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ABSTRACT: The conductive polypyrrole (PPy)/reduced graphene oxide (rGO) composites
were synthesized through simple, environmentally benign, time and cost efficient, in situ
polymerization and bioreduction techniques. The pyrrole monomer effectively adsorbed over
the negatively charged GO sheets through electrostatic and π−π interactions was polymerized
into polypyrrole in its adsorbed state. The obtained morphological images of the rGO/PPy
composite ensured that the entire surface of the active carbon support was covered by PPy. The
removal of oxygen functionalities from GO with the aid of Ocimum tenuiflorum extract was
ascertained through FT-IR and UV−vis absorption spectroscopic studies. The rGO/PPy
composite exhibited higher electrocatalytic oxidation current as evidenced from the cyclic
voltammetric analysis. The number of actives sites and continuous carrier channels of the rGO/
PPy composite exhibited a maximum MFC power density of 1068 mW/m2, which is almost
two-fold higher than that of bare PPy. The strong active carbon support prohibited the swelling
and shrinkage of the conductive polymer PPy and provided the strong physico and
electrochemical robustness of the rGO/PPy composite, which increased the MFC durability
performances up to 300 h. These findings have not only provided fundamental knowledge on the preparation rGO-based
composites through a green approach but also have found possible applications in large-scale green energy devices.

KEYWORDS: Carbon support, Conduction paths, Electrical conductivity, Oxidation current

■ INTRODUCTION

Microbial fuel cells (MFCs) are emerging green energy devices
that can use bacterial metabolism for the generation of electrical
current from a broad range of organic substrates.1−3 In MFCs,
biomass energy is directly converted into electrical energy via
an electron transfer process under an ambient temperature. The
development of efficient anode catalysts that could improve the
power production of MFCs is highly significant.4,2 An MFC
anode amendment has been extensively developed to increase
the bacterial adhesion and electron transfer from bacteria to the
electrode surface.5 A number of electrode materials such as
carbon cloth, carbon paper, carbon felt, carbon mesh, stainless
steel, graphite, titanium, silver, stainless steel, aluminum, and
nickel have been exploited for the green power generation of
MFCs.6−10 Among the studied electrode materials, carbon
cloth is well known for its elevated chemical and physical
stabilities under an aqueous environment, prompt electrical
conductivity, stability, high specific surface area, and porosity.
However, the improvement of electron transfer efficiency of
carbon cloth is essential in which electrode modification by the
conducting polymers is significant.2 Conducting polymers such
as polypyrrole (PPy),11 polyaniline,12 polythiophene,13 poly-
(aniline-co-o-aminophenol),14 PPy/anthraquinone-2,6-disul-

fonic disodium salt,15 poly(3-hydroxy butyrate-co-3-hydroxyval-
erate),16 etc. have been exploited for the anode modification
process for effectual MFC performances. Among the studied
conducting polymers, PPy has been specifically preferred for
anode modification, owing to its easier synthesis and
processability, elevated electrical conductivity, redox properties,
high specific capacitance, low charge transfer resistance,
chemical stability, and biocompatibility.11,15 The high electrical
conductivity and electrocatalytic activity of PPy even under
neutral solution favors the entrapment of biocatalysts, which
increases its viable applications in MFCs.
Hence, few research efforts have been devoted to the

modification of anodes by PPy for the application of
MFCs.11,15,17 The conductive polymer PPy-equipped photo-
synthetic MFC exhibited a power density of 3.4 mW/m2, and
the obtained performance was ascribed to the physical
interaction or intercalation of PPy chains into the cell
membranes, enabling direct and fast transfer of electrons.11

The conductive PPy modified with anthraquinone-2,6-disul-
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phonic disodium salt has also been exploited for electricity
generation of MFCs, and the obtained concrete MFC
performances were attributed to increased bacterial adhesion
over the anode surface.15 Chi et al. modified graphite felt with
nanoPPy through the electrosynthesis technique, and the
synthesized PPy exhibited a MFC power density of 430 mW/
m2, owing to its elevated conductivity values.17 However, PPy
exhibited certain constraints of lower electrical conductivity,
swelling, shrinkage, poor stability, and sluggish electron transfer
properties, which limited its maximum MFC performances.
The aforementioned limitations of PPy could be effectively
tackled by reinforcing the stability of PPy with the active carbon
support.18 It is expected that the electrical conductivity and
capacitance of PPy could be increased with the high surface
area of an active carbon support.
Graphene is a two-dimensional single atom thick sheet of sp2

hybridized carbon atoms arranged in a honeycomb lattice,
which exhibits superior electrical, mechanical, thermal, and
chemical properties.19 Graphene oxide (GO) is an important
derivative of graphene that contains heavily oxygenated
graphene sheets bearing epoxy and hydroxyl functional groups
on their basal planes and carbonyl and carboxyl groups on the
sheet edges.20 The presence of the aforementioned oxygen
moieties in GO imparts a hydrophilic character and provides
versatile high volume processing possibilities. However, the
hydrophilic functional groups collectively disrupt the con-
jugated sp2 network of the basal plane of the individual
graphene sheets and degrade the electrical properties of GO.21

The electrical conductivity of GO sheets can be enhanced by
the removal of oxygen functional groups via the reduction
process, resulting in reduced graphene oxide (rGO) sheets. For
the effective reduction of GO, reducing agents such as
hydrazine hydrate, hydroquinone, sodium borohydride, and
hydrogen sulfide have been extensively exploited.22 However,
the aforementioned reducing agents exhibit certain limitations
such as toxic gas generation, attachment of elemental nitrogen
atoms, and incomplete removal of oxygenated species, which
hindered the application of rGO in MFCs. Hence, there is a
great challenge to develop a green, low-cost, and efficient
method for the reduction of GO. Recently, photosynthetic
autotroph-mediated nanoparticles preparation grabbed the
attention of the green chemistry sector in which the attraction
of Ocimum tenuiflorum is significant. Ocimum tenuiflorum
belongs to the Lamiaceae family, possessing numerous
medicinal properties, and is extensively used in siddha and
Ayurvedic medicines. The significant constituents of organic
compounds such as oleanolic acid, rosmarinic acid, ursolic acid,
eugenol, carvacrol, linalool, β-caryophyllene, β-elemene, and
germacrene that exist in the Ocimum tenuiflorum extract are
useful in decreasing the blood glucose level, promoting the
immune system function, and have anticancer, antifertility,
antidiabetic, antifungal, hepatoprotective, cardioprotective,
analgesic, and adaptogenic properties, along with diaphoretic
actions, skin care relief from respiratory disorders, and relief
from asthma, fever, lung disorders, and heart diseases.23−26 In
addition, Ocimum tenuif lorum contains a variety of phytochem-
ical compounds such as phenols, triterpenes, amino acids,
flavones, and eugenol that are found to have strong reduction
tendencies,24 which may be responsible for the reduction of
GO.
The polymer/GO/rGO composites are a new class of hybrid

materials that exhibits superior physical, mechanical, and
electrical properties over their individual counter parts.27−30 If

PPy is interfaced with GO/rGO, electrical conductivity and
reinforcement stability of PPy could be improved, which may
be beneficial for MFC performances. The unique properties of
PPy/GO/rGO composites are purely dependent upon the
strong coordination interaction of PPy with GO/rGO sheets,
which may strongly influence MFC performances. The main
objective of this work is to explore innovative techniques for
the preparation of rGO-based composites and to find possible
applications as anode catalysts in MFCs.

■ EXPERIMENTAL SECTION
Materials. Graphite powder, pyrrole, ferric chloride (FeCl3), 2-

hydroxy-l,4-naphthoquinone (HNQ), ferricyanide PTFE (60 wt.%),
and phosphate buffer saline (PBS) were obtained from Aldrich and
used without any further purification. The Ocimum tenuiflorum leaves
were obtained from local premises. The carbon cloth electrodes
obtained from Electrosynthesis Co., Inc., Lancaster, NY. GC-14 was
pretreated with ethanol and water and dried in a vacuum oven at 60οC.

Preparation of Ocimum tenuiflorum Extract. The fresh
Ocimum tenuiflorum leaves were finely cut into small pieces and
washed with deionized water and dried under an air atmosphere. For
the preparation of 10 wt % extract, an appropriate amount of Ocimum
tenuiflorum leaves was boiled in deionized water for 10 min and cooled
to room temperature. The solution was filtered by using Whatmann
filter paper, and the obtained Ocimum tenuiflorum extract was cooled at
4 °C overnight prior to use.

Synthesis of PPy. The synthesis of PPy was adopted from the
procedures as described elsewhere.31,32 An amount of 0.1 M FeCl3 was
added to 0.2 M distilled pyrrole and magnetically stirred for 24 h at
room temperature. The obtained polymer was collected via
centrifugation and washed several times with a water and ethanol
mixture to remove the excess FeCl3. The as-synthesized polymer was
dried under vacuum at 60 °C for 24 h.

Synthesis of GO/PPy composite. GO was prepared from
graphite powder by using the modified Hummer’s method.21 An
amount of 0.2 M distilled pyrrole dissolved in 30 mL of a deionized
water and ethanol mixture was added to the GO dispersion (0.5 mg/
mL) and magnetically stirred. This was followed by the addition of 0.1
M FeCl3 into the above mixture and magnetically stirred for 24 h.
Finally, the prepared composite was centrifuged and dried under
vacuum at 60 °C for 24 h.

Synthesis of rGO/PPy Composite. An amount of 0.2 M distilled
pyrrole dissolved in 30 mL of a deionized water and ethanol mixture
was added to the GO dispersion (0.5 mg/mL) and magnetically
stirred. This was followed by the addition of 0.1 M FeCl3 and 3 mL 10
wt % Ocimum tenuiflorum extract into the above mixture and
magnetically stirred for 24 h. Then the prepared composite was
centrifuged and dried under vacuum at 60 °C for 24 h.

Modification of Anode. The synthesized catalysts were mixed
with 1 wt % PTFE solution and ultrasonicated for 30 min. The
obtained slurry was loaded over the surface of a carbon cloth (1 cm ×
1.5 cm) via a spray technique and dried at 100 °C for 12 h.

Microorganism Cultivation. Escherichia coli ATCC 27325
obtained from the American Type Culture Collection (ATCC) was
aerobically grown in sterilized Luria−Bertani (LB) medium (10 g/L of
glucose, 10 g/L of peptone, 5 g/L of yeast, 10 g/L of NaCl, and pH 7).
Then, the Escherichia coli cells were inoculated and grew at 30 °C
under the sterile liquid medium.

Characterizations. The UV−vis absorption studies of prepared
nanostructures were evaluated by using Agilent-8453. The crystalline
character of the synthesized nanostructures was ascertained by a
Rigaku X-ray powder diffractometer (XRD) with Cu Kα radiation (l =
1.54178 Å). Structural characterization of the prepared nanostructures
was examined using a PerkinElmer Fourier transform infrared (FT-IR)
spectroscopy in the range of 4000−400 cm−1 in KBr pellets.
Morphological properties of the prepared nanostructures were
ascertained by using Hitachi S-4700 field emission scanning electron
microscopy (FE-SEM). The electrical conductivities of the prepared
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materials were measured by a four point probe method using an
Agilent multimeter, Cleveland, Ohio, U.S.A. The surface areas of
prepared nanostructures were measured by using a Belsorp Brunauer−
Emmett−Teller (BET) surface area analyzer.
The electrochemical performances of prepared nanostructures were

carried out in a CHI-650D analytical system. All the electrochemical
measurements were performed by using a three-electrode electro-
chemical system, in which the bare/modified carbon cloth was used as
a working electrode, a Ag/AgCl electrode was used as a reference
electrode, and a Pt wire was used as a counter electrode. The three-
electrode cell configuration was placed in a 1 M glucose and 300 μM
2-hydroxy-1,4- naphthoquinone (HNQ)-mediated Escherichia coli
solution, and nitrogen gas was purged into the above mixture to
maintain an oxygen-free environment.
The MFC performances of studied anode catalysts were evaluated

according to the procedure described elsewhere.6 For the determi-
nation of MFC power output, various resistances (510 kΩ to 120 Ω)
were used as external loads, and the corresponding output cell voltages
were monitored using a data acquisition system (Agilent multimeter,
Cleveland, Ohio, U.S.A.) connected to a personal computer.

■ RESULTS AND DISCUSSION
UV−Vis Absorption Studies. The UV−vis absorption

spectra of studied nanostructures are given in Figure 1. The

π−π* transition of C−C and n−π* transition of CO bonds
of GO are observed from the SPR bands found at 238 and 303
nm, respectively. The characteristic π− π* or polaron
absorption band of PPy was found at 450 nm for the bare
PPy.33,34 The existence of carboxyl, carbonyl, epoxy, and
hydroxyl functional groups over the surface of GO sheets
provided a negative charge to the GO matrix. The positively
charged pyrrole was homogeneously adsorbed over the
negatively charged GO matrix through electrostatic interaction.
The rich aromatic rings in Py are capable of interacting with
rGO via π−π stacking (Figure 2). The addition of FeCl3
polymerizes the Py monomer in its adsorbed state and
influences the complete coverage of PPy over GO. GO consists
of oxygen-containing ether, hydroxyl, epoxide, carbonyl, and
carboxyl functional groups,35,36 which can support the
nucleation of a conductive polymer that favors the surface
coverage of PPy with the strong π− π interaction between the
PPy backbone and GO surface (Figure 2). GO/PPy exhibited
three distinctive SPR bands, and the characteristic GO and PPy
bands were found at 238 and 303 and 420 nm. rGO/PPy
exhibited two SPR bands at 270 and 426 nm, which are
ascribed to the π−π* transition of the C−C band of rGO and
PPy, respectively.

X-ray Diffraction Patterns. The crystalline structures of
the prepared nanomaterials were investigated by XRD, and the
corresponding diffraction patterns are shown in Figure 3. The
pure PPy exhibited a weak and broad band at 2θ = 24.5ο

(Figure 3a), indicating the amorphous structure of a prepared
conductive polymer.37 The obtained diffraction peak corre-
sponds to a d-spacing of 0.34 nm, which is associated with the
closest distance of planar aromatic pyrrole rings (face-to-face
pyrrole rings).37 In general, the XRD pattern of graphite
exhibits a well-defined basal reflection (0 0 2) peak at 2θ =
26.6° with a d-spacing value of 0.335 nm.38,39 The intercalation
of water molecules and oxygen-containing functional groups
between the layers of graphite increased the d-spacing value of
GO to 0.86 nm. An intense peak observed at 10.27° represents
the (0 0 1) reflection plane, ensuring the formation of GO
(Figure 3b).40 The GO/PPy composite exhibited a broad peak
at 25ο, representing the existence of PPy (Figure 3c).
Furthermore, the characteristic peak of GO disappeared in
the GO/PPy composite, indicating that GO has not exhibited
aggregation and was completely used as a substrate for PPy to
produce hierarchical nanocomposites. For the rGO/PPy
composite, the (0 0 1) reflection plane of GO completely
disappeared, ensuring the reduction of GO sheets (Figure 3d),
and the appearance of a broad reflection plane at 25.09°
confirmed the presence of PPy with the stacked graphene layers
of rGO (Figure 3d). The significant features of the XRD
pattern of the rGO/PPy composite are similar to pure PPy,
ensuring that additional crystalline phases have not been
introduced into the composite. The growth of PPy chains in the
rGO sheets favored interlayer expansion, and the interplanar
spacing of 0.35 nm calculated from the broad peak is identical
to the π−π stacking distance, indicating that possible π−π
stacking occurred between the PPy chains and rGO planes.

FT-IR Studies. The structural characterization of prepared
nanostructures was analyzed by using FT-IR spectroscopy, and
the corresponding FT-IR spectra are given in Figure 4. The
bands observed at 1556 and 1470 cm−1 for PPy (Figure 4a) are
attributed to the C−N and C−C stretching vibrations of the
pyrrole ring, respectively, which are represented as typical PPy
ring vibrations. The C−N stretching band is assigned for the
band found at 1310 cm−1.41 The intensive bands observed at
1198 and 931 cm−1 specify the doping state of PPy, and the
broad band observed at 3000−3500 cm−1 represents the N−H
stretching vibration.41 Figure 4b exhibits the FT-IR spectrum of
GO, and the band observed at 1728 cm−1 is attributed to the
CO stretching of the carboxylic groups present at the edges
of the GO sheets. The CC stretching vibrations of GO is
assigned to the band found at 1634 cm−1. The peaks observed
at 1396 and 1096 cm−1 represent the C−O stretching
vibrations of carboxyl and alkoxy groups, respectively.42,43

The reduction of GO with the aid of Ocimum tenuiflorum
extract was ensured from the disappearance of CO and C−O
stretching vibrations (Figure 4c), which confirmed the removal
of oxygen functional groups. The presence of PPy in the GO/
PPy composite is ensured from the bands observed at 1209 and
1568 cm−1, which are the characteristic peaks of PPy (Figure
4d). The downshifted peaks of PPy in the GO/PPy composite
specify that there may be a possible π−π interaction between
the GO and PPy rings. The CO and −OH stretching
vibrations at 1728 and 3406 cm−1 found for GO (Figure 4b)
and GO/PPy (Figure 4d) completely disappeared for the rGO/
PPy composite (Figure 4e), representing the complete removal
of oxygen functionalities and ensuring the reduction process. In

Figure 1. UV−vis absorption spectra of the prepared nanostructures.
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Figure 2. Proposed mechanism for the preparation of the rGO/PPy composite.

Figure 3. XRD patterns of (a) PPy, (b) GO, (c) GO/PPy, and (d)
rGO/PPy.

Figure 4. FT-IR spectra of (a) PPy, (b) GO, (c) rGO, (d) GO/PPy,
and (e) rGO/PPy.
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addition, the band found at 1635 cm−1 is assigned to the amide
I bond of proteins arising due to the carbonyl stretch in
proteins,44 which may be responsible for the reduction of GO.
Morphological Properties. The morphological properties

of prepared materials were characterized by SEM micrographs
and are shown in Figure 5. The PPy exhibited granular like
structures with the average particle size of 190 nm as evidenced
from Figure 5a and b. The granular like PPy particles are
strongly interconnected and exhibited a network-like structure.
The polymerization initiated at the interface between two
immiscible liquids is responsible for the granular structures of
PPy. The bare GO exhibited flat and stacked multilayer sheets
as shown in Figure 5c. The granular-like structures disappeared
for the GO/PPy composite, and a flaky and rough surface was
observed, which is attributed to the polymerization of PPy over
the GO sheets (Figure 5d,e). The wrinkled graphene sheets
associated with the coverage of PPy was observed for the rGO/
PPy composite as shown in Figure 5f and g.
The electrical conductivity and surface area of synthesized

PPy are found to be 0.17 S/cm and 11 m2/g, respectively. The
effective restoration of the conjugated π system through the
reduction of GO was ensured by the rGO nanosheet’s
increased electrical conductivity and surface area of 21 S/cm
and 120 m2/g, respectively, which is much higher than the
electrical conductivity (1 × 10−5 S/cm) and surface area (26
m2/g) of GO sheets. The active carbon GO-supported PPy
exhibited an improved electrical conductivity and surface area
of 2.50 S/cm and 76 m2/g, respectively, and the improved
electrical conductivity and surface area are attributed to the
synergisitic effect of PPy with GO. The electrical conductivity
and surface area were further increased to 5.36 S/cm and 102
m2/g, respectively, for the rGO/PPy composite, owing to the
smaller size of rGO domains and better graphitization. The
obtained electrical conductivity and surface area values are
comparable with the chemically reduced GO/PPy nano-
composites as reported elsewhere.45,46

Electrochemical Analysis. Cyclic voltammetry (CV)
studies were performed to analyze the electrocatalytic activities
of prepared nanostructures, and the CV plots of the studied
electrodes recorded with a mixture of Escherichia coli, 300 μM
HNQ, and 1 M glucose at a scan rate of 50 mV/s are given in

Figure 6. The minimum oxidation current (Figure 6a) was
observed for bare carbon cloth due to its limited electrical

conductivity. The electrocatalytic oxidation current of carbon
cloth was improved by PPy (Figure 6b), owing to its elevated
electrical conductivity, number of carriers, and charge carrier
mobility (Figure 6b). GO has provided a strong platform for
the effectual polymerization of PPy and paves the continuous
electron channels for the GO/PPy composite.47 The effectively
polymerized PPy over the GO sheets decreased the electron
and mass transfer resistances and increased the contact
possibility between electrode and microorganisms, which
collectively increased the oxidation current (Figure 6c). The
oxygen functionalities that are responsible for the lower
electrical conductivity of GO were completely removed for
rGO, resulting in high electrical conductivity for the rGO/PPy
composite. The high electrical conductivity and extended
surface area of the rGO/PPy composite facilitates the bacteria
catalytic oxidation of glucose and resulted in the maximum
oxidation current (Figure 6d). The observed larger anodic peak
current represents higher glucose oxidation.

Figure 5. SEM images of (a) and (b) PPy, (c) GO, (d) and (e) GO/PPy, and (f) and (g) rGO/PPy.

Figure 6. Cyclic voltammograms of (a) unmodified, (b) PPy-, (c)
GO/PPy-, and (d) rGO/PPy-modified carbon cloth obtained under E.
coli, HNQ, and glucose at a scan rate of 50 mV/s.
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MFC Performances. The fuel cell performances of
prepared anode catalysts were investigated in a dual chamber
MFC, and the obtained results are given in Figure 7. The bare

carbon cloth exhibited an inferior power density (377 mW/m2)
among the studied electrodes, owing to its limited conductivity.
The MFC performance of the bare carbon cloth was improved
by the conductive polymer PPy, and a maximum power density
of 615 mW/m2 was obtained for the PPy-equipped MFC. The
nondegenerate conduction band in the ground state and
polaron and bipolarons are the dominant charge carriers of
PPy. The charge transport along the polymer chains and
hopping of carriers are responsible for the elevated electrical
conductivity of PPy.
The improved MFC performance is also attributed to the

number of conduction paths, longer conjugation length,
structural order, and fewer structural defects of the conducting
polymer PPy. The GO/PPy reduced the diffusion and
migration length and facilitated the electron transfer rate due
to the additional charge carriers of the GO sheets.48,49 The
synergistic effect exerted between the conductive polymer and
carbon support has also played a vital role in the improved
MFC performances. By the combined efforts of the above, GO/
PPy exhibited improved power density of 791 mW/m2.
Although the GO/PPy composite exhibited improved MFC
performances over PPy, the obtained performance is still
inferior for real time applications, owing to the limited electrical
conductivity of GO. The substantial increment in electrical
conductivity of anode catalysts could bring forth maximum
MFC performances and thereby the real time applications of
MFC can be guaranteed. This was effectively achieved through
the complete removal of the hydrophilic functional groups of
GO. The rGO/PPy composite exhibited maximum MFC
performances among the studied catalysts, and the observed
maximum power density is 1068 mW/m2. The better
graphitization of the CC bond, π-conjugation of the
graphene basal plane, low structural defect density, high aspect
ratio, and number of sp2 domains predominantly determined
the high MFC performances of the rGO/PPycomposite.50,51

The large surface area obtained for the prepared rGO/PPy
composite increased the intimate contact between the electro-
active species present in microorganisms and the electrode
surface, and thereby the charge transfer efficiency and cell−

material interaction were facilitated. The continuous con-
duction pathways provided by the PPy nanoparticles and
effective percolative conducting bridges of rGO sheets
increased the fast charge transfer rate and high rate capacity
of the rGO/PPy composite. The positive charges delocalized in
polarons (3−4 pyrrole units) of PPy can move over the
polymeric backbone chains and construct the PPy electron
conductive.52 The exposed positively charged PPy in the rGO/
PPy composite enhanced the adhesion of a negatively charged
bacteria surface via electrostatic interaction, favoring biofilm
formation, and therefore, direct and facile electron transfer was
facilitated. By the collective efforts of the above, the rGO/PPy
composite exhibited improved interfacial properties between
electrolyte and electrode, and therefore, maximum MFC
performances were facilitated for the rGO/PPy composite.

Durability Studies. For the determination of electro-
chemical stabilities of prepared nanocatalysts, open circuit
voltages (OCV) of the studied catalyst-equipped MFCs were
examined as a function of time under a constant load mode
with an external resistance of 1000 Ω (Figure 8). When the cell

voltage of studied MFCs dropped to 0.05 V, the fresh inoculum
was replaced. Although the PPy-modified electrode exhibited
the improved durability performances over bare carbon cloth,
the obtained durability is still inferior, owing to the swelling,
shrinkage, and cracks of PPy and decreased conductivity and
surface area of the electrode under repetitive cycles. Among the
studied electrocatalysts, rGO/PPy exhibited a maximum MFC
durability of more than 300 h. The complete removal of oxygen
functionalities from GO favors the hydrophobic character of
rGO/PPy that can easily detach the water molecules and
maintain the exposed surface area of electrodes under repetitive
cycles. In addition, the rGO matrix stabilized the PPy chains
and delayed the destroying process of PPy chains from swelling
and shrinking during the long-term operation. The prepared
rGO/PPy composite exhibited both physio and electrochemical
advantages of high mechanical strength and excellent electrical
conductivity, respectively, which may prohibit the destruction
of an electrode material. The maximum OCV of 0.4 V was
obtained at 3 h, and concrete OCVs were maintained for a
couple of cycles, which influence the potential application of
the prepared composite in MFCs. The biomass accumulated
over the surface of the carbon cloth hindered the diffusion of

Figure 7. Fuel cell performances of MFC equipped with (★)
unmodified, (▲) PPy-, (●) GO/PPy-, and (■) rGO/PPy-modified
carbon cloth.

Figure 8. Representative cell voltage−time profile of MFC equipped
with (■) bare carbon cloth and (●) PPy-, (▲) GO/PPy-, and (▼)
rGO/PPy-modified carbon cloth anodes.
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electrons and also is responsible for the activation resistance per
surface area, which collectively decreased the cell voltage of
MFC after 300 h.

■ CONCLUSION
A simple approach has been proposed for the preparation of
rGO/PPy nancomposite through simultaneous polymerization
and reduction processes. The presence of amide bonds of
proteins in Ocimum tenuiflorum extract is responsible for the
reduction of GO as evidenced from the FT-IR analysis. The
electrical conductivity of bare carbon cloth was improved by the
PPy nanostructures and was further promoted by active carbon-
supported GO and rGO. The high electrical conductivity of the
rGO/PPy composite increased the electron transfer efficiency
and increased the intimate contact between the microorganisms
and electrode. By the combined efforts of high electrical
conductivity and number of catalytic active sites, the rGO/PPy
composite harvested a number of electrons and exhibited
maximum MFC performances. The robust stability stimulated
by the active carbon-supported rGO enhanced the durability
performances of MFCs for 300 h.
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