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Abstract It is known that cell potential increases while
anode resistance decreases during the start-up of microbial
fuel cells (MFCs). Biological capacitance, defined as the
apparent capacitance attributed to biological activity including biofilm production, plays a role in this phenomenon. In this research, electrochemical impedance
spectroscopy was employed to study anode capacitance
and resistance during the start-up period of MFCs so that
the role of biological capacitance was revealed in electricity generation by MFCs. It was observed that the anode
capacitance ranged from 3.29 to 120 mF which increased
by 16.8 % to 18–20 times over 10–12 days. Notably,
lowering the temperature and arresting biological activity
via fixation by 4 % para formaldehyde resulted in the decrease of biological capacitance by 16.9 and 62.6 %,
indicating a negative correlation between anode capacitance and anode resistance of MFCs. Thus, biological
capacitance of anode should play an important role in
power generation by MFCs. We suggest that MFCs are not
only biological reactors and/or electrochemical cells, but
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also biological capacitors, extending the vision on
mechanism exploration of electron transfer, reactor structure design and electrode materials development of MFCs.
Keywords Biological capacitance  Electrochemical
impedance spectroscopy  Equivalent electrical circuit 
Microbial fuel cell  Polarization resistance

Introduction
Microbial fuel cells (MFCs) have received much attention
as an alternative means of energy production from organic
matter, e.g., wastewater [1, 2]. However, the high inherent
voltage loss and low electrical power density obtained
hinder the practical application of this technology. Many
researchers have focused on minimizing voltage loss to
increase electrical power density, and thus enhance the
utility of MFCs [3, 4].
The concept of internal resistance has been recognized
as an important indicator for voltage loss of MFCs [5, 6].
Several techniques including electrochemical impedance
spectroscopy (EIS) have been applied to determine the
components of internal resistance [7, 8]. EIS has been a
standard tool for in situ characterization of fuel cells as
well as one of the most sophisticated techniques for recognization of the internal resistance components: ohmic
resistance, charge transfer resistance and diffusion resistance [9]. Recently, EIS has been applied to determine
individual resistances [10–12] and the electrochemical
behavior of redox mediators [13] as well as characterize
anode performance in MFCs [14, 15]. It does not appear to
interrupt the establishment or activity of the microbial
community during the test [16], which is a notable property
of EIS.
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The results of EIS are analyzed combined with
equivalent electrical circuit (EEC) fitting models which
consist of common electric elements including resistors
(R), capacitors (C), constant phase elements (CPE or Q)
and inductors (W). To date, several EECs have been developed to suit a variety of MFC systems [17–21]. A
simulation of EEC R(QR)(QR) was reported to determine
the internal resistance in upflow MFCs [9, 16, 22, 23]. You
et al. [24] reported a simulation of EEC R(QR)(CR) to
determine the internal resistance of MFCs. The components of internal resistance of MFCs have been the focus of
the aforementioned studies in recent years [22–25], while
the understanding on capacitance of MFCs remains limited,
particularly on that of the system as well as the bacteria.
Biological capacitance of biofilms has been measured to
monitor bacterial adhesion and biofilm maturation during
biofouling and biocorrosion in industrial water systems by
EIS [26]. For MFCs, it is found that operation mode
(charging and discharging) can affect the temporal patterns
of current output [22, 27]. Urı́a et al. [27] proved that
MFCs have the ability to store charge during open circuit
situations in discontinuous operation mode. Liang et al.
[22] developed an MFC system that an external capacitor
was used to collect power from the system, and then the
charged external capacitor discharged electrons to the
system itself, switching into microbial electrolysis cell
(MEC) mode. This alternate charging and discharging
mode improved 22–32 % higher average current production of the system, compared with the control MFC [22].
And the charging and discharging behavior is associated
with the biological capacitance of biofilm in the anode of
MFCs, indicating that the biological capacitance of biofilm
in the anode plays an important role in the improvement of
power generation of MFCs in discontinuous operation
mode. However, neither the biological capacitance of
biofilms in the anode was measured, nor the relationship
between biological capacitance and power output of MFCs
was discussed.
Manohar and Mansfeld [5] reported that the capacitance
value of the MFC inoculated with Shewanella oneidensis
MR-1 in anolyte was significantly higher than that of the
MFC without inoculation. To our knowledge, it is first
reported about the increase of capacitance after inoculation
in MFCs; however, the increasing capacitance of the
inoculated MFCs was not discussed in sufficient detail [5].
Ha et al. [28] determined the charge transfer resistance and
capacitance of a flat-plate type MFC with acetate as electron donor. A better comprehension of capacitance would
be helpful to minimize the internal resistance and improve
electrical power density of MFCs. In this study, the variation of biofilm capacitance in the anode was examined
during the start-up period of three types of MFCs by means
of EIS. And the effect of biological activity on the
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biological capacitance was investigated through lowering
the temperature and arresting biological activity via fixation by 4 % para formaldehyde. Moreover, a modified
equation of biological capacitance in MFCs was proposed
to discuss how biological capacitance influences anode
resistance and power generation in detail.

Materials and methods
MFC reactors
Three experiments were designed to measure the variation
of capacitance during the start-up period of MFCs that
employed with different types of electrodes for ubiquity.
The schematic configurations of the lab-scale reactors
constructed for these three experiments are illustrated in
Fig. 1. MFC-1, MFC-2 and MFC-3 were used in Exp. 1,
Exp. 2 and Exp. 3, respectively. The electrodes of MFC-1,
MFC-2 and MFC-3 were graphite rods (3.0 mm diameter;
Xinka Carbon Technology, Shanghai, China), graphite felts
(4 cm 9 3 cm 9 3 mm; Xinka Carbon Technology,
Shanghai, China) and graphite rods (3.0 mm diameter)
with granular activated carbon sized at 3 * 4 mm
(60.0 ± 0.5 g; Xinka Carbon Technology, Shanghai,
China) filled in compartments, respectively.
For MFC-1 and MFC-2, the volume of each compartment
was 150 mL. Graphite rod or felt electrodes in both the
compartments and an external resistor of 750 X were connected with titanium wire that formed external circuit. Cell
voltages, anode and cathode potentials were recorded using
a data acquisition system (DI-730, Dataq Instruments,
Akron, OH) that automatically sampled every 5 min.
For MFC-3, the volume of each compartment was
112 mL The graphite rods (Xinka Carbon Technology,
Shanghai, China) in both compartments and an external
resistor of 100 X were connected by copper wire that
formed the external circuit. Cell voltages and anode potentials were recorded using a data acquisition system
(RBH8223h, Ruibohua Control Technology, Beijing,
China) that sampled automatically every 5 min.
For all these double-chamber MFCs, the anodic and
cathodic compartments were separated by a proton
exchange membrane (Nafion TM117, DuPont, Wilmington, DE). The reference electrode was a saturated KCl Ag/
AgCl reference (Microelectrodes, Bedford, NH). Potential
difference between anode/cathode and reference electrode
was measured as anode/cathode potential.
Inoculation and operation
The anolyte of MFCs consisted of (per liter): sodium
acetate 1.0 g, phosphate buffered saline (PBS) 50 mM,
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Fig. 1 Schematic configurations of lab-scale MFCs to investigate capacitance variation during the start-up period

ammonium chloride 0.5 g, magnesium sulfate 0.1 g, calcium chloride dihydrate 0.1 g, potassium chloride 0.1 g,
sodium bicarbonate 1.0 g, trace element solution 1 mL
[29]. Oxygen was removed from the anode solution prior to
inoculation by boiling for 5 min and then sparging nitrogen
gas for 30 min. Potassium hexacyanoferrate (100 mM) was
provided as the electron acceptor in catholyte prepared
following the literature [30].
MFC-1 and MFC-2 were inoculated with anaerobic
sludge from an anaerobic biological reactor for wastewater
treatment (Deer Island Wastewater Treatment Plant, Boston, MA). The MFCs were operated in fed-batch mode at
25 ± 2 °C, and both anolyte and catholyte were daily replaced for 75 mL to ensure available carbon and stable pH.
The voltage output reached the maximum after 9 days
operation, following the stable operation of the MFCs for
another 2 days. To investigate the effect of biological activity on biological capacitance, MFC-2 was operated and
the EIS tests were conducted at 0 ± 0.5 °C after the startup period in Exp. 2. To distinguish the biological capacitance from the abiotic capacitance, at the end of Exp. 2,
the graphite felt anode in MFC-2 was taken out and immersed in a 4 % para formaldehyde solution in PBS for
12 h at 4 ± 0.5 °C, then washed 3 times by PBS, and finally put back into MFC-2 for the EIS tests.
MFC-3 was inoculated with mixed cultures from the
anode of a running MFC. The anolyte and catholyte flowed
from the bottom of the compartments to the top through a
peristaltic pump (BTl00-1L, Longer Precision Pump,
Baoding, China) at a flow rate of 5 mL min-1. The catholyte was continuously aerated by an air pump (RS-8801,
Wanjing Pump Valve, Shanghai, China). MFC-3 was operated in continuous mode at 25 ± 2 °C. The voltage

output reached the maximum after 9-day operation, following the stable operation of the MFCs for another
4 days.
EIS tests
EIS tests were conducted every 24 h, at open circuit
voltages (OCVs) of MFCs against a saturated KCl Ag/
AgCl reference electrode placed in close proximity to the
anode [9, 16]. During each EIS test, OCVs of the MFC
was confirmed as being steady. A two-electrode configuration was used that took the anode as working electrode and the cathode as the reference as well as counter
electrode at 25 ± 2 °C [9, 16]. An alternating current
signal with an amplitude of 10 mV and a frequency range
of 10 kHz–10 mHz was applied, so as to minimize the
disturbance on systematic stability and prevent biofilm
detachment. EIS tests were conducted using a potentiostat
(Reference 600, Gamry Instruments, Warminster, PA) in
Exp. 1 and Exp. 2 and a VersaSTAT FRA analyzer
(PARSTAT 2273, Princeton Applied Research, Oak
Ridge, TN) in Exp. 3.
EIS data analysis
The resistance and capacitance were obtained by EECs
fitting analysis of the resulting data using Gamry Echem
Analyst Software (Version 6.03) in Exp. 1 and Exp. 2, and
using ZSimpWin 3.1 software integrated with VersaSTAT
instrument in Exp. 3.
EECs are consisted of common electric elements. The
internal resistance in MFCs has been described by many
researchers using EIS [10–16, 22, 23]. In this study,
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Fig. 2 EEC models used to fit EIS data during the start-up period of
MFC-1 (a), MFC-2 (a) and MFC-3 (b). Electric elements include
R resistors, C capacitors and W inductors

capacitance data were obtained by the EECs fitted with the
EIS data of MFCs. Both capacitors and constant phase
elements (CPE or Q) could substitute the capacitance in
EECs. The ‘‘correct’’ capacitance could be calculated
corresponding to the Q° and exponent sign (n) value of the
CPE in some cases. However, the calculation precession is
complicated and the ‘‘correct’’ capacitance is unreliable
because of the inhomogeneous conditions (e.g., electrode
roughness, coating and distribution of reaction rate). To
simplify the EEC fitting models, the capacitor (C) was
selected to substitute the capacitance in the EECs in this
study. In Exp. 1 and Exp. 2, an EEC Ro ðRa Ca ÞðRc Cc Þ
(Fig. 2) was used to analyze the resulting data, which
consists of the elements: Ro ohm resistance, Ra anode resistance, Rc cathode resistance, Ca anode capacitance and
Cc cathode capacitance. In Exp. 3, an EEC
Ro ½ðRa Wa ÞCa ðRc Cc Þ (Fig. 2) was used with the elements
above and Wa, the diffusion resistance in anode. Warburg
element (W) in parallel to Ra represents the simple diffusion in anode of MFC-3, which is a fixed-bed reactor.

Results
Anode potentials and cell voltages
Figure 3 showed the cell voltages and the electrode potentials in the start-up period of MFC-1, MFC-2 and MFC3. For the first 2 days, cell voltages of MFC-1, MFC-2 and
MFC-3 stayed less than 50 mV. After day 2, cell voltages
began to increase while anode potentials began to decrease
and cathode potentials were stable around 0.30–0.35 V.
For MFC-1, the cell voltages ranged between 0.15 and
0.20 V with an external resistance of 750 X, while its anode potential was around 0.10 V when the MFC-1 run
stably from day 10 to day 11. For MFC-2, cell voltages
ranged between 0.60 and 0.70 V with an external resistance of 750 X, while its anode potential was around
-0.40 V when MFC-2 ran stably from day 9 to day 11. For
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Fig. 3 Cell voltages and anode potentials (vs. a saturated KCl Ag/
AgCl electrode) during start-up period of MFC-1 (a), MFC-2 (b) and
MFC-3 (c). The external resistance of MFC-1 (a), MFC-2 (b) and
MFC-3 (c) was 750, 750 and 100 X, respectively

MFC-3, cell voltages ranged between 0.47 and 0.53 V with
an external resistance of 100 X, while anode potentials
ranged between -0.27 and -0.32 V when MFC-3 ran
stably from day 8 to day 12.
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Fig. 4 Nyquist plots of EIS tests during start-up period of MFC-1 (a), c
MFC-2 (b) and MFC-3 (c). During each EIS tests, an alternating
current signal with an amplitude of 10 mV and a frequency range of
10–10 mHz was applied

Nyquist plots, anode capacitance and resistance
The Nyquist plots of EIS tests for MFC-1 during 11 days
with the graphite rod anode are shown in Fig. 4a, and the
anode capacitance and resistance of MFC-1 are shown in
Fig. 5a by fitting the impedance data to EEC
Ro ðRa Ca ÞðRc Cc Þ (Fig. 2a). The anode capacitance of MFC1 was 2.82 mF and the anode resistance was 5,084 X at day
1. Then, the anode capacitance increased while the anode
resistance decreased during the start-up period of MFC-1.
At day 11, the anode capacitance of MFC-1 was about
3.29 mF which is 16.8 % higher than that at day 1, and the
anode resistance was around 1,600–1,700 X.
The Nyquist plots of EIS tests for MFC-2 with the graphite felt anode are shown in Fig. 4b, and the anode capacitance and resistance are shown in Fig. 5b by fitting the
impedance data to EEC Ro ðRa Ca ÞðRc Cc Þ (Fig. 2a). The anode capacitance of MFC-2 during day 1–2 ranged between
3.25 and 3.29 mF, and the anode resistance ranged between
2,276 and 2,293 X. Then the anode capacitance increased,
while the anode resistance decreased during the start-up period of MFC-2. At day 11, the anode capacitance of MFC-2
was about 7.14 mF which is 117.2 % higher than that at day
1–2, and the anode resistance was around 1,000 X.
The Nyquist plots of EIS tests for MFC-3 are shown in
Fig. 4c, and the anode capacitance and resistance are
shown in Fig. 5c by fitting the impedance data to EEC
Ro ½ðRa Wa ÞCa ðRc Cc Þ (Fig. 2b). The anode capacitance of
MFC-3 increased from day 1 to day 6 during the start-up
period, while the anode resistance decreased. From day 8 to
day 12, both the anode resistance and the anode capacitance were stable when MFC-3 ran stably. The anode
capacitance of 90–120 mF during day 8–12 were around
18–20 times higher than that of 3.0–6.0 mF during day 1–2.
In contrast, the anode resistance of 30–35 X during day
1–2 was about 15–20 times higher than that of 1.5–3.0 X
during day 8–12.
Effect of temperature on biological capacitance
The Nyquist plots, anode capacitance and resistance of
MFC-2 obtained by EIS at 0 ± 0.5 and 25 ± 2 °C are
shown in Fig. 6. The anode capacitance of MFC-2 was
8.59 ± 1.27 mF at 25 ± 2 °C, while decreased to
7.14 ± 0.37 mF at 0 ± 0.5 °C that dropped by 16.9 %.
The anode resistance of MFC-2 was 818 ± 173 X at
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Fig. 6 Nyquist plots (a), anode capacitance and resistance (b) obtained by EIS during the start-up period of MFC-2 at 0 ± 0.5 and
25 ± 2 °C before and after cell fixation in the 4 % para formaldehyde
solution for 12 h at 4 ± 0.5 °C

Fig. 5 Anode capacitance and resistance obtained by EIS during the
start-up period of MFC-1 (a), MFC-2 (b) and MFC-3 (c). EEC
Ro ðRa Ca ÞðRc Cc Þ was used to analyze the resulting data of MFC-1 in
Exp. 1 and MFC-2 in Exp. 2; EEC Ro ½ðRa Wa ÞCa ðRc Cc Þ was used to
analyze the resulting data of MFC-3 in Exp. 3

25 ± 2 °C, while rose to 1,573 ± 110 X at 0 ± 0.5 °C,
increased by 92.3 %.
Biological and abiotic capacitance
As shown in Fig. 6, the Nyquist plots, anode capacitance
and resistance of MFC-1 and MFC-2 before and after cell
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fixation were obtained by EIS. After cell fixation, the anode
capacitance of MFC-2 was 3.20 ± 0.50 mF, decreased by
62.6 % compared with that before cell fixation
(8.59 ± 1.27 mF). Biological capacitance is defined as the
increasing capacitance of anode because of the vital
movement of anodic electricigens. It means that the biological capacitance of anode in MFC-2 is about 5.39 mF.
While the anode resistance of MFC-2 was 2,003 ± 40 X
after cell fixation, much higher than that before cell fixation
(818 ± 173 X).

Discussion
Membrane capacitance of electricigen cells
Membrane capacitance has been found for cell suspensions, such as muscle cells and nerve cells [31, 32]. The
membrane of these cells is composed of a lipid bilayer that
acts as a capacitor. Membrane capacitance plays an important functional role in synaptic integration and signal
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propagation that determines the amplitude of the postsynaptic potential at the site of a fast synaptic input [31, 32].
For electricigen cells, the cell membrane is of a phospholipid bilayer structure that acts as a capacitor. Besides,
electron shuttles (or redox mediators) [33], c-type cytochromes [34] and nanowires [35] in/on cell membrane
endogenously produced by electricigen cells work as
electrochemically active sites [33–36]. Therefore, the biological capacitance of MFC anode increases with the anodic electricigen amount as well as the electrochemical
activity. Further research is interesting to explore the differences of biological capacitance among biological tissue
systems, electricigens and non-electricigens.
Influencing factors of biological capacitance
For a panel capacitor, the calculation equation for capacitance is:
C¼

eS
;
4pkd

ð1Þ

where C is the capacitance, e is the dielectric constant, S is
the contact area, k is the electrostatic constant
(9 9 109 Nm2 C-2) and d is the distance between the
plates. During the start-up period of MFCs, the main bioprocesses include both the multiplication and the electrochemical activity increase of anode electricigens (shown in
Fig. 7). The electricigens attached to the anode grew in
form of biological membrane. The effective surface area
and anode capacitance of MFCs increased with the amount
of anode electricigens according to Eq. (1). Additionally,
the higher electrochemical activity of the anode electricigens, the more electron shuttles or redox mediators (e.g.,
c-type cytochromes or nanowires in cell membranes)
working as the electrochemical activity, and then the greater
effective ‘‘surface area’’ of the pseudocapacitor in the EEC.
Therefore, the capacitance of MFCs increased with the increasing amount of anode electricigens as well as electron
shuttles according to Eq. (1). Thus, the equation calculating
the anode capacitance of MFCs could be modified as:
C ¼ Ke 

NAS
;
4pkd

ð2Þ

where C is the anode capacitance of MFCs, K is the coefficient, N is the amount of anode electricigens and A is
the amount of electron shuttles, c-type cytochromes and
nanowires in/on the cell membrane per electrigen cell.
The anode capacitance of MFC-1, MFC-2 and MFC-3
were 3.29, 7.14 and 90–120 mF, and they increased by
16.8, 117.2 % and 18–20 times than those at day 1, respectively. According to Eq. (1), we believe that the difference of MFC-1, MFC-2 and MFC-3 construction

(Fig. 1) resulted in the difference of increasing anode capacitance. The amount of the anode biomass and electricigens in MFC-3 was more than that of MFC-2 while the
amount of the anode biomass and electricigens of MFC-2
was more than that of MFC-1. Therefore, the increasing
anode capacitance of MFC-3 was more than that of MFC-2
and the increasing anode capacitance of MFC-2 was more
than that of MFC-1.
Anode capacitance and resistance
The MFC has a characteristic amount of capacitance per unit
of power production capability. If there is more electricigen
biomass in contact with the electrode, then there will be more
power production and more capacitance. Polarization resistance is simply the inverse of the power production capability. The more the power produced at a specific voltage, in
accordance with Ohm’s Law, the lower the ‘‘resistance’’ of
the power generator. The concept of ‘‘polarization resistance’’ in a fuel cell is a metaphor. There is no resistor, but
merely effective limitations to power production capacity.
Capacitance is the buffering, or power backup, capability of
the power plant, which can interpret the previous result that
bacterial capacitance is an effective compensation to eliminate power overshoot in MFCs [37]. There is a characteristic
amount of backup capability per unit of power production.
Therefore, it is in direct proportion to the amount of electricigen biomass in contact with the electrode.
During the start-up period of MFC-1, MFC-2 and MFC3, the anode capacitance increased while the anode resistance decreased. The anode resistance of MFC-1, MFC-2
and MFC-3 decreased by 67.5, 56.4 and 91.6 %, respectively, compared with those at day 1. It is well known that
the anode resistance is inversely correlated with the area of
anode and the amount as well as the activity of anode
electricigens [5]. The anode polarization resistance could
be described as:
Ra ¼ K 0 

1
NAS

CRa ¼ KK 0 e 

1
;
4pkd

ð3Þ
ð4Þ

where K’ and K are the coefficients. When the setting value
of the dielectric constant (e) and the distance between anode and cathode (d) were given in this research, the value

1
KK 0 e  4pkd
of C multiplied by Ra is a setting value,
meaning that the anode capacitance of MFCs is in inverse
correlation with the anode polarization resistance. The
Pearson product-moment correlation coefficient between
C and R ranged between -0.77 and -0.82 (Fig. 5), suggesting a large strength of association between C and R.
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Fig. 7 Multiplication and increasing electrochemical activity of electricigens on anode surface during start-up period of MFCs (
is electricigen and — is the electron on cell surface of electricigens)

Implication of power generation by MFCs
MFC is a biofuel cell in which electrochemical active
microorganisms (EAMs) function as catalysts to convert
chemical energy into electrical energy. To date, most researchers have investigated MFCs as biological reactors
and/or electrochemical cells based on their purposes of
study. Anode capacitance of MFCs increases with increasing power production and decreasing anode resistance
during start-up period of MFCs. The results reveal that
MFCs are not only biological reactors and/or electrochemical cells, but also capacitors, which opening up a
vision of exploring the electron transfer mechanisms, designing reactor structure and developing electrode materials, e.g., increasing the biological capacitance of anode
could result in an increasing power density. The Pearson
product-moment correlation coefficient between C and P
ranged between 0.73 and 0.97 (Figs. 3, 5), suggests a large
strength of association between C and P. Additionally, the
volume of anode compartment should be hundreds or
thousands cubic meters if the MFCs would be designed to
treat wastewater for practical applications in the future. In
this case, the biomass and its biological capacitance should
play an important role in power generation by MFCs because MFCs are of supercapacitors likewise.

Conclusions
In this study, the capacitance variation of MFCs was investigated, as well as the relation with working voltages,
OCVs, internal resistance of MFCs, etc. The results
showed that MFCs’ capacitance gradually increased after a
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is anode,

decrease during the set-up period. Anode capacitance
change is not consistent completely with the anode potential and cell voltage output changes. The capacitance of
MFCs was positively correlated with the anode potential
and cell voltage output during day 3–6. The capacitance
change was consistent with the open circuit voltage change
that gradually increased during day 3–11, while remained
stable after 11 days. The capacitance of MFCs is
negatively correlated with the internal resistance of MFCs
that the total resistance increased while the capacitance
decreased during day 1–2 after inoculation, and the total
resistance decreased while the capacitance increased during day 3–11. It is indicated that MFCs are not only biological reactors and/or electrochemical cells, but also
biological capacitors.
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