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A Graphene/Poly(3,4-ethylenedioxythiophene) Hybrid as
an Anode for High-Performance Microbial Fuel Cells
Ying Wang, Cui-e Zhao, Dong Sun, Jian-Rong Zhang,* and Jun-Jie Zhu*[a]
A microbial fuel cell (MFC) is an innovative power-output
device, which utilizes microorganisms to metabolize fuel and
transfers electrons to the electrode surface. In this study, we
decorated the surface of graphene (G) with a conducting polymer, poly(3,4-ethylenedioxythiophene) (PEDOT), through galvanostatic electropolymerization to fabricate a G/PEDOT hybrid
anode for an Escherichia coli MFC. Cyclic voltammetry and electrochemical impedance spectroscopy analyses illustrated that
the G/PEDOT hybrid anode possesses a larger active surface
area and lower charge-transfer resistance than three other
kinds of anodes, namely, carbon paper (CP), graphene-modified carbon paper (CP/G), and PEDOT-modified carbon paper
(CP/PEDOT). Scanning electron microscopy was used to investi-

gate the bacteria growth on the four anodes. A compact biofilm was formed on the hybrid anode owing to the electrostatic interaction between the negatively charged bacteria and
positively charged PEDOT backbone. The constant-load (1 KW)
discharge curves of MFCs with CP, CP/G, CP/PEDOT, and G/
PEDOT anodes revealed that the G/PEDOT electrode had good
stability and high voltage output. The G/PEDOT anode generated a maximum power density of 873 mW m 2, which is about
15 times higher than that of CP (55 mW m 2) in an H-shaped
dual-chamber MFC. All the experimental results suggest that
the performance of the G/PEDOT hybrid anode is superior to
the CP, CP/G, or CP/PEDOT anode.

Introduction
To meet the increasing demand for clean and sustainable
energy, researchers have made tremendous efforts towards the
development of new energy resources. Microbial fuel cells
(MFCs), which utilize electricity-generating bacteria (electrogens) to convert chemical energy into electrical energy, have
attracted worldwide attention owing to their ability to generate clean and renewable energy from diverse waste and wastewater.[1]
However, the low power production of MFCs is still a bottleneck that restricts its practical application. To solve this problem, researchers have focused on factors such as the loading
amount of bacteria on the anode surface, MFC configuration
and operation, as well as electrode modifications, which can
influence the power output of the MFCs.[2] Among these factors, anode materials (including substrate electrodes and modification materials) that possess high conductivity, a large surface area, excellent stability, good compatibility for exoelectrogenic biofilm growth, and low cost[3] play an important role.
Generally speaking, carbon materials, such as graphite felt,
graphite granules, carbon paper, and carbon cloth, tend to be
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treated carbon materials appear to lack an active surface optimally suited for bacteria growth and show poor electron-accepting ability. To improve their performance, it is essential to
treat or modify the carbon-based anodes. Cheng and Logan[4]
treated a carbon cloth using 5 % NH3 gas in a helium carrier
gas at 700 8C, which increased the power from 1640 to
1970 mW m 2 and reduced the start-up time by 50 %. Aside
from surface treatments, other approaches have been taken to
increase the anode performance through the addition of a surface coating, such as carbon nanotubes (CNTs),[5] conductive
polymers,[6] mediators,[7] metals,[8] and the composites of these
materials.
Graphene, a new kind of two-dimensional nanostructure
composed of sp2-carbon atoms, has received tremendous scientific and technological interest because of its high conductivity,[9] large surface area,[10] low production costs,[11] outstanding mechanical strength,[12] and so forth. As a potential candidate for electrode material in the electrochemical field, graphene has been used in solar cells, lithium-based rechargeable
batteries, and ultracapacitors.[13] Recently, some researchers
have also reported on graphene used as anodes in MFCs to
achieve a high-performance power output.[14] The improvements are attributed to the high conductivity of graphene and
its excellent biocompatibility, thereby demonstrating that as
an electrode-modification material, graphene holds great
promise for applications in MFCs. Although graphene possesses a great deal of merit as mentioned above, the stacking between individual graphene sheets dramatically sacrifices its extraordinary property of a large surface area. In addition, most
of the electricity-generating bacteria are negatively charged. It
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can generate electrostatic repulsion between the bacteria and
graphene, which is also negatively charged. As a result, this
leads to slow bacteria loading rate and a lower total amount
of bacteria on the graphene surface, making it difficult for bacteria growth.
Conducting polymers as well as their composite materials
have been used to modify anodes to improve the performance
of MFCs.[6] Among them, polyaniline and polypyrrole are the
most commonly used materials to modify an anode. However,
polyaniline is electrically conducting in solution only at pH 
4,[15] as long as the medium in the anode chamber of the MFCs
is neutral. As a result, the polyaniline-modified anode still
shows poor conductivity.[16] Poly(3,4-ethylenedioxythiophene)
(PEDOT), an important derivative of organic conducting polythiophene, has been extensively exploited as an electrode material owing to its low manufacturing cost, high electrical conductivity, and good transparency.[17] Moreover, as one of the
most stable conducting polymers available at present,[18]
PEDOT possesses a better stability of conductivity than that of
polypyrrole[19] and exhibits high conductivity in neutral solution, too. Besides, it is worth pointing out that the PEDOT
backbone is positively charged[20] and can electrostatically interact with the negatively charged bacteria, thereby contributing to biofilm formation. All in all, the introduction of PEDOT
into MFCs is meaningful. To date, however, no studies have
been conducted to examine the feasibility of using PEDOT in
the anode of MFCs.
In the present study, we propose a G/PEDOT hybrid that
possesses both a large surface area and high bacteria loading
as an anode to fabricate high-performance MFCs. Scheme 1
depicts the synthetic route to the G/PEDOT hybrid and its interaction with Escherichia coli (E. coli) cells. First, graphene was
coated on the surface of carbon paper (CP) to construct the
CP/G electrode. After desiccation, the CP/G electrode was used
as the working electrode for the fabrication of the G/PEDOT
hybrid by means of galvanostatic electropolymerization. Then
the G/PEDOT hybrid electrode was installed in the MFC as an
anode. During the operation of the MFC, the negatively
charged E. coli cells adhered to the hybrid anode to form compact biofilms with the aid of the electrostatic interaction between the cells and the positively charged PEDOT backbone.

www.chempluschem.org
Results and Discussion
G/PEDOT hybrid characterization
The FTIR spectra of the graphene oxide (GO), graphene, and
G/PEDOT hybrid samples are shown in Figure 1A. As shown in

Figure 1. (A) FTIR and (B) Raman spectra of (a) GO, (b) graphene, and
(c) G/PEDOT hybrid.

curves a and b, the FTIR spectrum of graphene is relatively featureless compared with that of GO, only with a few oxygencontaining groups that result from the incomplete chemical reduction of GO.[21] For the FTIR spectrum of G/PEDOT (Figure 1A, curve c), the C=C and
C C stretching vibrations of the
quininoid structure in the thiophene ring are evidenced by
the presence of peaks at 1518
and 1384 cm 1, respectively.
Further vibrations at 1192, 1124,
and 1083 cm 1 were assigned
to the C O C bond stretching
in the ethylene dioxy (alkylenedioxy) group. The C S bond vibrations in the thiophene ring
were found at 981, 841, and
690 cm 1, respectively.[22]
Raman spectra (Figure 1B)
Scheme 1. Schematic diagram of the preparation of the G/PEDOT hybrid electrode and its electrostatic interaction
provide further evidence of the
with E. coli cells.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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successful preparation of graphene and the G/PEDOT hybrid.
In many cases, the Raman spectrum of graphene is characterized by two main features, the G mode arising from the firstorder scattering of the E2g phonon of sp2 C atoms (usually observed at  1575 cm 1) and the D mode arising from a breathing mode of k-point photons of A1g symmetry (
 1350 cm 1).[23.24] In our study, the D and G bands of graphene
(Figure 1B, curve b) shifted to 1355 and 1596 cm 1, respectively. Additionally, the intensity ratio (ID/IG) of the D to G band of
graphene increased compared with that of GO, which suggests
an increase in the number of small in-plane sp2 domains upon
reduction of the exfoliated GO. For the G/PEDOT hybrid (curve
c in Figure 1B), the band at 991 cm 1 was assigned to oxyethylene ring deformation. The bands at 1515 and 1428 cm 1 were
attributed to C=C stretching and the band at 1370 cm 1 was
assigned to single C C stretching.[25] Notably, the small redshift
in comparison with the reported data are due to the p–p interactions of PEDOT chains with graphene sheets, which suggests
the successful formation of the G/PEDOT hybrid.
The TEM image (Figure 2A) reveals that graphene consists of
randomly isolated and transparent sheets associated with each
other. The corresponding selected-area electron diffraction
(SAED) pattern exhibited well-defined diffraction rings, which
confirmed that the graphene structure was crystallized. Scanning electron microscopy (SEM) images of four kinds of electrodes are shown in Figure 2C–F. The raw carbon paper consisting of large quantities of carbon fibers, the surface of which
is smooth, exhibited a loose network (Figure 2C). After deposition of graphene (Figure 2D), paperlike sheets formed on the
carbon paper. Additionally, the crumpled morphology of graphene sheets is shown clearly from the inset of Figure 2D. As
revealed in Figure 2E, the PEDOT electropolymerized on the
carbon paper gave rise to the surface roughness of carbon
fibers. The SEM micrograph with high magnification (inset of
Figure 2E) clearly shows that the PEDOT had a nodular accumulating structure. The size of the nodules ranged from a few
hundred nanometers to 2 mm in diameter. Figure 2F demon-
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strates that with the same polymerization time and current,
PEDOT particles deposited on the graphene sheets were
almost the same size as those electropolymerized on the
carbon paper. However, the PEDOT particles on the graphene
sheets did not accumulate into clusters, but were widely distributed. In the general case, the polymers grew preferentially
on the highly active sites of electrode materials. Herein, the
nucleation and growth process of conductive polymer PEDOT
occurred preferentially on the surface defects of graphene that
acted as the electrode. As a result, the PEDOT particles were
scattered on the graphene sheets.
The ratio of PEDOT to graphene affects highly the morphology of the G/PEDOT hybrid, which has an improved dispersibility at a certain value. At the same polymerization current, the
G/PEDOT hybrids with different mass ratios were synthesized
by adjusting the polymerization time (Figure 3 and inset of Fig-

Figure 3. SEM images of G/PEDOT electrodes with different (PEDOT)/(
graphene) mass ratios: (A) 1:1, (B) 5:1, (C) 20:1, and (D) 50:1.

ure 2F). Among the five selected ratios, that of 10:1 (m/m, Figure 2F) of PEDOT to graphene was chosen so as to get
a better hybrid morphology. Lower ratios of PEDOT to graphene resulted in such a small amount of polymer that they
were almost invisible on the graphene sheets. Nevertheless,
the self-nucleation of PEDOT generated large accumulations at
higher ratios. On this occasion, all of the graphene surfaces
were overlapped by PEDOT particles, which reduced the effect
of graphene in the hybrid.
Electrochemical analysis

Figure 2. (A) TEM image and (B) selected-area electron diffraction pattern for
graphene. SEM images of electrodes: (C) CP, (D) CP/G, (E) CP/PEDOT, and
(F) G/PEDOT. The insets are the high-magnification images.

 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The electrochemical activity of the G/PEDOT hybrids with different mass ratios was first investigated (see Figure S1 in the
Supporting Information). In the cyclic voltammetry (CV) plot
(Figure S1A), the peak current increased with the increasing
amount of PEDOT in the hybrid. However, after a 10:1 mass
ratio, any further increase in the PEDOT amount led to a decrease in the peak current. In the electrochemical impedance
spectroscopy (EIS) plot (Figure S1B), it showed well-defined
single semicircles over the high-frequency range followed by
straight lines in the lower-frequency region for these G/PEDOT
hybrids. The diameter of the semicircle appearing at high frequencies represents the interface charge-transfer resistance
ChemPlusChem 2013, 78, 823 – 829
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(Rct), also called the Faraday resistance, which originates from
the resistance of electrochemical reactions on the electrode.
The variation trend of Rct is reversed compared to the CV test
results and it also proved that the G/PEDOT hybrid with a 10:1
mass ratio was optimal among the five selected proportions.
Therefore, the G/PEDOT hybrid with a 10:1 mass ratio was selected as the anode for the MFCs.
Figure 4A displays the CV behavior of the CP, CP/G, CP/
PEDOT, and G/PEDOT hybrid electrode. No apparent peaks
were observed in the cyclic voltammogram of CP. In contrast,
a couple of well-defined redox peaks were observed at the CP/
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of Figure 4B). Rs, C, Rct, and Zw represent the ohmic resistance,
double-layer capacitance, charge-transfer resistance, and Warburg impedance, respectively. The Rct value of carbon paper
(  500 W) was greatly reduced after modified with graphene
(  220 W), PEDOT (  13 W), or G/PEDOT (  2 W). Moreover,
the slope of the straight lines in the Nyquist plots displayed
a clear increasing trend over the lower frequency region for
the G/PEDOT hybrid electrode, which demonstrates a lower
mass-transfer resistance of ions from the electrolyte to the
hybrid electrode. Since graphene possesses high conductivity,
the CP/G electrode should have a low Rct value. However,
when graphene was coated on the surface of carbon paper to
construct the CP/G electrode, a large contact resistance existed
between the graphene sheets and three-dimensional carbon
paper, which led to a higher charge-transfer resistance. In comparison, the contact resistance between PEDOT particles and
carbon fibers could be reduced for the CP/PEDOT electrode
owing to the direct electropolymerization method. Upon electropolymerizing PEDOT particles on the CP/G electrode, the
polymer particles were not only deposited on graphene
sheets, but also on carbon fibers, which acted as an electric
bridge between graphene and carbon fibers. This undoubtedly
reduced the contact resistance, leading to a better performance of the G/PEDOT hybrid. Based on both the CV and EIS
tests above, the G/PEDOT hybrid electrode has a much higher
electrochemical activity compared with the other three electrodes.

SEM images of bacterial growth on anodes
After the MFCs had been operating for 14 days, the morphology of each anode was characterized by SEM (Figure 5A–F). For
the CP anode (Figure 5A), just a few E. coli cells adhered on
the surface. Additionally, there were few microorganisms pres-

Figure 4. (A) Cyclic voltammograms of the four different electrodes in 1 mm
K3[Fe(CN)6] and 0.5 m KNO3 solution at a scan rate of 100 mV s 1. The inset is
the enlarged view of the CP and CP/G electrodes. (B) EIS (Nyquist plots) results of the four different electrodes in 2.5 mm [Fe(CN)6]3 /4 and 0.5 m KNO3
solution at open-circuit potential. The equivalent circuit was used to fit the
EIS and the inset shows the details at high frequency.

G, CP/PEDOT, or G/PEDOT electrodes, respectively. Furthermore,
the G/PEDOT electrode exhibited a much higher peak current
than that of the CP/G or CP/PEDOT electrode. Based on the
Cottrell equation, it indicates that with the same projected
area, the active surface area of the G/PEDOT electrode is larger
than that of the other three electrodes. EIS was then performed to further investigate the charge-transfer resistance of
the four electrodes in 2.5 mm [Fe(CN)6]3 /4 and 0.5 m KNO3 solution (Figure 4B). The inset in Figure 4B illustrates the high-frequency part. A Randle equivalent circuit[26] is often used to
model the complex impedance in an electrochemical cell (inset
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 5. SEM images of the (A) CP, (B) CP/G, (C) CP/PEDOT, and (D) G/PEDOT
anodes after operation of the MFCs for 14 days. (E) and (F) are magnifications of biofilms.
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ent on the interior fibers, which meant that the plain carbon
paper had a low surface-utilization percentage. In contrast, the
carbon paper modified with graphene or PEDOT showed improved bacteria loading (Figure 5B,C), which illustrated that
both graphene and PEDOT were much more biocompatible
and nontoxic to E. coli. It is worth pointing out that the CP/
PEDOT anode exhibited a remarkably higher bacteria loading
than the CP/G anode, which indicates the crucial role of
PEDOT in recruiting bacteria onto the electrode. This seems to
be attributed to the positively charged PEDOT backbone and it
can electrostatically interact with the negatively charged E. coli
bacteria. After the introduction of graphene, just as discussed
in Figure 4A, the G/PEDOT hybrid anode had a much larger
active area than the CP/PEDOT anode, so we could presume
that the G/PEDOT hybrid anode had an improved bacteria
loading. Again, the experimental result proved what we speculated. As revealed in Figure 5D, the bacteria formed compact
and thicker biofilms on the G/PEDOT anode surface. Also, at
high magnification (Figure 5E,F), we can clearly see the connections between bacteria and conducting polymer PEDOT as
well as each cell by some hairlike wires. These wires were reported as pili or nanowires that facilitate biofilm formation and
electron transfer between exoelectrogens and anode materials.[27] Herein, the pili strengthened the mechanical binding between E. coli cells and the G/PEDOT anode as well as each bacterium to make a great contribution to the generation of compact biofilms. In return, the firmly attached biofilms played
a key role in the electricity generation of the MFCs by providing catalyst for fuel oxidation and a good environment for
exoelectrogens during the electrochemical reactions on the
anode surface. Noteworthy, E. coli could also generate relatively high electricity in mediatorless MFC,[28] so we speculate that
the pili produced on the G/PEDOT anode might also facilitate
the electron transfer between the cells and the anode. Furthermore, PEDOT could act as conductive nanowires[29] and provide
highly conductive pathways for shuttles and anodes, too. According to the observations above, it illustrates that the G/
PEDOT hybrid is a good substrate for bacteria growth and biofilm formation.
Electricity generation
With all the improvements discussed above—larger surface
area, lower charge-transfer resistance, and higher bacteria
loading—the MFCs equipped with the G/PEDOT hybrid anode
should have a higher output power density than those fabricated with the other three anodes. To confirm this hypothesis,
the electricity generation of the G/PEDOT anode was evaluated
in comparison with those of CP, CP/G, and CP/PEDOT anodes
(Figure 6). Figure 6A shows the constant-load (1 KW) discharge
profiles of MFCs based on the four different kinds of anodes. It
took about 60 h for the MFC equipped with the G/PEDOT
anode to reach a stable output in both voltage and current in
the first cycle of operation, which indicated that a good biofilm
had grown on the anode, but it had not been observed in the
other three anodes. The plateau voltage (or current) output
generated by the G/PEDOT anode was about 340 mV (or
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. (A) Voltage generation across a 1 KW external resistor and (B) polarization as well as power density curves of the four different MFCs equipped
with CP, CP/G, CP/PEDOT, or G/PEDOT anodes.

0.34 A m 2), whereas the value of the MFCs with the CP, CP/G,
or CP/PEDOT anode was 120, 170, and 260 mV (or 0.12, 0.17,
and 0.26 A m 2), respectively. These results illustrated that the
G/PEDOT anode has a superior electrocatalytic activity towards
glucose oxidation and a much better long-term chemical stability.
To further understand the performance of the MFCs, polarization and power-density curves were measured when the
voltage output was stable (Figure 6B). The short-circuit current
achieved by the MFC equipped with G/PEDOT was 3.59 A m 2,
which is 7 times larger than that achieved by the CP anode
(0.495 A m 2) under identical conditions. In comparison with
the CP/G (1.53 A m 2) or CP/PEDOT (2.32 A m 2) anode, an increase of 230 or 155 % was obtained, respectively. In terms of
the maximum power output (Pm), the value of MFC
(873 mW m 2) installed with the G/PEDOT anode was significantly superior to that with the CP anode (55 mW m 2). An increase of about 15 times was achieved. Relative to the MFC
equipped with the CP/G (324 mW m 2) or CP/PEDOT
(645 mW m 2) anode, an increase of approximately 2.5 and
1.5 times was achieved, respectively. Yong and his co-workers[14b] prepared a macroporous and monolithic MFC anode
based on polyaniline-hybridized three-dimensional graphene
and it outperformed the plain carbon cloth electrode (Pm, 768
versus 158 mW m 2). Additionally, Hou et al.[30] fabricated
a two-chamber MFC with a graphene/polyaniline nanocomplex
ChemPlusChem 2013, 78, 823 – 829
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anode and yielded a maximum power density of
1390 mW m 2, which is 3 times larger than a MFC with
a carbon cloth anode. The power density of MFC with a G/
PEDOT anode and its increase relative to the control anode are
comparable to that achieved by a MFC based on a graphene/
polyaniline anode.

Conclusion
In summary, a G/PEDOT hybrid electrode was prepared by in
situ electropolymerization and installed in an H-shaped twochamber MFC as an anode. The G/PEDOT hybrid anode had
a higher bacteria loading and superior electricity generation
than the CP, CP/G, or CP/PEDOT anodes. This study demonstrates that the G/PEDOT hybrid could be a promising anode
material in MFCs.

Experimental Section
Chemicals and materials
3,4-Ethylenedioxythiophene (EDOT) was purchased from Bayer AG
(more than 97 %). 1-Butyl-3-methylimidazolium tetrafluoroborate
([bmim][BF4]; > 99 %) was bought from the Lanzhou Institute of
Chemical Physics, Chinese Academy of Sciences, and served as the
electrolyte of EDOT polymerization. Graphite (KS-10, 99.95 %) and
2-hydroxy-1,4-naphthoquinone (HNQ, 97 %) were obtained from
Sigma–Aldrich. Carbon paper was received from Hesen, China. All
the other reagents were of analytical grade and used as received,
unless stated otherwise. Deionized (DI) water (resistance over
18 MW cm at 25 8C) from a Milli-Q water purification system was
used in all experiments.

Apparatus
FTIR spectra were obtained on a Nicolet 6700 spectrophotometer
(Nicolet, USA). Field-emission scanning electron microscopy
(FESEM) was performed with a HITACHI S4800 instrument. Transmission electron microscopy (TEM) images were taken using
a JEOL 2010 electron microscope at an accelerating voltage of
200 kV. Raman spectra were measured on a Renishaw inVia Raman
microscope equipped with a  50 objective at an excitation wavelength of 633 nm on 1800-line grating. The cell voltage across
a 1 KW external loading was recorded with a precision digital multimeter (VICTOR VC890D). CV and linear sweep voltammetry (LSV)
were performed on a CHI 660D workstation (Chenhua, Shanghai).
Electrochemical impedance spectroscopy (EIS) measurements were
performed with an AUTO LAB instrument (AUT 72782, The Netherlands) over a frequency range of 0.01 to 100 Hz at an open-circuit
potential and a perturbation signal of 10 mV.
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For the CP/G electrode preparation, graphene was firstly synthesized by the chemical oxidation–reduction treatment of natural
graphite according to the literature[21] in which the graphene
sheets mainly consisted of two layers according to atomic force
microscopy (AFM), which could be found in our previous study.[31]
The as-synthesized graphene (0.55 mL) with a concentration of
about 0.20 mg mL 1 was dripped onto each side of the carbon
paper and dried at 37 8C for 6 h. The final coating amount of graphene on the CP/G electrode was 0.022 mg cm 2.
The details of the preparation and characterization of conductive
PEDOT can be found in our previous publication[32] with slight
modification. Briefly, the PEDOT particles were deposited on CP or
the CP/G electrode by chronoamperometry in a three-electrode
electrochemical cell, with an Ag wire as the reference electrode
and a piece of carbon paper with a dimension of 2  2.5 cm as the
counter electrode. The ionic liquid [bmim][BF4] served as the electrolyte and was kept oxygen-free during the whole polymerization.
The polymer particles were grown at 0.50 mA cm 2 over 600 s in
[bmim][BF4] containing 0.10 mol L 1 EDOT monomer, and the consumed charge was 3 C. The obtained CP/PEDOT electrode and G/
PEDOT electrode were rinsed thoroughly with acetonitrile as well
as DI water and dried at 37 8C. The final coating amount of PEDOT
particles was 0.22 mg cm 2. For the G/PEDOT electrode, the mass
ratio of PEDOT to graphene was 10:1.

Construction and operation of the MFCs
An H-shaped two-chamber MFC, jointed by a proton-exchange
membrane, was used in this study. Each chamber had a liquid
volume of 100 mL. The CP, CP/G, CP/PEDOT, and G/PEDOT electrode were used as the anode, respectively, whereas the carbon
paper with a dimension of 3  4 cm was used as the cathode. The
E. coli cells that were harvested at a late stationary phase were inoculated into the anode chamber containing 55 mm glucose as the
electron donor, 0.1 m phosphate buffer solution (PBS), which was
composed of NaHCO3 (10 g) and NaH2PO4 (8.5 g) per liter as the
anolyte, and 5 mm HNQ as shuttle molecules. Ferricyanide solution
(50 mm) with PBS identical to that in the anode chamber served as
the catholyte. The anode chamber was continuously stirred by
magnetic bars and nitrogen gas was purged during the whole operation to maintain an anaerobic atmosphere. Both the anode and
cathode were connected to the external resistance (1 KW) by
copper wires.
The E. coli was cultivated anaerobically at 33 8C in a glucose
medium, which consisted of glucose (10 g), yeast extract (5 g),
NaHCO3 (10 g), and NaH2PO4 (8.5 g) per liter. After 20 h of growth,
the bacteria culture was harvested by centrifuging at 4 8C
(6000 rpm, 5 min) and was rinsed with PBS three times. The E. coli
cells were finally suspended in a 0.1 m anaerobic PBS containing
55 mm glucose and 5 mm HNQ. The PBS (pH 7.0) and standard glucose medium were sterilized in an autoclave (TOMY, SX-500) at
120 8C for 15 min before use.

Electrochemical measurements
Electrode preparation
Four types of anode electrode, that is, CP electrode (pristine
carbon paper, as a control), CP/G electrode (graphene coated on
carbon paper), CP/PEDOT electrode (PEDOT electropolymerized on
carbon paper), and G/PEDOT hybrid electrode (PEDOT electropolymerized on CP/G electrode) were evaluated. Each of these four
electrodes had a uniform dimension of 2  2.5 cm.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

EIS measurements for the CP, CP/G, CP/PEDOT, and G/PEDOT electrode were performed in a three-electrode mode in 2.5 mm
[Fe(CN)6]3 /4 and 0.5 m KNO3 solution at open-circuit potential. The
electrochemical cell was purged with nitrogen gas for 20 min prior
to the EIS test and kept under a nitrogen atmosphere at room
temperature ((20  2) 8C) throughout the EIS measurement. Polarization and power density curves were measured by LSV starting
ChemPlusChem 2013, 78, 823 – 829
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from the open-circuit value at a scan rate of 1 mV s 1. The results
were normalized to the projective surface area of the anode
(10 cm2).

SEM observation
Small pieces (0.5  0.5 cm) of anodes from MFCs for SEM were fixed
firstly in 2.5 % glutaraldehyde for 2 h. Then the bio samples were
rinsed three times in phosphate buffer (pH 7.0), dehydrated by
a graded ethanol series (25, 50, 75, 85, 95, 100 %), and vacuum
dried. Prior to the SEM observation, bio samples were coated with
Au.
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