Open Access Article. Published on 29 September 2025. Downloaded on 2/21/2026 3:54:35 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC
Sustainability

W) Check for updates ‘

Cite this: RSC Sustainability, 2025, 3,
5326

I ROYAL SOCIETY
PPN OF CHEMISTRY

A single-material strategy: graphene sponge
bioanode and cathode for Shewanella oneidensis
MR-1 microbial fuel cells
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Microbial fuel cells (MFCs) enable conversion of organic matter chemical energy to electricity and provide
a great opportunity to upscale green energy production. However, fabricating MFCs with high power output
demands strong electrode surface modification with metal nanostructures, for both the anode and
cathode. Here, we propose a rational strategy to use different functionalities of graphene sponge in
Shewanella oneidensis MR-1 MFCs. In such a fuel cell, a graphene sponge functions as a bioanode and

an oxygen reduction reaction (ORR) catalyst. The ORR activity of the graphene reaches 98 mV dec™?,
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which is comparable to that of bare Pt electrodes. The maximum power density is 184 pyW cm™
, Which is comparable with MFCs based on a Pt/C cathode (50 pW cm™

2 and the
2

and 280 pA cm™2). Furthermore, the MFC equipped with the free-standing graphene electrodes has

Microbial fuel cells (MFCs) offer a pathway to decentralized, carbon-neutral energy generation, but their scalability is hindered by reliance on complex, non-

recyclable electrodes incorporating precious metals. This study presents a fully carbon-based, metal-free MFC design employing a graphene sponge as both
a bioanode and a cathode. These freestanding electrodes deliver competitive power density and coulombic efficiency relative to Pt-based systems, while enabling
recyclability and minimizing environmental impact. By eliminating critical raw materials and simplifying end-of-life processing, this work provides
a sustainable and scalable route for the advancement of bioelectrochemical energy technologies.

Introduction

The explosive growth of green energy materials has gained
unprecedented momentum in recent years, driven by the esca-
lating concerns surrounding fossil fuel depletion and climate
change. To address these challenges, composite materials with
complex constituents have been proposed for energy conversion
systems. However, despite the high power outputs achievable in
fuel cells, the disposal and recycling of composite electrodes
remain challenges. Among different systems, microbial fuel
cells (MFCs)'® are particularly difficult to optimize, as achieving
a balance between efficiency, biocompatibility, and recyclability
is complicated by the energy-intensive fabrication of their
composite electrodes and their dependence on environmental
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water. Thus, a central challenge in MFCs design is to identify
functional materials that minimize or eliminate post-use
reprocessing without sacrificing power output.

In this study, we construct an MFC using graphene sponge
loaded with S. oneidensis MR-1 (ref. 7 and 8) as a bioanode and
graphene sponge cathode as a catalyst. Graphene sponges are
extensively utilised in various green energy technologies,
improving the efficiency and sustainability of renewable energy
technologies while reducing environmental impacts.®™** Among
graphene derivatives'>*® reduced graphene oxide (rGO)'***
combines sufficient electrical conductivity and surface hydro-
philicity,’” which makes it suitable for bioelectrochemical
systems. The optimization of rGO surface properties for bio-
related applications was accomplished by self-assembly of gra-
phene oxide (GO) flakes into a multilayer structure, followed by
swelling and freeze-drying to generate a sponge-like porous
morphology. Either thermal or chemical reduction of GO can
then be employed to achieve a hydrophilic/hydrophobic balance
and optimal conductivity. Ref. 18 provides information about
the proposed optimization process. The graphene sponge
macropores enhance electrochemical reactions and serve as the

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5su00629e&domain=pdf&date_stamp=2025-10-29
http://orcid.org/0000-0003-3245-8123
http://orcid.org/0000-0003-0273-2064
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00629e
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU003011

Open Access Article. Published on 29 September 2025. Downloaded on 2/21/2026 3:54:35 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

primary unit in a hierarchically porous architecture for a larger
specific surface area, thus increasing the bacterial electron
transfer rate. Due to its three-dimensional architecture, gra-
phene sponge provides high-density S. oneidensis MR-1 and
enables MFCs with improved power output and coulombic
efficiency.

Experimental section

Materials and instruments

S. oneidensis MR-1 (ATCC 700550), agar medium, Nafion 117
membrane, Shewanella Basal Media (SBM), sodium (1)-lactate,
sodium fumarate dibasic, sulfuric acid, ethanol, sodium
hydroxide, HEPES buffer, potassium phosphate monobasic,
magnesium sulfate heptahydrate, ammonium chloride, potas-
sium phosphate dibasic, ammonium sulfate, casamino acid,
vitamin mix, Wolfe's mineral mix and other reagents were
purchased from Sigma Aldrich. A VersaSTAT 3 Potentiostat
Galvanostat, VersaSTAT 3F Potentiostat Galvanostat (AMETEK
Scientific Instruments) and VMP-300 Potentiostat (Biologic)
were used for electrochemical measurements. The classical
rotating-disk Koutecky-Levich analysis is not applicable for the
macroporous graphene sponge cathode. The Levich model
assumes a smooth planar thin film with a single hydrodynamic
boundary layer; rotation of a 3D sponge does not impose
a uniform diffusion layer within the internal porosity and the
true active area is indeterminate (A, >> Age,). We therefore
identify two ORR “onsets” from the emergence of faradaic
current (tangent method) and from peaks in di/dE, observed at
~0.7 and ~1.2 V vs. RHE. These two inflection points are
consistent with a peroxide-first sequential pathway: O, — HO,™
(2e7) followed by HO,~ — OH™ (additional 2e™) on distinct
carbon sites within the sponge. A LEICA DMI6000 CS micro-
scope (Leica) and scanning electron microscope Zeiss Sigma
(Zeiss) were used for surface characterisation.

Conductive graphene sponge synthesis and S. oneidensis MR-
1 culturing

The conductive graphene sponge preparation, as well as
bacteria inoculation, is described in our previous work.' The
0.2 wt% aqueous GO dispersion is frozen thoroughly using
liquid nitrogen and immediately transferred into a freeze drier
for 72 h lyophilisation to obtain the graphene-based sponge.
The graphene-based bioanode scaffold is finally fabricated by
thermally reducing the graphene-based sponge in a furnace
tube under an Ar/H, inert atmosphere at 375 °C for 3 h. The
specific surface area of the graphene sponge is found to be 139.2
m? ¢! (Fig. 1 and S1).

S. oneidensis MR-1 (ATCC 700550) bacterial glycerol stock is
stored at —80 °C. Frozen S. oneidensis MR-1 was placed into
Luria-Bertani (LB) broth and then incubated for 24 h at 30 °C
with shaking. Isolated single colonies of the bacteria on the agar
plate are inoculated into the Shewanella Basal Media (SBM)
containing 20 mM sodium fumarate and 20 mM sodium (L)-
lactate, where oxygen in the SBM is removed by inert gas (Ar or
N,) purging for 15 min before inoculation. After 24 h of growth,
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Fig. 1 (a) Optical image of the graphene electrode (upper) and SEM
image of its porous sponge morphology. (b) Scheme of the MFC
consists of graphene sponge cathode and bioanode. (c) Character-
ization of the graphene sponge before reduction, and after reduction
at 375 °C with C atom to O atom ratio and conductivity. (d) XPS spectra
and contact angle data (inset). Yellow, blue, red, and pink refer to sp?
carbon, sp® carbon, C-0O, and C=0 groups, respectively. (a, c and d)
Reprinted with permission from ref. 18.

the bacterial culture was resuspended with fresh SBM medium
containing 20 mM sodium (r)-lactate to a concentration of 1
ODgq (optical density at 600 nm, ca. 3 x 108 cells mL™") for
usage. The biomass quantification was characterized by the
Coomassie Protein Reagent method. Electrodes were soaked in
2 mL of 0.2 M NaOH (aq) at 4 °C for 1 h, with brief vortexing (10
s) every 15 min. The NaOH was then replaced with 2 mL SBM
containing 20 mM lactate to rinse the electrodes. For cell lysis,
the electrodes in SBM underwent three freeze-thaw cycles (—80
°C for 5 min, then 90 °C for 5 min). The lysate was clarified by
filtration through a 0.45 pm Acrodisc syringe filter to remove
residual sponge fragments. For protein quantification, 150 pL
of filtrate was mixed with 150 uL of Coomassie Brilliant Blue G-
250 reagent (50 mg mL™'; Sigma) in a 96-well plate, gently
shaken for 10 s, and incubated for 10 min at room temperature.
Absorbance at 595 nm (OD595) was measured using a multi-
mode plate reader (TECAN Spark 10M). Protein concentration
was obtained from a BSA standard curve prepared with the
same diluent and processing steps across a concentration
gradient.

Nafion membrane preparation

To protonate the Nafion 117 membrane for the MFC," we first
washed it with deionised (DI) water 2-3 times. Then, the
membrane was sequentially soaked in DI water at 80 °C for 1 h,
3% H,0, at 80 °C for 1 h, and 1 M H,SO, at 80 °C for 1 h. After
that, the membrane was fully protonated, and it was finally
washed with water 2-3 times to remove the chemicals from it.
The Nafion membrane is kept in the DI water.

RSC Sustainability, 2025, 3, 5326-5332 | 5327
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Microbial fuel cell experiment

Before the electrochemical experiments, the glass chambers are
autoclaved and soaked in 70% ethanol for sterilisation. The
electrodes were soaked in 70% ethanol for 20 minutes to ster-
ilise. After that, they were rinsed in DI water for 10 minutes
before soaking in the culture medium of S. oneidensis MR-1 for
another 20 minutes. Then we put the bioanode into the anodic
chamber.

The H-shaped two-chamber MFC is constructed by con-
necting two 25 mL chambers with a proton exchange membrane
(PEM) Nafion 117 separator. Before the test, the anodic solution
is purged with pure N, for 30 min to remove the dissolved
oxygen. All MFC experiments are operated at room temperature.
At MFC steady state, the polarisation curves are obtained by
varying the external resistor. The output current is calculated
from Ohm's Law: I = V/R (R is the value of the external resistor).
P = IV = V’°R™" calculates the output power. Coulombic effi-
ciency was calculated as a relationship between experimental
coulombic efficiency and theoretical coulombic efficiency in
accordance with ref. 2. For the mediator MFC setup, the cathode
solution is changed to potassium ferricyanide (Ks[Fe(CN)s], 50
mM) and potassium chloride (KCl, 50 mM).

Evaluation of bacterial viability by confocal microscopy

Before testing, the bioanodes are first stained with 5 mM pro-
pidium iodide (PI, in SBM with 10 mM sodium (r)-lactate) for 10
min and rinsed with SBM containing 10 mM sodium (1)-lactate
for 10 min, and then stained with 10 mM 4’,6-diamidino-2-
phenylindole (DAPI, in SBM with 10 mM lactate) for 20 min and
subjected to the same rinsing for 20 min. PI is used to stain only
the dead cells, and DAPI is used to stain all cells, including the
viable and dead cells.

Results and discussion

S. oneidensis MR-1 culturing on the graphene sponge
electrode

Previously, we demonstrated® that the reduction temperature
of the graphene oxide sponge strongly influences the surface
hydrophobicity/hydrophilicity (Fig. 1 and S1). Mild thermal
reduction at 375 °C provides an optimal balance of surface
hydrophilicity and conductivity (10.61 S m '), as confirmed by
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD),
and contact angle measurements, which show a clear increase
in the C/O ratio (5.51) and a corresponding contact angle of
78.9°. Compared with carbon fiber (1 m* g~'), the graphene
sponge offers a much higher surface area of 139.2 m? g~ *. Half-
cell electrochemical tests (Fig. S1) further reveal higher current
output for the graphene sponge reduced at 375 °C due to
enhanced bacterial growth (Table S1). Therefore, in the
following experiments we used the 375 °C-reduced graphene
oxide sponge. To fabricate a graphene sponge bioanode, S.
oneidensis MR-1 was cultivated on the electrode surface to
enable efficient charge transfer from the bacteria to the circuit,
which is the source of MFC current and power.
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Although graphene sponge is often perceived to exhibit
membrane stress that could physically damage bacteria and
cause cell membrane disintegration, our results show that it
does not significantly affect bacterial viability.”*** Alive-dead
staining assay reveals distinct green fluorescence, which origi-
nates from the PI dye in the living bacteria, indicating the
presence of alive bacteria on the surface only (Fig. 2a (inset)). In
our previous studies, we have determined that the hydrophobic/
hydrophilic balance is a key parameter to be considered for the
optimization of bacterial attachment to the anode surface and
thus, improved extracellular electron transfer.

Scanning electron microscopy (SEM) images further expose
greatly variable bacterial density (Fig. 2a and b). Bar-like
bacteria (~0.5 pm by ~2 um) are found on the graphene sponge
electrodes (Fig. 2a and b), whereas a few microorganisms are
formed on carbon fiber (Fig. S2). These SEM studies are broadly
consistent with the confocal fluorescence results and show that
the presence of the graphitic surface is favourable to condensed
bacteria seeding. The prevailing hydrophilicity of graphene
sponge provides better adsorption and bacterial growth and
leads to the facilitated direct electron transfer from bacteria to
the electrode. As depicted in Fig. 2c the charge transfer resis-
tance for the graphene sponge bioanode is 96 Q. The half cell
experiments (Fig. 2d) demonstrate the high and stable current
generation for 5 days.

Cathode ORR catalytic activity of graphene sponge

The MFC construction, besides the anodic electron transfer
reaction from S. oneidensis MR-1, also requires a cathodic
counterreaction to provide electromotive force. The greatest
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Fig. 2 Characterization of S. oneidensis MR-1 biofilms. (a and b)
Scanning electron microscopy (SEM) images of graphene sponge
covered by S. oneidensis MR-1. Confocal microscopy images of S.
oneidensis MR-1 on graphene sponge with and without the DAPI filter
(inset). (c) Electrochemical impedance spectroscopy: Nyquist curves
of the graphene bioanodes, Z’ and —Z" are the real and imaginary parts
of the impedance respectively. (d) 5-day chronoamperometry (CA)
performance (under a bias voltage of 0.2 V vs. Ag/AgCl reference) of
the graphene sponge without bacteria control (grey curve), the
graphene bioanodes (blue curve). (c and d) Reprinted with permission
from ref. 18.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effectiveness of the MFC can be achieved if oxygen reduction is
used as a counterreaction. Platinum-based catalysts are most
widely used to provide high current efficiency.>® However, using
platinum-based catalysts in the MFC structure under realistic
environmental conditions does not allow for the creation of
biodegradable and easily recyclable MFCs as it is difficult to
recycle the platinum from the MFC structure. Graphitic surface,
due to its structure and functional groups, can also be used as
a catalyst for the ORR.>**® To provide an understanding of the
role of the graphene sponge catalyst loading in the ORR
electrochemical process, we investigated its electrocatalytic
properties.

We carried out linear sweep voltammetry (LSV) measure-
ments of the graphene sponge in an O,-saturated 0.1 M KOH
electrolyte solution. The results demonstrated a pronounced
oxygen reduction. As shown in Fig. 3, the onset potentials of the
ORR on the graphene sponge were comparable to those of the Pt
electrode, although the Pt electrode exhibited a lower current
density. For the graphene sponge electrode, the characteristic
two-step pathway was observed, with onset potentials at
approximately 0.7 and 1.2 V (vs. RHE), consistent with
a successive two-electron transfer process.>*>*

In contrast, the carbon cloth electrode demonstrates the
absence of two-electron transfer and low-current ORR. The Tafel
slope for the rGO sponge is 98 mV dec™*, which closely aligns
with the measured value for the Pt electrode (80 mV dec™ ') and
previously reported values for Pt/C electrodes (65-82 mV
dec ).

The ORR in alkaline solutions can proceed by two major
pathways: a direct four-electron pathway and a two-electron
‘peroxide’ pathway according to eqn (1) and (2):

0, + 2H,0 + e~ — 40H~ (1)
02 + HzO +2e — HOzi + OH™ (2)

The peroxide (HO, ) can then be reduced in accordance with
the two-electron reaction:

H027 + HQO +2¢~ — 30H™ (3)

or by the disproportionation process:
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Fig.3 ORR catalytic properties of graphene-based thin-wall scaffolds.
(a) Linear sweep voltammograms (LSVs) of the ORR in 0.1 M KOH for
the carbon cloth, rGO sponge, and bare Pt electrodes. (b) Calculated
Tafel slope values from LSV for the carbon cloth, rGO sponge, and bare
Pt electrodes.
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HO,  — 1/20, + OH~ (4)

It is worth noting that the sum of the two sequential two-
electron reductions (involving peroxide) (eqn (3) and (4)) leads
to the respective four-electron reductions. The proposed gra-
phene sponge with a higher electrocatalytic activity towards the
ORR demonstrates an earlier onset potential and a higher
current density. Compared with graphene sponge, the carbon
cloth shows a dramatically increased current similar to the Pt
electrode; this is mainly related to the higher resistance of the
carbon cloth. The change in the shape of the voltammograms
depicts the increase in the non-faradaic currents induced by the
increase in the effective surface area of the electrically
conductive graphene that is generated by the reduction of GO.
As shown in Fig. 3b, the Tafel slope for the ORR of the graphene
sponge electrode commenced at around —98 mV dec ',
whereas the Tafel slope for the ORR of the carbon cloth elec-
trode is —169 mV dec . For the graphene sponge and Pt elec-
trodes, a clear reduction pre-wave was observed at low
overpotentials, followed by a second reduction wave starting at
around 1.2 V, which is indicative of a prevalent two-electron
reduction pathway. The absence of the peak in the LSV curve of
carbon cloth at 1.2 V (Fig. 3a) shows that graphene sponge
demonstrates a more efficient oxygen reduction, which could be
due to the presence of nitrogen-related electrocatalytic active
sites for oxygen reduction. The XPS data in Fig. 1 depict the
presence of these groups in graphene sponge.

We have shown that graphene sponge represents enhanced
catalytic activity towards the oxygen reduction reaction
compared to the carbon cloth and the bare Pt electrode.
However, its ORR activity is inferior to that of Pt catalysts, such
as carbon black loaded with Pt particles. Kinetic studies di-
sclosed that even if both the graphene sponge and bare Pt
catalysts operate in combined 4e and 2e ORR processes, the
graphene sponge follows a more predominant 2e pathway. This
ORR pathway in graphene sponge has been related to the
unreduced quinone functional groups, which favour the 2e ORR
process. Thus, it is possible to use the graphene sponge as the
cathode for the ORR in an MFC design.

MFC tests and performance

Before constructing full MFCs, the output current density of the
anode materials was already evaluated with a three-electrode
system in an electrochemical half-cell.’* Markedly, the
maximum current density output from the graphene sponge
electrode can reach up to 135.35 mA m ™2, which is considerably
higher than that from either graphite felt (120 mA m2)?** or GO
(17 mA m™?)*® electrodes.

For the MFC power output evaluation, we have constructed
the full-cell MFC device in a double-chamber container (Fig. 1b
and 4). The output voltage from the MFC increases continuously
with incubation time and reaches a nearly constant value in
around 2 days (Fig. 4e), indicating the successful fabrication of
a MFC.**

When the MFC voltage output is stable, different load
resistors are connected to the anode and the cathode to obtain

RSC Sustainability, 2025, 3, 5326-5332 | 5329
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Fig. 4 (a) Polarization curve for the MFC with the carbon cloth cathode and bioanode. (b) Polarization curve for the MFC with the graphene

sponge cathode and bioanode. (c) Polarization curve for the KzFe(CN)s-mediated MFC with the graphene sponge cathode and bioanode. (d)
Polarization curve for the KzFe(CN)g-mediated MFC with the carbon cloth cathode and bioanode. (e) Voltage recorded for the MFC with a carbon
cloth cathode (grey curve) and with graphene sponge cathode (blue curve). (f) MFC current density vs. time curves for long-term stability and
repeated cycling tests of carbon cloth. (g) MFC current density vs. time curves for long-term stability and repeated cycling tests of the graphene

sponge cathode and bioanode.

current vs. voltage (I-V) curves and power polarisation curves
(Fig. 4a and b). The I-V curves demonstrate an identical open-
circuit voltage of around 0.6 V for graphene sponge, which is
consistent with the maximum voltage output from similar
MFCs. For the carbon cloth-based MFC, the potential is as low
as 0.3 V, which causes low ORR catalytic activity of carbon cloth.
Notably, the graphene sponge electrode shows a maximum
current output of 112.7 pA em ™ (Fig. 4b), which is much higher
than that of carbon cloth (1.3 uA cm™2) (Fig. 4a). The power
density for the graphene sponge electrode reaches 36.2 pW
cm 2, which is also a much higher value than that for the
carbon cloth electrode (0.27 pW cm™2) (Fig. 4a and b).

In addition, we studied the case involving the replacement of
the direct ORR with the mediator-based ORR in a cathodic
chamber. Potassium hexacyanoferrate is the commonly used
mediator in MFCs due to its chemical stability over time. Fig. 4c
and d shows the polarisation curves for graphene sponge and
carbon cloth electrodes. When using a mediator in MFC with
graphene sponge and carbon cloth, the cell potential reaches
0.47 and 0.55 V, respectively. The power output also increases to
180 uW c¢cm™? for graphene sponge and to 130 uW cm™> for
carbon cloth. However, introducing an inorganic mediator
prevents the creation of biodegradable and easily recyclable
MFCs.

The obtained MFC output surpasses that of the MFC with the
Pt/C cathode (Fig. S3), which yields 1.25 pA cm™> current
density and 0.2 pW cm ™2 power.

The coulombic efficiency (CE), output power, and current
observed for the graphene sponge are also higher than those

5330 | RSC Sustainability, 2025, 3, 5326-5332

reported previously with other electrode materials (Table S2).
We observe that utilizing a graphene sponge material as both
the cathode and anode enables the attainment of coulombic
efficiency, power density, and current output comparable to Pt
cathode MFCs.

We have also evaluated the output performance of the
proposed graphene sponge electrode in the ORR without
a mediator over a long-term operation (Fig. 4f and g). Current
output from the MFC decreases strongly after around 90 h of
stable operation, which can be attributed to the nutrient
consumption in the anode chamber.

We performed a cyclic test by periodically feeding the anodic
medium with nutrients when the current output decreased
(Fig. 4f and g).

After adding lactate as the nutrient to the anodic chamber,
the output current density rapidly returned to its original value,
which verified that the current drop is due to nutrient uti-
lisation. Similar behaviour is observed for MFC with carbon
cloth (Fig. 4f). Based on the amount of lactate added and total
charge output for each cycle (Fig. 4f and g), we can also derive
the coulombic efficiency of the MFCs."*> The MFC with gra-
phene sponge shows a coulombic efficiency of around 70%
(Table S2), which specifies efficient use of the lactate for power
production. The microorganism contents of the graphene
sponge and carbon fiber are 1.12 and 0.06 pg respectively (Table
S1). The smaller number of bacteria on the carbon fiber is due
to the high hydrophobicity of the carbon fiber surface (120°),
while for the graphene sponge the hydrophobicity is 80°.
Despite this, the carbon fiber also demonstrates some power

© 2025 The Author(s). Published by the Royal Society of Chemistry
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output due to the indirect electron transfer from bacteria. The
increased current density from the graphene sponge could be
attributed to a larger number of bacteria in the anode biofilm
and to more-efficient charge transport and less charge loss due
to the improved charge-transfer process and efficient catalytic
ORR reaction on the graphene sponge electrode.

Conclusions

In summary, we demonstrated 3D graphene sponge as a novel
and high-performance universal functional material, both as
the anode and cathode of MFCs with stability up to 400 h. The
MFCs armed with the graphene sponge reach a current density
of 753 pA cm™? and generate a maximum power density of 184
uW em~? in sodium lactate medium, which is comparable with
that obtained from Pt-based cathodes and nanostructured
anodes under the same conditions. Graphene sponge enables
recyclable MFCs without any pollutants or difficult-to-recover
materials or elements. The present study brings MFC tech-
nology closer to practical application.
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