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• Methane-producing biocathodes were
operated under galvanostatic control.
• Methane production was observed at a
cathode potential of − 0.5 V vs Ag/AgCl.
• At 5 A m− 2, low overpotential was
achieved.
• Charge/discharge tests resulted in
development of low overpotential.
• Energy efficiency reached up to 21%.
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Cathode overpotential is a key factor in the energy efficiency of bioelectrochemical systems. In this study the aim
is to demonstrate the role of applied current density and electrode storage capacity on cathode overpotential. To
do so, eight reactors using capacitive granular activated carbon as cathode material were operated. Four reactors
were controlled at − 5 A m− 2 and four at − 10 A m− 2. Additionally, to evaluate the electrode storage capacity,
weekly charge/discharge tests were conducted for half of the reactors at each applied current density. Results
show that cathode potential as high as − 0.50 V vs. Ag/AgCl can be reached. Furthermore, the resulting low
cathode overpotential is both dependent on applied current density and employment (or not) of charge/
discharge tests: reactors at − 10 A m− 2 without charge/discharge regimes did not result in increasing cathode
potential whereas reactors at − 5 A m− 2 and at − 10 A m− 2 with charge/discharge regimes did.
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1. Introduction

Every cell had an anodic chamber and a cathodic chamber with flow
channels of 33 cm3 each (11 cm × 2 cm × 1.5 cm). The anodic chamber
and cathodic chamber were separated by a cation exchange membrane
(FumaTech GmbH, Ingbert, Germany) with a projected surface area of
22 cm2 (11 cm × 2 cm). Granular Activated Carbon, with a specific
surface area of 764 m2 g− 1 (Cabot Norit Nederland B.V., Zaandam, the
Netherlands; 1–3 mm diameter), was tightly packed in each cathodic
chamber with a total weight of 9.54 g, 8.06 g, 9.32 g, 8.81 g, 9.17 g, 8.25
g, 8.64 g and 8.62 g for R.5(1), R.5(2), R.5CD(1), R.5CD(2), R.10(1),
R.10(2), R.10CD(1) and R.10CD(2), respectively. A plain graphite plate
with the same working area as the membrane (22 cm2) was used as a
current collector. Platinum-iridium coated titanium plates also with the
same working area as the membrane were used as anode material
(Magneto Special Anodes BV, Schiedam, The Netherlands). The anode
chambers were filled up with glass beads (7 mm diameter) (HechtAssistent, Sondheim v. d. Rhön, Germany) to keep similar pressure on
both sides of the membrane, and to ensure that the GAC granules made
good contact with the graphite plate current collector on the other side
of the membrane. A plastic spacer (Sefar Nitex 06–3300/59, Buffalo, NY,
USA) was added between compartments of the cell (including around
the membrane) to ensure distributed pressure and an airtight system. A
reference electrode (3 M KCl Ag/AgCl, QM710X, ProSense Qis, Oos
terhout, The Netherlands; +0.210 V vs. NHE) was connected to the
catholyte solution just outside each cathode chamber. All cathode po
tentials in this paper are therefore reported against (3 M KCl) Ag/AgCl.
The ohmic losses were evaluated previously for two abiotic set-ups (with
GAC) that were equivalent to the ones used in this work. These ohmic
losses (0.5 Ω) were concluded to result in a potential drop of approxi
mately − 6mV and − 12 mV for those set-ups controlled at − 5 A m− 2 and
− 10 A m− 2, respectively. Thus, this potential drop is considered to be
negligible.
Every cathodic chamber was connected to a gas–liquid separation
bottle (60 mL) with a 2 L gas bag (Cali-5-BondTM). The solution was
recirculated from the cathode, via the gas–liquid separation bottle, to a
recirculation bottle (500 mL) continuously flushed with CO2, and back
to the cathode. The anolyte of four reactors shared a 5 L recirculation
bottle in which N2 was continuously sparged to remove any produced
oxygen. Anolyte and catholyte recirculation rates were both controlled
at 7 mL min− 1 with inflow at the bottom of the cell and outflow at the
top.

In order to decarbonize the energy market it is crucial to incorporate
renewable energy sources (IRENA, 2017). Because renewable energy
sources are climate dependent, there is a growing demand for efficient
and long-term storage technologies, allowing electricity storage when
supply is larger than demand (Chauhan and Saini, 2014; IRENA, 2017).
Power-to-gas technologies have gained increased interest as alternative
electricity conversion and storage technologies (Gotz et al., 2016).
Power-to-methane in a Bioelectrochemical System (BES) is one of those
technologies (Cheng et al., 2009; Geppert et al., 2016; Liu, 2018; Liu
et al., 2018; van Eerten-Jansen et al., 2015; Vidales et al., 2019). In
bioelectrochemical power-to-methane, CO2 is biologically reduced to
methane at the cathode, while the electrons needed for this reaction are
obtained from water oxidation at the anode. Input of electrical energy is
required to drive these reactions (Geppert et al., 2016). Two possible
electron transfer mechanisms for methane production have been pro
posed: direct electron transfer (DET) and mediated electron transfer
(MET) (Cheng et al., 2009; Geppert et al., 2016; Villano et al., 2010). In
DET, known as electromethanogenesis, the electrons at the biocathode
are directly used by the microorganisms to reduce CO2 to methane
(Cheng et al., 2009). In MET, electrons are used to electrochemically or
biologically produce intermediates like hydrogen, acetate, or formate,
which are then used to reduce CO2 to methane (Geppert et al., 2016).
The performance of methane-producing biocathodes has been
investigated with diverse sources of inoculum sludge (Beese-Vasbender
et al., 2015; Siegert et al., 2015), cathode materials (Kracke et al., 2019;
Liu et al., 2018, 2017; Siegert et al., 2014), and operational conditions
(Baek et al., 2017; Liu et al., 2018; van Eerten-Jansen et al., 2015;
Vidales et al., 2019). Regarding the latter, most research focused on
controlling methane-producing biocathodes at a fixed potential between
− 0.60 V and − 1.1 V vs Ag/AgCl (Batlle-Vilanova et al., 2015; Mao et al.,
2021; van Eerten-Jansen et al., 2015; Villano et al., 2010; Zhen et al.,
2015). Alternatively, biocathodes can also be controlled under galva
nostatic conditions. In a previous study, it was shown that galvanostatic
control at − 35 A m− 2 resulted in high methane production rates of 65 L
CH4 m− 2 d-1 (Liu et al., 2018). Interestingly, in the same study, it was
found that using activated carbon granules (GAC) as cathode material
resulted in a cathode potential of − 0.52 V vs Ag/AgCl while the use of
graphite granules (GG) resulted in a cathode potential of − 0.9 V vs Ag/
AgCl. The low overpotential resulting from the use of GAC is of special
interest once this results in high voltage efficiency. Since energy effi
ciency is the product between voltage efficiency and faradaic efficiency
towards methane (Geppert et al., 2016), high voltage efficiency in turn
leads to highly (energy) efficient biocathodes. However, the reason for
this low overpotential was not further investigated.
In this study strategies to obtain highly efficient methane-producing
biocathodes were explored. The goal was to do so by focusing on
increasing voltage efficiency as a result of lower cathode overpotential.
For this, GAC was used as electrode material and two different opera
tional conditions were tested. Therefore, eight reactors were controlled
galvanostatically, half of which at constant − 5 A m− 2 and the other four
at constant − 10 A m− 2. Moreover, charge–discharge tests were con
ducted on half of the reactors in order to evaluate the electron storage
capacity of GAC. Performance of the biocathodes was analysed from the
perspective of product formation, cathode potential and resulting
efficiency.

2.2. Electrolyte and inoculum
All cathode chambers were inoculated with 10 mL of a mixed
anaerobic sludge (volatile suspended solid = 2.28 g L-1) with 50% v/v
anaerobic granular sludge from the paper industry wastewater treat
ment facility in Eerbeek (The Netherlands) and 50% v/v anaerobic
sludge from the municipal wastewater treatment facility in Ede (The
Netherlands). All cathodic chambers contained a medium composed of
50 mM phosphate buffer (2.77 g L-1 NaH2PO4⋅2H2O and 4.58 g L-1
Na2HPO4), 0.2 g L-1 NH4Cl, 0.13 g L-1 KCl, 1 mL L-1 vitamin and 1 mL L-1
mineral solution (WOLIN et al., 1963). The anodic chambers contained a
solution only with 50 mM phosphate buffer. Conductivity and pH for
both mediums was approximately 0.5 S m− 1 and 7.1 ± 0.2, respectively.
2.3. Experimental operation and analysis
The reactors were galvanostatically controlled (constant current)
using a potentiostat (Ivium n-Stat with IviumSoft v2.462, Eindhoven,
The Netherlands). Four reactors (R.5(1), R.5(2), R.5CD(1) and R.5CD
(2)) were controlled at a constant current of − 5 A m− 2 (normalized by
membrane surface area), while the other four reactors (R.10(1), R.10(2),
R.10CD(1) and R.10CD(2)) were controlled at a constant current of − 10
A m− 2. CD stands for Charge/Discharge (see below). Cathode potentials
were measured every minute.
Polarization curves were acquired once for each reactor before

2. Materials and methods
2.1. Experimental Set-up
Eight two-chamber Bioelectrochemical Systems (BESs) were used in
this experiment, so that each condition was tested in duplicate. The same
set-up as detailed in the supplementary information by Liu and coworkers (2018) was used.
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inoculation and once per week for each reactor after inoculation. The
current density was controlled and increased from 0 A m− 2 to − 60 A
m− 2 with steps of 5 A m− 2. Each step lasted 1200 s to reach a steady
cathode potential.
After inoculation, four reactors (R.5CD(1), R.5CD(2), R.10DC(1) and
R.10CD(2)) were subjected to a charge/discharge regime once per week
after the polarization curve measurement. This charge/discharge regime
consisted of alternately applying a current of + 23 A m− 2 and –32 A m− 2
within a cathode potential range from − 0.5 V to − 0.7 V. Each charge or
discharge step stopped when cathode potential reached the set bound
ary, or when the duration of a step was more than 15,000 s. When one of
these two conditions was met, the current was reversed to start the next
(charge or discharge) step. Each charge/discharge test consisted of 5
cycles of charge and discharge processes.
Throughout the operation, reactors were at 30 ◦ C in a temperature
controlled cabinet. Ammonium concentration and pH of the catholyte
were measured three times per week. Moreover, liquid and gas samples
from each reactor were taken twice per week, before and after
measuring polarization curves. Gas composition and acetate concen
tration were measured by Gas Chromatography as described previously
(Liu, 2018). The gas volume was quantified by emptying gas bags
manually with a syringe when sampling. With this, methane production
rate was calculated and normalized by membrane surface area (which is
the same as cathodic (graphite plate) and anodic projected surface area).
Additionally, faradaic efficiency towards methane, voltage efficiency
and energy efficiency were calculated according to standard procedure
(Geppert et al., 2016).
To study the effect of (absence of) CO2 on biocathode potential, four
matured methane-producing biocathodes, i.e. R.5(1), R.5CD(1), R.5CD
(2) and R.10(1), were flushed with pure N2 at high flow rate of 400 mL/
min for approximately 24 h to remove the dissolved CO2 in the cath
olyte. During this period, cathode potentials of these four biocathodes
were monitored while they were continuously applied with corre
sponding current densities of − 5 A m− 2 and − 10 A m− 2. After this test,
the catholyte was flushed with a mixture of CO2:N2 to reintroduce CO2.
This was done at the same constant current as applied before. Again,
cathode potentials of these four biocathodes were monitored during this
operation.

potential around day 15. Out of the four reactors which were controlled
at − 10 A m− 2 (Fig. 1 (b)) only those two reactors that underwent
charge–discharge regimes showed similar patterns of gradual increase in
cathode potential with time. Moreover, the latter showed the earliest
shift in potential between day 6 and 11, and together with R.5(2) (-5 A
m− 2 without charge–discharge regime) reached a biocathode potential
close to − 0.5 V at day 30. Such high cathode potential (equivalent to
− 0.29 V vs SHE) has been previously and uniquely reported for
methane-producing biocathodes also composed of GAC as electrode
material and controlled up to − 35 A m− 2 (Liu et al., 2018). GAC is a
porous material with high specific surface area and as a result, it can
store charge in the form of an electric double layer. This has been
demonstrated for bioanodes (Borsje et al., 2016; Juanarena, 2019). In a
previous study, by applying on–off regimes of current supply of 4 min-2
min, 3 min-3 min and 2 min-4 min, it has been demonstrated that GAC
biocathodes result in smaller fluctuations in potential (between − 0.5 V
and − 0.55 V) in comparison to graphite granules (between − 0.65 V and
− 0.9 V) (Liu, 2018), although both assume identical methane produc
tion rates. Thus, it is shown the capacitive property of GAC allows a
slower change in potential during charging and discharging (at open
circuit conditions) in comparison to materials with low specific surface
area, like GG. However, the role that capacitive materials can have on
achieving lower overpotentials is still unclear. Nevertheless, the present
results suggest that both can be linked.
Polarization curves done before inoculation and at the end of the
runs supported the trends observed above (Fig. 2, (a) and (b)). Just
before inoculation, polarization curves of seven reactors (grey dashed
lines in Fig. 2, (a) and (b)) showed similar potentials ranging between
approximately − 1.1 V to − 0.9 V when the applied current ranged be
tween 0 and − 60 A m− 2. The exception was R.10(2) (Fig. 2 (b)), that
showed a slightly less negative potential range. At the end of the run, the
polarization curves for all the reactors controlled at − 5 A m− 2 (R.5(1),
R.5(2), R.5CD(1), R.5CD(2)) (black solid lines in Fig. 2 (a)) and for those
reactors controlled at − 10 A m− 2 and with charge–discharge regimes
(R.10CD(1) and R.10CD(2)) ((black solid lines in Fig. 2 (b)) shifted to
less negative potential ranges (ranging between approximately − 0.9 V
to − 0.5 V). Thus, these polarization curves are in line with the devel
oped potential throughout the continuous run of these reactors (Fig. 1,
(a) and (b)). In contrast, the polarization curves for R,10(1) and R.10(2)
(Fig. 2 (b)) at the end of the runs show even lower ranges in potential
than before inoculation.
Overall, out of the eight reactors, six showed some kind of devel
opment in cathodic potential, although patterns of changing potential
are not completely identical between replicates. Unexpectedly, R.10(1)
and R.10(2) showed constant cathode potential between − 0.89 V and
− 0.95 V throughout the 40 days of operation. Although it is unclear why
cathode potential did not increase to more positive values in these two
reactors, this work shows first evidences of the influence of different
current densities in BES’s performance. Because in literature the extent
of galvanostatic controlled BES’s is limited, further investigation is
needed in order to raise hypothesis concerning the previous observation.

3. Results and discussion
3.1. Cathode potential of − 0.5 V was reached depending on the applied
current density and the employment or not of charge/discharge tests.
After inoculation, at day 0, all reactors showed cathode potentials in
the range of − 0.85 V to − 0.95 V (Fig. 1, (a) and (b)). Out of the four
reactors which were controlled at − 5 A m− 2 (Fig. 1 (a)), all showed a
gradual increase in cathode potential with time. Although, the time at
which this change in potential happened was slightly different between
the reactors. While three reactors showed a slow change in cathode
potential, R.5(1) showed a distinct profile of suddenly changing cathode

Fig. 1. Overview of the cathode potential for all
eight reactors (R.) after inoculation (day 0), four
of which were galvanostatic controlled at 5 A
m− 2 (a) and the other four underwent galvano
static control at 10 A m− 2 (b). Thus, 5 and 10
correspond to the applied current density (A
m− 2). CD represents reactors which underwent
charge/discharge experiments. Each condition
was performed in duplicate, denoted by (1) and
(2). Gaps in data represent periods when reactors
were sampled, when polarization curves were
conducted and for those represented by CD when
charge–discharge regimes were applied as well
(these measurements had a total duration of 1 to
2 days).
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Fig. 2. Polarization curves on inoculation day (grey dashed line) and at the end of the run (black full line) of the eight bioelectrochemical reactors controlled at
either 5 A m− 2 (a) or 10 A m− 2 (b) and that underwent (triangles) or not (circles) charge/discharge experiments.

More strikingly, comparatively, potential development did occur for
those that underwent charge/discharge regimes (R10CD). Additionally,
all reactors underwent polarization curves (including R.10(1) and R.10
(2)), thus excluding an effect of this electrochemical technique on
(positively) changing cathode potential. Whereas, suggesting that
charge/discharge regimes somehow lead to the adaptation of the bio
cathode to other ranges in cathode potential. Electrochemical methods,
and specifically, cyclic voltammetry (CV) have recently been shown to
affect microbial electrosynthesis (Smit et al., 2021). It was hypothesized
that metals (from trace elements/micro nutrients) and/or biofilm
release and re-deposition during CV cycles increased performance of
these bioelectrochemical systems. In particular, discharge cycles might
allow/facilitate the attachment of negatively charged microbial cells
that would otherwise be repulsed by a negatively charged electrode/
cathode (Massazza et al., 2021). Furthermore, it has been observed that
microbial communities in bioelectrochemical systems are distinct in
composition when operating under open circuit conditions in compari
son to closed circuit conditions (Huang et al., 2014; Shehab et al., 2013).
Similarly, operation of a microbial electrolysis cell under intermittent
open and closed circuit conditions has shown a more diverse microbial
composition at the anode in comparison to operation under constant
closed circuit (Zakaria and Dhar, 2021). Thus, it is hypothesized that
applying charge/discharge cycles (in a comparatively short amount of
time) mimics the changes in electron donating and non-donating prop
erties of the biocathodes which, in turn, might lead to the selection of a
different and/or more diverse microbial community at the biocathode.
For future reference, analysis of the microbial community can help
further understand the underlying reasoning for observing low
overpotential.

production rates with low voltage losses (Geppert et al., 2019; Kracke
et al., 2020).
Methane and hydrogen were quantified in the gas bag, hence their
production rate was analysed. In Fig. 3 the production rate for both
hydrogen and methane is shown for different sampling days of the eight
reactors. It is shown that hydrogen was only detected during the first few
days of the experimental run of all eight reactors. Moreover, it is shown
that overall methane production rate increased throughout the first few
days of the experimental runs. For some reactors (R.5CD(1), R.5CD(2)
and R10(1)), methane production rate was comparatively large in the
first sampling day (day 5), which is attributed to methane production
from the inoculum (anaerobic sludge). Large hydrogen production rates
on the first sampling day are associated to initially high overpotential.
(See Fig. 1).
For further analysis, at the end of the experimental run, methane
production rate was averaged out over three consecutive sampling days
(Table 1). Methane production rate, faradaic efficiency towards
methane, voltage efficiency and energy efficiency were calculated and
are summarized in Table 1. During this time no or negligible (<0.2%
faradaic efficiency) hydrogen and acetate was found.
Methane production ranged between 3.3 and 13.4 L m− 2 d-1 at the
end of the experimental run of the eight biocathodes, being higher for
those reactors that were subjected to higher current density (-10 A m− 2),
as expected. The resulting faradaic efficiency towards methane ranged
between 28% and 57%. These values are relatively low in comparison to
recent literature (Kracke et al., 2020; Liu et al., 2018; Vidales et al.,
2019; Zhou et al., 2021). Specially, biocathodes R.5(1), R.5CD(2) and
R.10CD(2) show comparatively lower faradaic efficiency when
compared to their duplicates. Interestingly, as shown in Fig. 1, these
biocathodes also show more negative cathode potentials in comparison
to their duplicates during the corresponding sampling periods. There
fore, the development/increase in cathode potential for those reactors
seems to be related to developing/increasing methane production rates.
Hence, the low cathode overpotential cannot explain the low faradaic
efficiency. Nevertheless, methane losses when flushing the catholyte
recirculation bottle to open air with CO2 have not been excluded. Other
possible electron sinks leading to lower faradaic efficiency towards
methane are by-products, besides hydrogen and acetate, as can be the
case of formate (Reda et al., 2008; van Eerten-Jansen et al., 2015).
Additionally, biomass growth was not quantified and this can be an
important electron sink. In respect, reactor optimization and further
analysis are important factors for future consideration.
In this study the biocathodes were operated under galvanostatic

3.2. Methane production and energy efficiency are crucial in order to
evaluate and compare the performance of the eight biocathodes.
Two important parameters when analysing the performance of a
methane-producing biocathode are methane production rate and energy
efficiency. The higher the supply of electrons (/electron donors) the
higher methane production rates are expected. In this sense, the bio
cathodes can be either operated at high current densities or at higher
cathode overpotentials, which in turn lead to higher current densities
(Geppert et al., 2016). Nevertheless, high overpotentials do not come
without the consequence of larger voltage losses, in turn impacting
energy efficiency. Therefore, in order to optimize the performance of a
methane-producing biocathode, one must attempt to balance high
4
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Fig. 3. Bar graphs of methane (dark blue) and hydrogen (red) production rate (L m− 2 d-1) for reactors R.5CD(1), R.5CD(2), R.5(1), R.5(2), R.10CD(1), R.10CD(2),
R.10(1) and R.10(2), respectively, throughout the sampling days of the experimental runs. Red text above bars corresponds to the total production rate for those bars
which are not clearly represented within the chosen y axis limits (R.5(2), R.10CD(1) and R.10CD(2)). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Table 1
Methane production rate, faradaic efficiency towards methane, voltage efficiency and energy efficiency for the eight reactors.
Reactor (R.)
Sampling days
Methane production rate (L m−

2

d-1)

Faradaic efficiency to methane (%)
Voltage efficiency (%)
Energy efficiency (%)

5(1)

5(2)

5CD(1)

5CD(2)

10(1)

10(2)

10CD(1)

10CD(2)

33–40
3.3 ± 0.7

17–24
5.5 ± 0.6

33–40
5.1 ± 0.7

33–40
4.0 ± 0.8

33–40
7.0 ± 1.5

19–24
11.5 ± 0.8

19–24
13.4 ± 1.0

13–17
8.2 ± 1.3

28
44
12

46
44
20

43
46
20

34
44
15

30
33
10

49
33
16

57
37
21

35
38
13

control at two different current densities. Voltage efficiency ranged
between 33% and 46%, being slightly lower for all reactors controlled at
− 10 A m− 2 when compared to those controlled at − 5 A m− 2. This
translates in increased losses in the former, as expected, since losses
increase when the reaction rate increases. Additionally, the most rele
vant observation is the lower voltage efficiency seen for the reactors
controlled at − 10 A m− 2 without employment of charge/discharge re
gimes in comparison to all others, including those controlled at − 10 A
m− 2 with employment of charge/discharge regimes. This lower voltage
efficiency is, therefore, a direct consequence of the higher cathode
overpotential. With this said, 1) it is important to further investigate the
effect of charge/discharge regimes and possibly other electrochemical
techniques on optimizing voltage efficiency and 2) operation under
galvanostatic control can be seen as a strategy to increase voltage effi
ciency as it allows the cathode potential to increase over time. Although
understudied, one other reported strategy to decrease cathode over
potential in methane-producing biocathodes has relied on galvanostatic
control of electrodes, in this case with the aim to reduce the over
potential for hydrogen evolution through use of catalysts (Kracke et al.,
2020, 2019). At ten times the current density (-100 A m-2membrane surface
area) and higher methane production rates (at 98% faradaic efficiency) a
potential of − 0.86 V vs Ag/AgCl (-0.65 V vs SHE) was observed (Kracke
et al., 2020), which is more negative compared to the cathode potential
reported in this study.
The energy efficiency of the set-ups ranged between 10% and 21%,
slightly lower than recently reported (Vidales et al., 2019), although few
studies on methane-producing biocathodes have reported energy effi
ciency at all (Liu, 2018; Vidales et al., 2019). Additionally, energy ef
ficiency differs between duplicates as a result of different values of
faradaic efficiency towards methane. As discussed above, this can be
explained by comparatively lower faradaic efficiency towards methane
when sampling during earlier “development stage” in comparison to the
replicates (see also potential development in Fig. 1).

cathode potential of four biocathodes under conditions with and without
CO2 was measured. For this experiment three reactors in which increase
of cathode potential was observed during the continuous experiment
(R.5(1), R.5CD(1) and R.5CD(2)) and one reactor which showed no
potential development (R.10(1)) were selected. Results are shown in
Fig. 4.
When the catholyte was flushed with N2 alone, cathode potentials of
R.5(1), R.5CD(1) and R.5CD(2) gradually decreased to around − 0.9 V
(Fig. 4). Moreover, the cathode potential for R.10(1) rapidly decreased
to values below − 0.9 V reaching an equilibrium after 12 h. Compara
tively, when CO2 was replenished in the catholyte the cathode potential
for R.5(1), R.5CD(1) and R.5CD(2) increased close to the previously
measured values between approximately − 0.55 V and − 0.65 V. In
contrast, the biocathode potential for R.10(1) remained below − 0.9 V in
the presence of CO2, similarly to when CO2 was absent. These results
suggest that 1) The resulting low overpotential for R.5(1), R.5CD(1) and
R.5CD(2) is related to the presence of CO2 and most likely its reduction
to methane; 2) In the absence of CO2 R.5(1), R.5CD(1) and R.5CD(2)
reach potentials close to − 0.9 V vs Ag/AgCl, indicating a similar
reduction process as R10(1) in the presence and absence of CO2, most
likely hydrogen formation, although this was not confirmed via mea
surements. Potentials in the range of − 0.9 V have been associated in
recent studies to hydrogen-mediated electromethanogenesis (Kracke
et al., 2020).
Additionally, the theoretical thermodynamic equilibrium potential
for CO2 reduction to methane is − 0.46 V vs Ag/AgCl (3 M KCl) and for
hydrogen evolution is − 0.63 V vs Ag/AgCl (3 M KCl) under experi
mental conditions (T = 30 ◦ C, pH = 7) and assuming P = 1 bar (BeeseVasbender et al., 2015). Only at extremely low hydrogen partial pres
sures (100 µbar) is the thermodynamic potential for hydrogen evolution
close to − 0.51 V, thus comparable to the cathodic potential achieved by
R.5(1), R.10CD(1) and R.10CD(2) after 30 days of operation. However,
methanogenic activity was similar in R.10(1) in comparison to the other
reactors. Therefore, R.10(1) may have experienced similar hydrogen
partial pressure, which in turn would not explain the lower cathode
potential recorded in that reactor. Nevertheless, it has been recently
reported that the microbiome in methane-producing biocathodes de
velops differently depending on the applied voltage (Flores-Rodriguez

3.3. Cathode potential correlated with biological CO2 reduction.
To further investigate the correlation between CO2 reduction and the
resulting cathode potential of the methane-producing biocathodes, the

Fig. 4. Observed cathode potential over time for R.5(1), R.5CD(1), R.5CD(2) and R.10(1) in the absence and presence of CO2.
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4. Conclusion
In this research it is shown that a cathode potential of − 0.50 V vs Ag/
AgCl can be reached in methane-producing biocathodes. Moreover, it is
observed that increasing cathode potential in methane-producing bio
cathodes is dependent on applied current density and on employment or
not of charge/discharge tests. Furthermore, it was observed that in
absence of CO2 the cathode potential of the set-ups, that had shown
increased cathode potential, decreased from − 0.5 V to − 0.9 V
(approximately). Low cathode overpotential allows higher voltage effi
ciency, hence leading to higher energy efficiency in biocathodes with
similar methanogenic activity.
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