite electrode coated with immobilized bacteria. The immobilized
bacteria used in this study were Escherichia coli K-12. The composite electrode contained three
layers: a 304 L stainless steel mesh base, an electro-polymerized layer of pyrrole, and an electropolymerized layer of methylene blue. The bacteria were immobilized utilizing a technique incorporating a carbon nanoparticle and Teflon™ emulsion. The composite electrode combined with
immobilized bacteria was examined whilst incorporated into the anodic chamber of a bio-battery.
Different tests were conducted, including Electrochemical Impedance Spectroscopy. Results from
these tests were compared with data obtained from alternate configurations and values from the
open literature. The maximum power density generated by the composite electrode with immobilized bacteria whilst incorporated into the anodic chamber of a bio-battery was 378 mW/m2. Results demonstrate this composite anode configuration with immobilized bacteria produced approximately 69% more power density and 53% more current density than alternate electrode
configurations with bacteria suspended in solution. Also, it was found that a significant portion of
the bio-battery’s resistance to charge transfer occurred at the surface of the anode and this resistance was lowered by 51% through bacteria immobilization.
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1. Introduction
Microbial Fuel Cells (MFC) and bio-batteries have gained interest over the past decade and may provide a po-
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tential source of energy through the conversion of chemical energy from organic sources into electrical energy
using microbes [1]. MFCs have also been used for the purification of wastewater using bacteria [2]. For the
technologies investigated in this paper it is assumed that MFCs and bio-batteries may appear to be identical except that in a MFC the substrate is replenished and in a bio-battery it is not [3]. Although dual chambered MFCs
have been studied over the past few decades multiple aspects must still be investigated. One such aspect is the
development of novel electrodes that are cost effective and efficient. For electrode construction, noble metals
such as platinum and gold provide good results, but they are expensive. Additionally, if the mediators used in
MFCs are immobilized on the electrode this can reduce the cost of replenishing mediators in solution. Mediators
often improve the efficiency of MFCs. Also, it has been shown that bacteria immobilization on the surface of an
electrode may reduce the start-up time of MFCs or Bio-Batteries [3]. For non exo-electrogenic bacteria that require mediators for the transfer of electrons to the electrodes, it is possible that the application of bacteria and
mediator immobilization may reduce the electrochemical resistance caused due to the transfer of charges from
the bacterial cells to the electrode by the mediator.
One of the primary benefits of using a mediator in a MFC is its ability to lower the anode potential compared
to mediator-less MFC, which lose appreciable energy during intracellular electron transfer [3]. Even though
MFCs with soluble mediators have better performance than mediator-less fuel cells, they have technical difficulties, including the secondary contamination of effluent by the mediators. Also, they are expensive for large scale
operations as the mediators must be replenished often. Some of the commonly employed mediators are methylene blue, neutral red, thionin, and 1, 2 hydroxynapthaquinone. Recently polyviologen was immobilized on a
carbon cloth anode and produced a power density as high as 540 mW/m2 and a current density of 1.7 A/m2 in a
single chambered cell with air cathode [4]. Prieto-Simón and Fàbregas analysed the influence of mediators by
researching the variations between mediators in epoxy composites, mediators suspended in solution, and mediators adsorbed or polymerized on electrode surfaces in biosensors. They found that mediators polymerized on
electrode surfaces were more suitable due to their sustainable and reproducible results [5]. Qaio and colleagues
used nickel foam anodes coated with CNT-polyaniline paste and E. coli K-12 to achieve a significant increase in
power density (maximum power density of 42 mW/m2) [6]. Ming and colleagues used E. coli K-12 bio-film
taming technique to achieve a 56% increase in current density and almost 2-fold increase in power density
compared to the parental E. coli K-12 [7].
Generally, carbonaceous materials are widely employed owing to their good bio compatibility, chemical stability, low cost and high conductivity [8]-[11]. Park and colleagues used Mn4+-graphite anodes and Fe3+-graphite
cathodes with E. coli K-12 to achieve maximum current and power densities of 325 mA/m2 and 91 mW/m2 respectively [10]. Carbon paper was used as electrodes in two different setups containing E. coli K-12 as anode
catalyst and neutral red as mediator to achieve a maximum power density of 8 mW/m2 [11]. Graphite electrodes
with neutral red as mediator and E. coli K-12 produced a maximum current density of 31 mA/m2 [12]. However,
these carbonaceous electrodes are quite brittle, thereby leading to the search for stronger alternatives. Stainless
steel (SS) electrodes have not been studied as extensively as the carbonaceous electrodes but have only been
shown to work effectively as cathode electrodes [13] and under marine conditions in seafloor microbial fuel
cells driven by the potential difference between anaerobic and aerobic regions of sea bed and sea surface respectively [14]. Hoffman et al. compared a composite electrode (formed from a stainless steel rod coated with polypyrrole and methylene blue) with bare graphite rod electrodes in an E. coli K-12 based MFC and determined that
the composite electrodes produced a 6-fold increase in power density [15].
Bacteria immobilization directly on an electrode, instead of bio-film formation, was studied by researchers in
the past. Yuan et al. immobilized Proteus vulgaris on carbon paper electrodes in a mediator-less setup and
achieved a maximum power density of 269 mW/m2 [16]. It was determined that bacteria immobilization directly
on the electrode would reduce the start-up time of the fuel cell. For the work in this paper, it was hypothesised
that mediator and bacteria immobilization on the anode would facilitate the transport of charge from the bacterial cells to the anode, thereby reducing the anodic charge transfer resistance.

2. Materials and Methods
2.1. Microbial Cultures and Medium
Escherichia coli K-12, used in the anode chamber, was a pure culture obtained from the American Type Culture
Collection. The cultures were grown aerobically in Erlenmeyer flasks placed in a shaker at 37˚C and 250 rpm
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for 24 hours. The medium used for the growth contained: 10.00 g/L of tryptone, 10.00 g/L of NaCl, 5.00 g/L of
yeast extract and 20.00 g/L of glucose. The medium and flasks were sterilized in an autoclave before culturing
the bacteria.

2.2. Electrochemical Equipment
A Gamry™ Reference 600 potentiostat along with PHE 200™ software was used for electro polymerization of
pyrrole and mediator, measuring open circuit potentials, and obtaining polarization curves. The potentiostat was
calibrated using a standard cell in a Faraday’s cage before running experiments. A relatively slow potential
sweep of 0.15 mV/s was used to generate the voltage-current curves. Open circuit potentials were recorded between the anode and cathode electrodes. A Gamry™ Interface 1000 potentiostat was used for the Electrochemical Impedance Sectroscopy (EIS) analysis of fuel cells and the data was fit using specific equivalent circuit
models.

2.3. Composite Electrode Preparation
Stainless steel mesh of 2.54 cm diameter was obtained from McMaster-Carr, Canada. The meshes were washed
with acetone to remove any metal fragments that may have interfered with polymerization. The method used for
electro-polymerization of pyrrole and mediator on the mesh was similar to the method used by Godwin and
Evitts [17] with a slight variation in solution concentration due to the geometry and morphology of stainless
steel mesh. Polymerization of pyrrole on the stainless steel mesh electrodes was conducted galvanostatically, at
a current density of 6 mA/m2 in a three electrode cell. The cell consisted of a working electrode, graphite counter electrode, and saturated calomel reference electrode. The solution contained 0.350 mol/L pyrrole, 0.080
mol/L salicylate and small amounts of orthophosphoric acid to maintain the pH at 4.2. The polymerization time
required was approximately 180 seconds [18].
Subsequently, the polypyrrole coated electrode was immersed in a solution containing 0.001 mol/L methylene
blue, 0.1 mol/L potassium nitrate, 0.025 mol/L sodium borate, with the pH adjusted to 9.5 using potassium hydroxide in a cell similar to that used for pyrrole polymerization, for methylene blue electro-deposition. Ten cyclic voltammetry sweeps between −0.5 VSCE and 1.05 VSCE were used to form the polymethylene blue layer.
These voltage limits were chosen because below −0.5 VSCE the doping ions (salicylate) leave the solution and
insulate the polymer layer while above 1.05 VSCE over-oxidation occurs with degradation of the film [18]. The
polymerization of methylene blue can be confirmed by a purple colour on the electrode while the polypyrrole
coated electrode is black [3]. The electrodes were stored in reverse osmosis water until use.

2.4. Carbon Nanoparticle-Bacteria Paste Preparation
The methodology for bacteria immobilization on the composite electrode was modified from the method used by
Yuan et al. [4]. In this method, 0.3 g of Vulcan XC-72 R (carbon nanoparticles) was homogeneously spread in
10 ml of water using ultrasonication. The cultured bacteria were harvested from the liquid culture through centrifugal action (8000 rpm for 10 minutes) and introduced into the container containing carbon particles. This solution was stirred for 2 minutes and 1 ml of Teflon™ emulsion (Teflon, PTFE 3859, DuPont, USA) containing
60% (by weight) resin in water was mixed with the carbon nanoparticles to form the Carbon Nanoparticle and
bacteria paste (CNP-bacteria paste). The final solution was stirred for at least 2 minutes until a sticky CNP-bacteria suspension was obtained which was then evenly applied on both the sides of the composite mesh electrode.
Different configurations of electrodes were constructed for analysis; some composite electrodes were covered
with CNP paste only, and some composite electrodes were covered with CNP-bacteria paste. Figure 1 shows
SEM images of these electrodes covered with CNP paste, (a) without, and (b) with, Escherichia coli K-12 bacteria. Each bacterium, which is rod shaped and white in the figure, can be clearly seen attached to the carbon
particles in the lower right-hand portion of Figure 1(b). Figure 1(a) does not show any white rod shaped bacterium.

2.5. Experimental Set-Up
Different configurations of electrodes were incorporated into a conventional H-type bio-battery and tested. The
H-type configuration of the bio-battery contained anode, cathode, working electrode, counter electrode, reference
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Figure 1. SEM images of composite electrodes (a) with only carbon paste and (b)
with carbon paste and bacteria [18].

electrode, and potentiostat system, where both the anodic and cathodic chambers had a capacity of 600 ml. Both
of the chambers were filled with 500 ml of solution and separated with a Nafion™ proton exchange membrane
with an approximate surface area of 5 cm2. The Nafion™ membrane was pretreated by boiling for 1 hour in each
of two solutions: 3% H2O2 de-ionized water and 0.5 M H2SO4. The cathode chamber was filled with 0.050 M
potassium ferricyanide and 0.050 M phosphate buffer solution to maintain an approximate pH of 7. The anode
chamber contained L-B medium with buffer solution (10 g/L sodium bicarbonate, 8.5 g/L potassium di-hydrogen phosphate) and 20 g/L glucose at a pH of approximately 6.5. Sterile graphite and saturated calomel reference electrodes were inserted into the cathode chamber while the electrodes to be examined were inserted into
the anode chamber. Both chambers were sealed with insulation tape. Nitrogen was sparged into the anode
chamber in order to maintain anaerobic conditions. Magnetic stir bars were used in both chambers to prevent
settling and maintain a uniform composition.

2.6. Fuel Cell Performance Analysis
The bio-batteries were analyzed by measuring and plotting polarization and power density curves, substrate
concentration analysis and recording the impedance spectra for determining the internal resistances. All biobattery configurations were operated at room temperature and the electrode performance was tested by running
polarization experiments once the open circuit potentials reached steady state. The obtained current values were
divided by the 2-D projected surface area (5.1 cm2) of the anode to obtain the current density. Polarization experiments were run on consecutive days at a potential sweep of 0.15 mV/s between the measured open circuit and
closed circuit potential ranges and their average was plotted with standard deviation error bars. Glucose (substrate) concentration was analyzed using a glucose analyzer to confirm microbial growth and bio-electrochemical activity.
Electrochemical Impedance Spectroscopy (EIS) measurements were taken at the stable open circuit voltage
(maximum cell potential) in a two-electrode mode with the anode being the working electrode and cathode as
the counter and reference electrode, as previously described [10] [19]. The impedance measurements were performed when the power generation reached the maximum, determined by polarization measurements [20]. A
small alternating current signal with an amplitude of 10 mV and a frequency range of 100 kHz to 0.1 Hz was
applied. The anodic impedance spectra were determined by connecting the anode as the working electrode and
the cathode as the counter electrode with the saturated calomel reference electrode placed in the anode compartment. The ohmic resistance contribution of the membrane was determined by subtracting the anodic impedance spectra from the combined impedance spectra of the anode and membrane, which was recorded with the
anode as the working electrode and cathode as the counter electrode with saturated calomel reference electrode
placed in the cathode compartment [21].
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The equivalent circuit shown in Figure 2 was used to fit the impedance data using Gamry™ Echem Analyst
software to determine the values of the MFC ohmic resistance, charge transfer resistance, and diffusion resistance. This equivalent circuit model is commonly employed for dual chambered MFCs [20] and is used to determine the charge transfer contributions of anode and cathode separately along with the ohmic resistance. Rc
and Ra represent the individual charge transfer resistances of the cathode and anode respectively with Yoc and Yo
their associated constant phase elements. The overall internal resistance is the sum of Ru, Ra and Rc while the
overall charge transfer resistance is the sum of Ra and Rc.

3. Results and Discussion
3.1. Polarization Curves
Composite electrodes with a CNP-bacteria paste were incorporated into the anodic chamber of the bio-battery
and tested. Polarization curves may be used to determine the performance and the internal resistance of a MFC
[3]. Polarization plots with a slow potential sweep of 0.15 mV/s were conducted. These slow potential sweeps
allowed the scan to reach steady state at each data point and provided a good representation of the voltage-current behavior in a manner similar to that conducted by Hoffman et al. [3]. Figure 3 shows the cyclic voltammetry plots for two configurations: a bio-battery anode incorporating a composite electrode with CNP-bacteria
paste (immobilized bacteria) and composite electrode with bacteria suspended in the solution. Figure 3 shows
the composite electrode with immobilized bacteria (CNP-bacteria paste) setup produced a higher short circuit
current than the composite electrode with bacteria suspended in the solution.
Figure 4 shows the polarization curve for a composite electrode with immobilized bacteria (CNP-bacteria
paste) compared with the polarization curves for composite electrodes in other configurations. These alternate
configurations include: Case I, a composite electrode with immobilized CNP paste and bacteria suspended in
solution, and Case II, a composite electrode with bacteria suspended in solution. The composite electrode with
immobilized bacteria (CNP-bacteria paste) produced an average short circuit current density of 1506 mA/m2,
almost a 53% increase when compared with current densities of Case I and Case II. Moreover, Case I produced
approximately 13% more current density than Case II. This may be due to the carbon nanoparticles facilitating
better electron transfer by increasing the surface area for bacterial adhesion.

3.2. Power Density Curves
A power density curve displays the maximum power output from a system with its corresponding current density. Figure 5 shows the power density curves of a composite electrode with immobilized bacteria (CNP-bacteria

Figure 2. Model 1 (a) and Model 2 (b) for EIS data fit [18].

53

S. Suresh et al.

Figure 3. Cyclic voltammetry plots for bio-batteries with immobilized (CNP-bacteria paste) and suspended bacteria [18].

Figure 4. Polarization curves of composite electrode with immobilized bacteria compared with other
composite electrode configurations [18].

paste) and other electrode configurations. The two other configurations are: Case I, a composite electrode with
immobilized CNP paste and bacteria suspended in solution, and Case II, a composite electrode with bacteria
suspended in solution. The composite electrode with immobilized bacteria (CNP-bacteria paste) achieved an average power density of 331 mW/m2. This is almost 69% more than the other configurations with suspended bacteria (Cases I and II).
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Figure 5. Power density curves of composite electrode with immobilized bacteria compared with other composite
electrode configurations [18].

3.3. Effect of Teflon™ and CNP Concentration on MFC Performance
The amount of Teflon™ added to bind the carbon nanoparticles and bacteria greatly affects the performance of
the MFC. Higher concentrations of Teflon™ will insulate the electrode surface to charge transfer, while lower
concentrations will not bind the bacteria and carbon nanoparticles sufficiently [4]. Figure 6 shows the change in
power density with various amounts of Teflon™ added to the 10 ml of CNP-bacteria paste for application on the
composite anode. As seen in the figure, 0.5 ml and 1.5 ml of Teflon™ produced lesser power than 1.0 ml of
Teflon™. This data is in accordance with previous research conducted using Proteus vulgaris and Teflon™ [4].
The electrode performance was also studied by varying the amounts of CNP. 0.2 g, 0.3 g, and 0.4 g of Vulcan
XC-72R carbon nanoparticles in 10 ml of water were used to create the CNP-bacteria paste and applied to the
surface of the composite electrode. Figure 7 shows the average power density plots for various CNP amounts.
As seen from the figure, the maximum power density using 0.2 g of CNP was slightly lower than maximum
power densities using 0.3 and 0.4 g of CNP, but not significantly so. Also, the current densities were generally
similar. This confirms that the inner portion of CNP-bacteria paste had little impact on the power production and
only the CNP and bacteria located near the surface increased power [4]. For this study, using E. coli K-12 and
composite mesh electrodes, 0.3 g of CNP with 1 mL Teflon™ for 0.001 mol/L methylene blue was found to be
the optimum amount which gave reproducible results.

3.4. Glucose Analysis
Concentrations of substrate in the anode chamber were analysed to ascertain microbial growth and biochemical
activity. Samples were drawn at different intervals from the anodic chamber using a filter fitted syringe and
analysed in YSI™ 2700 biochemistry analyser. Figure 8 shows the change in glucose (substrate) concentration
with time. The glucose concentration decreases with time and thus confirms the biochemical activity in the
anodic chamber.

3.5. Electrochemical Impedance Spectroscopy Analysis of the Fuel Cell
The overall internal resistance in a MFC is comprised of ohmic resistance, charge transfer (polarization) resistance
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Figure 6. Effect of Teflon concentration on power density. Error bars represent standard
deviation of power measurement [18].

Figure 7. Effect of carbon nanoparticle concentration on bio-battery performance [18].

and diffusion resistance. Ohmic resistance constitutes the resistances of ion conduction through the anode solution, cathode solution and the proton exchange membrane. Charge transfer resistance constitutes the resistance
of the transfer of charge between the electrodes and solution. In this case, for the anode, this includes the resistance due to microbial metabolism, charge transfer from the microbe to the mediator, and transfer from the mediator to the anode. Diffusion resistance constitutes the resistance caused by a build-up of concentration gradients within the MFC. Electrochemical Impedance Spectroscopy is commonly used for experimental studies of
electrochemical phenomena, including corrosion processes; however, only recently, has EIS been used for determining the internal resistances involved in MFCs [17]. These EIS experiments must be conducted either at
fixed potentials or the open circuit potentials [20] [22] [23].
Nyquist plots are used to represent the impedance data [20] [24]. While the Nyquist arc provides a qualitative
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analysis of the electrochemical polarization resistance, the quantitative values are obtained by fitting the data
using equivalent circuits [23]. Figure 9 shows the nyquist plots obtained for two different anode configurations
of the bio-battery. The first configuration incorporated a composite electrode with immobilized bacteria (CNPbacteria paste) and the second configuration incorporated a composite electrode with bacteria suspended in the
solution. In the nyquist plots shown in Figure 9 the initial value on the real impedance axis represents the Ohmic resistance, and the diameter of the semicircle formed by the data immediately above the real axis corresponds to the charge transfer resistance [24]. The magnitude of the Nyquist curve for the first configuration incorporating a composite anode with immobilized bacteria (CNP-bacteria paste) was smaller than the second
configuration that had a composite electrode with bacteria suspended in the solution.

Figure 8. Glucose concentration in the anodic chamber [18].

Figure 9. Nyquist plots for bio-batteries incorporating a composite electrode with immobilized bacteria and composite electrode with bacteria suspended in solution [18].
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Analysis by fitting Nyquist data to the equivalent circuit revealed that the charge transfer resistance was significantly larger than both Ohmic resistance and diffusion resistance, with approximately 80% of the overall internal resistance, for both configurations. Figure 10 shows a comparison of the internal resistances in two MFCs
with different configurations. The composite electrode with immobilized bacteria had a reduction in the overall
charge transfer resistance by approximately 51%. Additionally, it is also to be noted that there wasn’t any significant difference in Ohmic and diffusion resistances between the two configurations. In fact, the diffusion resistance appears to be negligible in both the configurations, which is in accordance with previous research conducted using stainless steel electrodes with immobilized mediator (composite electrodes) [18]. Also, it was
found that the charge transfer resistance of the anode (Ra) was significantly higher than the cathode for both
configurations, as shown in Table 1. This may be because of the oxidation process (by bacteria) at the anode
being kinetically sluggish compared to the reduction process (ferricyanide) at the cathode [24]. Also, the Rc value was similar for both configurations due to the use of the same catholyte (ferricyanide). The constant phase
element of the anode (Yo) was also higher than the constant phase element of the cathode (Yoc), which could be
due to the increase in surface area of the anode due to carbon nanoparticles [25]. Conversely, 95% of the ohmic
resistance was contributed by the proton exchange membrane, with the anodic chamber (anode and anolyte)
contributing 3.6 Ω and membrane contributing 62 Ω.
A check was conducted to confirm the values of internal resistance provided by the Gamry™ Echem Analyst
software. From Figure 4, from the slope of the polarization curves, the average overall internal resistance for
each bio-battery can be calculated. From these slopes it can be clearly seen that the overall internal resistance of
the bio-battery incorporating a composite anode with bacteria suspended in solution is approximately double
that of the bio-battery incorporating a composite anode with immobilized bacteria. These findings, from Figure
4 support the findings from the EIS analysis. These results demonstrate the improved charge transfer due to
immobilization of the bacteria upon the composite anode.

3.6. Comparison to Previous E. coli K-12 Based MFC Studies
Modifications to electrodes incorporated into MFCs have been studied by various researchers and significant
improvements in power densities following the addition of Carbon Nano Tubes CNT and Carbon nanoparticles
(CNP) have been noted. However, due to the variations in electrode surface areas and difference in metabolism
of different microorganisms, it can be difficult to directly compare the performance of MFC. The current study,
focussing on composite electrodes with immobilized bacteria, achieved 1645 mA/m2 of current and a power
density of 378 mW/m2. Table 2 shows a comparison of current study with other E. coli MFC studies. From Table 2, it can be seen that the configuration presented in this paper (composite anode with CNP-bacteria paste)

Figure 10. Internal resistances comparison of composite electrode with immobilized bacteria (CNP-bacteria paste) and composite electrode with bacteria suspended in solution [18].
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Table 1. Electrochemical Impedance parameters of the cell with different anode configurations [18].
Configuration

Ru (Ω)

Ra (Ω)

Rc (Ω)

Yoa (S∗sa)

Yoc (S∗sa)

a

Composite electrode with immobilized
bacteria (CNP-bacteria paste)

66.53

169

11.95

0.027

0.00456

0.580

Composite electrode with bacteria
suspended in solution (control setup)

69.32

455

9.092

0.0165

0.00347

0.546

Table 2. Comparison of current study with studies from the open literature that used E. coli as anode catalyst with electrode
modifications [18].
Comparison
parameter

Current
study

Ming et al.
2008 [8]

Qiao et al.,
2007 [7]

Park et al.,
2003 [11]

Park et al.,
2000 [13]

Davilla et al., Hoffman et al.,
2008 [12]
2013 [3]

Max current
density, mA/m2

1645

330.75

~145

325

31

-

316

Max power density,
mW/m2

378

106.68

42

91

-

7.89

39.35

displays improved current and power densities when compared with other values from the literature [3] [7] [8]
[11]-[13]. This improvement could be attributed to the immobilization of the mediator and bacteria directly on
the surface of the electrode and enhanced conductivity by the carbon nanoparticles.

4. Conclusions
The composite electrodes with immobilized bacteria (Escherichia coli K-12) achieved maximum current and
power densities of 1645 mA/m2 and 378 mW/m2, respectively, when incorporated into the anodic chamber of a
bio-battery. The current and power densities of this electrode were almost 53% and 69% more than other configurations, which could be attributed to the reduced charge transfer resistance in the bio-battery. Specifically, it
was concluded that the immobilization of bacteria onto the anode decreased the resistance to the transfer of
charge from the bacteria to anode by approximately 50%, when compared to bacteria suspended in solution.
These findings were confirmed through an Electrochemical Impedance Spectroscopy analysis with model fitting.
This model also showed that the charge transfer, from bacteria to anode, is the most significant component of
the overall bio-battery internal resistance.
It was also determined that the carbon nanoparticles aided electron transfer. The technique of bacteria immobilization presented in this paper did not inhibit bacterial growth. This was confirmed by the glucose analysis
experiment for biochemical activity. The composite electrode with immobilized bacteria presents itself as a
promising candidate to be employed as cost effective and high performing anode in Microbial Fuel Cells and
bio-batteries.
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