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A B S T R A C T   

Methanogenic biocathodes (MB) can convert CO2 and electricity into methane. This feature, that allows them to 
potentially be used for long-term electrical energy storage, has aroused great interest during the past 10 years. 
MB can also operate as biological supercapacitors, a characteristic that can be exploited for short-term energy 
storage and that has received much less attention. In this study, we investigate the electrical charge storage 
capabilities of carbon-felt-based MB modified with graphene oxide. The charge-discharge experiments revealed 
that the potential of the electrode plays an important role during the discharging period: low potentials (− 1.2 V 
vs Ag/AgCl) created an inrush of faradaic current that masked any capacitive current. At more positive potentials 
(− 0.8 V vs Ag/AgCl), the biological electrodes were outperformed by the abiotic electrodes, and only when the 
potential was set at − 1.0 V vs Ag/AgCl the graphene-modified biological electrode showed its superior charge 
storage capacity. Overall, results indicated that the graphene modification is crucial to obtain bioelectrodes with 
improved capacitance: untreated bioelectrodes showed a charge storage capacity inferior to that measured in the 
abiotic electrodes.   

1. Introduction 

In recent years, national and international institutions have set 
various targets for expanding the use of renewable energy, which has led 
to the installation of increasing amounts of renewable power across the 
globe. For example, in Spain, the share of renewables in power pro-
duction has dramatically increased in the past 3 years, escalating from 
38 % in 2018 to 47 % in 2021 [1]. However, the high penetration of 
renewable power sources –with their associated intermittent and 
inconsistent energy production profiles– usually results in surpluses of 
energy, that if not conveniently addressed can be lost (i.e.: curtailments) 
and/or cause severe stability issues to the grid [2]. It is thus expected 
that future power systems will need to implement large storage capacity 
to balance supply and demand on a real-time basis [3]. Currently, more 
than 90 % of the worldwide storage capacity corresponds to pumping 
hydropower [4]. Other less conventional technologies such as batteries 
or compressed air are moving towards commercial application, although 
they still require intensive research and ground-breaking developments 
to reduce costs and improve performance [5]. 

Bioelectrochemical systems (BES) can be seen as electrochemical 
devices in which at least one of the electrode reactions is biologically 
catalysed. In addition, and like any other electrochemical system, BES 

are reversible, which means that they can operate in galvanic mode and 
in electrolytic mode. The later allows BES to convert electrical energy 
into chemical energy, usually in the form of methane, hydrogen and/or 
other value-added products [6]. The process of converting electricity 
into methane in a BES is usually referred to as microbial electro-
methanogenesis (EM) [7]. By its very nature, EM can be classified 
among the Power-to-gas technologies, as it can potentially be used to 
store any surplus of renewable energy into methane [8]. In recent years, 
a growing number of studies exploring the potential of EM as an energy 
storage technology have been published, with emphasis on different 
aspects such as the influence of different operational parameters [9–11], 
reactor configuration [12], electrode materials [13,14] or the integra-
tion with renewable energies [15,16]. 

Another interesting feature of BES is that bioelectrodes can work as 
biological supercapacitors [17–19], thus enabling the storage of elec-
trical energy on their surface. The inherent capacitive character of 
bioanodes have received significant attention since 2005, when Ier-
opoulos et al. [20] proved that they can store electrical charge when left 
in open circuit conditions. Later studies showed that fast redox reactions 
of the bacterial cytochromes present in electroactive biofilms makes 
them behave as pseudo-capacitors [21]. In Ter Heijne et al. [18], the 
authors proved that it is possible to measure separately the individual 
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contribution of the electrode and the biofilm to the total bioelectrode 
(pseudo)-capacitance, reporting that the capacitance of the bioanode 
increased from 2 μF⋅cm− 2 to 450 μF⋅cm− 2 during biofilm growth. Deeke 
et al. [22] compared two plain graphite electrodes, one coated with a 
mixture of activated carbon powder and a polymer solution, which is 
called “capacitive” and the other unmodified, called “non-capacitive”. 
The authors found that the bioanode that developed on the capacitive 
electrode was able to recover 52.9 % more charge than the non- 
capacitive electrode. It has also been demonstrated that the inherent 
capacitance of bioanodes can be exploited to increase power density 
production in microbial fuel cells by alternating open and close circuit 
operation [22,23]. 

Much less attention has been paid to the energy storage capabilities 
of biocathodes. To the best of our knowledge, only the work of Gomez 
Vidales et al. [24] have addressed the study of capacitance of meth-
anogenic biocathodes. In the referred study, the authors used electro-
chemical characterisation analyses to show a progressive increase in the 
internal capacitance of the whole cell from 2.4 F to 3.6 F, a result that 
suggest that biocathodes can be used not only for long-term energy 
storage (following a power-to-gas approach) but also for short-term 
energy storage (in the form of an electric field in the electrode) [24]. 
Moreover, capacitive biocathodes can also provide a more flexible 
operation of BES as the charge storage in the electrode can buffer dis-
continuities in the power supply, a feature of great relevance within the 
context of high penetration of renewable energies [25]. Therefore, this is 
a topic worth investigating and so in the present study we aim at gaining 
a deeper understanding of the charge storage capabilities of biocathodes 
by investigating the effect of the duration of the charge/discharge pe-
riods, the polarization potential during discharge, and the modification 
of the supporting electrode with graphene oxide. 

2. Materials and methods 

2.1. Reactors setup and operational conditions 

Two pieces (7.0 cm × 3.0 cm × 0.5 cm each) of carbon felt (soft felt 
SIGRATHERM GDF-2, SGL Carbon Group, Wiesbaden, Germany) were 

used as working electrodes, and were pre-treated according to method 
described in [26]. One of them was modified with graphene oxide 
following the method described in Section 2.2, while the other remained 
unmodified. The charge storage capabilities were studied in abiotic 
conditions (uncultured electrodes) and in biotic conditions (cultured 
electrodes with biocatalytic activity). This resulted in 4 different types of 
electrodes, that will be referred to as: 

ACGO: Abiotic Cathode modified with Graphene Oxide. 
ACUM: Abiotic Cathode UnModified. 
BCGO: Biotic Cathode modified with Graphene Oxide. 
BCUM: Biotic Cathode UnModified. 

The biotic electrodes were cultured independently using two double- 
chamber H-cell reactors that consisted of two identical 500 mL glass 
bottles (Adams & Chittenden, Scientific glass; USA) separated by a 
cation exchange membrane (Fig. 1). A platinum wire mesh (2 cm × 2 
cm, Goodfellow, UK) was place in the anode and served as a counter 
electrode. An Ag/AgCl (3 M KCl) reference electrode (Sigma-Aldrich® 
glass reference electrode, glass 12 mm; Germany) was placed in the 
cathode chamber in the vicinity of the working electrodes. The reactors 
were kept inside a temperature-controlled chamber (Fitotron, SANYO) 
that maintained the temperature at 30 ± 0.5 ◦C and were stirred at 250 
rpm (Magnetic stirrer plate IKA-WERKE RO 15, Germany) to prevent 
mass transfer limitations. 

The biotic electrodes were inoculated with the effluent from the 
cathodic chamber of a CH4-producing microbial electrosynthesis cell 
that has been operated in our laboratory for +200 days (80 % inoculum 
and 20 % culture medium, adjusting to pH 7), and were polarized at 
− 1.0 V vs. Ag/AgCl (3 M KCl) using a multichannel Biologic VSP 
potentiostat (Seyssinet-Pariset, France) equipped with an EC-Lab soft-
ware (vs. 11.36) to promote the development of electroactive cath-
odophilic communities. The activation of the electrodes was carried out 
in batch mode with a cycle duration of 4–5 days, and it took 15–17 
cycles for the electrodes to produce fairly reproducible current profiles 
across cycles. The biocathodes were allowed an additional maturation 
period of 15 cycles before the electrochemical characterisation and the 

Fig. 1. Lab reactor configuration.  
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charge/discharge test begun. The catholyte (culture medium) consisted 
of 3.21 g K2HPO4, 1.57 g KH2PO4, 0.01 g CaCl2, 0.09 g MgCl2, 0.01 g 
MgSO4 and 0.28 g NH4Cl (pH 7.1); 1 mL of mineral solution and 1 mL of 
vitamin solution per litter [27]. The same medium was used for the 
anolyte, although without the vitamin solution to avoid the growth of 
microorganisms. Both the anolyte and catholyte were replaced with 
fresh medium at the beginning of each cycle. The catholyte was bubbled 
with nitrogen for 15 min to maintain anoxic conditions, and after closing 
the reactor, 350 mL of CO2 gas were fed to the cathode chamber with the 
aid of a 1 L gas-bag (Ritter, Germany). 

2.2. Graphene oxide electrodeposition and electrodes surface 
characterisation 

ACGO and BCGO electrodes were modified by electrodeposition of 
graphene oxide (GO; 4 mg mL− 1 dispersion in H2O, SIGMA-ALDRICH 
Chemie GmbH, Germany). The electrodeposition was performed in an 
oxygen-free environment (nitrogen bubbling) using the Biologic VSP 
potentiostat and following the methodology described elsewhere [28]. 
The counter electrode was a platinum wire mesh (2 cm × 2 cm, Good-
fellow, UK). 

The microstructure of the abiotic electrodes was examined by means 
of JEOL JSM-6480LV scanning electron microscope (SEM) following the 
methodology reported in [28], to assess the correct electrodeposition on 
the carbon electrodes. The electrode surfaces were carefully cut, rinsed 
in deionised water, and dried at room temperature. Prior to SEM anal-
ysis, the specimens were sprayed with a thin layer of gold using a Leica 
EM ACE600 equipment. 

2.3. Electrochemical characterisation and charge-discharge tests 

The electrochemical performance of the electrodes was characterised 
by means of cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS) techniques. CVs were conducted under no-turnover 
conditions at a scan rate of 5 mV⋅s− 1 in a potential window between 
− 1.2 V and 0 V. EIS analyses were carried out in a frequency range 
between 105 and 10− 2 Hz and the electrode was polarized at the open 
circuit voltage. 

The energy storage capabilities of the electrodes were also investi-
gated by means of charge-discharge experiments at different cycles' 
duration as summarized in Table 1. The charging of the electrodes 
occurred in open circuit conditions, while the discharging took place at a 
fixed potential (− 0.8, − 1.0 and − 1.2 V vs Ag/AgCl). The combination of 
the 5 charge-discharge cycles and 3 discharging potentials resulted in 15 
different experimental conditions. In addition, each condition was 
maintained through ten consecutive cycles. Prior to every new experi-
mental condition, the electrodes were fully discharge for one hour at a 
potential of − 1.0 V. To clarify this, and by way of example, Fig. 3 rep-
resents the experimental sequence for test number 1 in Table 1. 

2.4. Calculations 

The total charge density (Qt, C⋅m− 2) was calculated by integrating 
the measured current density (ρi, A⋅m− 2) —represented by the green line 
in Fig. 2b—, over the discharging time (Eq. (1)): 

Qt =

∫ t2

t1
ρidt (1)  

where t1 and t2 are the initial and final discharging times in seconds. 
Qt is made of two components: the faradaic charge (Qf, C⋅m− 2), 

associated to (bio)-electrochemical reactions, and the capacitive charge 
(Qc, C⋅m− 2), that has to do with the (pseudo)-capacitive charge-storage 
phenomena. The current profiles of bioelectrodes typically display a 
sharp peak current upon reconnection that attenuates in time to a steady 
state current (Fig. 2b). Following [22], we assume that the steady state 
current corresponds to the faradaic component (ρf) of total current, and 
therefore Qf can be calculated as: 

Qf = ρf (t2 − t1) (2)  

which corresponds to the blue shaded area in Fig. 2b. The orange shaded 
area Qc, which can be assimilated to the capacitive charge released 
during the discharge period, can then be computed as: 

Qc = Qt − Qf (3) 

The charge storage efficiency (ηQc) is a parameter used in this study 
to estimate the fraction of the total circulating charge that corresponds 
to capacitive charge. It is calculated according to the following 
expression: 

ηQc =
Qc

Qt
(4)  

3. Results and discussion 

The aim of this study is to explore the energy storage capabilities of 
carbon-felt-based methanogenic biocathodes under two circumstances, 
namely: with and without graphene oxide, by conducting charge- 
discharge experiments. Sections 3.1 and 3.2 will provide an electro-
chemical characterisation of the electrodes in abiotic and biotic condi-
tions respectively, while Section 3.3 contains the results of the charge- 
discharge experiments, where we estimate the actual charge storage 
capabilities of the electrodes. 

The graphene oxide electrodeposition was made through consecu-
tives CV cycles (see Section 2.2), and the resulting CV profiles can be 
seen in the Supplementary information (Appendix A, Fig. A.1). SEM 
images at ×500 magnification (Fig. 3) confirm the electrodeposition and 
show that the graphene oxide treated cathode (ACGO) is coated with an 
amorphous layer of graphene (Fig. 3b), that covers and extends between 
consecutive fibres, forming a discontinuous coating. Similar SEM images 
have been obtained in previous studies after the electrodeposition of 
carbon felt electrodes with graphene oxide [28–30]. 

3.1. Electrochemical characterisation of electrodes in abiotic conditions 

Following the graphene oxide electrodeposition, the abiotic elec-
trodes were electrochemically characterised by means of CV tests 
(Fig. 4a). Although neither of the abiotic electrodes (ACGO and ACUM) 
revealed significant electrochemical activity, the voltammogram of the 
ACGO was wider than that of the ACUM, which reveals a higher electrical 
capacitance. This could be linked to the higher roughness of the ACGO 
electrode (as revealed by the SEM images in Fig. 3b) which results in a 
higher specific surface area [22] and therefore a higher double layer 
capacitance. 

The electrochemical characterisation was complemented by EIS an-
alyses (Fig. 4b). The resulting data were fitted to a modified Randle's 
equivalent electrical circuit (EEC) model (Fig. 4c) consisting of a an 
ohmic resistance (RS), a charge transfer resistance (RCT), a constant 
phase element (CPE) and an open Warburg element [31]. The corre-
sponding model parameters for the abiotic electrodes are given in 
Table 2. 

Table 1 
Charge-discharge timing selected for the different experiments.  

Test nr. Charging time (min) Discharging time (min)  

1  1  3  
2  5  10  
3  10  20  
4  15  30  
5  30  60  
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Contrary to our expectations, the RCT —that essentially represents 
the resistance of electron transfer between phases (e.g., electrode-elec-
trolyte)— was almost 80 % lower in the ACUM electrode compared to the 
ACGO, indicating that the graphene oxide coating might be deteriorating 
the kinetics of the electron transfer for any abiotic background reaction. 
The CPE, which is related to double-layer capacitance in solid 3D elec-
trodes [32], usually appears in the EEC of electrodes with fractal 

interface geometry [33] and/or defects that causes inhomogeneous 
current distribution [34,35]. It is defined by two parameters: Q and n. 
Parameter “n” adopts values between 0 and 1, and the higher it is the 
closer the CPE gets to an ideal capacitor. In addition, the double-layer 
capacitance of electrodes with CPE behaviour is proportional to the 
parameter Q [36], which in this study is almost 3 times larger in the 
ACGO electrode, indicating that the graphene-treated electrode displays 

Fig. 2. a) Experimental sequence for test nr. 1 in Table 1, and b) Theoretical charge-discharge current profile. The total charge (Qt) is made of two components: the 
faradaic charge (Qf, blue shaded area) and the capacitive charge (Qc, orange shaded area). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 3. SEM images of the abiotic electrodes before (left) and after (right) graphene oxide electrodeposition (×500 magnification).  
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a larger capacitance compared to the unmodified one, something that is 
coherent with the CV results. 

Parameter RS, that models the total ohmic resistances —comprising 
the electrolyte, the electrode and the contact resistance between the 
electrode and the current collector [10]— was, as expected, similar in 
both electrodes as they were immersed in the same electrolyte and 
assembled in a similar way. 

3.2. Electrochemical characterisation of the biologically activated 
electrodes 

Following the abiotic characterisation, the electrodes were inocu-
lated and polarized at − 1.0 V to promote the formation of an electro-
active biofilm [9,13]. The biocathode that resulted from the graphene- 
oxide electrodeposited electrode will be referred to as BCGO, while the 
biocathode that developed on the bare carbon felt electrode will be 
named BCUM. 

Current started to grow on both electrodes after 2 cycles (approx. 10 
days), and after 15 cycles the current profiles began to be repeatable 
(Fig. 5a shows the last 2 cycles), achieving a maximum peak current of 
− 0.69 A⋅m− 2 for BCUM and − 0.92 A⋅m− 2 for BCGO. In addition, the 
biocathodes were allowed 10 additional cycles to make sure that the 

microbial biofilms were mature enough before characterisation. As with 
the abiotic electrodes, the electrochemical performance of the bio-
electrodes was assessed by means of CV and EIS tests (Fig. 5b and c 
respectively). 

The most prominent feature of the biotic electrodes (compared to 
abiotic ones) was perhaps the appearance of a large catalytic wave 
clearly visible at potentials below − 0.9 V, that can be attributed to the 
hydrogen evolution reaction [9,13]. The size of the peak was distinc-
tively larger (absolute value) for the BCGO, which indicates an enhanced 
biocatalytic activity, most probably due to the presence of the graphene- 
oxide coating. In addition, the voltammogram recorded on the BCGO was 
wider than that on the BCUM, which is indicative of a larger capacitance. 
These results corroborate the beneficial impact of graphene on the 
performance of bioelectrodes (for both bioanodes [28,37,38], and bio-
cathodes [13,39,40]). 

The EEC that resulted from the EIS analyses was similar to that ob-
tained for the abiotic electrodes, although it required additional ele-
ments to suitably fit EIS data (Fig. 5d): in addition to RS, RCT, CPE and W 
(originally present in the abiotic EEC), the biotic circuits incorporated 
two additional elements: a resistance (RBIO) and a capacitance (CBIO), 
that can be attributed to the ohmic resistance and capacitance of the 
electroactive biofilm [18]. The fitted parameters of the EEC for the biotic 
electrodes are collected in Table 3. 

In contrast to the results obtained for the abiotic electrodes, where 
graphene electrodeposition negatively affected the charge transfer 
resistance, the biocathode that contained graphene (BCGO) presented a 
much lower charge transfer resistance (RCT in Table 3) compared to 
BCUM. This indicates that graphene favoured the exchange of electrons 
between the electrode and the biofilm, which is coherent with the larger 
catalytic wave obtained for the BCGO (Fig. 5b). In addition, the ohmic 
resistance of the biofilm (RBIO in Table 3), and the two parameters 

Fig. 4. Electrochemical characterisation of the abiotic electrodes: a) CV results, b) EIS results (Nyquist plot) and c) the equivalent electrical circuit used to fit the 
EIS data. 

Table 2 
EIS fitting data for the biotic electrodes: ACUM and ACGO.  

Parameter Units ACUM ACGO 

RS Ω 4.1 3.5 
RCT Ω 11.8 57.7 
Q F⋅s(n-1) 1.6E-4 3.9E-4 
n – 0.76 0.77  
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related to charge storage (CPE and CBIO) were around three times more 
favourable in the BCGO electrode. This again can be attributed to the 
graphene coating that, as observed in other studies, increases the 
robustness of the electrode and allows a better grip and growth of the 
electroactive biofilm [22,29,30]. 

3.3. Charge-discharge experiments 

The results presented in the previous sections suggest superior en-
ergy storage capabilities of the graphene treated electrodes (both in 
abiotic and biotic conditions). To confirm these results and to provide a 
more explicit quantification of the charge storage capacities, the biotic 
and abiotic electrodes were subjected to a set charge-discharge experi-
ments. In these experiments, charging periods (open circuit conditions) 
were alternated with discharging periods at three different poised po-
tentials: − 1.2 V, − 1.0 V and − 0.8 V. In addition, and to investigate 

whether the duration of cycling has any influence on the stability of the 
electrodes, the length of charging and the discharging intervals was 
varied. Fig. 6 presents, by way of example, the potential and current 
density profiles for a charging time of 10 min and discharging time of 20 
min. The whole series of current and potential profiles for all the elec-
trodes and cycling durations can be consulted in the Supplementary 
material (Appendix A, Figs. A.2 & A.3). 

The potential profiles of the abiotic electrodes obtained during the 
charging period differed significantly from those of the biotic electrodes 
(Fig. 6a). In the former (green and grey lines in Fig. 6a), the potential 
increases steadily throughout the charging, and does not seem to 
converge to any stable potential. This was especially visible for the ACUM 
electrode, in which the potential increased more rapidly, achieving 
higher final potentials. Contrastingly, the potential in the ACGO elec-
trode grew at a lower rate, which is indicative of a larger time constant, 
being consistent with the larger capacitance and the larger charge 
transfer resistance measured for this electrode (Table 2). 

Unlike the abiotic electrodes, the potential profiles of the biotic 
electrodes (orange and blue lines in Fig. 6a) were fairly similar between 
them, regardless of the presence of graphene. The biotic potential pro-
files showed two distinctive sections that were apparently absent in the 
abiotic ones: initially, and just after disconnection, potential raised 
almost immediately, evolving more gradually in the following seconds, 
and converging to a final potential of about − 0.73 V. This behaviour 
suggests the existence of two different time constants, something that 
would be coherent with the existence of two energy storage elements in 
the equivalent electric circuit (CPE and CBIO). 

Fig. 5. Characterisation of the biotic electrodes: a) current profiles recorded during the last 2 cycles of the start-up period; b) CV results; c) EIS results (Nyquist plot); 
and d) equivalent electrical circuit used to fit EIS results. 

Table 3 
EIS fitting data for the biotic electrodes: BCUM and BCGO.  

Parameter Units BCUM BCGO 

RS Ω 1.3 2.5 
RCT Ω 106.1 13.27 
Q F⋅s(n-1) 1.1E-3 3.7E-03 
n – 0.50 0.48 
RBio Ω 255.4 107.7 
CBio mF 38.6 93.4  

D. Carrillo-Peña et al.                                                                                                                                                                                                                          



Journal of Energy Storage 76 (2024) 109789

7

Although the total charge stored during the charging period cannot 
be directly measured (because it is not possible to measure current), it 
can be roughly estimated through the expression C×

(
Vf − Vi

)
, which 

corresponds to the charge stored in an ideal capacitor when potential 
evolves from Vi (initial potential) to Vf (final potential). The parameter 
“C”, that represents the capacitance (in Farads) of biotic electrodes, can 
be directly obtained from Table 3. In addition, and as mentioned above, 
the CPE also contributes to the overall double-layer capacitance of both 
biotic and abiotic electrodes [36]. This contribution can be estimated 
from the parameter “Q” (Tables 2 and 3), as the double layer capacitance 
of an electrode with CPE behaviour is proportional to Q [36]. However, 
the values of Vi and Vf cannot be directly measured for the individual 

elements of the EEC. Nevertheless, if we assume that the electrical po-
tential in these elements evolves following a trend similar to that of the 
electrode potential (Fig. 6a), then it is possible to have a rough (quali-
tative) estimate of the potential step they underwent. Thus, for the biotic 
electrodes, we can say that the BCGO is storing more charge that BCUM 
because the difference between Vi and Vf is slightly higher, and because 
the value of C in the two elements capable of storing charge (CBIO and 
CPE) is about 3 times larger. For the abiotic electrodes we find a more 
complex situation, as the electrode with the larger capacitance (ACGO) 
undergoes the smaller potential change (and vice versa) and therefore it 
is not possible to provide a straightforward estimate as with the biotic 
electrodes. 

Fig. 6. a) Potential profiles and b) current density profiles for 2 cycles of 10 min charging and 20 min discharging experiment. (For interpretation of the references to 
colour in this figure, the reader is referred to the web version of this article.) 
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The current released during the discharge periods (Fig. 6b) can 
potentially provide a better (quantitative) estimate of the charge stored 
(Qc), although this alternative also has its own limitations. This is 
because the measured current is made up of two components: the fara-
daic current –that involves (bio)-electrochemical reactions– and the 
capacitive (non-faradaic) current, that is related to charge storage 
phenomena. The latter, in turn, also has two components: a purely 
capacitive current connected to electrostatic processes (double-layer 
phenomena) and a pseudocapacitive current, produced by quick fara-
daic reactions [41], that in biological electrodes involves fast redox re-
actions of the bacterial cytochromes present in electroactive biofilms 
[42]. Although it is no easy to discriminate between the different con-
tributions [22], we have followed the method described in [22] to have 
an estimate of the charge stored/released. In the referred work it is 
assumed that the discharge of the electrodes is usually accompanied by a 
sharp peak of current (just upon reconnection) that attenuates in time 
towards a steady (or pseudo-steady) state current. By assuming that the 
steady state current corresponds to the faradaic current, we can 
approximate the amount of charge stored/released (that lumps together 
the capacitive and pseudocapacitive components) by subtracting the 
steady state-faradaic charge Qf from the total measured charge Qt 
following Eq. (4) (for more details, see Section 2.3 in M&M). 

As expected, Qt in any of the electrodes increased with the duration 

of the discharging period (Fig. 7), with the biotic electrodes always 
producing more charge at − 1.0 V and − 1.2 V. However, when the po-
tential was set at − 0.8 V, current production collapsed, and the abiotic 
electrodes showed a comparable and even superior performance. It 
seems that at − 0.8 V the electrotrophic activity becomes severely 
limited, and the biofilm acts as a barrier to any background current. It is 
also interesting to note that although graphene-oxide electrodeposition 
enhanced the performance of the biotic electrodes –a result reported in 
other studies [13,30,43]–, it hindered the production of faradic back-
ground current, which is consistent with lower charge transfer resistance 
for the ACUM (Table 2). This might be caused by the discontinuous 
graphene oxide coating visible in the SEM images (Fig. 3b), that might 
be blocking the entry of the electrolyte inside the electrode. 

The peaks associated to the release of (pseudo)-capacitive charge 
were always clearly visible in the abiotic electrodes. However, they 
apparently disappeared from the biotic ones for some charge-discharge 
periods at a discharging potential of − 1.2 V (Appendix A, Fig. A.3). For 
example, for a 10 min charging and 20 min discharging periods at − 1.2 
V (Fig. 6b), neither the BCUM nor the BCGO showed this peak. This can 
probably be attributed to the fact that the biocathodes were cultured at 
− 1.0 V, so polarizing them at a more reducing potential might be pro-
ducing an in-rush of faradaic current that masks any charge-release peak 
(the steady state faradaic current at − 1.2 V was about 3–4 times larger 

Fig. 7. Average total charge (Qt) of the electrodes at different charge-discharge times at: a) − 1.2 V; b) − 1.0 V; and c) − 0.8 V.  
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than that at − 1.0 V). Moreover, the current profiles at − 1.2 V were 
highly inconsistent across the different cycling periods (see Fig. A.3, 
Appendix A), also showing a significant amount of noise (especially in 
the BCUM), that might be related to unstable bioelectrochemical re-
actions at large polarization potentials. 

In contrast, when the discharging potential was set at − 1.0 V, the 
peaks associated to the release of stored charge became always clearly 
visible for the BCGO, and the amount of (pseudo)-capacitive charge they 
produced was far superior to any of the other electrodes. In addition, the 
current density evolved more gradually in them (Fig. A.3), revealing a 
larger time constant which again is indicative of a larger storage ca-
pacity, something that is coherent with results presented in Table 3. 

For the BCUM, the peaks at − 1.0 V were so thin that the amount of 
(pseudo-)capacitive charge they released was almost negligible, even 
falling below the capacitive current measured for the abiotic electrodes. 
When the discharge potential was set at − 0.8 V, the peaks became 
clearly discernible for all the electrodes. However, the amount of 
(pseudo)-capacitive charge produced by the biotic electrodes was al-
ways inferior to that of the abiotic ones. As mentioned above, it seems 
that the electroactivity of the biofilm at − 0.8 V not only gets greatly 
diminished, but it creates a barrier that hampers performance. This 

result might be indicating that only a small fraction of the charge stored/ 
released in the BCGO at − 1.0 V and − 1.2 V is related to double-layer 
(capacitive) phenomena, while most of it (between 94 and 98 %) is of 
pseudo-capacitive origin (i.e.: current related to the metabolic activity of 
the electroactive biofilm and not to double-layer phenomena). 

Results also indicate that, contrary to expectations, the ACUM elec-
trodes are capable of storing more charge than the ACGO (Fig. 8a), which 
is in apparent contradiction with the EIS results presented in Fig. 4b, 
where the ACGO electrode scored a larger capacitance (as estimated from 
the CPE). However, as the total charge stored depends not only on 
capacitance but also on the difference between initial and final electrode 
potential (which is higher for the ACUM, Fig. 6a), it can be hypothesized 
that the contribution of the potential step to charge storage is more 
determinant than the capacitance of the electrode. 

Finally, the charge storage capabilities of the electrodes were char-
acterised in terms of charge storage efficiency (ηQc), which compares the 
(pseudo)-capacitive current Qc against the total circulating current Qt for 
a particular charge/discharge cycle (using Eq. (4)). Results indicate that 
ηQc was almost always far superior for the abiotic electrodes, reaching a 
maximum for a charging period of 5 min (Fig. 8b). In addition, and 
despite its lower capacitance, the ACGO electrode always showed the 

Fig. 8. a) Charge storage (Qc), and b) recovery coefficient (ηQc) at different potential and charging times.  
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best performance regardless of the cycling duration and the discharging 
potential, achieving ηQc of up to 30 %. This can be possibly attributed to 
the lower background current compared to the ACUM. In contrast, the ηQc 
of the biotic electrodes was always below 5 % at discharging voltages of 
− 1.0 V and − 1.2 V, with the BCGO. 

4. Conclusions 

In this study we explore the charge storage capabilities of methane- 
producing biocathodes under two circumstances: with and without 
graphene oxide electrodeposition. Results seem to indicate that 
although the graphene electrodeposition has a positive effect in the 
electrochemical performance of the biotic electrodes, it deteriorates 
both the kinetics and the charge storage capabilities of the abiotic ones. 
It is also important to note that the energy storage capabilities of biotic 
electrode without graphene were greatly diminished, to such an extent, 
that even the abiotic electrodes showed a greater capacity in all the 
experimental conditions. For the graphene-treated electrode, the dis-
charging potential had a definite impact not only on current production 
but also on charge storage capacity: large potentials induced an inrush of 
faradaic current that in many cases masked any peak associated to the 
release of capacitive charge. These peaks became clearly visible at low 
potentials, although the charge stored in them was lower than that of 
abiotic electrodes. Finally, results indicated that more than 90 % of the 
charge stored in the biotic electrode treated with graphene was due to 
pseudo-capacitive phenomena (i.e.: fast redox reactions). 
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