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Abstract 

Supercapacitive microbial fuel cells (SC-MFCs) are an emerging and promising 

field that has captured the attention of scientists in the past few years. This hybridization 

consists in the integration of supercapacitive features in the MFC electrodes in order to 

boost the performance output. MFCs provide the red-ox reactions occurring at the two 

electrodes therefore self-polarizing the electrodes. The electrodes can be discharged 

galvanostatically and then self-recharged by the red-ox reactions. During the discharge, 

two main phenomena named electrostatic discharge and faradaic current take place but the 

separation and quantification of the two contributes seem to be challenging. Galvanostatic 

discharges produce at least one order of magnitude higher current/power compared to 

continuous operations making it promising for pulsed type applications.  

 

Keywords: Microbial fuel cells, Supercapacitive, discharges, self-recharges, high 

power/current generation 

 

Introduction 



 

Microbial fuel cells (MFCs) is a promising biotechnology capable of utilizing 

organic molecules as fuel for producing electricity [1-2]. At the anode of the MFCs, 

electroactive bacteria are the (bio)catalyst oxidizing organic matter [1-2]. Different simple 

and complex organic molecules were degraded in MFCs [3-4]. At the cathode, a reduction 

reaction occurs where an oxidant is reduced. Usually, oxygen is the most used due to its 

high red-ox potential and natural availability [5]. Advancements were done in MFC 

electrodes material for enhancing the biotic/abiotic interface at the anode [6-7] and 

accelerating the oxygen reduction reaction (ORR) at the cathode [8-9]. The main bottleneck 

of the MFC technology is the low current/power produced due to the sluggish anodic and 

cathodic kinetics and not optimal operating conditions [1]. Several strategies have been 

pursued for enhancing MFC performance. Stacking separate modules in series and/or 

parallel MFCs were done in order to boost up voltage and current respectively [10-12]. 

MFC coupled with external storage unit (e.g. capacitors, supercapacitors, battery) or power 

management systems is another strategy for recovery, store and utilize the energy produced 

for practical application [13]. A recent review describes the practical energy harvesting 

techniques and technologies in MFC [13]. Robots were the first successful practical 

application in which the energy produced by MFC was harvested and used [14-17]. Only 

very recently, scientists have considered another strategy for boosting up performance 

following the integration of supercapacitive features into the electrode of MFCs [18-20]. 

In this review, the working principles of supercapacitive MFCs are discusses. Diverse 

approaches based on enhancing the output such as increasing the cathode potential or 

adding a capacitive additional electrode are introduced. Advantages of this hybridization 

are reported and discussed. The integration of supercapacitive features in MFCs having 

different designs is presented. 

 

Electrical double layer capacitors (EDLCs) 

 

Electrical double layer capacitors (EDLCs) are energy storage electrochemical 

systems composed by two electrodes (negative and positive) and a liquid electrolyte [21-

22]. The electrodes are externally polarized negatively and positively respectively and 



electrolyte counter ions are electrostatically attracted at the electrode surface creating a 

double layer [21-22]. Once charged, the electrodes can be discharged, electrons 

accumulated on the electrodes move through the external circuit generating electricity and 

counter ions are released in the electrolyte [21-22]. The electrodes polarity is reestablished 

with the external power source. Cycles of discharge/recharge can theoretically occur 

infinite numbers of time [21-22].  

Different than batteries, the energy in EDLC is stored only electrostatically and 

therefore the energy accumulated is much smaller. The main advantages of EDLC over 

batteries are: i) much faster charge/discharge; ii) more durability (higher number of 

charge/discharge cycles); iii) can be charged at any voltage limited only by the electrolyte 

electrochemical stability [23-24]. 

 

Hybridization of supercapacitors with microbial fuel cell 



 
Figure 1.	 Supercapacitive microbial fuel cell (SC-MFC). While in open circuit, an 

electrical double layer (EDL) is formed on the anode and the cathode (A). During 

discharge, the charges on the electrode/electrolyte interface are released in the solution and 

the circuit is closed (B). SC-MFC with an additional electrode (AdE) short-circuited with 

the cathode during EDL formation (C). SC-MFC with AdE during galvanostatic discharge 

(D). In this specific case: RAdE << RC and CAdE >> CC. Equivalent circuits are drawn under 

the Figure. Figure adapted from ref. [27], Caizán-Juanarena L, Borsje C, Sleutels T, 

Yntema D, Santoro C, Ieropoulos I, Soavi F, Ter Heijne A: Combination of 

bioelectrochemical systems and electrochemical capacitors: Principles, analysis and 
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opportunities. Biotechnol Adv 2019, 107456, Elsevier, under licence CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/).   

 

Generally, MFCs have carbonaceous electrodes that being of the same materials 

composition, initially, once inserted in the same abiotic oxygen-free electrolyte have a 

difference in equilibrium potential of ≈0 mV [21]. Once MFCs are inoculated with 

activated sludge and connected to an external load, two main environments are created. 

The anode is colonized by electroactive bacteria that act as biocatalysts for the oxidation 

reaction. Oxygen is consumed and anaerobic conditions are established [25]. Therefore, 

the electrode is negatively polarized and the potential moves towards negative values [25]. 

In parallel, the cathode is exposed to air and oxygen is used for the ORR. The cathode 

electrode is positively polarized and the potential moves towards positive values [26].  

As consequence of these two different established bioelectrochemical 

environments, the electrodes are polarized (Figure 1A). Electrochemical double layers are 

therefore set at each electrode/electrolyte interface (Figure 1A). At the cathode surface, the 

excess of positive charges is balanced by electrolyte anions. In parallel, on the anode 

surface, the excess of negative charges is counterbalanced by the electrolyte cations (Figure 

1A) [27]. Opposite charges moves from the electrolyte to the charged electrodes forming 

an electrochemical double layer at each electrode/electrolyte interface. In such condition, 

the cell can be described as a charged EDLC. The anode and cathode of MFCs are behaving 

like the negative and positive electrode of an internal supercapacitor that can be discharged 

and thank to the different anaerobic and aerobic environments set at the bio-anode and the 

oxygen cathode, and to the specific bio-electrochemical environment [27]. 

Once left in rest conditions and a stable output is reached, the electrodes can be discharged 

electrostatically, the electrode charges are neutralized and the counterions are released in 

the electrolyte (Figure 1B). The energy stored electrostatically on the electrodes can then 

be released to an external load (Figure 1B) [27]. Once the discharge is completed, the 

electrodes are self-recharged at their initial potential value, self-polarized and an 

electrochemical double layer is formed on each electrode. The internal EDLC is, therefore 

self-recharged [27]. Different kind of discharges can be performed. Galvanostatic (GLV) 

disharges can be run by setting a discharge cut-off voltage (e.g. 0 V) for full discharges, or 



by setting the discharge time. In the latter case, the final cell voltage after discharge will 

depend on the current used for the test. The cells can be also discharged by potential steps, 

i.e. by measuring the current delivered at given cell voltages. Furthermore, cells can be 

also discharged by connecting the cell to external loads featuring different impedance 

values. In our case, we discharged the cells by GLV at different pulse currents and times. 

We evaluated the maximum power Pmax performance by the equation: Pmax=Vmax Ipulse, 

where Ipulse is the GLV current and Vmax is  the cell voltage immediately after the current 

pulse. It corresponds to the difference between the initial voltage of the cell in open circuit 

condition and the ohmic drop related to the internal resistance of the cell. 

Electrodes (and cells) feature a capacitive behavior when during galvanostatic discharge 

the electrode potential (or cell voltage in the case of the full cell) linearly change (decrease 

for the cell) over time. A true capacitive response requires that the capacitive process is 

reversible being related to the distribution of charges at the electrical double-layer that is 

formed at the electrode/electrolyte solution. In the case of supercapacitive MFCs, during 

galvanostatic discharge different processes overlap: the irreversible faradic reactions 

driving the MFC operation and the reversible discharge of the electrical double layers. 

Therefore, even if a linear variation of the cell voltage is detected, this is due to the 

simultaneous presence faradaic and electrostatic processes. This makes more appropriate 

to identify the capacitance as “apparent capacitance”. Faradaic and electrostatic processes 

feature diverse rates and kinetics. Typically, the faradic process is slower than the 

electrostatic one. Hence, apparent capacitance depends on current and pulse time. At the 

lowest currents and short times the electrostatic process drives the cell response. At the 

contrary, at low currents and long time the faradic contribution becomes evident. 

 

 

 

 

Results for supercapacitive microbial fuel cell 

 

Introduction of capacitive materials on the anode of MFCs were anticipated in 2012 

by scientists from The Netherlands [28] and studies on the same topics were continued 



over the years [29-32]. In the same year (2012), Malvankar et al. showed that G. 

sulfurreducens biofilms through the faradic reactions of the c-type cytochromes produce 

large specific capacitance (pseudocapacitance) comparable to traditional supercapacitors 

[33]. In parallel, supercapacitive enzymatic fuel cells were introduced almost 

simultaneously in France [34] and in Sweden [35]. The first supercapacitive MFC in which 

both anode and cathode were considered as internal electrodes of a supercapacitor was 

introduced in 2016 in a joint collaboration between scientists from the University of 

Bologna (Italy) and the University of New Mexico (USA) [36]. In that study, a 

membraneless MFC with carbon brush anode and air breathing cathode fabricated with 

activated carbon (AC) and PTFE, was galvanostatically discharged at different currents (up 

to 4.5mA). Peak of maximum power (Pmax) achieved was 0.67mW (2.98Wm-2) [36].  

In order to enhance the power output two strategies were adopted: 1) enhance 

overall potential; 2) utilize a supercapacitive additional electrode. Following the first 

strategy, with the operation with acetate as substrate, the anode did not suffer of any 

overpotential. At the contrary, the cathode suffered of significant losses that were 

quantified in roughly 500 mV and due to activation overpotentials. A way of enhance the 

cathode potential is the utilization of different catalysts such as Fe-based (Fe-AAPyr) or 

enzymatic catalysts (bilirubin oxidases, BOx) with potential shifting from 105mV (vs 

Ag/AgCl, AC) to 175mV (vs Ag/AgCl, Fe-AAPyr) and further to 315mV (vs Ag/AgCl, 

BOx) [36]. The enhancement of cathode potential led to much longer discharge time, 

higher capacitance and increased energy/power produced. In fact, the peak of power 

produced by supercapacitive MFC with Fe-AAPyr cathode was 0.9mW (4.0Wm-2) and 

with BOx cathode was 1.47mW (6.53Wm-2) with an increase of 1.3 and 2.2 times 

respectively compared to AC cathode MFC [36]. The power was still limited significantly 

by the high equivalent series resistance (ESR) caused by the cathode ohmic resistance 

counting for 90% of ESR [36]. The second strategy for increasing performance output was 

based on overcoming the cathode resistance utilizing an additional electrode (AdE) 

possessing high capacitive features and low ohmic resistance [36] as presented in Figure 

1C and 1D. This AdE was a smaller carbon brush coated with activated carbon for 

enhancing capacitive features. The AdE was short circuited with the cathode allowing 

having its same potential and inserted into the liquid electrolyte (Figure 1C and 1D) [36].  



With respect to the cathode, the AdE was closer to the anode, therefore diminishing the 

internal resistance of the cell and, consequently, the ohmic losses. Indeed, the AdE 

possessed lower resistance and higher capacitance compared to the cathode electrode. 

Therefore, during discharges, for short pulses, the current mainly flew through the external 

circuit from the anode to the AdE rather than to the cathode.  

Galvanostatic discharges showed improvement in capacitance and substantial 

decrease in the ESR. This led to a Pmax generation of 6mW (26.7Wm-2) for AC cathode, 

14mW (62.2Wm-2) for Fe-AAPyr cathode and 19mW (84.4Wm-2) for BOx cathode. These 

values are 10-100 higher compared to the power peak produced in standard mode 

operations [36]. Improvements in capacitance and overall performance have also been 

achieved by introducing graphene within the cathode electrode [37] or with electrospun 

carbon nanofibers composite cathode [38]. 

Supercapacitive operations mode was also introduced to other designs of MFCs. 

Particularly, supercapacitive features were explored for self-stratifying MFC (SS-MFC) in 

which the red-ox reaction conditions were achieved by the natural self-stratification 

occurring in the MFC [39]. In these conditions, the bio-anode on the bottom is in anaerobic 

conditions while the cathode on the top is in anoxic/aerobic conditions.  SS-MFC volume 

was 0.55 mL and the electrodes had an area of 10cm2 (anode, carbon veil) and 0.8cm2 

(cathode, AC-based cathode) (Figure 2A, 2B). SS-MFC OCV was ≈750mV and the 

discharges delivered a Pmax of ≈0.44mW (≈0.79mWml-1) at tpulse of 1s. Once again, the 

cathode showed having high ESR (≈63Ω), while the anode had low capacitance. In order 

to overcome those losses, the cathode area was doubled and the anode was doped with 

AC/PTFE thin layer for increasing the capacitive features. Despite the OCV decreased to 

≈630mV, ESR decreased to ≈48Ω, the capacitance increased substantially and the Pmax 

increased to ≈0.81mW (≈1.47mWml-1) [39].  

Supercapacitive operations have been adopted also in paper-based MFC with an 

empty volume of 15mL (Figure 2C, 2D). This type of design is easy to build and adopt 

cheap materials (Figure 2C, 2D) [40]. MFC OCV was quite low (≈475mV) due to the low 

cathodic performance. Discharges up to 7mA were done and Pmax of ≈1mW (≈0.07Wm-2) 

was achieved. Durability tests showed a decrease in performance probably due to the 

electrolyte evaporation that exposed the anode to aerobic conditions [40].  



Supercapacitive operational mode was also explored in the case of 1L ceramic 

separator MFC box (Figure 2E, 2F) [41]. 28 MFCs composed of ceramic separators, carbon 

veil anodes and AC/PTFE based cathodes, connected in series were studied. The increase 

in solution conductivity (CS) leads to a decrease in ohmic losses and enhancement in power 

output with maximum value of 27.4mW (27.4Wm-3) at 40.1mScm-1 [41]. Performance 

were further increased by the addition of Fe-AAPyr cathode catalysts. Pmax produced was 

36.9mW (36.9Wm-3) at 40.0mScm-1 [42]. 

In order to study the capacitance of the system and discriminate the faradaic 

contribution from the electrostatic contribution during galvanostatic discharges, MFCs 

were discharged singularly or in parallel with commercial supercapacitors with constant 

capacitance [43]. This very recent study shows that MFCs are capable of delivering high 

current pulses, which are composed by both electrostatic and faradaic contribution. The 

faradaic contribution is more significant especially at low current [43]. This study brought 

about the definition of “apparent capacitance” of MFCs 
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In this current work, the supercapacitive features of the electrode operating as an internal supercapacitor 
were tested in a scaled up reactor with 1 L empty volume. In fact, a MFCs stack containing 28 MFCs was tested 
in both standard and supercapacitive mode. The system was a stack of 28 MFCs with all the anodes connected in 
parallel and with also the cathodes connected in parallel. Electrolytes with seven different solution conductivities 
were investigated simulating diverse wastewater with different ionic strength. Polarization and power curves are 
presented and the response of parallel connected electrodes was monitored. Full discharges are also presented 
and electrochemical parameters such as equivalent series resistance (ESR), maximum power curves, pulses power 
curves are reported and discussed.

Results and Discussion
The MFCs stack scheme and the image are shown in Fig. 1. Details on its construction and the materials used are 
given in the Materials and Method Section. Briefly, the MFCs stack consisted in 28 cylinders MFCs with ceramic 
separators positioned into a rectangular-shaped plastic box with an empty volume of 1 liter (Fig. 1). Carbon veil 
anodes were wrapped on the external face of each ceramic cylinder and immersed in the electrolyte. Activated 
carbon air-breathing cathodes were wrapped on the internal surface of the cylinders and exposed to air. In the 
schematic of Fig. 1a, straight grey lines indicate the connections of the anodes and dotted black lines indicates 
the connections of the cathodes. The anodes and cathodes of the MFCs were parallel connected. The reference 
electrode (Ag/AgCl 3 M KCl) was inserted in the center of the stack (Fig. 1).

Polarization curves for the MFC operating in standard mode. Polarization curves were recorded for 
each of the solution investigated after that the MFC was stabilized for few days. Interestingly, the electrochemical 
performance improved with the increase in the electrolyte solution conductivity (Fig. 2a). Similar open circuit 
voltage (OCV) was measured despite the different electrolytes and quantified in 594 ± 21 mV. On the contrary, 
the short circuit current (at null voltage) varied significantly with a minimum value of 24.6 mA (24.6 Am−3) at 
a conductivity of 2.0 mScm−1 till a maximum value of 72.1 mA (72.1 Am−3) at a conductivity of 40.1 mScm−1. 
Remarkably, the shape of the polarization curves can be approximated to a linear V-I trend underlying that ohmic 
losses still remain the major contribution of MFCs stack losses (Fig. 2a).

The power generation increased with the solution conductivity of the electrolyte (Fig. 2b). The lowest power 
generation peak was 3.22 mW (3.22 Wm−3) at a conductivity of 2.0 mScm−1 and the highest was 10.6 mW 
(10.56 Wm−3) at a conductivity of 40.1 mScm−1. It must be noted that despite the power generation increased, the 
enhancements were not directly proportional with the solution conductivity. In fact, when the latter increased 
5 fold from 2.0 mScm−1 to 10.0 mScm−1, the power generation approximately doubled (+94%). When the solu-
tion conductivity increased from 10.0 mScm−1 to 40.1 mScm−1 (4 fold), the power generation increased from 
6.26 mW (6.26 Wm−3) to 10.56 mW (10.56 Wm−3) respectively with a growth rate of ≈70%. Those data allow 
speculating that doubling the solution conductivity of the electrolyte, the power generated increased by 20%.

During the overall polarization curves, the trend of the anode and cathode electrodes were also monitored 
and presented in Fig. 2c,d, respectively. It is interesting to notice that both anode and cathode polarization curves 
are straight lines that are regulated by ohmic losses in which diffusion phenomena do not take place (Fig. 2c,d). 
The anode trend did not show particular differences within the different electrolyte tested (Fig. 2c). On the con-
trary, the cathode trend was enhanced significantly with the increase in solution conductivity (Fig. 2d). Electrode 
potentials depend on the potential of the red-ox processes occurring at the electrode and on the ohmic drop 
between the electrode and the reference electrode, i.e. the uncompensated resistance (RU). The latter in turn 
depends on the distance between electrode of interest and reference electrode and on the ionic conductivity of the 
electrolyte. Given that the reference electrode was positioned in the middle of the box, the anode and the cathode 
potentials are representative of an average value over the different individual cells.

The analysis of the parallel connected anode and cathode potential trends permits to estimate the average 
value of the anode (RA) and cathode (RC) resistances that include the different contribution of RU for anode 
and cathode (see eq. 2 and 3). Considering the anode, RU can be considered low because the anode is immersed 
in the same electrolyte than the reference electrode. On the contrary, RU for cathodes is expected to be higher 
because it is affected by the resistance of the ceramic separator. The results showed that the increase in the solution 

Figure 1. Schematic (a) and picture (b) of the MFC stack, manufactured in the Bristol BioEnergy Centre, BRL, 
UWE, UK.

electrolyte was retained within the porous electrodes. The cell
featured a planar configuration: the negative electrode (NE) (anode
of the MFC) was fixed in the lower part of the electrochemical cell
while the positive electrode (PE) (cathode of the MFC) was instead
fixed in the upper part of the cell (Fig. 1). No separator was used.
The distance between the negative and the positive electrode was
1mm.

The SC-MFC (supercapacitive MFC) operated with aqueous
electrolyte that in this case was human urine collected from
anonymous male donors. The electrolyte had relatively constant
solution conductivity and pH over time that were 28.1mS cm!1 and
9.2 respectively. The SC-MFC was operated in continuous flow as
fresh solution without recirculation using a peristaltic pump
(205CA cassette, Watson-Marlow Inc, UK) at a flow rate of
0.041mLmin!1 that remained constant during the entire opera-
tions. The liquid level was fully immersing the negative electrode
and partially (roughly ¾) the positive electrode that was in part
exposed to air (the remaining ¼). It was previously shown that this
configuration was the best performing in SSM-MFCs [102]. After
leaving the cell in open circuit, the electrodes were connected with
an external resistor of 3 kU in order to stimulate the biofilm
growing on the negative electrode like in the case of a microbial
fuel cell. After the cell voltage was constant, the MFC was electro-
chemically studied like a supercapacitor (SC).

2.3. Electrochemical measurements

Galvanostatic discharges (GLV) were done using a Biologic SP-50
at different current pulses (ipulses) and different time (tpulse). A
three electrode configuration was used for GLVs. The negative
electrode was used as counter, the positive electrode as working
and Ag/AgCl 3M KCl was used as reference.

The cell was left in rest (Vmax,OC), the self-stratification within
the cell was able to charge negatively and positively the two elec-
trodes named as positive electrode (PE) and negative electrode
(NE) without the support of external voltage. Then ipulse was
applied for a certain tpulse, the cell self-recharged itself going back
to the initial value in rest conditions (Vmax,OC).

After the SC-MFC was left in rest, the GLV discharge was carried
out at ipulse and initially a vertical voltage drop (DVohmic) can be
observed. The ohmic losses of the SC-MFC system named as
equivalent series resistance (ESR) that includes the ohmic resis-
tance of the two electrodes and the electrolyte can be calculated
according to eq. (1):

ESR ¼
DVohmic
ipulse

(1)

During the GLV discharges, the profiles of the single electrode
were also recorded by inserting the reference electrode (RE) be-
tween NE and PE. The RE was inserted exactly in the middle of the
chamber at equal distance between NE and PE in order to share
equally the ohmic resistance of the electrolyte. Therefore eq. (1) can
be rewritten as below:

ESR ¼ RNE þ RPE (2)

where RNE and RPE are the electrode resistances of the negative
electrode and the positive electrode that also includes the ohmic
term from the electrolyte. RNE and RPE can be calculated knowing
the initial potential drop of the negative and positive electrode
respectively as shown in eq. (3) and eq. (4):

RNE ¼
DVohmic;NE

ipulse
(3)

RPE ¼
DVohmic;PE

ipulse
(4)

After the vertical drop, the voltage reaches a new voltage point
named as Vmax and afterwards, the voltage continues to decrease
during the electrostatic discharge of the self-polarised electrodes.
The apparent capacitance of the SC-MFC (CSC) can be measured
knowing the ipulse and the variation of the voltage (excluding the
initial vertical drop) named as DVcapacitive during the discharge
time (tpulse) as shown in eq. (5):

CSC ¼
ipulse
dVtot
dt

¼
ipulse
s

(5)

with ‘s’ indicating the slope of the voltage over time. In this specific
case, not only electrostatic discharge is taking place but redox re-
actions occurring at the electrodes might contribute and different
impact on the voltage trend over time depending on current rates.
Therefore the term apparent capacitance describes better the
mixed regime occurring in this case, that gives rise to the linear
voltage decrease during galvanostatic pulses.

In order to increase tpulse and the power/energy output, DVca-

pacitive should be minimized and in parallel CSC should be maxi-
mized. The electrode potential profiles weremeasured over time by
introducing the reference electrode. This enabled evaluation of the
apparent capacitance of the single electrodes according to eq. (6)
and eq. (7):

Fig. 1. Schematic of the SC-MFC and an image of the SC-MFC.
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membrane/separator can increase the ohmic losses (between anode and
cathode) it plays an important role in electro-osmosis and separation
between anode and cathode. This makes the system more durable and
by operating as a barrier, oxygen is prevented from crossing over into
the anode chamber and negatively affecting electrical output (Gajda
et al., 2018; Salar Garcia et al., 2019).

To date, several separators have been employed with polymeric
membranes being the material of choice (Das et al., 2018). Porous
materials such as ceramics have received increased attention, as they
are less likely to suffer from fouling (Behera et al., 2010). Another
porous material is paper and considerable interest is being directed
towards paper based MFCs because they are inexpensive, disposable
and biodegradable (Winfield et al., 2015).

MFCs are capable of degrading a vast number of organics from
simple molecules to more complex and diverse wastewaters (Aelterman
et al., 2006; Pant et al., 2010; Pandey et al., 2016). Among these,
human urine is a good feedstock because it contains a high con-
centration of organics and nutrients (Ieropoulos et al., 2012). Moreover,
human urine possesses high solution conductivity, which is beneficial
for lowering ohmic resistance and increasing power output. Urine has
been used successfully as fuel for MFCs in several applications and field
trials (Ieropoulos et al., 2016; Walter et al., 2018).

Considering that MFCs generate low power, a number of strategies
need to be addressed to ensure that the electrical output can be used in
real world applications (Ieropoulos et al., 2003; Wang et al., 2015). As
already mentioned, these strategies include improvement of component
materials and optimising reactor configuration as well as operational
parameters; all this needs to be pursued with cost in mind. The current
study addresses all these areas by developing paper-based MFCs and
assessing the capacitive features of their electrodes in order to de-
termine whether they can deliver high pulses of power compared to the
lower power real-time output.

Researchers are realising that low cost, natural materials such as
paper can be a viable replacement to conventional materials used in
MFCs. Such materials will not be suitable for long term, large scale
operation, such as wastewater treatment, but they can be suitable for
special, short-term applications, e.g. diagnostics (Fraiwan et al., 2013),
biosensors (Fraiwan et al., 2014), biodegradable robots (Rossiter et al.,
2016), wearable electronics (Taghavi et al., 2015) and emergency
power supplies in remote locations (Winfield et al., 2015) where an
‘expiry date’ is desirable.

For the technology to be truly considered sustainable, there needs to
be a departure from using non-sustainable materials especially if the
goal is a biodegradable or disposable product. Ferricyanide is still used
in some cases for paper-MFCs (Nguyen and Taguchi, 2019) however
this needs to be eradicated with alternative cathodic materials already
identified e.g. graphite pencil drawn cathode (Lee et al., 2016). Another
focus across a number of research groups has been stacking paper MFCs
using kirigami and/or origami techniques. Through folding it is possible
to introduce the relevant electrical connections into the system con-
figuration e.g. folding in such a way that all MFCs are serially connected
(Fraiwan and Choi, 2016). Other novel techniques include

interconnecting individual paper MFC units in different ways to gen-
erate distinct configurations and characteristics (Fraiwan et al., 2016).
These are innovative approaches but a challenge for paper-based MFCs
is that their lifetime and therefore power supply is relatively short lived,
sometimes only lasting minutes before the MFC undergoes a permanent
decline. Three-dimensional paper-based pyramids have longer opera-
tional life and can generate stable outputs for months (Winfield et al.,
2015), even passively feeding off the surrounding environment
(Winfield et al., 2018). However, their individual real-time electrical
output is not sufficient to directly power applications. One method for
improving MFC performance is to operate them intermittently in order
to generate bursts of energy (Ieropoulos et al., 2005; Walter et al.,
2014). This is achieved because the energy accumulates across the MFC
electrodes as they are also acting as supercapacitor electrodes (Deeke
et al., 2013; Borsje et al., 2016; Santoro et al., 2016, 2019a, 2019b;
Houghton et al., 2017). Therefore, galvanostatic discharges are applied
over the internal supercapacitor resulting in high current/power in a
short amount of time. This operating mode can be useful for powering
discontinuously instruments that require high current/power inter-
mittently.

To date, the supercapacitive MFC has only been tested using con-
ventional MFC materials (Santoro et al., 2018b, 2019a). In the current
study, supercapacitor paper-based MFCs are reported for the first time.
In the study, the anode and cathode of paper pyramid MFCs were
considered as the two electrodes of an internal self-charged super-
capacitor where galvanostatic discharges and different current pulses
were analysed. Parameters of interest such as equivalent series re-
sistance (ESR) and apparent capacitance (C) were identified and the
relative contribution given by the single electrode is discussed. The
stability of the system was investigated through 1000 discharge/self-
recharge cycles in which ESR and C were measured over time.

2. Materials and methods

2.1. Microbial fuel cell fabrication

For this experimental study, two identical MFCs, named as MFC-A
and MFC-B, were fabricated using Image® 100% recycled white paper
with a weight of 80 gm−2 (Antalis™, France). The MFC shape was cut
out of the aforementioned paper using the template shown below
(Fig. 1). The anode electrode was fabricated out of untreated carbon
veil (10 gm−2, Optiveil® 20301A, Technical Fibre Products, UK) with a
total geometric area of 81 cm2. It was folded down into a triangular
shape to fit inside the pyramid whilst allowing empty space for the
liquid to percolate through. As a current collector, a piece of stainless
steel wire was threaded through the carbon veil, holding it together.
The anode was held inside the paper shape as it was folded, then the
edges (blue cross highlighted in Fig. 1a) were glued together using
Bostik glue (All Purpose Clear Adhesive) to create a pyramid shape that
acts as a permeable membrane between anode and cathode (with the
anode inside). On the outside, the pyramid was painted with three
layers of conductive latex (Plasti-dip) as previously described (Winfield

ba

Fig. 1. Pyramid MFC template prior to folding (a). The dotted line indicates where the paper is folded. Image of the pyramid MFC (b). (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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Figure 2. Self-Stratifying supercapacitive MFC (A,B), paper-based supercapacitive MFC 

(C,D), 1 L ceramic separator supercapacitive MFC (E,F), set up for co-generation of 

electricity and hydrogen (H), supercapacitive microbial desalination cell (H).  

Figure (A and B) adapted from ref. [39], Electrochim Acta 2019, 307: 241-252, Elsevier, 

under licence CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).  Figure (C and 

D) adapted from ref. [40], Bioresour Technol Rep 2019, 7: 100297, Elsevier, under licence 

CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).  Figure (E and F) adapted from 

ref. [41], Sci Rep 2018, 8: 3281, Nature Springer, under licence CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/).  Figure (G) adapted from ref. [18], 

Electrochim Acta 2016, 220: 672-682, Elsevier, under licence CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/).  Figure (H) adapted from ref. [44], Appl 

Energy 2017, 208: 25-36, Elsevier, under licence CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

 

Supercapacitive MFCs were also used for producing electricity and hydrogen 

simultaneously [18]. In fact, four single chamber MFCs were connected in series and 

discharged galvanostatically improving the operating voltage and overall output [18]. An 

AdE was short-circuited from the anode of the first SC-MFC and inserted in the last SC-

MFC. It was shown the possibility of discharging the electrodes of the SC-MFCs and 

producing hydrogen simultaneously (Figure 2G) [18].  

Supercapacitive operational mode was also tested on microbial desalination cell 

(Figure 2H) [44]. The electrodes were used for electrostatically attract counter ions from 

the central chamber. This procedure helped increasing the ions transport through the 

selective membranes and the power produced [44]. As the cathode was the limiting 

electrode in the system, an AdE was adopted for lowering the ohmic losses and enhances 

power output (Figure 2H). Pmax increased from 1.63Wm-2 to 3.01Wm-2 with the AdE and 

CS of the desalination chamber decreased by 60-62% after 44h [44]. 

An historical overview of the results achieved in the past few years is shown in 

Figure 3. 



 
Figure 3. Overview of the milestones achieved in the past few years 

 

Perspective 

 

The consideration of MFC electrodes as the electrodes on an internal supercapacitor 

is a completely novel way of thinking and operating MFCs. Galvanostatic discharges allow 

harvesting at least one order of magnitude higher current/power that can be directly used 

for practical applications. In this way, not only the electrostatically stored charges in the 

electrochemical double layer are harvested but also during the discharges, reactions occur 

and therefore part of the current is given by the oxidation of organics (faradaic 

contribution). As power output of MFCs is a bottleneck, supercapacitive operations allow 

boosting up pulse power output importantly, despite this occurs in pulsed mode, therefore 

it can be harvested only during discharge and not continuously limiting the applications to 

intermittent devices. Improvements in materials and design has to be further explored in 

the direction of: i) designing bio-compatible electrode materials featuring high electrical 

double layer capacitance; ii) decreasing the distance between the electrodes without 

compromising the anaerobic and anoxic/aerobic zones for decreasing the ohmic losses. 

Scaling up the system is another challenge that has to be overcome by increasing the 

electrode surface area within the same electrolyte volume.    
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