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Abstract

The use of non-noble metal catalyst as electrode for energy harvesting device have drawn great deal of attention
owing to its distinct features. In this work, cobalt oxide has been directly fabricated on carbon cloth substrates
using simple cost effective Successive Ionic Layer Adsorption and Reaction. Cobalt oxide synthesized from Co (II)
nitrate and NaOH was used as the electrode for generation of electricity from dairy wastes using Microbial Fuel
Cells (MFC). Electrochemical characteristics such as cyclic voltammetry have been carried out for the cobalt oxide/
carbon cloth and the obtained results are found to be a good alternative for platinum catalyst. A current of 0.15 mA
was obtained at an external resistance of 2 kΏ. A single cell prototype of double chamber MFC is designed and the
performance analysis is carried out in this work.
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Introduction
Microbial Fuel Cells (MFC) is an alternative energy
source that produces electricity in a bioelectrochemical
way [1–6]. Because of this, the MFC finds applications
in various fields like powering a low power sensor and
wastewater treatment of industrial effluents, among
others. The catalyst plays a vital role in the MFCs for
improving their power density and current density
[7–10]. Materials, like metal oxides and activated car-
bon, are all used as the coating materials for elec-
trodes to improve the performance of MFCs [11].
Many modified stainless steel anode materials have
been reported, e.g., zinc-cobalt coated in mild steel
[12, 13], graphene oxide modified anode [14], polyani-
line modified stainless steel anode [15], and polypyr-
role coated anode for corrosion resistance [16] which

give some limited performance than the carbon elec-
trode materials. Stainless steel electrodes have the
drawback of high internal resistance and corrosion ef-
fect. On the other hand, activated carbon materials
have also been used for the anode and cathode elec-
trode from various forms of the waste materials like
the rubber tires [17], sewage sludge [18], etc. Modi-
fied carbon materials show good result than the bare
carbon electrodes [19, 20]. Metal oxide coated with
carbon material provides improvement in the per-
formance of the MFCs. Platinum coated with carbon
is one of the most successful combinations of the
metal oxides with good electrochemical behavior.
Platinum utilized as catalyst in the MFC can be sup-
planted by non-noble metals such as metal oxides
[21, 22] which are inexpensive substitutes to plat-
inum. However, the use of platinum in electrode ma-
terial is costly than other metal oxides. Many metals
such as nickel, graphene, Fe, Zn and Co are coated in
the carbon electrode of the MFC. Cobalt oxide is one
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of the low cost metal oxides and has the ability to in-
crease its surface area when coated on the electrode.
This electrode is employed for the treatment of dairy
waste and also improves the power density and
current density of MFC. Synthesis of cobalt oxide for
the oxygen reduction reaction in the cathode was
depicted by Xia e al [23]. for a single chamber MFC
and only used in the cathode side. In this work, co-
balt oxide is coated on carbon cloth for both anode
and cathode electrodes in double chamber MFC.
Industrial effluent like dairy waste water is treated in

MFC to produce the electricity. Dairy waste water is rich
in organic substrate which is a much suitable wastewater
for the production of electricity. In addition, potassium
ferricyanide is added in the cathode side of the MFC as
an electron acceptor for improving the voltage output as
investigated by others [24]. The concentration of the po-
tassium ferricyanide is varied to investigate the output
performance of the dairy based – Double Chamber MFC
(DB-DCMFC) [7].

Materials and methods
MFC construction
The DB-DCMFC is constructed with plexiglass with a
dimension of 6 × 12 × 8 cm with a total volume of 500
mL. The schematic of the DB-DCMFC is shown in Fig.
S1 in Supplemental Information. Both the electrodes for
the anode and cathode are made up of carbon cloth and
copper wire is attached to the cloth. Cobalt oxide is
coated with the carbon cloth and utilized in both anode
and cathode side of the MFC. The two chambers are
provided with inlet and outlet paths for refilling and re-
leasing the wastewater after use. Nitrogen gas is purged
into the anodic chamber to ensure anaerobic environ-
ment and it is airtight to make sure that air will not
oxidize the electrons on the anode side.
The two chambers of the MFC are separated by

Nafion membrane which is also called Proton Ex-
change Membrane and is used to allow only the
hydrogen ions into the cathode chamber. Here the
carbon cloth coated with cobalt oxide is directly uti-
lized in the inoculum from the dairy wastewater for
acquiring the electrons. The block diagram of the
MFC process is shown in Fig. S2.

Electrode preparation
A variety of materials is used as the electrodes in MFCs.
In this present study carbon cloth electrode is used with
the double chamber MFC using dairy wastewater as the
influent. Cobalt oxide is coated on carbon cloth using
Successive Ionic Layer Adsorption and Reaction (SILAR)
technique and it is used as electrode in the DB-DCMFC.
Initially 0.05M of Co (II) nitrate was dissolved in 100
mL of double distilled water and stirred in magnetic

stirrer until cobalt completely dissolves in water. Simi-
larly, 0.05M of NaOH is dissolved in 100 mL of double
distilled water and stirred well using magnetic stirrer.
Anionic solution (1M) of Co (II) nitrate hexahydrate
and cationic solution (1M) of NaOH were coated in the
carbon cloth material with the help of SILAR coating
system for 25 cycles at a dip time interval of 40 s each in
the Co (II) nitrate and NaOH. After 25 cycles of coating
the carbon cloth, it turned into light brown color due to
the cobalt coating on the carbon cloth. The loading of
cobalt oxide after coating is 156 mg cm− 2 by using
weight gain method. The electrode preparation part is
depicted in the block diagram as shown in Fig. S2.

Microorganisms and medium
Bacteria in the dairy wastewater are utilized as the bioca-
talysts for the generation of electricity. Dairy wastewater
from the local dairy industry in Tiruchirappalli, Tamil
Nadu, India is taken and analyzed for pH, Biological
Oxygen Demand (BOD) and Chemical Oxygen Demand
(COD). The pH range for this dairy waste water is from
7.0 to 8.5, COD ranges from 1200 to 1589mg L− 1, BOD
ranges from 850 to 983 mg L− 1 and total dissolved solids
ranges from 1000 to 1200 mg L− 1 at the room
temperature.

Experimental conditions
In the two chamber of the DB-DCMFC, one chamber on
the left hand side is chosen as the anode chamber, 270
mL dairy wastewater inoculum is filled with carbon cloth
as the anode and the cathode chamber on the right hand
side of the MFC is supplied with open air and potassium
ferricyanide initially of 0.05M added. After this oper-
ation, the catholyte concentration is varied and the out-
put is recorded till the voltage is exhausted. Another
setup of the same parameters for dairy wastewater with
cobalt oxide coated carbon cloth is taken. The same pro-
cedures are repeated for this setup also. The hydrogen
ions from the anode side will penetrate through the
membrane and combine with the oxygen to produce
water molecules. When the voltage level reduces, the
chamber is refilled with the wastewater. The hardware
setup of the DB-DCMFC is shown in Fig. S3.

Electrical measurements
The output voltage (V) of the MFC is measured using
the precision multimeter and is noted for every 30 min.
Both the open circuit voltage and closed circuit voltage
with three different resistances values are measured
respectively.
The power (P) and current (I) are calculated using

Ohm’s law Eqs. (1) and (2).
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I ¼ V
Rext

ð1Þ

P ¼ V 2

Rext
ð2Þ

Where Rext is the external resistance connected to the
circuit. The external resistances values are varied from
50Ω to 2 kΩ and the output voltage values are recorded
and utilized to draw the polarization curve. The power
density and current density are calculated with the sur-
face area of the electrode. The pH of the substrate is
monitored time to time with the help of the pH meter
to ensure the appropriate value of pH. The internal re-
sistances are measured by the polarization slope method.
The MFC will discharge the electrons until the organ-
isms are present in the inoculum after which it is chan-
ged with fresh wastewater and the MFC takes an hour to
attain the steady state.

Results and discussion
The dairy wastewater is loaded in the anode side of the
double chamber MFC and potassium ferricyanide solu-
tion of 0.05M intial concentration on the cathode side
of the MFC. Both the electrodes are at equal distance
from the membrane inside the chamber since the dis-
tance plays a significant factor for the change in power
density [22]. The distance should be as much as low as
possible to attain a higher power density. The maximum
open circuit voltage obtained is 370 mV in the DB-
DCMFC with plain carbon cloth as the anode on the

second day of the operation. Fresh wastewater is re-
placed after it comes to the lowest point of voltage drop
value of 60 mV. The open circuit potential of the modi-
fied carbon cloth electrode is 750mV which is twice as
much as the plain carbon cloth electrode. The open cir-
cuit characteristic of MFC is shown in the Fig. 1. After
every 20 h of operation the voltage of the MFC is
dropped. The wastewater is refilled with new inoculum
in which the MFC reactor will take some time to regain
to its higher point of voltage. The open circuit voltage is
the total potential that the MFC can produce without
any resistive load connected across the anode and
cathode.

Characteristics at different loading rates
A curve based on changing the values of the external re-
sistance is plotted with the function of voltage and
current. The resitance value is varied from 50Ω to 2 kΩ
as shown in the Fig. 2 for both coated and non-coated
carbon electrode. The value of resistance is changed in
descending order because of the solidity of the voltage in
the DB-DCMFC. The maximum current generation can
be observed at the lower value of the resistance because
of release of more electrons. The current and voltage
curves against the resistance look inversely proportional
to each other. The voltage starts increasing as the resist-
ance increases and attains a value of 560 mV as shown
in the Fig. 2 for the coated carbon cloth with a corre-
sponding current value of 0.15 mA at closed circuit
condition.

Fig. 1 Characteristics between open circuit potential (OCP) and time for plain carbon electrode and modified electrode

Veeramani et al. Sustainable Environment Research           (2020) 30:16 Page 3 of 8



The value of voltage is low when the value of resist-
ance is less due to the liberation of more electrons and a
maximum current generation of 2.5 mA is obtained at
the minimum value of resistance of 0.1 kΏ. The current
as per the Ohm’s law starts decreasing as the resistance
increases; it has a maximum current of 2.4 mA at very
low resistance value. For this maximum current of 2.4
mA the closed circuit voltage is 146 mV was generated
in the DB-DCMFC.

The polarization and the power density curves pre-
dict the essential influence in the performance of the
DB-DCMFC. The curve drawn between the current
density and the voltage is called as the polarization
curve in which the value of the voltage is higher at
lower current density. This shows that both the pa-
rameters are inversely proportional to each other. A
peak value of 560 mV is obtained at the current dens-
ity of 6.3 mAm− 2 as shown in Fig. 3. Also the power

Fig. 2 Characteristics of voltage and current with respect to resistance for non- coated and coated electrode

Fig. 3 Plots of voltage and power density against current density
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density increases as the current density increases up
to a critical value of 80 mWm− 2 after which it starts
decaying as shown in the Fig. 3. This shows that the
power density will decay after certain value of current
density.

Electrochemical evaluation of electrodes
Bioelectrochemical behavior of MFC under variable
loading conditions was determined by adopting
Cyclic-voltammetry (CV). This evaluates the redox ac-
tivities of the components involved in bio-chemical
system in solution and the components bound to the
bacteria in dairy wastewater. This is helpful in finding

the electro-active species of the effluent. The CV for
plain carbon cloth electrode and cobalt oxide coated
carbon cloth electrode was analyzed as shown in
Fig. 4. The electron transfer to the electrode is 60 mA
for the modified electrode which is much higher than
the bare carbon cloth electrode and it shows the oxi-
dation peak at a potential of 0.5 V against Standard
Calomel Electrode (SCE) and the reduction peak at
0.125 V against SCE. The scanning rate for the CV
test is 0.10 V s− 1. The oxidation and the reduction re-
actions improved because of the effective interaction
between the cobalt oxide and carbon cloth electrode.
This shows that the Co (II) nitrate shows good

Fig. 4 Cyclic-voltammetry characteristics for plain carbon cloth and coated carbon cloth

Table 1 Comparison of output for different electrode setup

S.
No.

Type of MFC Type of influent Current density (mA cm− 2) Electrodes used Ref.

1. Double chamber
MFC

Pure culture of Geobacter
sulfurreducens

0.00025 Graphene oxide modified cathode [14]

2. Single chamber MFC Waste from water treatment plant 0.0006 Metal doped carbonaceous
anodes

[25]

3. Double chamber
MFC

E. coli culture 0.00061 Porous graphite [26]

4. Single chamber MFC Landfill leachate 0.14 (open circuti
condition)

Stainless steel plates [15]

5. Double chamber
MFC

Dairy wastewater 0.00064 Cobalt oxide coated carbon cloth Present
work
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electrochemical activity over the electrode surface
[20]. Table 1 compares different electrodes and their
output current densities. In this DB-DCMFC shows
some good current density value of 0.00064 mA cm− 2

comparatively shown good performance with other
form of electrode used in the MFC. The power dens-
ity and the current showed a better improvement for
the cobalt oxide coated carbon cloth electrode.

Influence of variation in potassium ferricyanide
concentration
The change in catholyte concentration influences the
value of power density due to the change in the kinetics
of reaction occurring in the solution. Potassium ferri-
cyanide is a good electron acceptor which increases the
power generation. The concentration is varied as 0.5, 1.0
and 1.5 M along with phosphate buffer (K2HPO4 &

Fig. 5 Polarization curve for different concentrations of pottasium ferricyanide catholyte

Fig. 6 Power density characteristics against current denstiy for different concentrations of pottasium ferricyanide catholyte
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KH2PO4) in equal molar volume. The test was con-
ducted based on the variation in concentration of potas-
sium ferricyanide and the pH is maintained to 7.5. The
maximum open circuit voltages of the 0.5, 1.0 and 1.5M
are 650, 655 and 640 mV, respectively. For more than
1.5M potassium ferricyanide concentration, the voltage
is depleted.
The voltage level of the DB-DCMFC with various con-

centrations of the catholyte is in a decreasing fashion
from the maximum value as the current density in-
creases. For 0.1M concentration of the potassium ferri-
cyanide at the cathode side, a low value of current
density at 2 mAm− 2 with the peak voltage of 655mV
was observed as shown in Fig. 5. The voltage levels of
582 and 543 mV are obtained for 0.05 and 0.15M con-
centrations, respectively. The peak power density ob-
served in this type of design is 170mWm− 2 at a current
density of 590 mAm− 2 for the catholyte concentration
of 0.1M as shown in Fig. 6.

Conclusions
A two-chamber MFC with metal oxide modified elec-
trodes in dairy wastewater was investigated. This study
showed that some non-negligible amount of energy
could in fact be recovered, and this could perhaps have
been further increased with more aggressive process
management. However, in addition to the generation
and recovery of electric energy, MFCs have some add-
itional advantages over traditional biological treatment
processes, whether aerobic or anaerobic.
A comparison is made between the plain carbon cloth

electrode and cobalt oxide coated carbon cloth elec-
trode. Cobalt oxide coated in the carbon electrode im-
proved the power density of the MFC. In this type of
MFC the voltage produced is 630mV by a single cell of
the MFC. This paper gives the method to generate elec-
tricity from dairy wastes and the performance improve-
ment of the double chamber MFC with respect to the
power density and voltage. The performance of this
MFC can be improved in the future by improving the
MFC output to an increased level for different low
power applications.

Supplementary information
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