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Abstract The polarization behavior of microbial fuel
cells (MFCs) was evaluated under different stack operation
modes, including series, parallel, series–parallel, and parallel–series. During the stack operation, voltages of individual MFCs, subunit stacks, and overall stacks were
recorded as a function of the current. Meanwhile, the
potentials of individual MFCs’ anode and cathode were
also determined via Ag/AgCl electrodes to study the
change in potentials under stack operations. The results
demonstrated that the MFCs with relatively low ability to
generate current were easier to suffer polarity reversal in
the series stack, which was confirmed in the series subunit
of the series–parallel stack. MFCs with high electroactivity
would be enhanced to generate larger maximum power;
however, MFCs with low electroactivity outputted smaller
maximum power in a parallel stack. The changes in individual MFCs’ behavior under stack operation mode were
determined primarily caused by the influences on the
behavior of the anode. Results of the present study provide
valuable information for optimization of stack operation of
MFCs.
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1 Introduction
Increasing development in economy and society consumes
large amount of fossil fuels and leads to serious environmental pollution. Great efforts are devoted to the development of novel energy sources, such as solar energy, wind
power, and biofuel. Among those, microbial fuel cells
(MFCs) present great potential to contribute to the reduction of the use of fossil fuels in virtue of its ability to output
electric power from feedstocks containing large quantities
of organic substrates, and to efficiently remove both
organic and inorganic contaminants through the activity of
micro-organism that colonizes the anode [1–6].
Power density yields in MFCs have increased 5–6 orders
of magnitude over the last decade as a result of the optimization of reactor configuration, the improvement of operational parameters, the selection of bacteria with greater
electrochemical activity, and the application of novel electrode materials [7–10]. However, bottlenecks for the practical
application of MFC are still present. For instance, the theoretical voltage output is only 1.1 V when oxygen is used as an
electron acceptor and sodium acetate as an electron donor.
Furthermore, the practical voltage output of MFCs is much
lower than the theoretical value, due to electrochemical
phenomena such as charge transfer overpotential, ohmic
overpotential, and mass transport overpotential [11]. Therefore, stacking multiple MFCs is a promising strategy to
achieve enhanced output of voltage and current for practical
application of MFC technology [12–19]. In previous reports
on stack operation of MFCs, individual MFCs were linked in
series for higher voltage output, in parallel to generate larger
current, or in series–parallel as a trade-off approach to
increase both voltage and current output. Despite the
enhanced voltage and current output for series and parallel
stack respectively, well matched voltage and current are
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needed if the MFC stack is to be adopted to directly drive
electronics in practical applications. Therefore, the series–
parallel stack mode, as an alternative to series and parallel
stacks, was evaluated as a possible approach to enhance the
output of both voltage and current [14]. As the elementary
unit of stack, the polarization behavior of individual MFCs
would be affected during stack operation mode, affecting the
performance of the stack; therefore, understanding the
polarization behavior of individual MFCs is essential to
optimize the performance of MFC stacks. However, there is
no overall and detailed information on this aspect, especially
on how the electrode potential changed after the MFCs were
connected in stacks [12, 17].
In this study, multiple individual MFCs were connected in
different stack modes of series, parallel, series–parallel (S–
P), and parallel–series (P–S). During the stack operation, the
voltage, electrode potential, and internal resistance of individual MFCs were assessed to observe the effect of stack
operation on the polarization behavior of individual MFCs.
The results of the present study provide valuable information
for the optimization of stack operation of MFCs.

2 Materials and methods
2.1 MFC and inoculation
The two-chambered MFC reactors used in this study were
constructed of Plexi-glass, with the anodic and cathodic
chambers separated by a cation exchange membrane (Zhejiang
Qianqiu Group Co. Ltd., China). Each chamber has a size of
137.5 mL ((5.5 9 5 9 5) cm3), with a working volume of
125 mL. Both anode and cathode were prepared from graphite
felt (Haoshi Carbon Fiber Co. Ltd., China), with projected
surface area of 16 cm2 ((4 9 4) cm2). The MFCs were inoculated with anaerobic culture collected from Jimei wastewater
treatment plant at different time and adopted different species of
electron acceptors of O2, KMnO4, and K3[Fe(CN)6]. For the
stack operation mode, the anode chambers were filled with
125 mL artificial wastewater containing (g/L) sodium acetate,
4.1 (equivalent to 50.0 mmol/L); KH2PO4, 6.28; K2HPO4,
10.0; NaHCO3, 2.0; NaCl, 0.5; Na2SO4, 0.5; MgSO47H2O,
0.2. The cathode chambers were filled with 125 mL buffer
solution (pH 6) containing Na2HPO412H2O, 8.81 g/L;
NaH2PO42H2O, 41.05 g/L; and K3[Fe(CN)6], 100 mmol/L as
electron acceptor. The MFCs were operated in fed-batch mode.
Both anolyte and catholyte were replaced with fresh ones after
one or two cycles operation.
2.2 Stack operation and analysis
Stack operation was achieved by linking MFC reactors in series, parallel, series–parallel, and parallel–series, connecting the
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anode of one cell to the cathode of another cell with titanium
wire. The polarization curves were obtained by changing the
external resistance from 10 kX to 25 X, (except for the parallel
stack operation, which was performed by changing from 10 kX
to 10 X) using a fuel cell test system (Maccor Inc., USA). From
the polarization curves, the maximum power (Pmax) is determined. The voltage (Vcell) of individual MFCs and subunits, and
the anode potential (Pa) were recorded as auxiliary voltage.
Current (i) was recorded with a multimeter (Keithley Instruments Inc., USA). The cathode potential (Pc) was calculated as
Pc = Vcell ? Pa. Electric power (P) was determined as
P = Vcell  i. Internal resistance (Rint) was determined as the
slope of the i-Vcell curve, according to Vcell = Ucell - iRint,
where Ucell is the electromotive force of the cell [20]. The
experiments were carried out at a temperature of (27 ± 1) °C.

3 Results and discussion
3.1 Performance of individual MFCs
To determine the change in MFCs’ polarization behavior
under stack operation, the polarization behavior of individual MFCs was first analyzed as a comparison by varying
the external resistance from 10 kX to 25 X with the aid of a
battery test system. Figure 1 shows the polarization
behaviors of the six individual MFCs (labeled C1–C6). The
maximum power output for C1–C6 was 1.55, 1.05, 1.27,
1.14, 0.84, and 0.55 mW, at currents of 3.92, 2.28, 2.51,
2.37, 1.45, and 0.96 mA, respectively (Fig. 1a; Table 1).
Therefore, the ability to generate electric power of the six
individual MFCs can be ranked as C1 [ C3 [ C4 [
C2 [ C5 [ C6. The Rint of C1–C6 was determined as
68.09, 102.90, 89.50, 105.00, 107.00, and 164.59 X,
respectively (Table 1). The voltages of individual MFCs
are similar at low currents; however, as current increased,
differences in voltage were observed (Fig. 1b). The
polarization curves of C2, C3, and C4 displayed a slight
overshoot, in correspondence with the behavior of the
anode, while the cathodic potential showed no significant
differences (Fig. 1c). The results demonstrate that the difference in individual MFCs polarization behavior is
dependent on the anodes’ performance.
In this study, different electron acceptors were used to
establish the MFCs, and different currents were generated
during the startup period (data not shown), which was
probably the reason for the different performances of the
individual MFCs. In stack operation, differences in individual MFC’s performance would unavoidably occur.
Therefore, the use in this study of individual MFCs with
different performances in stack operation makes it easier to
discover problems that may arise during the practical
application of MFC stacks.
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Fig. 1 (Color online) Performance of individual MFCs: power output (a), voltage (b), and electrode potential (c) as a function of current

3.2 Stack operation
3.2.1 Series stack
Linking multiple individual MFCs in series is an efficient
way of achieving high-voltage output, and in theory, the
voltage output from the series stack should be the sum of the
voltage outputs of the individual MFCs. By linking 6
individual MFC in series, the maximum power observed
was 4.02 mW at a current of 1.41 mA (Fig. 2a). This Pmax
is smaller than the sum of Pmax (5.56 mW) generated by
MFCs running individually. The Pmax of C5 and C6 was
0.69 and 0.21 mW, respectively, but with a large standard
error (Fig. 2a; Table 1). Furthermore, the polarization
behavior of C1–C4 was significantly affected despite the
Pmax did not clearly change compared to individual operation (Fig. S1 online). Compared to individually operated
MFCs, the Rint of C5 increased from 107.00 to 206.30 X,
and that of C6 increased from 164.59 to 652.50 X
(Table 1). The polarization curves of C5 and C6 showed
reversal polarization (Fig. 2a), attributable to the performance of the anode, which reached a potential higher than
1,000 mV (Fig. 2c). Voltage reversal of C5 and C6 occurred when the current reached 2.65 and 1.41 mA, respectively (Fig. 2b), probably due to their lower electroactivity.
Voltage reversal is a common phenomenon during series
stack operation when the potential of the anode becomes
higher than that of the cathode. Voltage reversal can
deteriorate the electroactive ability of the micro-organisms,
increasing the Rint, and further reducing the electric power
output of the stack. In this study, the performance of C6 did
not recover to the level of electric power output due to the
effect of voltage reversal over two cycles. Aelterman et al.
[16] first reported MFC voltage reversal in series stack
operation, and fuel starvation and the catalytic property of
the biofilm were considered as the causes of this phenomenon. Oh et al. [12] confirmed the contribution of fuel
starvation to voltage reversal by limiting fuel supply to one
of the cells in a two-cell series stack. Organic matter
removal is positively related to the current generated from
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a MFC [21]. Since the same concentration of initial substrate is supplied to the individual MFCs in the series stack,
fuel starvation, should it occur, would be first observed in
the MFCs with higher ability to generate current. However,
voltage reversal occurred to MFCs with lower electroactivity (C5 and C6 in this study). This suggests that voltage
reversal would occur first to MFCs with lower ability to
generate current compared to the others in a series stack.
Therefore, MFCs with similar individual performances are
a requisite for optimal series stack operation.
3.2.2 Parallel stack
Stack operation in parallel could increase the generation of
current due to the reduction of the overall Rint. Since C6
was not able to recover the performance shown before
voltage reversal, five individual MFCs (C1–C5) were
connected in parallel. A Pmax of 6.84 mW was generated at
a current of 16.49 mA for the parallel stack. The overall
Rint was 20.40 X. For C1, the MFC with largest output
power, the Pmax increased to 1.92 from 1.55 mW, the value
observed during individual activity; however, the Pmax for
C5 was limited to 0.32 mW compared to 0.84 mW in
individual operation, due to the change in Rint from 107.00
to 543.96 X (Fig. 3a; Table 1). The anode performance of
C1 was enhanced while that of C5 was limited in comparison to that of C1 and C5 during individual operation
(Fig. 3b).
Individual MFCs in a parallel stack operation present all
the same voltage, while the current of the stack is the sum of
that of the individual MFCs. Therefore, MFCs with relatively small internal resistance will generate higher current
and contribute more to the total current of the parallel stack.
In a parallel stack, electrons generated at anode are collected
and flow through the external circuit to the cathodes. During
this process, electrons tend to flow to the cathode of the
MFCs with relatively small Rint. In order to keep electric
neutrality, more electrons need to be generated at the anode
of the MFCs with higher electroactivity, while fewer electrons would be generated at the anode of MFCs with lower
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Fig. 2 (Color online) Power output (a) and voltage (b) of overall stack and individual MFCs, and electrode potential (c) in series stack operation

electroactivity. This may explain why the anodic performance of C1 was enhanced, while that of the C5 was reduced.
3.2.3 Series–parallel stack
As a trade-off of series and parallel stacks, the S–P stack
was demonstrated to be efficient to promote both the voltage and current output of the stack in comparison to series
and parallel stacks. The change in polarization behavior of
individual MFCs in the stack of S–P was also evaluated in
this study. To achieve a S–P stack, cells of C1 and C2 were
linked in a series (C1C2), and then connected in parallel
with another series stack of C3, C4, and C5 (C3C4C5).
From the polarization curves shown in Fig. 4a, a Pmax of
4.58 mW was generated from the overall stack at a current of
4.78 mA. The Pmax for the series subunit of C1C2 and
C3C4C5 was 1.74 and 3.06 mW, at currents of 2.88 and
2.49 mA, respectively (Table 1). In the C1C2 subunit, the
Pmax of C2 was reduced to 0.71 from the individual opearation value of 1.05 mW; in the C3C4C5 subunit, the Pmax of
C5 was decreased to 0.63 mW in comparison to the individual operation value of 0.84 mW (Table 1). For both C2
and C5, the MFCs with relatively lower electroability in the
subunits of C1C2 and C3C4C5, voltage reversal occurred as
the current increased to 3.37 and 2.87 mA, respectively,
corresponding to an increase in anodic potential (Fig. 4b, c).
The voltage of C1 and C2 largely fluctuated at higher resistances (Fig. 4b), which is in line with the variation of the
anodic potentials of C1 and C2 (Fig. 4c).
In a S–P stack, the series subunits showed the same
voltage, while different currents were observed depending
on the electrochemical characteristics, such as the internal
resistance of the subunit. Due to different number of MFCs
in the two series subunits, the open circuit voltage of the
C3C4C5 subunit was larger than that of the C1C2 subunit.
Therefore, C1 and C2 were forced to adjust their voltage to
achieve an equal overall voltage to that of the C3C4C5
subunit, resulting in fluctuation in cell voltage at large
resistances. The potential of a chemical electron acceptor
(in this case K3[Fe(CN)6]) depends on its concentration and
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the pH of the solution, according to Nernst equation;
therefore, it is difficult to adjust the cathodic potential once
the concentration of the electron acceptor and the pH of the
catholyte are fixed. This means that the C1C2 subunit has
to adjust the voltage through changes in the anodic
potential rather than the cathodic potential to equalize the
voltage with the C3C4C5 subunit. The mechanism by
which C1 and C2 adjust their anodic potential may be
through changes in the potential of the proteins involved in
electron transfer by electroactive micro-organisms.
C2 and C5, with a relatively low ability to output
electric power compared to the other cell(s) in C1C2 and
C3C4C5 series subunit, suffered voltage reversal. As the
results showed for the series stack, C2 did not show voltage
reversal, contrary to what was observed in the series subunit C1C2 of the S–P stack. Therefore, the results support
the conclusion that individual MFCs with relatively lower
ability to generate electric power in a series stack were
vulnerable to suffer voltage reversal.
3.2.4 Parallel–series stack
As it was mentioned earlier, P–S stack is a trade-off
alternative to parallel and series stack. However, no studies
have been reported of power generation through P–S stack
of MFCs. To get a P–S stack in this study, individual cells
of C1 and C2 (C1C2), and C3, C4, and C5 (C3C4C5) were
connected in parallel, and then the parallel subunits of
C1C2 and C3C4C5 were connected in series. The Pmax for
the P–S stack was determined to be 5.64 mW at a current of
7.48 mA, corresponding to a Pmax of 3.08 mW for the
subunit of C1C2, and a Pmax of 2.69 mW for the subunit of
C3C4C5, respectively (Fig. 5a). The Rint of the overall
stack, the C1C2 subunit, and the C3C4C5 subunit were
84.59, 43.15, and 43.22 X, respectively (Table 1). The
voltage of the subunits of C1C2 and C3C4C5 reversed
alternately at high current, but did not result in voltage
reversal of the overall stack (Fig. 5b). The Pmax for C1 in
the stack was 1.92 mW compared to an individual operation value of 1.55 mW, while the Pmax of C5 was reduced
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Fig. 3 (Color online) Voltage and power of the overall parallel stack and individual MFCs (a), and electrode potential of individual MFCs (b)

Fig. 4 (Color online) Performance of series–parallel stack and individual MFCs: power (a), voltage (b), and electrode potential (c)

Fig. 5 (Color online) Power (a), voltage (b), and electrode potential (c) of overall parallel–series stack and individual MFCs

from 0.84 to 0.34 mW under stack operation. Under P–S
stack operation, the anodic potential of all the individual
MFCs significantly fluctuated at high current (Fig. 5c).
As a hybrid of parallel and series stack, the P–S stack
possesses the electrochemical characteristics of both parallel stack and series stack, but it eventually affected the
characteristics of a series stack. In P–S stack, the same
current flowed across the parallel subunits of C1C2 and
C3C4C5; thereby, the parallel subunits affected each other
to achieve an equal current. As cells with relatively higher
ability to generate electric power in the parallel stack of
C1C2 and C3C4C5, the polarization curves of C1 and C3

showed an overshoot, caused by the performance of the
anodes. This was possibly caused by cells in each parallel
subunit sharing equal voltage, while the sum of current
flowing across the cells of C1 and C2 should be equal to
that of C3, C4, and C5; therefore, cells with higher ability
to generate current were more affected. In parallel subunits,
the Pmax of C1 was enhanced, while that of C5 was
reduced, both in comparison to that of individual operation.
This phenomenon was in line with that observed in the
parallel stack.
In addition to the effect of parallel stack, individual
MFCs were indirectly influenced by the characteristics of
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the series stack. The subunits of C1C2 and C3C4C5 in the
present study suffered voltage reversal alternately, which
further resulted in the anodic potential fluctuation of all
individual MFCs at high current.

4 Conclusions
Individual MFCs in a series stack with relatively lower
ability to generate current than the other MFCs in the
system are more susceptible to suffer polarity reversal; and
MFCs not suffering polarity reversal in a series stack are
liable to show polarity reversal in the series subunit of a
series–parallel stack, as long as the MFCs have lower
electroactivity compared to the other MFCs in the same
series subunit. To avoid polarity reversal of MFCs in a
series stack, MFCs with similar performance should be
used. Parallel stack mode enhances the maximum power of
MFCs with high electroability, while limit the maximum
power of MFCs with low electroability. Parallel subunits in
parallel–series stack would suffer polarity reversal at high
current; however, the polarity reversal occurs alternately
and thus does not result in voltage reversal of the overall
stack. In parallel–series stack, all the MFCs’ anodic
potentials suffer significant fluctuation due to the voltage
reversal of the subunits.
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