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ABSTRACT

In this study, a scanning electrochemical impedance spectroscopy (EIS) technique is proposed to confirm
the variation of internal resistance (Rj,) including charge transfer resistance (R.t) and ohmic resistance
(Ronm) under various working conditions of microbial fuel cells (MFCs). In order to establish a scanning
EIS method, overall R;,; of the system and R of anode and cathode were measured by EIS under various
external resistance conditions. Using this method, it was confirmed that the Ry, and R of each elec-
trode changed variably. Based on the use of scanning EIS, the rapid increase in the R of anode was found
to be the main cause of a power-overshoot. As such, the use of scanning EIS is a methodology that can
provide data to understand undesirable phenomena such as power-overshoot and voltage reversal which
are generated by the typical operational characteristics of MFCs when used in scale up experiments. The
use of scanning EIS should be applied as a novel measurement technique that improves on the use of the
open circuit mode based EIS methods.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Microbial fuel cells (MFCs) are an alternative energy harvest-
ing system and wastewater treatment system which convert the
chemical energy of the organic matter into electrical energy [1,2].
This technology has been attracting significant attention for the
last two decades and efforts to advance the commercialization of
this technology have intensified [3-6]. However, advances in elec-
trochemical analysis methods to uncover the unique characteristics
of MFC do not seem to keep pace with this goal of achieving com-
mercialization. Unlike other electrochemical systems such as pro-
ton exchange membrane fuel cells and solid oxide fuel cells, the
MEFCs utilise electroactive microorganisms as live catalysts [1,3],
so special considerations in understanding the characteristics of
these biobased systems are required [7]. Especially, the mainte-
nance and control of microbial kinetics of the biofilms found in
the bio-electrodes of MFCs are challenging [8]. For instance, the
power-overshoot and voltage reversal phenomena that are fre-
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quently generated in MFCs do not commonly occur in chemical
fuel cells [9-11]. For example power-overshoot generated under
anodic limitations such as electron depletion and proton accumu-
lation [12-15]. Whilst the voltage reversal occurred due to opera-
tional kinetic imbalanced between serially connected MFCs [8,10].
These malfunctions usually only specifically occur mainly in MFCs.
Therefore in order to understand these phenomena various electro-
chemical analysis methods such as the polarization test [10], linear
sweep voltammetry [16], cyclic voltammetry [9] and electrochemi-
cal impedance spectroscopy (EIS) [13] have been introduced.

To date, the most frequently used electrochemical analysis tech-
nique to analyse the performance of MFCs is a discharge test in-
cluding electrode potential measurement [17,18]. Electrochemical
impedance spectroscopy (EIS) is also commonly conducted to mea-
sure the internal resistance (R;,.) of MFCs [19]. The results mea-
sured in these ways have been interpreted to analyse the perfor-
mance of MFCs and compare this with other MFCs. In the dis-
charge test, improved developments have been made in the past
two decades. Starting with the method of calculating the current
and power by measuring only the voltage [20], and now to mea-
suring the electrode potential together [17] by verifying the kinetic
imbalance and limiting factor between each electrode [8, 18]. The
potential difference of the separator, energy loss analysis and Ry,
analysis could also be conducted in the discharge test [21]. A man-
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ual method for sequentially modifying the external resistance is
widely used for the discharge test, but also a linear sweep voltam-
metry method using a potentiostat can be used [19]. In addition,
effect of the direction of charge and discharge in the analytical
procedure on the performance results of MFCs has also been in-
vestigated [22].

In terms of measurement of R;,; of MFCs, a resistance calcula-
tion method using the slope of the V-I curve (electrode potential
slope analysis, EPS) collected through a discharge test [18,23,24]
and EIS analysis are mainly used [25-28]. The Ry, is calculated
from the slope of the V-l curve and can provide a reliable R,
value from MFCs having ohmic resistance (R,p,y,), which includes
the solution/contact resistance, and other main resistances of the
cell [18,29,30]. It would be difficult to distinguish each particular
resistance such as the charge transfer resistance (R¢) for each elec-
trode, the mass transfer resistance, the solution resistance, and the
membrane resistance from the value of calculated R;,; by EPS. Also,
in the case of R;,; values obtained from the peak power point cal-
culation method [31], each Ret, Rypy, and Ry value could not be
distinguished. Thus, EIS was introduced as an alternative method
to complement this method [32]. EIS measurements are a way to
identify the R;,, of the diverse MFC's structure. The Rq of each
electrode (via the three-electrode measurement method), the Ry,
including solution/contact resistance (via the two-electrode mea-
surement method), and the membrane resistance (via the four-
electrode measurement method) was determined. EIS determina-
tions are most commonly measured in the open circuit mode
(OCM) for the cell [33]. However, since it is measured in a sys-
tem operated by OCM, only the values for R¢; and Ry, (including
solution/contact resistance) for open circuit voltage (OCV) can be
obtained. In fact, the power-overshoot and voltage reversal gener-
ally occur in the relatively low external resistance area and rela-
tively high current production region [12, 34]. Especially, power-
overshoot is a phenomenon that occurs in the process of discharge
test [12]. As the external resistance decreases, the underlying ca-
pacity of current production returns but the expected increase in
current does not. Therefore, to understand the power-overshoot,
EIS measurements based on OCV is unsuitable. In addition, since
voltage reversal is caused by the imbalance of the conditions for
current production [8], to attempt the analysis based on EIS mea-
surement based on OCV is not appropriate.

Furthermore, since a close circuit voltage (CCV) measured while
the MFC is producing current is claimed to be the working volt-
age of the MFC, it is doubtful whether the R;,; measured under
OCM is suitable for measuring the actual R;,; of a working MFC. In
MECs, this issue was highlighted by Motos et. al., who presented an
analysis of a range of over-potentials under various external resis-
tance conditions in MFCs [21]. According to these authors, the R,
as well as over-potentials of the anode and cathode are affected by
changes in external resistance with the key elements affecting the
potential loss in each situation also changing.

Therefore, in this study, a novel scanning EIS approach is pro-
posed and developed to understand the inherent performance phe-
nomenon for MFCs. Based on the principle of potentiostatic EIS, it
was conducted under various working conditions. It is expected to
be able to confirm the variable internal resistance would be based
on the EIS measured under various external resistances which form
various working voltages. Therefore, it is called scanning EIS to de-
scribe EIS measured by various working voltages which change in
stages. The change in the R;,; including R¢t which is occurring un-
der various external resistance conditions, within the range of var-
ious voltages and currents, is measured with the scanning EIS ap-
proach. As a result, this would clarify the underlying mechanism
of the phenomenon of power-overshoot through the scanning EIS
analysis conducted under a discharge test regime. It enhances the
benefit of the proposed novel scanning EIS measurement technol-
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ogy. Finally, it is proposed that R;,; including Ry, and R¢ be an
additional criterion together with discharge test for evaluating the
performance of the MFCs systems.

2. Experimental
2.1. MFC construction

The MFCs were configured as a two-chamber unit using cube
type acrylic reactors. The working volume of the two chamber MFC
is 80 ml, and each chamber is approximately 40 ml (external di-
mensions: 6 cm of wide x 5 cm of length x 5 cm of height, and
interior is cylindrical with a diameter of 3 cm). A plain carbon
cloth (CCP40, Fuel Cell Earth, MA, USA) was used as the anode
electrode and 40%Pt/c-coated carbon cloth (0.5mg/cm?2) (EC40-19,
Fuel Cell Earth, MA, USA) as the cathode electrode. To develop and
demonstrate the proposed scanning EIS methodology, MFC 1 using
a cation exchange membrane (CEM, CMI-7000S, Membrane Inter-
national Inc., NJ, USA) was constructed and studied, then the mem-
brane was exchanged to an anion exchange membrane (AEM, AMI-
7001S, Membrane International Inc., NJ, USA) to confirm the feasi-
bility of the scanning EIS in other MFC materials that are widely
used in MFC research. To reduce the internal resistance between
the anode and the cathode, the two electrodes were fitted closely
to both sides of membrane with no or litter gap. In order to mea-
sure the potential of each electrode, a 4-electrode system was con-
structed with two identical reference electrodes (RE) (MF-2052,
BASi Co., IN, USA) and were installed at less than 5 mm distance
between the reference and working electrode (anode and cathode).

2.2. Inoculation and operation

In order to develop the bio-anode of the MFCs, an effluent from
the anode compartment of the existing MFC system was used as
the inoculum source. The MFCs were operated in circulation batch
mode for the inoculation process. After the bio-anode was fully
developed, it was operated in the continuous mode under a hy-
draulic retention time of 2.5 h. To prevent a performance limitation
due to substrate depletion at the bio-anode, synthetic wastewater
containing a high concentration of acetate (40 mM) was used as
anolyte (pH 7.2, conductivity of 9 mS/cm) which prepared with
same recipe [35]. The cathode compartment contained 50 mM
phosphate buffer solution (pH 7.2, conductivity of 6.6 mS/cm). Un-
der continuous mode operation, the discharge test of the MFCIwas
performed first, and then multiple external resistors were selected
to measure the scanning EIS values based on the discharge test re-
sults. The OCV was charged for 0.5 h for the discharge test and
then the following external resistance chosen for a sequence of 12
resistors (100 kQ, 50 kQ, 30 kQ, 10 kQ, 5 kQ, 3 kQ, 1 kQ, 0.5 kQ,
0.3 kQ, 0.1 kQ, 0.05 kQ, 0.03 kQ). The interval between each re-
sistor change was 5 minutes. This procedure was performed twice
to collect duplicate data. Based on the discharge test results, the
test resistances for scanning EIS method were selected as 100 kQ,
10 kQ, 1 kQ, 0.3 kQ, 0.1 kQ, and 0.03 kQ respectively. To conduct
the scanning EIS, the EIS was measured under external resistance
condition (CCV). Under 100 kQ of external load, the voltage and
electrode potential were monitored until a stabilized value for at
least 15 min was shown, and then the EIS measurement was per-
formed. After the EIS measurement, to confirm that the voltage
and electrode potentials were still stable they monitored again for
15 min. Then the external resistance was changed to 10 kQ which
was then the next selected external load, and then the same proce-
dure was repeated. After each test on each external load was com-
pleted, the load was changed to the next sequential resistor, and
the same process was repeated until 0.03 kQ was reached. After
completed the experiment with MFCI, the membrane was replaced
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Fig. 1. (A) V-I and P-I curves and (B) electrode potentials curves for MFCI, which
using CEM, of the discharging tests measured with 12 resistances. The indicated six
external resistances were selected to develop scanning EIS.

with a AEM material. The MFCII was then stabilised for one week
and then the experiment was repeated under the same methodol-
ogy as used for the MFCI. The voltage (V) measured at the external
resistor (R) in the discharge test was converted into current (I) and
power (P) based on Ohm’s law (V=IR) and Joule’s first law. Based
on this, the V-I curve and the P-I curve were derived.

2.3. EIS measurement and analysis

The EIS measurements used to determine the R;,; were col-
lected through a potentiostat equipped with a frequency analy-
sis module (FDA) (VersaSTAT 3, Princeton Applied Research, USA).
In order measure the overall R;,; of the MFC, it measured in the
two-electrode measurement method with anode and cathode. To
measure the R¢; of each electrode, it was measured by the three-
electrode measurement method with reference electrode. The EIS
was measured under a frequency of 10kHz to 0.1 Hz and with an
amplitude of 10 mV. To verify the measured results, each measure-
ment was performed in duplicate, and the points where an over-
load occurred on the derived results were removed for the data
analysis. To present the EIS results of MFCII system, the measured
circuit is reformed by inverting the data (Fig. S1). For the calcu-
lation of the Ry, and the R of the anode and cathode, the Ret
value was determined by the “semi-circular” Nyquist plot mea-
surement in the Vesrastudio program (Princeton Applied Research,
USA) and the R, was calculated from the value of solution resis-
tance of EIS data of the entire cells.

3. Results and discussion
3.1. Performance evaluation and R;,, calculation by discharge test

Fig. 1 presents the discharge test measurement based on 12
applied external resistances after the MFCI had stabilized. The

Electrochimica Acta 366 (2021) 137388

MFCIhas maximum power of 0.371+0.006 mW and maximum cur-
rent of 2.727+0.022 mA. Based on the slope calculation method of
V-I curve [23,24], Overall R;,; was calculated as around 135 Q, and
each anode and cathode resistance was calculated to be around 53
Q and 43 Q (membrane resistance, which was measured potential
difference between two reference electrode, was calculated to be
around 38 Q, data is not present). Also, from the P-I curve with
peak power point calculation method [31], the R;,; was calculated
as approximately 100 Q. But these calculated R;,; cannot be distin-
guished as R¢r and Ry, separately because it represents total Ry
at the point of system. To understand more clearly the situation
of R, of MFCs under working condition, measure for R;,; should
be conducted under each external resistance condition. Therefore,
the scanning EIS method was established. In order to have the
same quality of data that could be collected more efficiently in a
shorter time, several representative external resistances were se-
lected from discharge test two each from the high, middle, and
low current production regions. Measuring EIS across all 12 resis-
tors is time consuming, which can also be stressful to the elec-
troactive microorganisms in the bioanode. Also, from a bioreactor’s
point of view, to suitable measuring time is required in order to
minimize the variables that could change the anode performance
during long-term measurements.

3.2. Rj;; measured by scanning EIS

In order to facilitate the scanning EIS method, the R;,; of the
whole cell and the R¢; of each electrode were measured under each
selected external resistance (Fig. 2). During the scanning EIS, the
measured voltage and electrode potentials was described in Fig.
S2. The entire R;,, including Ret and Ry, is affected according
to the external resistance and was verified. Ry, (the represented
solution resistance) tended to decrease with decreasing external
resistance (Fig. 2A). As the external resistance decreases, the cur-
rent production of the MFC was increased, i.e., the movement of
electrons and corresponding ions between anode and cathode was
increased. The movement of ions in solution might affect the de-
creased the R;,. Since all electrodes including reference electrode
were fixed in the reactor and their own material resistance of sys-
tem was not changed, the electrolyte is the remaining factor that
might affect the decreased R;,;. The local conductivity increase in
the system might be expected to occur due to this migration effect
by the stream of the electrolyte to match the charge balance and
the movement of electrons by the potential difference. In terms of
Ret, it was confirmed that the R. value decreased in the whole
cell (two electrodes EIS), and the same result was also obtained
in the R¢c measurement of the electrodes performed in three elec-
trodes EIS, to verify this (Fig. 2B and C). When reducing the ex-
ternal resistance, Rt was also reduced, as it is closely related in
conjunction with the increase in current. As more electrons move
between the anode and the cathode, more redox reactions occur
and the R decreases. Therefore, in the case of the MFCI that pro-
duced a stable current, the R of the anode and cathode tended to
decrease gradually as the external resistance decreased (as the cur-
rent also increased) as well as R, generated between the work-
ing electrode and reference electrode also similarly followed a sim-
ilar trend. Therefore, as such, the R;,; is affected and determined
by the MFC’s working conditions.

3.3. Ry analysis and R-I curve

In Table 1, the summary the value of R;, of each item, cal-
culated based on the Nyquist plots measured through the EIS is
shown. Under the various external resistance condition, as the cur-
rent increases and the voltage decreases, all Ry, and Re val-
ues tend to decrease. When comparing the values at 100 kQ and
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Fig. 2. Nyquist plots obtained from the scanning EIS tests conducted the selected
six external resistances in MFCI. (A) the overall R, was measured by two electrode
EIS method and R of (B) anode and (C) cathode was measured by three electrode
EIS method.

Table 1
Calculated each Ri, (Rs and Rer of anode/cathode) to overall
(sum of each) Ry, at different external resistors in MFCL.

Rext Rohm Rct of Anode Rct of Cathode Overall Rint ’
100 k 67 145 327 539
10 k 55 137 296 488
1K 53 30 104 187
03 K 41 9.4 29 79.4
0.1 K 42 4.2 10 56.2
003K 22 1.0 13 36.0

* Overall Rint: sum of Rohm- Rct of Anode» and Rct of Cathode
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Fig. 3. Ryy-I curves produced from the proposed scanning EIS under six selected
resistors in MFCI. In the same context as the I-V, P-I, and EP-I curve, Ri,-1 shown
to be able to analyze the performance of system.

0.03kQ, all R;,; have undergone a tremendous change, R, is from
67 Q to 22 Q, the R of anode is from 145 Q to 1 Q, the R¢ of
cathode is from 327 Q to 13 Q. In Fig. 3. Data was plotted to com-
pare the tendency and proportion of each R, items under current
production verses the current (R-I curve). Initially the R¢; of cath-
ode is the largest, but as the current becomes more than 1 mA, the
Ronm has the highest weight as the R¢: decreases. This tendency is
in line with the theory that in the V-I curve the low current re-
gion is defined as the R region, and then the region producing
stable current is defined as the Ry, region. Based on the slope
calculation method from the [-V curve in Fig. S2, overall R;,; was
calculated as around 77 Q near the high current region. This, value
is not significantly different from the overall value for R;,; (Table 1)
under the external loads selected from the high current area (0.1
kQ and 0.03kQ). Unlike the calculated total R;,; from the V-I curve,
the value of each item would be distinguished in this proposed
scanning EIS method. Thus, based on the proposed analysis, the
part to be improved in the operational condition of MFCs could be
confirmed. In order to further improve the efficiency in the oper-
ation of the MFCs in this study, reducing the Rohm such as from
the electrode resistance is an effective way to enhance the elec-
trode performance.

3.4. Determination of power-overshoot by scanning EIS

The proposed scanning EIS technique can be used to understand
the deleterious events such as power-overshoot in MFCs. Fig. 4
shows that the power-overshoot event occurred during discharge
test based on selected resistors in MFC II. The power-overshoot
was generated at a low external resistance from 0.1 kQ, i.e. in the
high current region. The cause of the power-overshoot is poten-
tially caused by the anode limitation such as electron depletion
phenomenon due to proton accumulation and limitation of sub-
strates, poor enrichment of the biofilm [12,13,15,36,37]. There are
many mechanisms proposed for the cause of power-overshoot, but
full understanding of the phenomenon during discharge tests is
not yet fully understood. In this context, the scanning EIS method
would expect to expand on the limited information of this phe-
nomena when the power-overshoot occurs during discharge test.
The scanning EIS results are presented in Fig. 5. and Table S1. As
with the results of the discharge test, interesting results were ob-
tained at 0.1 kQ. As shown in Fig. 5B, as the external resistance
step by step decreases, the Ry of the anode gradually decreases
from 136 Q (at 100 kQ) to 23 Q (at 0.3 kQ), but then sharply in-
creased to 106 Q at 0.1 kQ of external resistance (the point where
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Fig. 4. (A) V-I and P-I curves and (B) electrode potentials curves for MFCII, which
using AEM, of the discharging tests measured with six selected resistances. A
power-overshoot is generated in high current region.

power-overshoot occurs). Unlike the R¢; of the anode, the R¢ of
cathode was maintained and decreased from 514 Q to 1 Q. The
Ronm decreased from 87 Q to 23 Q (Fig. 5A). As a result, the ten-
dency of R of the anode is closely related to the power-overshoot
that occurred during the discharge test. The R of the anode ap-
pears to be making a reversal while tracking towards the mini-
mum. The increase of Rt could be described as a malfunction of
bio-anode’s electroactive microorganisms. An failure of the electron
transfer process of electroactive microorganisms which mainly ef-
fects the Rc; of the anode is due to a set of complex process inter-
actions [38]. Also, the R¢t could be affected by mass-transfer phe-
nomenon and proton accumulation [13, 15, 27]. Power overshoot
caused by the lack of substrate might represent an increase in Rt
by reduced mass-transfer. Also, proton accumulation would show
similar symptoms to power-overshoot caused by electron deple-
tion. However, the exact cause could not be identified in this study.
Based on this study, the R¢; was found to increases instantly dur-
ing the discharge test and could be just added as one of the causes
of the power-overshoot. Whether the R increased rapidly due to
other factors or that the R of the bio-anode increased sharply and
influenced the performance, is unclear and it should be addition-
ally investigated in MFCs.

3.5. Establishment of scanning EIS technique for MFCs

In this study, the scanning EIS technique was shown to con-
firm the verification of R;,; in MFCs. In practice, the currently used
EIS technique is measured using the OCM mode [32, 33], theoreti-
cally with no current (electrons) being produced or only with very
small amounts of current (electrons) for practical measurement in
the measuring equipment. Besides, generally OCV is not considered
as a good indicator of the performance of the MFC system. Rather,
the MFC has a high OCV (typically greater than 0.6 V, sometimes
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Fig. 5. Nyquist plots obtained from the scanning EIS tests conducted the selected
six external resistances in MFCIL (A) the overall R;,, was measured by two electrode
EIS method and R of (B) anode and (C) cathode was measured by three electrode
EIS method.

even 1 V), but the actual operating voltage is much lower (0.2 to
0.5 V). Thus, it is argued that the R;,; should be measured ac-
cording to close-circuit voltage (not the OCV condition) based on
each external resistance (potential condition) used. As with the re-
sults measured in this study, the results of the R;,; determined
under the condition of each external resistance (in other words,
under different potential conditions) are different. Therefore, it is
suggested from the results here to use R;,; values measured via
scanning EIS for correct comparison and evaluation of MFCs. In ad-
dition, in future to achieve better characterisation and analysis of
MEFCs, the conventional R;,; calculation method using the V-I curve
and peak power calculation method would need be replaced by the
methodology proposed here, where the specific Rt and Ry, are
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calculated. The Ret, Ropm, and Ry, regions are distinguished through
the use of the V-I curve and calculated from Ohm'’s law, but it is
concluded that it is not possible to directly calculate the intrin-
sically changing R;,; under changing external resistors. Therefore,
it is necessary to measure the R;,; of each external resistor based
on the scanning EIS and the R-I curve could then be used to un-
derstand the change of R;,; under current production. In the same
context as presenting the discharge test results with the V-I curve
and the E-I curve, the EIS results which represent the R;,, of the
entire system and the separated R. of the anode and the cathode
should be presented together as shown in Fig. 3. It is possible to
more clearly distinguish where the performance enhancement in
each system has been effective or not.

In this study, it is very interesting that the value of the R;,; of
each part and the entire cell that make up the system at each ex-
ternal resistor changes. Thus, it is once again worth considering
whether the R;,, presented by measuring the EIS based on OCV
means the true R;,; of the system is determined and should be
an objective of future work. In addition, the area of scanning EIS
could analyse and interpret special phenomena, frequently occur-
ring only in MFCs, for example, voltage reversal, short circuit, and
the power-overshoot.

4. Conclusion

This study successfully explored and identified the effectiveness
of the proposed R;,; methodology. The scanning EIS technique was
able to determine the overall R;,; of system as well as Rt of each
electrode under various applied external resistances. Based on the
finding that all R, values are biased when the application of each
external resistor is changed, therefore the need to refresh the base
point of R;,; has been confirmed. For further exploitation and com-
mercialization of MFCs, an accurate understanding of R;,, must be
evaluated, and the proposed scanning EIS in this study was found
to be suitable for this process.
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