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Polyaniline networks grown on graphene nanoribbonscoated carbon paper with a synergistic eﬀect for highperformance microbial fuel cells†
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and Jun-Jie Zhu*a
Microbial fuel cells (MFCs) show promise as a technology for electricity generation from waste, and their
performance critically depends on the electrode materials and their structures. Herein, a novel MFC
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anode was fabricated by electro-depositing polyaniline (PANI) networks onto graphene nanoribbons
(GNRs)-coated carbon paper (CP/GNRs/PANI). This anode provides a large surface area for the
attachment of bacterial cells and high conductivity to facilitate extracellular electron transfer (EET) from
microbes to the electrode. Results showed that the anodic current density and power density of the CP/
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GNRs/PANI anode were much higher than those of each individual component as anode, indicating the
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synergistic eﬀect between PANI and GNRs.

Introduction
Microbial fuel cells (MFCs), which utilize the catalytic activity of
microorganisms to convert chemical energy into electrical
energy, have emerged as a sustainable and green power source
for wastewater treatment.1,2 Although MFCs show promise as a
technology, the practical applications of MFCs still face a lot of
challenges due to their low power density output and low
extracellular electron transfer (EET) eﬃciency. The EET process
from microbes to the electrode may occur by direct electron
transfer via outer membrane c-type cytochromes3–5 and/or via
conductive pili,6,7 as well as by indirect electron transfer via
mediator compounds.8,9 The MFC performance is aﬀected by
many factors, such as electrode materials/structures, pH,
external resistance and reactor conguration.10–14 In particular,
the MFC anodes are currently considered as the major limiting
factor to achieve high power output, mainly caused by the low
bacterial cell attachment on the anode surface and the low
eﬃciency of EET from microbes to the electrode. Therefore, it is
of much importance to develop high-performance anodes for
eﬀective bacterial adhesion and electron collection.
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Most studies employ various commercially available
graphite-based anodes in MFCs, including carbon paper,
graphite felt and carbon cloth, due to their good chemical
stability and high porosity. However, these materials usually
exhibit poor bacterial adhesion and low EET eﬃciency. To solve
this problem, one commonly used approach is to treat or
modify carbon based anodes, for example, by ammonia treatment15 or nanomaterial modication.16–18 Another popular way
is to increase the surface area by means of granule or brush
electrodes.19,20 It has also been found that the microscale
structure of the anode greatly aﬀects bacterial adhesion and
power density.21,22 For example, the use of three-dimensional
(3D) carbon bres has resulted in a current density up to 30 A
m2.23 Compared with the 2D electrodes, those 3D architectures
enable substrate transport inside the anode and increase
bacterial cell attachment,24–26 showing promise for application
in MFCs.
Recently, polyaniline (PANI) has drawn much attention in
electrochemical studies owing to its excellent properties such as
low cost, ability to easily form various nanostructures, good
biocompatibility and environmental stability.27–31 Nevertheless,
the poor conductivity of PANI in culture medium (neutral
solution) oen limits its application in high-performance
MFCs. The combination of PANI with conductive carbon
materials has been proved to be an eﬀective strategy to enhance
the performance of electrodes.32–36 Among various carbon
matrices, graphene-based materials have several advantages
such as superior electrical conductivity, large surface area and
excellent mechanical strength. These unique features oﬀer
great promise for many potential applications.37–39 Moreover,
chemically modied graphene exhibits numerous active edges
and oxygen functional groups, which may act as nucleation sites
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Scheme 1 Schematic of the fabrication of the CP/GNRs/PANI electrode and the
electron transfer from bacteria to the electrode.

for producing PANI on its surfaces. Therefore, the eﬀort to
prepare graphene-based composites as anodes by combining
the advantages of both graphene and PANI is of great importance to further improve the performance of MFCs.
In this study, PANI networks grown on the graphene nanoribbons (GNRs)-coated carbon paper (CP/GNRs/PANI) electrode
were fabricated by an electro-deposition method. As shown in
Scheme 1, GNRs were rst coated on the surface of the carbon
paper (CP) to construct the GNRs-coated carbon paper (CP/
GNRs) electrode. Aer that, PANI networks grown on the CP/
GNRs electrode were obtained by electro-deposition. Then the
fabricated CP/GNRs/PANI electrode was used as an anode for
MFCs. Shewanella oneidensis MR-1 (S. oneidensis), which transfers electrons to an anode through outer membrane cytochromes40 and mediators (riboavin molecules) excreted by
itself,41 is used as a model microbe in this study. The
as-prepared CP/GNRs/PANI electrode possesses a large surface
area accessible to the attachment of bacterial cells and high
conductivity to facilitate the EET process. The results conrmed
that the anodic current density and power density were much
higher than those of the CP/GNRs or PANI coated carbon paper
(CP/PANI) electrode as anode, indicating a synergistic eﬀect of
PANI and GNRs. In addition, compared with the conventional
carbon paper (CP) anode, a one order of magnitude increase of
anodic current density in electrochemical cells (ECs) and a 6.2fold increase in the power density of MFCs were obtained with
the use of the CP/GNRs/PANI anode, indicating that it is
promising for high-performance MFCs.

Experimental section
Preparation of graphene nanoribbons (GNRs)
The multiwalled carbon nanotubes (MWCNTs, purity > 95%) with
an average diameter of 40–100 nm and a length of 5–15 mm were
purchased from Nanoport Co. (Shenzhen, China). The graphene
oxide nanoribbons (GONRs) were prepared by longitudinal
unzipping of MWCNTs as previously described.42 Briey,
MWCNTs (50 mg) were suspended in 50 mL of concentrated
H2SO4 for 12 h. Then, KMnO4 (250 mg) was added, and the
suspension was stirred for 1 h at room temperature. Aer that, the
reaction was heated at 55  C for 30 min and at 65  C for 4 h, and
then the temperature was increased to 70  C over a period of 10
min. Upon completion, the suspension was removed from the
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heat source and cooled to room temperature, followed by carefully
pouring onto 200 mL of ice containing 5 mL of 30% H2O2. The
mixture was ltrated through a PTFE membrane (5.0 mm pore
size), and the solid was stirred in 150 mL of water for 30 min.
The material was then occulated by the addition of 20%
concentrated HCl (100 mL) followed by centrifugation (10 000 rpm,
10 min). The nal product was washed with deionized water
(18.2 MU cm, Milli-Q, Molsheim, France), and dried at 60  C to
aﬀord GONRs. The as-prepared GONRs (5 mg) were dispersed in 10
mL of water by ultrasonication (100 W, 40 kHz) to create a homogeneous suspension (0.5 mg mL1). To this solution, 100 mL of
concentrated NH4OH was added, followed by 100 mL of N2H4$H2O.
The mixture solution was heated at 95  C for 1 h in a boiling bath to
give GNRs suspension. The obtained GNRs were centrifuged
(10 000 rpm, 10 min), and then washed with deionized water and
dispersed in water to create a 0.5 mg mL1 dispersion.
Preparation of the CP/GNRs/PANI electrode
The carbon paper was purchased from Shanghai HeSen Electrical Corporation. The aniline of analytical reagent grade was
purchased from Nanjing Reagent Company, China. For the
preparation of the CP/GNRs electrode, 1.0 mL of 0.5 mg mL1
GNRs suspension solution was rst dropped onto the CP
electrode and dried at 60  C for 10 h to obtain the CP/GNRs
electrode. The loading of the GNRs onto the CP electrode was
0.5 mg cm2. Aer that, the PANI networks were fabricated onto
the CP/GNRs electrode by a two-step method using electrodeposition in a conventional three electrode system. Briey, the
CP/GNRs electrode was used as the working electrode and
immersed in 0.10 M H2SO4 solution containing 0.30 M aniline
monomer (puried by uxing), while platinum wire and a saturated calomel electrode (SCE) were used as counter and reference
electrodes, respectively. The rst step is the nucleation of the
PANI on the CP/GNRs electrode, which was performed at a
constant potential of 0.8 V for 1 min at room temperature. Then,
the PANI networks grown on the CP/GNRs electrode were characterized by cyclic voltammetry from 0.3 to 1.0 V with a scan
rate of 100 mV s1. The amount of PANI grown on the CP/GNRs
electrode can be controlled by the CV deposition time of 32, 64,
96 and 128 s. Aer that, the obtained CP/GNRs/PANI electrodes
were dried at 37  C for 12 h. Then, the amount of PANI grown on
the CP/GNRs electrode was measured by weighing the CP/GNRs
electrode before and aer the electro-deposition. The weighing
experiment was repeated at least three times. 2.0, 4.0, 6.0 and 8.0
mg cm2 of PANI was deposited onto the CP/GNRs electrode,
and thus the ratio of the GNRs to PANI on the carbon paper was
1 : 4, 1 : 8, 1 : 12, and 1 : 16, respectively. For comparison, the
CP/PANI electrode was also fabricated under the same conditions and used as the anode for MFCs.
EC and MFC operation
Electrochemical cells (ECs) with a conventional three electrode
system were used and the anode (the projected area was 1 cm2)
was poised at 0.2 V (vs. SCE). I–t curves were measured using a
CHI 660D workstation (Chenhua, China). A 50 mL culture
medium solution with the microbial suspension containing
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18 mM lactate as the electron donor was used as an electrolyte
solution aer bubbling for 30 minutes with N2.
H-shaped dual-chamber MFCs were constructed from two glass
bottles joined by a 30 mm-diameter glass tube. The anode and the
cathode chamber were separated by a proton exchange membrane
(Naon 211, Dupont Co.), while the anode and cathode electrodes
were connected to the external circuit with titanium wire (both
anode and cathode were 4 cm2). The S. oneidensis cell suspension
was inoculated into the MFC anode chamber, which contained 100
mL of M9 buﬀer solution with 5% Luria–Bertani (LB) broth, and 18
mM lactate as the sole electron donor. The M9 buﬀer solution was
composed of 22 mM KH2PO4, 42 mM Na2HPO4, 85.5 mM NaCl,
and 1.0 mM MgSO4. The catholyte was 50 mM K3Fe(CN)6 solution
with 100 mM phosphate buﬀer (PBS). The MFCs were operated at
25  C with a xed external resistance of 1000 U, and the voltage was
recorded with a multimeter.
S. oneidensis was cultivated at 37  C in 5 mL of LB broth
medium for 12 h, and then the strain was sub-cultured at 30  C
and agitated at a rate of 150 rpm for 24 h in LB broth medium.
For MFC tests the cells were harvested at the late stationary
phase by centrifugation (6000 rpm, 5 min). All media were
sterilized before use.

Journal of Materials Chemistry A
MWCNTs is about 40–100 nm (Fig. 1a). In comparison, the
width of the GNRs is about 100–300 nm (Fig. 1b), indicating that
the walls of the MWCNTs are opened aer longitudinal unzipping of MWCNTs. The hollow cores of the MWCNTs can be
clearly observed in the TEM image (Fig. 1c), whereas the side
walls of the GNRs are unravelled to form the ribbon structures
without hollow cores (Fig. 1d). The results conrmed the
unzipping of the MWCNTs into the GNRs.
As a powerful tool to distinguish the diﬀerent types of
ordered and disordered bonding environments of sp2 and sp3
hybridized carbon,43 Raman spectroscopy was used to investigate the structures of the MWCNTs, GONRs and GNRs. Generally, in carbon nanostructures the D band is attributed to the
extent of defects, while the G band arises from the E2g phonon
of sp2 carbon atoms.44 The representative Raman spectra are
shown in Fig. 2, in which the MWCNTs give a sharp G band at
1575 cm1 in relation to the in-phase vibration of the sp2
bonded carbon lattice. Moreover, a weak D band at 1350 cm1
and a broad 2D peak at 2700 cm1 are observed. Aer chemical
oxidation, the intensity of the D band of the MWCNTs
increases, indicating a decrease in the size of in-plane sp2
domains. In addition, the 2D band in the MWCNT spectrum

Electrochemical measurements and data acquisition
Electrochemical impedance spectroscopy (EIS) was carried out
using an Autolab PGSTAT12 (Eco chemie, BV, The Netherlands)
at open-circuit potential. The frequency range was between 102
and 105 Hz. Cyclic voltammetry (CV) was performed using a
CHI660D workstation in a three electrode conguration. The
polarization and power density curves were obtained by
measuring the stable voltage generated at various external
resistances (50–10 000 U). Current was calculated using I ¼ V/R,
where I is the current, V the measured voltage, and R the applied
resistance. Power was calculated using P ¼ IV. Both the current
and power densities were normalized to the anode surface area.
For eld-emission scanning electron microscopy (FE-SEM,
HITACHI S4800) observation, small pieces of anodes were
sacriced and xed in 2.5% glutaraldehyde for 2 h, dehydrated
in a series of ethanol solutions (25%, 50%, 75%, 95%, and
100%), and then vacuum dried. Samples were coated with Au
prior to the SEM observation. Transmission electron microscopy (TEM) images were studied with a JEM 1010. Fouriertransform infrared radiation (FTIR) measurements were performed on a Bruker model VECTOR22. Raman spectra were
obtained with a confocal Raman spectrometer (HORIBA Scientic, LabRAm Aramis) with an excitation wavelength of 532 nm.
The static water contact angles were measured at 25  C, using
drops of pure deionized water by using a contact angle system
OCA, Dataphysics (Germany). The readings were stabilized and
taken within 120 s.

Fig. 1

SEM and TEM images of (a and c) MWCNTs and (b and d) GNRs.

Fig. 2

Raman spectra of the MWCNTs, GONRs and GNRs.

Results and discussion
Preparation and characterization of GNRs
The morphology of MWCNTs and GNRs was characterized by
SEM and TEM. The SEM image shows that the diameter of the

This journal is ª The Royal Society of Chemistry 2013

J. Mater. Chem. A, 2013, 1, 12587–12594 | 12589

View Article Online

Published on 14 August 2013. Downloaded by NANJING UNIVERSITY on 25/09/2013 03:29:48.

Journal of Materials Chemistry A
disappears due to oxidation. Upon reduction, the ratio of the D/
G bands increases, demonstrating that the GONRs are reduced
to form the GNRs. The results are in agreement with previous
reports on chemically reduced GONRs.45,46
The CP and the resulting CP/GNRs and CP/GNRs/PANI
electrodes were investigated by SEM. As shown in Fig. 3a, the CP
electrode exhibits cross-linked macroscale carbon bres, and
the magnied image clearly shows that the surface of bres is
relatively smooth (Fig. 3e). Aer coating with the GNRs, the
GNRs are densely compacted on the surface of the carbon bres
and increase the surface area (Fig. 3b and f). The CV plots also
reveal that the active surface area of the CP/GNRs electrode is
much larger than that of the CP electrode (Fig. S1,† ESI). In
addition, as shown in Fig. 4, the CP/GNRs electrode reveals a
lower contact angle (86.5 ) than the CP electrode (118.4 ), indicating better hydrophilicity, which is attributed to the oxygen
functional groups of the GNRs. Thus, nucleation of monomers is
easier on the CP/GNRs electrode. Notably, the PANI networks
with a density of 4.0 mg cm2 are uniformly grown on the
CP/GNRs surface (the GNRs/PANI mass ratio was 1 : 8) (Fig. 3c).
The magnication reveals that the as-grown PANI networks have
a three-dimensional (3D) microporous structure with an average
length of 1–2 mm and an average pore diameter of 50–100 nm

Fig. 3 SEM images and magniﬁed images of (a and e) the CP, (b and f) the CP/
GNRs, (c and g) the CP/GNRs/PANI, and (d and h) the CP/PANI electrodes.
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Fig. 4

Contact angles of the CP and the CP/GNRs electrodes.

(Fig. 3g). This 3D structure is expected to increase the surface
area for the attachment of bacterial cells and electron transfer
from mediators excreted by microbes (Fig. S1,† ESI). For
comparison, the PANI was also fabricated on the bare CP electrode under the same conditions. It is noted that the surface of
the CP electrode is unevenly covered with PANI networks (Fig. 3d
and h). In the general case, the monomers grow preferentially on
the active sites of the electrode surface. As a result, PANI
networks were not able to uniformly grow on the CP electrode
due to a lack of enough active sites for monomer nucleation and
growth compared to the CP/GNRs electrode.
The electro-deposition time of PANI onto the CP/GNRs
electrode greatly aﬀects the morphology and mass of PANI
networks and the performance of MFCs. We deposited diﬀerent
mass of PANI onto the CP/GNRs electrode with the GNRs/PANI
mass ratio of 1 : 4, 1 : 8, 1 : 12 and 1 : 16. The resulting CP/
GNRs/PANI electrodes were characterized by SEM. As shown in
Fig. S2,† lower loading of PANI onto the CP/GNRs surface (mass
ratio of 1 : 4) results in a thin lm of PANI, which cannot be
used to construct obvious 3D architectures. Nevertheless,
higher loading of PANI (1 : 12 and 1 : 16) leads to thick PANI
lms on the CP/GNRs electrode and also to a large charge
transfer resistance (Fig. S3,† ESI). Based on the Cottrell equation, the CV results demonstrate that the CP/GNRs/PANI electrode with the mass ratio of 1 : 8 has a larger active area than the
other three electrodes (Fig. S4,† ESI). Therefore, the CP/GNRs/
PANI electrode with the GNRs/PANI mass ratio of 1 : 8 was
selected as an anode for MFCs.
To test microbial electricity generation, the CP, CP/GNRs,
CP/PANI and CP/GNRs/PANI electrodes were used as anodes in
the EC system, in which four diﬀerent anodes with the same
projected geometric surface area of 1 cm2 were poised at 0.2 V
(vs. SCE). Aer S. oneidensis was inoculated into ECs with 18 mM
lactate as the sole electron donor, the biocatalytic oxidation
currents from ECs were recorded, as shown in Fig. 5. For the CP
anode, the current density increased gradually and reached a
maximum of 0.52 A m2. However, aer the CP electrode was
coated with the GNRs or PANI, the current density increased to
1.8 A m2 and 1.2 A m2, respectively. The anodic current from
the EC equipped with the CP/GNRs/PANI anode increased to a
maximum of 5.8 A m2, indicating a larger increase compared
to the CP/GNRs or the CP/PANI anode and showing the synergistic eﬀect between GNRs and PANI. In comparison with the
CP anode, the anodic current of the CP/GNRs/PANI electrode
had almost one order of magnitude increase.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Current generation by S. oneidensis in ECs equipped with diﬀerent
anodes.

EIS was then carried out to study the charge-transfer resistance of the ECs equipped with diﬀerent anodes in S. oneidensis
suspension solutions. The charge-transfer resistance (Rct) at an
electrode–electrolyte interface is usually indicated by the
diameter of the rst semicircle in the Nyquist curve.47 In the
absence of additional electro-activated matter in the electrolyte,
the Rct should be ascribed to the direct electrochemistry of
bacterial cells. Fig. 6 shows the Nyquist diagrams for the CP, CP/
GNRs, CP/PANI and CP/GNRs/PANI electrodes, in which all the
electrodes display similar Nyquist plots, representing a semicircle in the high-frequency region and a linear slope in the lowfrequency region. In comparison to the CP electrode, the Rct of
the CP/GNRs electrode is reduced remarkably (from 245 to 32 U)
due to the introduction of high conductive GNRs. On the other
hand, the Rct of the CP/PANI electrode is larger (90 U) than
that of the CP/GNRs electrode because of the lower conductivity
of PANI in culture medium (neutral solution). However, it
reduces to 40 U for the CP/GNRs/PANI electrode, indicating
that the CP/GNRs/PANI electrode retains the lower Rct of the
CP/GNRs electrode. A smaller charge-transfer resistance results

Fig. 6 The Nyquist curves of diﬀerent electrodes in S. oneidensis suspension
solutions; the inset shows a higher magniﬁcation view.
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from a faster electron transfer rate.48 The results also show
the synergistic eﬀect of both GNRs and PANI in the CP/GNRs/
PANI electrode and conrm that the EET eﬃciency of the CP/
GNRs/PANI electrode is greatly enhanced with the GNRs
coating, which is a very important factor to obtain high
performance MFCs.
Aer the EC test, a piece of anode was sacriced for SEM
imaging. For the CP anode, only a few bacterial cells are attached
on the outer surface area of the CP bres, while almost no cells
are present on the interior bres, as shown in Fig. 7a. Aer
coating GNRs, it is easily observed that more cells are adhered to
the CP/GNRs anode surface (Fig. 7b) due to its better hydrophilicity and a large active area. As shown in Fig. 7c and d, the CP/
PANI anode exhibits a higher bacterial loading than the CP/GNRs
anode, which can be attributed to the positively charged PANI
backbone and its electrostatic interaction with the negatively
charged bacterial cell. It is interesting to note that bacterial cells
adhere densely to the CP/GNRs/PANI anode surface to form a
thick biolm (Fig. 7e), which demonstrates that the bacterial
loadings are remarkably improved and the synergistic eﬀect of
both GNRs and PANI proved eﬀective. The magnied image
reveals that bacterial cells attach tightly on the anode surface
(Fig. 7f). This can result in the improved direct electron transfer
from microbes to the electrode via outer membrane c-type cytochromes of S. oneidensis. Because the pore size of PANI networks
is smaller than the size of S. oneidensis, the pores in the 3D
architecture of the CP/GNRs/PANI anode are still retained even
aer bacterial cell loading. This 3D architecture will provide a
large surface area for enhanced electron collection from mediators excreted by microbes. Taken together, compared with the

Fig. 7 SEM images of the attachment of bacterial cells on (a) the CP, (b) the CP/
GNRs, (c and d) the CP/PANI, and (e and f) the CP/GNRs/PANI anodes.
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other three anodes, the CP/GNRs/PANI anode is favourable for
biolm growth, which will result in improved MFC performance.
To investigate the inuence of the amount of PANI grown on
the CP/GNRs/PANI electrode on the performance of MFCs, the
CP/GNRs/PANI electrodes with the GNRs/PANI mass ratio of 1 : 4,
1 : 8, 1 : 12 and 1 : 16 were tested in parallel in two-chamber
MFCs with a load resistance of 1 kU. As shown in Fig. 8, the
maximum power output is 172, 126 and 102 mW m2, corresponding to the CP/GNRs/PANI anodes with the GNRs/PANI mass
ratio of 1 : 4, 1 : 12 and 1 : 16, respectively, while the power
density of the MFC equipped with the CP/GNRs/PANI anode with
the GNRs/PANI mass ratio of 1 : 8 reaches a maximum power
density of 215 mW m2, which is signicantly higher than that
of the other three CP/GNRs/PANI anodes. The results further
support the nding that the CP/GNRs/PANI electrode with the
GNRs/PANI mass ratio of 1 : 8 is favourable for MFCs.
To further understand the inuence of the CP/GNRs/PANI
electrode on biocurrent generation, CP, CP/GNRs, CP/PANI
and CP/GNRs/PANI electrodes were used as anodes in
conventional H-shaped two chamber MFCs and inoculated
with S. oneidensis under the same conditions. Aer two weeks
of operation, the four anodes were analysed by CV in fresh
mineral medium, as shown in Fig. 9. No obvious redox peaks
are observed in the voltammogram, indicating that the CP
electrode is not suitable for microbial biolm growth. For the
CP/GNRs anode, a weak but identiable couple of redox peaks
are observed at the potential of 0.328 and 0.202 V (vs. SCE),
which is in good accordance with the electrochemical
response of the outer membrane cytochromes of S. oneidensis
that are responsible for the direct electron transfer between
bacteria and the electrode.49–51 The results reveal that GNRs
can improve the electrochemical interactions between the
bacterial biolm and the electrode. Furthermore, the current
density of the CP/GNRs anode is much higher than that of the
CP anode, suggesting that the conductivity of the CP/GNRs
anode is substantially improved. It is noted that the CVs of
both the CP/GNRs/PANI and CP/PANI anodes exhibit two pairs

Fig. 8 Time courses of the power density in dual-chamber MFCs equipped with
diﬀerent CP/GNRs/PANI anodes with the GNRs/PANI mass ratio of (a) 1 : 4, (b)
1 : 8, (c) 1 : 12 and (d) 1 : 16.
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Fig. 9 CVs of diﬀerent bioﬁlm-based anodes from MFCs in fresh mineral
medium (potential range: 0.8 to 0.4 V, scan rate: 2 mV s1).

of characteristic redox peaks: one at about 0.24 and 0.06 V
that is believed to originate from the outer membrane cytochrome proteins of S. oneidensis, while the other one at about
0.05 and 0.17 V which is from the PANI. Notably, the peak
current from the outer membrane cytochrome proteins of S.
oneidensis for the CP/GNRs/PANI anode is much higher than
that of the CP/GNRs or CP/PANI anode. This may be from the
enhanced interactions between the bacterial biolm and PANI
networks as well as the improved EET eﬃciency by highly
conductive GNRs.
With all the improvements discussed above, the larger
bacterial loading capacity and higher EET eﬃciency due to the
synergistic eﬀect between GNRs and PANI, the MFC equipped
with the CP/GNRs/PANI anode is expected to have a higher power
density than those fabricated with the other three anodes. To
prove this, the power density curves of the MFCs with the same
inoculum but with four diﬀerent anodes were obtained in
parallel. As shown in Fig. 10, the maximum power density of the
MFC equipped with the CP/GNRs/PANI anode is 856 mW m2,
which is about 6 times higher than that of the MFC with
the CP anode (152 mW m2). The CP/GNRs/PANI anode also

Fig. 10 Polarization (,) and power (-) curves for MFCs with the CP, CP/GNRs,
PANI/CP, and CP/GNRs/PANI anodes.
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signicantly outperforms the CP/GNRs anode (456 mW m2) and
the CP/PANI anode (312 mW m2). In comparison with previously reported results under similar conditions,25,38,52 the power
density output of the MFC with the CP/GNRs/PANI anode is also
relatively higher. Thus, the CP/GNRs/PANI anode is advantageous for high-performance MFCs.
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Conclusion
In summary, a novel CP/GNRs/PANI electrode with the GNRs/
PANI mass ratio of 1 : 8 was fabricated by electro-depositing
PANI networks onto the GNRs-coated carbon paper, and used as
an anode in MFCs. It exhibited attractive superiority over the
CP, CP/GNRs, or CP/PANI anode because of a synergistic eﬀect
between PANI networks and GNRs. First, PANI networks were
fabricated on the GNRs-coated carbon paper, which signicantly increased the active surface area for the attachment of
bacterial cells and electron transfer from mediators. Second,
the positively charged PANI backbone also improved aﬃnitive
interaction with negatively charged bacterial cells, which
enhanced the direct electron transfer via outer membrane
cytochromes. Thirdly, the high conductive GNRs greatly
improved the conductivity of the CP/GNRs/PANI electrode in
neutral medium. Therefore, GNRs and PANI in the CP/GNRs/
PANI electrode present a synergistic eﬀect for high biocurrent
generation and power output, suggesting promising applications in high-performance MFCs.
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