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Abstract: Electrode is a key component in a microbial electrolysis cell (MEC) and it needs significant
improvement for practical implementation of MEC. For effective development of electrode
technology, accurate and reproducible analytical methods are very important. Linear sweep
voltammetry (LSV) is an essential analytical method for evaluating electrode performance; however,
it has not been firmly established yet in the MEC field. In this study, biological brush (BB), abiotic
brush (AB), Pt wire (PtW), stainless steel wire (SSW) and mesh (SSM)) were tested to explore the
most suitable counter electrode in different medium conditions. Coefficient of variation (CV) for Imax
of LSV were comparatively analyzed. In BB-anode LSV, SSW (0.48%) and SSM (2.17%) showed
higher reproducibility as a counter electrode. In SSM-cathode LSV, BB (1.76%) and PtW (2.01%)
produced more reproducible results. In the Ni-AC-SSM-cathode LSV, PtW (3.54%) and BB (8.81%)
produced more reproducible result. It shows electrode used in the operation is an appropriate
counter electrode in the acetate-added condition. However, in the absence of acetate, PtW (1.24%)
and BB (1.71%) produced more reproducible results in SSM cathode and PtW (0.61%) and SSW
(1.21%) did in the Ni-AC-SSM-cathode, showing PtW is an appropriate counter electrode. These
results also shows that PtW is an appropriate counter electrode in cathode LSV.

Keywords: Microbial electrolysis cells; Linear sweep voltammetry; Counter electrode; Coefficient
of variation; Reproducibility
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1. Introduction

Wastewater treatment is an energy-demanding process. Removal of organic matter, the main
hazards of wastewater, is necessary to protect the water environment [1]. According to the EPA
(United States Environmental Protection Agency), the annual amount of wastewater treated by
wastewater treatment facilities is about 46.9 billion tons. Organic wastewater treatment consumes 15
GW, which is 3% of the total electricity production in the United States, and other developed
countries show similar aspects [2]. Therefore, about 0.31 W of energy is consumed per ton of
wastewater. The microbial electrochemical system (MES) is a potential energy-positive wastewater
treatment systems that recover renewable energy or useful resources from wastewater [3-6].

Electrode is one of the most important parts in MES technology because most biotic or abiotic
electrochemical reactions occur in anode and cathode electrodes. In MES experiments, electrode
performance can be evaluated by using linear sweep voltammetry (LSV), cyclic voltammetry (CV),
and electrochemical impedance spectroscopy (EIS). Among them, LSV is very easy to perform and
produces reliable data, so that it is commonly performed in many areas such as microbial
electrochemical systems (MES) [7-14], fuel cells [15,16], hydrogen generation technologies [17,18].

In general, electrochemical test is the analysis of chemical response when an electrical stimulus
is applied to the system. In the LSV test, electrical stimulus is a change of potential, and chemical
response is converted by the current signal. In the LSV test, to change the potential of electrode in a
solution, two electrodes (working electrode and reference electrode) must be need to measure the
potential. Current at a working electrode is measured while the potential between the working
electrode and a reference electrode is swept linearly in time [19]. At this time, the potential (E) of the
working electrode can be calculated as Eap minus iRs [20].
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Eap is an applied voltage between working and reference electrode, i is a current of working
electrode, Rs is a solution resistance. When the iRs is less than 1 mV, it can be measured using a two-
electrode cell. Therefore, in case of measuring in the two-electrode cell, solution resistance and
current of working electrode should be low. However, if solution resistance or current is high, it
should use the three-electrode cell for minimizing the error by iRs. Electrode LSV tests in MES are
mainly performed by using the three-electrode cell [7,8,21], consist of a working electrode, reference
electrode, and counter electrode. Counter electrode is that occurring a process opposite from the
working electrode, it is not monitored. Various counter electrodes (platinum [8,22-24], dimensionally
stable anode [25,26]) are used in MES, but no research has been conducted on the effect of counter
electrode on LSV data validity and reproducibility.

Therefore, the aim of the present study is to evaluate the reproducibility according to the counter
electrode in the anode and cathode LSV test in microbial electrolysis cell (MEC). In order to compare
the reproducibility, counter electrodes used in this study are Pt wire, stainless steel wire and mesh in
the anode LSV test. In the cathode LSV tests, biological brush, abiotic carbon brush, Pt wire, stainless
steel wire and mesh were used as counter electrodes. Then, the reproducibility of cathode LSV test
with different electrode performance and different experimental conditions was evaluated and
compared. This study presents data that can be used to set the counter electrode according to the
electrode LSV test conditions.

2. Materials and Methods

2.1. Electrode fabrication

In this study, two kinds of cathodes were fabricated to compare cathodes with different
performance. Stainless steel mesh (SSM) cathode (surface area 7 cm?, # 60, SUS 304) was used after
treating it with a flame oxidation [27]. Activated carbon cathode with nickel powder (Ni-AC-SSM
cathode) was fabricated for cathode LSV test [28], which has high catalytic activity for hydrogen
evolution reactions (HER). Ni-AC-SSM cathode was made using 96.8 mg (8.8 mg/cm?) of Ni powder
and 300 mg (26.5 mg/cm?) of AC powder, and 1 mL of PVDF [8]. A carbon brush anode was used as
an anode electrode. Carbon fibers were twisted with two titanium rods (length 70 mm, 17 gauge;
grade 2, Seoul Titanium) [10], it was treated at 450 C for 30 minutes in the furnace (FX/FHX,
DAIHAN Scientific, South Korea) before inoculation [29].

2.2. MEC configuration and operation

Single chamber MEC reactor was fabricated with polycarbonate, having 28 mL cylindrical bed
volume of 4 cm length and 3 cm diameter as described in the previous study [13].

Anode and cathode were horizontally faced to each other and spaced about 15 mm to prevent
short circuits. The brush anode was inoculated from domestic wastewater (Gwangju Wastewater
Treatment Plant) with effluents of primary sedimentation (22.4 mL) and the activated sludge (5.6 mL)
in MFC mode with the 1000 Q external resistance. When the current of MFC was produced stably,
the experiment was performed by switching to MEC mode. MEC was operated in 100 mM carbonate
buffer solution (CBS) in a fed batch mode with 10 Q external resistance at 30 C. The CBS contained
NaH2POs 0.026 g/L, Na2HPO4 0.05 g/L, NH4Cl1 0.31 g/L, KC1 0.13 g/L, NaHCO:s 8.4 g/L, trace minerals
1 ml/L, vitamins 1 ml/L and sodium acetate 20 mM as a substrate [12].

2.3. Electrochemical test

Linear sweep voltammetry (LSV) was performed using different counter electrodes to compare
the electrochemical test reproducibility of anode and cathode performance. Open-circuit voltage
(OCV) time of all anode LSV test was 90 minutes, LSV tests were measured using a potentiostat (SP1,
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WonATecH, South Korea). Platinum wire (PtW, length 5 cm, diameter 0.5 mm), stainless steel wire
(SSW, length 5 cm, diameter 0.5 mm) and stainless steel mesh (SSM, surface area 7 cm?) were used as
counter electrode for anode LSV tests. The scan rate of 1.0 mV/s was applied to anode over the
potential range from open circuit potential (OCP) to -0.2 V [14].

Biological brush (BB, length 25 mm, diameter 25 mm, inoculated), abiotic carbon brush (AB,
length 25 mm, diameter 25 mm), PtW, SSW and SSM were used as counter electrode for cathode LSV
tests. Cathode LSV tests were conducted in two experiments to compare reproducibility with only
CBS (pH 8.33, conductivity 8.42 mS/cm) and CBS with sodium acetate (pH 8.31, conductivity 9.75
mS/cm) as the electrolyte. The pH and conductivity were measured using a pH/conductivity meter
(5213, METTLER TOLEDO, USA). The scan rate of 1.0 mV/s was applied to cathode over the potential
range from -0.3 V to -1.2 V. For all LSV tests, Ag/AgCl reference electrode (RE-1B, ALS, Japan; -0.209
V vs. SHE) was inserted in the medium through a rubber gasket and located in the middle of MEC.
LSV tests were performed in duplicate to reduce experimental error.

2.4. Statistics

In order to evaluate the reproducibility of the LSV test results, the average values and standard
deviations of duplicate experiments were calculated. The standard deviation represents an absolute
degree of value difference. So, a larger average of the values, higher standard deviation. However,
the standard deviation is not suitable for comparison of samples with different average values.
Therefore, the coefficient of variation (CV) is useful for adjusting the standard deviation that varies
due to differences in average values.

The coefficient of variation was calculated as,

o
CV = 7 X 100 (%)
,where ¢ is the standard deviation and X is the average value. The relatively small standard
deviation compared to the average means that the degree of dispersion is low, and thus, it can be
proved that the reproducibility of experiments is high.
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3. Results

3.1. Anode linear sweep voltammetry test

In order to compare the reproducibility of anode (biological brush) LSV tests, PtW, SSW and
SSM were used as counter electrodes (Figure 1, S1).

Maximum current value of PtW using Pt wire as the counter electrode was 11.05 + 0.24 mA.
Maximum current values of SSW and SSM using stainless steel wire and mesh as the counter
electrode were 11.11 + 0.05 mA and 12.59 + 0.06 mA, respectively (Table 1). Coefficient of variation
(CV) of maximum currents was the lowest in SSW (0.45%), followed by SSM (0.48%) and PtW (2.17%)
(Figure 2). SSW and SSM had 79.2% and 77.8% lower CV than PtW. The reproducibility of anode LSV
test was high in SSW and SSM.

(Figure 1, Figure 2)

3.2. Stainless steel mesh (SSM) cathode linear sweep voltammetry test

In order to compare the reproducibility of cathode LSV tests, BB, AB, PtW, SSW and SSM were
used as counter electrodes. Cathode LSV test is practically performed without acetate filled, unlike
the anode LSV. However, the reproducibility of the LSV tests with acetate filled was evaluated in this
study (Figure 3, 52).

Maximum current values of BB and AB in cathode LSV test with acetate filled were -8.79 + 0.15
and -7.12 + 0.25 mA, respectively. Maximum current value of PtW using Pt wire as the counter
electrode was -7.96 + 0.16 mA. Maximum current values of SSW and SSM using the stainless steel
wire and mesh as the counter electrodes were -7.15 + 0.19 and -6.53 + 0.23 mA, respectively. CV of
maximum currents was the lowest in BB (1.76%), followed by PtW (2.01%), SSW (2.72%), AB (3.43%)
and SSM (3.44%) (Figure 4). BB had 12.4% lower CV than PtW. In addition, it showed 48.6% lower
CV than AB without biofilm. When with acetate filled, cathode LSV test using a biological brush as
counter electrode showed that maximum current and reproducibility were high.

In order to compare the more accurate reproducibility from each counter electrode, the cathode
LSV test method was performed without acetate filled [7]. Maximum current value of BB and AB was
-8.87£0.15 and -6.19 £ 0.17 mA. Maximum current of PtW was -6.07 + 0.07 mA. Maximum current of
BB was higher than other counter electrodes as in the previous cathode LSV test with acetate filled.
However, CV of maximum currents was the lowest in PtW (1.24%), followed by BB (1.71%), AB
(2.73%), SSM (3.64%) and SSW (4.17%) (Figure 4). PtW had 27.4% lower CV than BB. When without
acetate filled, the reproducibility was high in using Pt wire as counter electrode.

(Figure 3, Figure 4)

3.3. Ni-AC-SSM cathode linear sweep voltammetry test

Cathode LSV test reproducibility was evaluated using Ni-AC-SSM cathode with higher activity
for hydrogen evolution reaction (HER) than stainless steel (Figure 5, S3). Maximum current values of
BB and AB with acetate filled were -16.01 +1.41 and -16.99 + 3.73 mA, respectively. Maximum current
value of PtW was -13.26 + 0.47 mA. Maximum current values of SSW and SSM were -13.96 + 1.27 and
-13.59 + 2.02 mA, respectively (Table 1). Maximum current of AB was higher than other counter
electrodes. However, CV of maximum currents was the lowest in PtW (3.54%), followed by BB
(8.81%), SSW (9.13%), SSM (14.82%) and AB (21.95%) (Figure 6).

Maximum current values of BB and AB without acetate filled were -15.73 + 1.15 and -12.44 + 0.30
mA, respectively. Maximum current value of PtW was -13.11 + 0.08 mA. Maximum current values of
SSW and SSM were -11.95 + 0.15 and -13.57 + 0.70 mA, respectively. Maximum current of BB was
higher than other counter electrodes. However, CV of maximum currents was the lowest in PtW
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(0.61%), followed by SSW (1.21%), AB (2.43%), SSM (5.15%) and BB (7.31%) (Figure 6). In Ni-AC-SSM
cathode LSV test, reproducibility using Pt wire as counter electrode regardless of the substrate was
the best.

(Figure 5, Figure 6, Table 1)

4. Discussion

4.1. Reproducibility of anode linear sweep voltammetry test

The reproducibility of biological brush anode LSV tests was evaluated by changing the counter
electrode. Maximum current of SSM was 13.9% and 13.3 % higher than PtW and SSW because the
stainless steel mesh had the largest surface area among the three counter electrodes [30,31].

Anode LSV tests showed excellent reproducibility when stainless steel (SS) was used than Pt as
counter electrode (Figure 2). CV of maximum currents was 79.2% and 77.8% lower for SSW and SSM
than PtW, respectively. In the operation of MEC, cathode was used as stainless steel mesh. Therefore,
it can be demonstrated that the reproducibility of anode LSV test is high when the same counter
electrode as the operating condition is used.

4.2. Reproducibility of cathode linear sweep voltammetry test

Unlike an anode LSV test, cathode LSV test is almost conducted without a substrate [23,24,28,32].
However, in this study, cathode LSV tests were conducted to compare the reproducibility when using
various counter electrodes, including biological and abiotic electrode. Therefore, the comparison was
conducted according to with and without acetate filled as a substrate.

In cathode LSV test with acetate filled, BB had the highest maximum current value, because the
biofilm of carbon brush used as counter electrode had high electrochemical activity (Table 1). This
result can be demonstrated from previous studies [33-35] that have improved the electrochemical
performance of MEC by using bio-cathodes as counter electrodes.

The reproducibility of SSM cathode LSV test was high in BB. CV of BB was lower 12.4%, 48.7%
than PtW and SSM, it was also lower by 48.6% than AB without biofilm. This result showed enhanced
reproducibility by electrochemically active biofilm. In addition, like the anode LSV test, showed high
reproducibility in the counter electrode (biological brush anode) was used during MEC operation.

However, the substrate had an effect on the electro-activity of the counter electrode, so the
reproducibility of SSM cathode LSV test was evaluated without acetate filled. Maximum current was
high in BB, but CV were the lowest in PtW, followed by BB (Figure 4). The results showed that under
LSV test conditions without acetate filled, the use of Pt wire as counter electrode was excellent in
reproducibility.

In order to compare tendency of results, Ni-AC-SSM cathode fabricated by a blended of AC and
Ni Powder were also tested. There was a difference in cathode performance, maximum current value
of Ni-AC-SSM cathode was generally higher than SSM cathode because of the high activity about
HER. Ni-AC-S5M cathode has a larger surface area than SSM and higher electrical conductivity due
to mixed ACs [8], but it is low durability and reproducibility because of the attached cathode catalysts
to current collector [36]. Therefore, in the cathode LSV tests, Ni-AC-SSM cathode had higher CVs
than SSM, reproducibility was overall not good (Table 1).

CV value was low in without acetate filled than with acetate filled (Figure 6). This result
demonstrates that reproducibility without acetate filled is better when conducting LSV tests of
cathode. The CV of LSV test with acetate filled was lowest in PtW, followed by BB. However, The CV
of LSV test without acetate filled was exclusively lowest in PtW. Based on the results of all
experiments, it was proved that the reproducibility is high when the electrode LSV test is performed
under the same conditions (counter electrode, substrate) as the MEC operation. However, it is
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recommended to use the Pt electrode as a counter electrode and without a substrate for the cathode
LSV test. It indicates that it is more important that counter electrode is not electrochemically polarized
during LSV test without acetate filled.

5. Conclusions

In this study, anode and cathode LSV tests were conducted using various counter electrodes to
evaluate the reproducibility. Counter electrodes to be used in electrodes LSV tests that perform
different reactions, such as anode and cathode, could be different.

The consideration when selecting a counter electrode in the anode LSV test is the material of the
cathode used during MEC operation. In this study, cathode of MEC was used as stainless steel mesh.
Therefore, reproducibility of anode LSV test was high in using stainless steel than Pt as counter
electrode.

The factors to consider when selecting a counter electrode in the cathode LSV test is a substrate.
The counter electrode in the cathode LSV test with and without acetate filled was evaluated.
Reproducibility of cathode LSV test with acetate filled was high when the biological brush, which
was the anode during the MEC operation, was used as the counter electrode. This is considered to be
due to the biofilm electrochemical activity of biological brush and using the adapted anode as counter
electrode in MEC operation mode.

However, reproducibility was high when using Pt wire as counter electrode in the cathode LSV
test without acetate filled. This is because Pt is not electrochemically polarized as a counter electrode
in the cathode LSV test without acetate filled. Therefore, the method for LSV test with high
reproducibility is: 1) to use the same counter electrode as the MEC operating conditions (with
substrate filled), and 2) use Pt electrode when the substrate is not filled. These data results suggest
that counter electrodes can be set according to the various conditions in anode and cathode LSV test.

Supplementary Materials: Figure S1: LSV curves (second set) of a biological brush anode. Platinum wire (PtW),
stainless steel wire (SSW) or stainless steel mesh (SSM) is used as a counter electrode. 100 mM CBS with 20 mM
acetate was used as a medium, Figure 52: LSV curves (second set) of a stainless steel mesh (SSM) cathode.
Biological brush (BB), abiotic carbon brush (AB), platinum wire (PtW), stainless steel wire (SSW) or stainless
steel mesh (SSM) was used as a counter electrode. LSV was performed in 20 mM acetate (A and C) and non-
acetate (B and D) in 100 mM CBS, Figure S3: LSV curves (second set) of Ni-AC-SSM cathode. Biological brush
(BB), abiotic carbon brush (AB), platinum wire (PtW), stainless steel wire (SSW) or stainless steel mesh (SSM)
was used as a counter electrode. LSV was performed in 20 mM acetate (A and C) and non-acetate (B and D) in
100 mM CBS.
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Figure 1. Anode LSV curves of a biological brush anode (first set). Platinum wire (PtW), stainless steel

wire (SSW) or stainless steel mesh (SSM) is used as a counter electrode. 100 mM CBS medium with 20

mM acetate was used as a medium.


https://doi.org/10.20944/preprints202008.0664.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 August 2020 d0i:10.20944/preprints202008.0664.v1

12 of 17

30 - v ol [ 200
e 25 A
= L 15.0
S 20 - o
3 0 e
s o O @
215 - L 100 2
IS E}
*qe; 1.0 - R
S L 5.0
g 05 -
© 0.0 0.0

PtW SSW SSM

Figure 2. Coefficient of variation and maximum current in BB anode LSV in the acetate-added CBS
medium.
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Figure 3. Cathodic LSV curves of stainless steel mesh (5SM) cathode (first set). Biological brush (BB),
abiotic carbon brush (AB), platinum wire (PtW), stainless steel wire (SSW) or stainless steel mesh
(SSM) was used as a counter electrode. LSV was performed in the acetate condition (20 mM) (A and
Q) or the non-acetate condition (B and D) in the 100 mM CBS medium.
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Figure 4. Coefficient of variation (CV) and maximum current (Imax) from the LSV curves of the SSM
cathode. CV-A: CV in the acetate condition, CV-N: CV in the non-acetate condition, Imax-A: Imax in the
acetate condition, Imax-N: Imax in the non-acetate condition.
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Figure 5. Cathodic LSV curves of Ni-AC-SSM cathode (first set). Biological brush (BB), abiotic carbon
brush (AB), platinum wire (PtW), stainless steel wire (SSW) or stainless steel mesh (SSM) was used as
a counter electrode. LSV was performed in the acetate condition (20 mM) (A and C) or the non-acetate
condition (B and D) in 100 mM CBS medium.
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Figure 6. Coefficient of variation (CV) and maximum current (Imax) from the LSV curves of the Ni-AC-
SSM cathode. CV-A: CV in the acetate condition, CV-N: CV in the non-acetate condition, Imax-A: Imax
in the acetate condition, Imax-N: Imax in the non-acetate condition.
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Table 1. Coefficients of variation (CV) and maximum current (Imax) in LSV tests. (n=2). LSV was
performed in the acetate condition (20 mM) or the non-acetate condition in the 100 mM CBS medium:
biological brush (BB), abiotic carbon brush (AB), platinum wire (PtW), stainless steel wire (SSW),
stainless steel mesh (SSM), activated carbon cathode with nickel powder (Ni-AC-SSM)

BB anode (acetate)

Counter
electrode v %) fmex (.3)
PtW 2.17 11.05+0.24
SSW 0.45 11.11+0.05
SSM 0.48 12.59 + 0.06
SSM cathode (acetate)
Counter
electrode v ) e ()
BB 1.76 -8.79 £ 0.15
AB 343 -7.12+0.25
PtW 2.01 -7.96 £ 0.16
SSW 2.72 -7.15+£0.19
SSM 3.44 -6.53+£0.23
SSM cathode (non-acetate)
Counter
electrode v %) fres (mA)
BB 1.71 -8.87+0.15
AB 2.73 -6.19+0.17
PtW 1.24 -6.07 £ 0.07
SSW 4.17 -6.49 +0.27
SSM 3.64 -6.44 +0.23
Ni-AC-SSM cathode (acetate)
Counter
electrode v %) e ()
BB 8.81 -16.01 £1.41
AB 21.95 -16.99 +3.73
PtW 3.54 -13.26 +0.47
SSW 9.13 -13.96 +1.27
SSM 14.82 -13.59 £2.02
Ni-AC-SSM cathode (non-acetate)
Counter
electrode v %) fres (mA)
BB 7.31 -15.73 +1.15
AB 243 -12.44 +0.30
PtW 0.61 -13.11 £ 0.08
SSW 1.21 -11.95+0.15

SSM 5.15 -13.57 £0.70
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