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Microbial fuel cells (MFCs) are the rising modern equipment for the generation of bioelectricity from organic matters. In this
study, MFCs in two formats are assembled and concurrently operated for a 30-day period in a batch mode manner. Natural
biowaste cattle dung slurry with mediators is used as a substrate persistently for the enhancement of electron transfer rate and
additionally for the augmentation of required electrical parameters. Under similar conditions, the MFC setups are experimented
with a variety of anode-cathode material combinations, namely carbon-carbon, copper-carbon, and zinc-carbon. +e perfor-
mance of these MFCs during the testing period is evaluated independently and compared by plotting polarization data generated
by them. It is revealed that maximum current and power densities are achieved from all these MFCs and the best attained values
are 1858mA/m2 and 1465mW/m2, respectively, for the novel single-chamber zinc-carbon electrode MFC. +e corresponding
findings present that the MFC with zinc-carbon electrodes has the better power density than other MFCs. Being conductive and
higher standard potential metal electrodes have improved the capability to act in place of carbon family electrodes for MFC-based
power applications. Although the MFC power generation is low, but modifications in configurations, electrodes, microbe-rich
biowaste, mediators, and power management may enhance the power output to a significant level for commercialization of this
technology.+e unique feature of this research is to explore the pertinent use of conductive metal electrodes to enhance the power
generation capability of MFCs through biowaste as an alternative power source for small applications.+e novelty of this research
is presented through usage of conductive metal electrodes for the performance analysis of MFCs.
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1. Introduction

Globally, the consumption of energy has augmented
exponentially during the first decade of the 21st century
and is continuing to do so. +e dire need of the present
scenario is to meet the ever-increasing energy demand
and identify more and all feasible sources of energy.
Nonrenewable sources are presently the most conspic-
uous means for catering to the world’s energy con-
sumption pattern in which the key role is played by fossil
fuels [1]. It is common knowledge that fossil fuels are
likely to be exhausted and indiscriminate exploitation of
fossil fuels have posed a threat to the biological life on the
planet via their secondary effects such as global warming
and environmental pollution [2]. +e need for alterna-
tives to fossil fuels have encouraged researchers to seek
alternative sources for power, which can be harnessed by
utilizing modern tools of technology developed in recent
years and in a better manner than in the past [3, 4]. As a
consequence of these efforts, one of the recently proposed
alternatives is energy derived from fuel cells utilizing
presently wasted biomasses. A fuel cell is an electro-
chemical engine that converts the existing energy of
chemical bonds into electricity [5]. Being a green source
of energy, this option seems attractive as the energy
obtained thereof is both renewable and environmentally
friendly. Fuel cells utilizing biological material are bio-
logical fuel cells, capable of directly transforming
chemical energy to electrical energy by the way of elec-
trochemical reactions [6]. Biological fuel cells are clas-
sified in two types: MFCs and EFCs. If biological fuel cells
are using biomass to act as a biocatalyst for bioelectricity
production, then it may be named as biomass cells.

MFCs are devices that use bacterial community as the
catalyst for oxidation of organic or inorganic matters, thus
leading to generate current [7]. +e MFC unit has an
anodic and a cathodic chamber, and the two are separated
by a semipermeable membrane known as PEM. In the
anodic chamber, the microflora results in generation of
protons and electrons via oxidation of organic matter in
an anaerobic environment, generating carbon dioxide and
other compounds as final products. +e movement of
electrons generated in the process is facilitated via an
external circuit, whereby protons are transmitted to the
cathodic chamber via PEM. In the cathode chamber,
protons and electrons react along with parallel reduction
of oxygen to water. A biopotential developed between the
bacterial metabolic and these conditions led to generate
bioelectricity in MFCs [1]. Anaerobic conditions are
necessary in the anodic chamber as oxygen will hamper
electricity production, consequently a pragmatic ar-
rangement have to assemble for bacterial separation from
oxygen [1, 6–8]. +e chemical reactions taking place in the
anode and cathode chambers with organic matter sub-
strates and water are as follows:

C6H12O6+6H2O� 6CO2+24H+24e− (anode chamber)
24e−+ 24H+ 6O2 �12H2O (cathode chamber)
C6H12O6+6H2O+6O2� 6CO2+12H2O (MFC reaction)

MFC performance mainly depends on several important
factors such as system configuration, nature of organic
matter, bacterial species, electrode material and surface area,
type of catholyte, operating conditions, rate of oxidation in
the anodic chamber, electron shuttle from the anodic
chamber to surface of anode, way of supply and amount of
consumption, and permeability of PEM [1, 9]. An MFC is an
incredible technology with the capability to use a wide range
of substrates, configurations, and materials with bacteria to
get bioelectricity generation despite the fact that power levels
are low. +is is a preferred method for longer sustainable
power applications.+e glimpse of pros and cons of MFCs is
shown in Table 1 and is an indicative of motivation for
research.

Recent literature reviews evidence that power generation
from microalgae biomass using MFCs is a recent significant
way to enhancing its efficiency and achieving large-scale
applications. +e mixed microalgae in the single chamber
with normal carbon electrodes achieved the maximum
power of 76mW/m2, and again with mixed microalgae in a
single chamber with gold-graphite electrodes achieved the
maximum power density of 10W/m2 [10]. A comprehensive
review on MFCs and plant MFCs being renewable energy
sources has presented that it has been developed for many
applications such as waste water treatment, biosensors,
biofuels, and contaminated sediments [11]. An overview on
the development and modification of anode materials for
MFCs presents that MFCs follow the electrochemical ap-
proach for natural conversion of organic waste to energy.
+e conductivity, surface area, porosity, biocompatibility,
stability, availability, and cost of material are prime factors
for selection of anodes. Except carbon anodes, metal or
metal-oxide anodes such as zinc, nickel, copper, gold, and
iron, are also making a place for energy generation [12]. A
comprehensive review on the MFC technology presented
various processes, utilization, and recent developments in
usage of various carbon electrodes with different substrates
and bacterial species [13]. +e bioelectricity generation from
different biomass feed with analysis of vital parameters
presented the experimental results that showed the presence
of percentage organic matter in cow dung along with drain
water was 0.85 and same generated 230mV of voltage [14].
+is has demonstrated the scope for bioremediation and
manufacturing of anionic and polymeric bioemulsifiers with
promising dispersing characteristics. A new biomolecule was
utilized and prepared from UCP 1601 with emulsifying
behaviour [15]. Another study [16] reported the use of
pomegranate peel that acts as bioadsorbents for wastewater
treatment. +e potential of agriculture biomass for ad-
sorption properties has been verified and approved by
various studies. Similarly, an investigation for the treatment
of synthetic textile using anaerobic and combined anaero-
bic-aerobic reactor systems has been carried out. Removal of
toxic matter with minimal environmental degradation has
been demonstrated [17].

Mostly, a review of advanced research referred in [10–17]
indicates a research gap that no comprehensive performance
analysis of MFCs with cattle dung as a substrate for a wide
range management of cattle waste and the effect of different
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electrodes like popularly used carbon and novel metals on
the performance of MFCs have been done. In addition, the
scientometric analysis has been conducted based on key-
words generated through the Scopus database. +us, the
studies conducted related to MFCs and bioelectricity in past
research have raised many issues related to the performance
of MFCs, and this present study tries to contribute through
this paper. Figure 1 shows the scientometric chart generated
through the VOSviewer analytical tool, which indicates that
limited research has been carried out on manures acquired
from animal waste. +is analysis indicates that cattle dung
must be considered for energy generation through MFCs.

+us, the present study purposefully aims to investigate
the performance parameters of cattle dung-basedMFCs with
carbon and metal electrodes. +e aim behind this study has
opened up the way for novelty of this research as an ex-
perimental work for the performance analysis of technical
parameters of cattle dung-based MFCs in different designs
with commonly used carbon and metal electrodes.

2. Materials and Methods

2.1. Material for MFC Assemblies. +e different types, sizes,
and structures of anode and cathode materials for MFC
assemblies have been used by researchers to maximize the
power generation and columbic efficiencies of MFCs
[18–23]. In this research, for MFC assemblies, materials for
anode electrodes with surface areas of 42.4 cm2 are carbon,
copper, and zinc and for cathode electrodes only carbon is
used. Before using for assemblies, the electrodes are washed
with 1% HgCl2 and stored in 0.1M HCl and soaked in
deionized water for a period of 24 hours. For physical
separation of anode and cathode chambers in MFC designs,
the separator materials are classified in terms of their
qualities of filtration as resulting ion-exchange membranes,
salt bridge, and size selective separators [7, 24]. +e lab-
grade chemicals/materials as PEM are used for assemblies
and supplied by Merck. +e popularly used DuPont USA
Nafion (117) membrane is used as per the size of MFC
reactor. +e substrates for these assemblies are cattle dung
available in abundant as waste, rich in microorganism and
nutrients. +e substrate is prepared in the lab by adding
distilled water to fresh cattle dung, making it as slurry in a
ratio of 1 : 4 to act as the anolyte without any pretreatment
and distilled water or natural air as the catholyte to make O2
as an electron acceptor. Quantitative analysis evidences that
different quantities of cellulose, hemicelluloses, and lignin
are found in dung with a small number of other extractives
[6, 25]. Fibre content of lignocellulose dung, such as

cellulose, hemicellulose, and lignin, has been found by the
analysis of ADF, NDF, and ADL using the reflux apparatus
and by following standard method of testing. Total ligno-
cellulose material has been estimated by NDF and ADF is
used to estimate the content of lignin and cellulose, which
are the prime criteria for energy conversion technique. In the
present work, the random samples of fresh cattle dung are
collected by trained persons from local dairy farms of one
region, Punjab, by following the standard method of sample
collection and tested at SSNIBE, Punjab, and the results of
fibre analysis are presented in Table 2.

2.2. Microbial Community Analysis. Cattle dung is an ideal
candidate as energy a feedstock because of easily degradable
high organic matter. Since long, manure has been exten-
sively appreciated as a fertilizer but harmful due to con-
siderable water and air pollution. Cattle dung is an
alternative option for generation of electricity through
MFCs and simultaneously maintains fertilizer value. +is
study explores the treatment of dung in terms of examining
the presence of microbial species to activate the generation
of bioelectricity process in MFCs. It is well known that
microorganisms such as Bacillus and Pseudomonas act as
electrifying bacteria in organic matters, which further help in
microbial degradation of pollutants [26]. +e results of
microbial analysis are presented in Table 3. Furthermore, the
scientometric analysis has been performed to highlight the
use of manure as a fertilizer and energy source in India.
Figure 2 shows the keyword relationship between cattle dung
and its implementation as a manure and fertilizer for

Table 1: Pros and cons of MFCs.

Pros Cons
Direct generation of power Low power output
Sustainable alternate source of energy Slow rate of growth of microbial population
Environment friendly Toxicity of material
Effective conversion of energy High material cost
Low cost for small applications High cost for large-scale applications
Possibility of several MFC designs High internal resistance

2015 2016 2017 2018

Figure 1: Scientometric chart analysis.
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agriculture purpose. In India, cattle dung is considered an
excellent alternative to chemical-based fertilizers as India is a
country with large rural population. +e presence of
chemicals such as phosphorus, carbon, and other minerals
improves the fertility of soil withminimum cost.+e chart in
Figure 2(b) depicts the utilization of cattle dung as an energy
source, which is highlighted as reported in recent studies. In
rural areas, cattle dung is still used as an energy source due to
its availability in abundance. Biogas plants are installed to
extract biogas, which is used for cooking and industrial
applications.

2.3. MFC Configurations. An inexpensive and widely used
configuration is the H-shaped double-chamber MFC con-
sisting of two chambers separated by a membrane or salt
bridge. +ese H-shaped chambers are acceptable for ex-
amining power production with different materials, mi-
crobes, mediators, etc. However, the produced power
density is limited by high internal resistance and subsequent
scaling is cumbersome in such configurations [7]. Power
density and system internal resistance are the key charac-
teristics dependent on properties such as the surface area of
the cathode, anode, or separator and distance kept between
electrodes [27]. To conquer this complexity, a virtual al-
ternative that offers cost and operational saving is a single-
chamber MFC [6, 12]. In the single chamber, the anode
electrode is kept in anaerobic conditions in an anodic
compartment and the cathode electrode is exposed to air
called single-chamber air cathodeMFC. Higher currents and
voltages can be attained by series and parallel stacking of
MFCs [6, 8, 9, 16]. However, the key issue is the long-term
impact of voltage reversal in stacked MFCs, which need
further research for improved voltage production [9]. In this
study, novel single-chamber MFC assemblies are fabricated
and examined with standard test procedures for feasibility of
MFCs as a power source. DCMFC assemblies are experi-
mented with formation of three individual cells: DCMFC1,
DCMFC2, and DCMFC3. In these double-chamber MFCs,
the common materials used are two plastic containers as the
anode and cathode chamber, Nafion membrane of suitable
dimensions, and cattle dug slurry of 700ml in the anode
chamber and 700ml distilled water in the cathode chamber
with potassium permanganate of 300 μmol/l as the mediator
in the cathode chamber. Carbon-carbon electrodes in
DCMFC1, copper-carbon electrodes in DCMFC2, and zinc-
carbon electrodes in DCMFC3, all are of same area and
shape, act as anode and cathode electrodes, respectively, and
the basic design prepared and implemented in this study is
shown in Figure 3(a). To analyze the performance of
SCMFCs, SCMFC assemblies named as SCMFC4, SCMFC5,

and SCMFC6 are experimented with formation of three
independent cells. Each SCMFC consists of a single chamber
containing an anode electrode without any aerated cathode
chamber. +e anode compartment of the plastic container is
loaded with dung slurry of 700ml with methylene blue of
300 μmol/l as the mediator coupled to the porous cathode
exposed directly to air.+e anode compartment and cathode
are provided with sample port, wire point inputs, and ports
for electrode wires. +e cathode electrode is pasted through
Nafion membrane of suitable dimensions with a 20–30% of
electrode area is embedded in the membrane and the rest is
exposed to air outside of the anode compartment. Carbon-
carbon electrodes in SCMFC4, copper-carbon electrodes in
SCMFC5, and zinc-carbon electrodes in SCMFC6, all are of
same area, are used as anode and cathode electrodes, re-
spectively. +e basic schematic of SCMFC assembly
designed and implemented in this study is shown in
Figure 3(b). +e six experimental setups of DCMFC and
SCMFC are operated continuously in batch mode for a
period of 30 days under ambient conditions.

2.4. Calculation of Electrical Parameters. +e maximum
voltage theoretically attained by MFCs with organic sub-
strate and carbon family electrodes is of the order of 1.1 V.
+e oxygen reduction reaction at the cathode does not
provide the theoretical potential of +0.84V because of the
impact of activation losses on potential. Moreover, the
ohmic and activation losses are more dominant as resis-
tances are lowered and current increases. Due to these losses,
the measured MFC voltage is considerably lower. +ese
voltages are recorded using a multimeter. +e commonly
achieved maximum working voltage for MFCs is 0.3–0.7V.
+e peak voltage attained in MFCs is always the OCV.
Current and power are calculated as per standards followed
by research works. Primary parameters like “current” and
“power density” were calculated by dividing current and
power, respectively, by the projected surface area of elec-
trodes. Polarization data are obtained by changing external
resistances from 25Ω to 1000Ω [7, 8, 27–29].

3. Results and Discussion

3.1. Characterization of Cattle Dung. For the utilization of
cattle dung as a substrate, the characterization of dung has
been done by fibre analysis and microbial analysis. +e

Table 2: Fibre analysis of fresh cattle dung.
Lignocellulose (%) 24
Hemicellulose (%) 14
Lignin (%) 04
Extractives/volatiles (%) 44
Ash (%) 14
Lignin-to-cellulose ratio 0.167

Table 3: Isolated microbial analysis.

Isolate Identified bacteria
B1 Bacillus subtilis
B2 Escherichia coli
B3 Streptococcus species
B4 Pseudomonas aeruginosa
B5 Clostridium species
B6 Peptostreptococcus species
B7 Bacillus cereus
B8 Klebsiella species
B9 Bacteroides species
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results of fibre and microbial analyses are presented in
Tables 2 and 3, respectively.

+e results of fibre analysis in Table 2 reveal the lignin-
to-cellulose ratio along with other polymers, namely cel-
lulose, hemicelluloses, lignin, extractives or volatiles, and ash
content. Higher cellulose represents good potential for
biomethanation. Cattle dung has a medium range of (24%)
cellulose and moderately good for the process. Hemicellu-
lose of 14% for dung is most appropriate for anaerobic
digestion (AD). Higher the lignin content lower is the di-
gestibility as it is difficult to degrade in anaerobic conditions.
Cattle dung has (4%), very less value of lignin and suitable
for the AD process. In case of lignocellulose biomass, the
lignin-to-cellulose ratio is normally used to define the degree
of digestibility of biomass. +e lignin-to-cellulose ratio for
dung was 0.167 with extractives of 44% and ash 14%. All
above results for the characterization of biomass are com-
parable with the results of [9, 21, 30, 31].+e results conclude
that dung has immense properties to act as a sustainable
renewable energy source for electrical power generation.

Similarly, the microbial population of specific species is
necessary for decomposition of organic matters, which
further activates the electron flow process and generation of
bioelectricity. Bacterial isolates are classified on the basis of
their features in different forms of species. +e isolation and

identification of bacterial count are the most important steps
for dung analysis. Isolation of microbes in dung has shown
the prominent presence of nine bacterial species (Table 3),
which play a vital role in the anaerobic process and also have
been previously shown by researchers [10, 32, 33]. To en-
hance the power generating capabilities of MFCs, identifi-
cation of power-developing bacteria is mandatory.
Identification and viable count always helped in addition of
particular types of bacteria as mediators for the augmen-
tation of power density.

3.2. Performance of Double-Chamber MFCs. DCMFCs are
continuously operated in batch mode for a period of 30
days, and the OCV of all cells are measured daily and the
maximum achieved voltages are shown in Table 4. +is
relatively high voltage can be attributed to a high standard
electrode potential and conductivity of the anode electrode
with the same substrate for each cell [34–41]. With the
stabilization of cells’ output voltages, the performance of
each cell is evaluated at a ten-day interval by plotting
polarization curves. +e polarization curves are plotted in
Figure 4 after making measurements by utilizing multiple
external resistances with values ranging fromOCV, 1000Ω,
500Ω, 250Ω, 100Ω, 50Ω, to 25Ω. +e voltages across

(a) (b)

Figure 2: Scientometric analysis of utilization of cattle dung as (a) manure and (b) energy source.

Multimeter

Cathode
Electrode

Cathodic
Chamber

Anodic
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Electode
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Figure 3: (a) Double-chamber MFC. (b) Single-chamber MFC.
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these resistors are recorded every 3 hours in order to allow
the bacterial cultures to produce sufficient current at lower
voltages, which in addition provide enough time for biofilm
to adapt changes in resistances. +e polarization curves of
cells evidence that the voltage drop is 50% as current in-
creased to 4.73mA at 100Ω in order to maximize power
production in case of DCMFC1. Similarly, in DCMFC2, the
drop in voltage is 49% as current increased to 4.58mA at
100Ω, and in DCMFC3, the drop in voltage is 48% as
current increased to 5.68mA at 100Ω. +e maximum
generated power densities and current densities for cells
DCMFC1, DCMFC2, and DCMFC3 are 528mW/m2 and
1116mA/m2, 495mW/m2 and 1080mA/m2, and 762mW/
m2 and 1340mA/m2, respectively, and are shown in
Table 4.

3.3. Performance of Single-ChamberMFCs. +e performance
of SCMFCs differs considerably from DCMFCs due to the
different MFC reactor design. +e experimental conditions
and materials used for SCMFCs are similar to DCMFCs,
such as electrode material, substrates, and membranes
[42–45]. Like DCMFCs, SCMFCs are continuously operated
for 30 days in batch mode. +e maximum OCV achieved in
all three SCMFCs is shown in Table 4. +e performance of
these cells is also evaluated by the polarization curves as
shown in Figure 5 at maximum voltages using adjustable
external resistances of the same range as in DCMFCs to
determine current and power densities. +e maximum
generated power and current densities for cells SCMFC4,
SCMFC5, and SCMFC6 are 1094mW/m2 and 1606mA/m2,
1052mW/m2 and 1575mA/m2, and 1465mW/m2 and

Table 4: Electrical parameters of DCMFCs and SCMFCs.

Cell number DCMFC1 DCMFC2 DCMFC3 SCMFC4 SCMFC5 SCMFC6
OCV (mV) 946 915 1184 1098 1078 1292
Current (mA) 4.73 4.58 5.68 6.81 6.68 7.88
Current density (mA/m2) 1116 1080 1340 1606 1575 1858
Power (mW) 2.24 2.10 3.23 4.64 4.46 6.21
Power density (mW/m2) 528 495 762 1094 1052 1465
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Figure 4: Polarization curves of (a) DCMFC1, (b) DCMFC2, and (c) DCMFC3.
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1858mA/m2, respectively. Performance parameters of other
electrical quantities are similarly recorded and presented in
Table 4.

+e comparison of power densities and current densities
of DCMFCs and SCMFCs operated in this study have shown
that SCMFC6 performed best among all cells with the
maximum power density of 1465mW/m2 and current
density of 1858mA/m2. Results in references [7, 32] have
amply defended those performances of MFCs and cannot be
compared with our results because of simultaneous varia-
tions of so many parameters such as configuration, electrode
type, surface area, substrate, electron transfer, microbial
population, atmospheric conditions, and anaerobic condi-
tions. +ough there are few research works on biomass
wastes-based MFCs with carbon and metal electrodes, their
findings are compared with this study results and presented
in Table 5.

Broadly, the results of present study aremuch better than
those of others in terms of power densities, but this ap-
proximate comparative chart has neglected many significant
factors such as electron transfer rate, microbial population,
and size and shape of electrodes. Results of the studies in-
dicate that cattle dung when used as a substrate in an MFC
results in a full-grown and well-formed biofilm due to
microbial action, which is the primary parameter for

consistent electrical performance. +e higher power and
current densities of metal electrode MFCs can perform
better in rich organic matters.

4. Challenges in Implementation of
MFC Technology

+ere are immense challenges in implementation of this
technology, and multiple issues have been faced by many
researchers who worked on various configurations, but till
date no configuration has been commercialized. MFC
performance especially power and energy output are not
only dependent on technical parameters rather it mainly
associates with the process of biochemical conversion. Low
power density and low current are the major barriers in
commercialization of this technology. Cells polarity, voltage
overshoots, and voltage reversals are the main issues of low
MFC performance. Measurement of such low values re-
quires lots of precision and accuracy of high technology
instruments. +ere are also technical hitches in comparing
the MFC performances on corresponding basis. As an ag-
ricultural country like India, it is indeed challenging to use
such technology since organic matter seems abundant;
however, contamination of organic matter is widespread
ubiquitous.
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Figure 5: Polarization curves of (a) SCMFC4, (b) SCMFC5, and (c) SCMFC6.
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5. Conclusions

DCMFCs with conventional H-design and SCMFCs with
novel designs are fabricated and operated successfully in
batch mode for a period of 30 days under similar physical
conditions. +e objectives of these MFC assemblies are to
analyze the significant electrical performance parameters as
power densities and current densities using cattle dung
substrate and carbon and metal electrodes. Usage of metal
electrodes is rarely preferred in MFC configurations with a
perception of metal corrosion and difficulty in accumulation
of microbes on plane surfaces. +e main findings of this
study are the successful operation of metal electrode MFCs
with the rough surface of novel metal electrodes for both
configurations and SCMFC6 having zinc-carbon electrodes
achieved the maximum power density. +e maximum OCV
achieved for SCMFC6 is 1292mV, and with standard tests
the maximum obtained current is 8mA, the maximum
power of 6.21mW, and the maximum power density
is1465mW/m2 at 100Ω. +e MFC is a prominent tech-
nology for bioelectricity generation and offers prospects for
utilization of various organic wastes with novel metal
electrodes. +is study has more scope for further research as
this technology is still at the laboratory level and needs
bundles of diverse approaches before commercialization. A
number of organic wastes, carbon family materials, and
especially metals are open for research to enhance the power
outputs of cells. New designs of cells, simulation and
modelling of cells, and quality of power can be the advance
areas of research. Handling of trouble shootings for MFC
assembly and operation are the thrust areas, which require
comprehensive research.
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Additional Points

(i) (ii) Management of waste cattle dung through bio-
electricity generation has been demonstrated.
Bioelectricity generation using carbon and metal
electrodes in MFC is highlighted

(iii) Polarization data have been plotted for testing the
performance of cells independently

(iv) Achievement of high current and power densities
with single-chamber MFC has been reported
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