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a b s t r a c t

This study reports a new approach of improving performance of microbial fuel cells (MFCs) by using
a polypyrrole/anthraquinone-2,6-disulphonic disodium salt (PPy/AQDS)-modified anode. The immobi-
lization of AQDS on a carbon felt anode was accomplished by electropolymerization of pyrrole while
using AQDS as the dopant. The dual-chamber MFC operated with this modified anode in the presence
of Shewanella decolorationis S12 showed the maximum power density of 1303 mW m−2, which was 13
times larger than that obtained from the MFC equipped with an unmodified anode. Evidence from cyclic
eywords:
icrobial fuel cell

olypyrrole
nthraquinone-2,6-disulphonic disodium
alt
lectropolymerization
iocatalyst

voltammerty (CV) and scanning electron microscopy (SEM) results indicated that the increase in power
generation was assigned to the increased surface area of anode, the enhanced electron-transfer efficiency
from the bacteria to the anode via immobilized AQDS, and an increase in the number of bacteria attached
to anode.

© 2009 Elsevier B.V. All rights reserved.
. Introduction

Microbial fuel cells (MFCs), known as the environmentally
riendly and sustainable power sources, have attracted great
nterest of researchers in the disciplines of microbiology, electro-
hemistry, material science and chemical engineering (Reguera et
l., 2005; Richter et al., 2008; Gorby et al., 2006). Being in infancy
tage of its development, the MFC delivers much lower power out-
ut when compared to the well-developed chemical fuel cell (CFC).
ne of the significant issues contributing to low performance is the

inefficiencies” of the anodic processes (Rinaldi et al., 2008) that
nvolve the interaction between bacteria and electron acceptors
i.e., anode).

The immobilization of an electron redox mediator on the anode
urface demonstrates to be a useful method to improve the effi-

iency of extracellular electron transport and hence to boost
ower output (Lowy et al., 2006; Park and Zeikus, 2002, 2003;
dachi et al., 2008). Previous report (Lowy et al., 2006) has shown

hat the MFC equipped with an anthraquinone-2,6-disulphonic

∗ Corresponding author. Tel.: +86 20 22236581; fax: +86 20 22236581.
E-mail address: chfeng@scut.edu.cn (C. Feng).

956-5663/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2009.10.009
disodium salt (AQDS)-modified graphite electrode generated 5
times larger power density than the untreated counterpart. How-
ever, the method of AQDS adsorption onto the graphite surface
resulted in a poorly adhered AQDS film (Adachi et al., 2008). To
improve the stability of the treated electrode, a modification was
made to the coating process in which a polyethyleneimine middle
layer was employed to crosslink AQDS and the underlying anode
substrate (Adachi et al., 2008). This modified approach, despite
the advantage of further improving bioelectricity generation, was
time-consuming (e.g., at least 48 h required) and involved the
utilization of a non-conductive polymer (e.g., polyethyleneimine)
which may cause an increase in electronic resistance of the
anode.

Our strategy is to immobilize AQDS on the carbon felt elec-
trode surface by electropolymerization of pyrrole while using AQDS
as the dopant. This allows the formation of a highly conductive
polypyrrole (PPy)/AQDS composite film within a few minutes. We
then evaluate the performance of a dual-chamber MFC operated

with the PPy/AQDS-modified anode. The electrocatalytic property
and the surface morphology of this electrode in the presence and
absence of Shewanella decolorationis S12 are also examined by using
cyclic voltammerty (CV) and scanning electron microscopy (SEM)
techniques.

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:chfeng@scut.edu.cn
dx.doi.org/10.1016/j.bios.2009.10.009
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. Materials and methods

.1. Anode preparation

The starting anode substrate was a piece of carbon felt
4.4 cm × 4.4 cm × 0.5 cm) which was purchased from Liaoyang
ingu Carbon Fiber Sci-Tech Co., Ltd. (China). A Ti wire (1 mm in
iameter) was inserted inside the carbon felt to allow the exter-
al circuit connection. The electropolymerization of PPy/AQDS
omposite film on the carbon felt surface was performed in a three-
lectrode electrochemical cell, with a saturated calomel electrode
SCE) as reference electrode and a Pt mesh (4 cm × 4 cm) as counter
lectrode. All the potentials reported throughout this paper were
eferred to SCE. An Autolab potentiostat (PGSTAT30, Eco Chemie)
as used to control the working potential of the carbon felt elec-

rode. The electrolyte contained 0.1 M pyrrole (Aldrich) and 5 mM
QDS (Aldrich). Pyrrole was purified by distillation prior to use.
pon a constant potential of 0.8 V applied, the PPy/AQDS com-
osite film was formed and the total charge density passed was
.08 C cm−2 (per geometric anode area). The time required for
he electropolymerization process was 6 min. The freshly prepared
Py/AQDS-modified carbon felt was then thoroughly rinsed with a
.1 M phosphate buffered solution (PBS, pH 8.0) before further use.
or comparison, the PPy/AQDS composite film was also electrode-
osited on a glass carbon (GC, 3 mm in diameter) electrode with
he same charge density.

.2. Bacteria and medium in the anode chamber

S. decolorationis S12 (Hong et al., 2007) was used as the biocat-
lyst in the anode chamber. It was isolated from activated sludge
n a textile printing wastewater treatment in Guangzhou, China
nd was cultured in LB medium (10 g L−1 peptone, 5 g L−1 yeast
xtract and 5 g L−1 NaCl) at 30 ◦C. For MFC inoculation, 1 mL of the
bove bacteria was transferred to the sterilized anode chamber.
he medium added to the anode chamber contained 10 mM lactic
cid and 0.1 M PBS-based nutrient solution (pH 8.0) consisting of
.84 g L−1 NaCl, 0.10 g L−1 KCl, 0.25 g L−1 NH4Cl, 10 mL of vitamin
olution (Lovley and Phillips, 1988) and 10 mL of mineral solution
Lovley and Phillips, 1988).

.3. MFC operation and electrochemical tests

A dual-chamber microbial fuel cell was constructed, separated
y a cation exchange membrane (Zhejiang Qianqiu Group Co.,
td. China). Each cell chamber made of polycarbonate has an
ffective volume of 75 mL. The anode was a piece of PPy/AQDS-
odified carbon felt or an unmodified one with the identical

ize (4.4 cm × 4.4 cm × 0.5 cm). For MFC operation, the bacteria and
edium were added to the sterilized anode chamber in which the

naerobic respiration of bacteria occurs; the PBS solution (0.1 M,
H 7.0) with or without 45 mM potassium hexacyanoferrate was
dded to the cathode chamber. The cathode was a bare carbon
elt electrode (4.4 cm × 4.4 cm × 0.5 cm). In the absence of hexa-
yanoferrate, the MFC was run by bubbling air to the cathode. Cell
oltages were recorded by a 16-channel voltage collection instru-
ent (AD8223, China) under the conditions of a 1000 � external

esistance and a controlled temperature of 30 ◦C. The anode and
athode polarization curves and the cell power density curves were
btained by varying the external resistor over the range from 5 to
000 � when the performance of MFC approached steady state.

urrent density (I) was calculated as I = V (cell voltage)/R (exter-
al resistance), and power density (P) was calculated as P = V × I.
oth I and P were normalized to the projected area of anode sur-

ace. The anode potentials were measured by inserting a sterilized
CE electrode into the anode chamber; the cathode potentials were
tronics 25 (2010) 1516–1520 1517

calculated as the sum of the anode potential and the cell voltage.
Coulombic efficiency (�) was calculated as � = Cp/Cth × 100%, where
Cp is the Coulombs obtained by integrating the current over time,
and Cth is the theoretical Coulombs calculated based on the con-
sumption of lactic acid. CV tests were performed by using the anode
as the working electrode, the cathode as the counter electrode, and
a SCE as the reference electrode. The electrochemical behaviors of
PPy/AQDS modified on the GC electrode were also examined by CV.

2.4. SEM tests

The surface morphologies of the unmodified, PPy/AQDS-
modified carbon felt electrodes before and after incubation were
examined by a LEO 1530 VP scanning electron microscope. A thin
layer of gold was sputtered to these samples before mounted on
the aluminum stab. The preparation of the inoculated sample was
referred to the procedures described elsewhere (Park and Zeikus,
2003). Briefly, to stabilize the bacteria attached to the anode, the
sample (cut from the anode) was immersed in 4% glutaraldehyde
solution for 5 h. It was then rinsed with a PBS solution (pH 7.0) for
3 times, followed by dehydration with increasing concentration of
ethanol (34%, 50%, 75%, and 95%) for 10 min each and further rinses
in isoamyl acetate twice (10 min each time). The sample was then
dried at CO2-critical point for 3 h.

3. Results and discussion

3.1. Power generation

The bioelectricity generation behavior of a dual-chamber MFC
is significantly influenced by the anode material used. Fig. 1 shows
the cell voltage curves, anode and cathode polarization curves,
and power density curves of two individual MFC reactors oper-
ated with a PPy/AQDS-modified anode (MFC-A) and an unmodified
anode (MFC-B). When their anode chambers were fed with 10 mM
lactic acid in the presence of S. decolorationis S12 and cathode
chambers were bubbled with air, both MFCs exhibited a typical
voltage-generation profile as reported by others (Qiao et al., 2008;
Cheng and Logan, 2007). As shown in Fig. 1a, there is a starting-up
period followed by a rapid increase in voltage output, then volt-
age rises to a plateau. After lasting for a long period, it begins to
drop due to substrate depletion. During the first feeding cycle, the
MFC-A required 23 h to reach a steady cell voltage of about 0.62 V;
in contrast, a lag time of 46 h was observed for the MFC-B. The
MFC-B delivered a steady cell voltage of 0.36 V which was only 58%
of the MFC-A. Four reproducible cycles of voltage generation (cor-
responding to an operation time of 580 h) were obtained for the
MFC-A (data not shown), indicating the stability of the modified
anode. In addition, the coulombic efficiency of the MFC-A was cal-
culated to be 32% that was 2.7 times larger than the value (12%)
of the MFC-B. All these data indicate that the PPy/AQDS-modified
anode substantially improves performance of MFCs.

Performance comparison of the MFC-A and MFC-B was also con-
ducted by using a potassium hexacyanoferrate (45 mM)-feeding
cathode instead of the aerated cathode. The use of ferricyanide
as the electron acceptor is preferable to fundamental laboratory
studies owing to its facile reaction rate (Oh et al., 2004; Zhang et
al., 2008). Fig. 1b shows a comparison of the anode and cathode
polarization curves between the MFC-A and the MFC-B. We can
see that the two MFCs exhibit negligible difference in their cathode

potentials because of the identical cathode used in both samples.
The anode potentials, however, are highly dependent on modifi-
cation of the carbon felt with PPy/AQDS. The anode open circuit
potential (OCP) of the MFC-A was −0.53 mV, increased by 71% as
compared with the MFC-B. In addition, for the MFC-B, increasing





ioelec

3

b
m
a
o
fi
a
i
e
p
b
f
t
t
t
c
t
o
m
a

m
a

C. Feng et al. / Biosensors and B

.2. CV study

CV tests were carried out to determine the electrocatalytic
ehavior of anode materials. As revealed in Fig. 2a, the voltam-
ogram of the PPy/AQDS-modified carbon felt electrode in the

bsence of bacteria showed larger current against the unmodified
ne. This reflects an enhancement in surface area of the modi-
ed electrode. In addition, a peak at −0.36 V in the oxidation scan
nd a peak −0.62 V in the reduction scan were observed. The inset
mage shows that the PPy/AQDS conductive film modified on the GC
lectrode exhibits more clearly distinguishable peaks in the same
ositions due to the much lower charging current of GC than car-
on felt. The observed peaks in CVs either on the modified carbon
elt electrode or on the modified GC electrode were the result of
he redox reaction of AQDS, confirming the successful incorpora-
ion of AQDS into the composite film. Integration of the area under
he cathodic peak in Fig. 2a yields a surface charge of 0.05 C, which
orresponds to an estimated 0.25 �mol of AQDS incorporated in
he composite film (Ta et al., 1999). It can be seen that the amount
f AQDS immobilized on the solid electrode was several orders of

agnitude lower than the artificial aqueous mediators added to the

node chamber (Ringeisen et al., 2007; Park and Zeikus, 2000).
Fig. 2b shows CVs of S. decolorationis S12 in a substrate-depleted

edium. In addition to the redox peaks of AQDS, an anodic peak
t +0.05 V and a cathodic peak at −0.35 V were clearly visible in
tronics 25 (2010) 1516–1520 1519

the CV curve of the modified electrode. The newly appeared pair of
peaks are relevant to the electrochemical activity of S. decolorationis
S12 and their positions are in accordance with the reported results
of
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lectropolymerization of PPy/AQDS composite film gave rise to a
ough surface of electrode surface (Fig. 3c), leading to an increase
n the anode surface area. Fig. 3d and e shows the SEM images of
arbon felt electrodes without and with modification after being
ncubated with S. decolorationis S12 over 20 days. The grown bac-
eria exhibited a rod-shaped structure. By comparing Fig. 3d with e,
e can see there is an increase in the number of bacteria attached

n the PPy/AQDS-modified anode. This result indicates that the
pproach presented here can improve bacteria adhesion on the
node.

. Conclusions

We have demonstrated that the modification of an MFC anode
ith the electropolymerized PPy/AQDS composite increased power

utput by 13 times using S. decolorationis S12. This modified anode
as been found to improve surface area of electrode, adhesion of
acteria and efficiency of electron transfer, and thus to increase
ioelectroactivity of the anode system. The electropolymerization
ethod is a simple and time-saving method for the stabilization

f AQDS on the electrode surface. Further studies are necessary to
ssess whether this modified anode can be applicable to large-scale
FCs from a practical perspective.
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