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Graphene-modified electrodes for enhancing the
performance of microbial fuel cells

Heyang Yuan and Zhen He*

Graphene is an emerging material with superior physical and chemical properties, which can benefit the
development of microbial fuel cells (MFC) in several aspects. Graphene-based anodes can enhance MFC
performance with increased electron transfer efficiency, higher specific surface area and more active
microbe-electrode-electrolyte interaction. For cathodic processes, oxygen reduction reaction is effec-
tively catalyzed by graphene-based materials because of a favorable pathway and an increase in active
sites and conductivity. Despite challenges, such as complexity in synthesis and property degeneration,
graphene-based electrodes will be promising for developing MFCs and other bioelectrochemical systems

www.rsc.org/nanoscale

Introduction

Proper treatment of wastewater is critical to maintain a sus-
tainable society, and this consumes a large amount of energy.
For instance, water and wastewater utilities account for
approximately 4% of the electricity consumption in the U.S.,
namely, one third of the total municipal energy budget.! It is
estimated that the maximal energy that can be extracted from
a typical domestic wastewater containing 500 mg L' chemical
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to achieve sustainable water/wastewater treatment and bioenergy production.

oxygen demand (COD) is 1.9 kWh m™.> In contrast, approxi-
mately 0.6 kWh m™ of energy will be consumed to treat this
type of domestic wastewater by the prevailing activated sludge
method.’ The theoretical net energy benefit using energy-reco-
vering treatment technology compared to activated sludge
methods will be 2.5 kWh m™. Hence, there is an urgent need
to develop energy-efficient treatment technologies by reducing
energy consumption and increasing energy recovery.

Microbial fuel cell (MFC) as a green treatment technology
has attracted considerable attention in the past decade.’”®
A typical MFC is composed of two electrodes and an ion
exchange membrane, which serves as a separator. Organic
compounds (e.g. organic wastes in wastewater) are oxidized by
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Fig. 1 Schematic of a typical two-chamber MFC.

exoelectrogens (electrochemically active microorganisms)
growing on the anode electrode, and terminal electron accep-
tors (e.g. oxygen) are reduced on the cathode electrode (Fig. 1).
Because the redox reactions are thermodynamically favorable,
electrons released by microorganisms spontaneously flow
from the anode electrode to the cathode electrode through an
external circuit, and thus electricity is generated.

The development of MFC technology has been hindered
mainly by the low charge transfer efficiency of electrodes and
high cost of catalysts.'>'" To address these issues, a variety of
materials and their modifications, including carbon/graphite
materials, carbon nanotubes (CNTs), nanostructured materials
and non-precious metals, have been studied, as reviewed in
detail elsewhere.">" While these materials have shown certain
promise, their applications are still limited by inherent draw-
backs such as low specific surface area, low conductivity, poor
biocompatibility, and/or complicated synthesis procedures.

Among these newly developed materials, graphene has
been of significant interest since the first demonstration of its
facile isolation in 2004.™* This two-dimensional sheet formed
of sp” hybridized carbon atoms exhibits outstanding physical
properties, including high mechanical strength, high thermal
conductivity and good elasticity.">"” Its maximal specific
surface area is estimated to be 2630 m* g™, which is several
times higher compared to other carbon-based nanomater-
ials.'® Furthermore, the superior electrical properties make
graphene a promising material for applications in electronics.
It has been reported that the charge carrier mobility of sus-
pending single layer graphene can be higher than 200 000 cm?
v™' 571" Consequently, electrons travel in graphene at a
Fermi velocity of 10° m s~ without scattering, which is known
as ballistic conduction.?® These unique properties, which are
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tunable towards specific application via different synthetic pro-
cedures,*"** are highly attractive for the development of MFCs.
For electrode application, graphene and its modifications may
substantially decrease the loss of electrical potential, and thus
enhance MFC performance. This review will summarize and
discuss graphene-based materials used for MFC application
based on their functions, and provide insight into the modifi-
cation of graphene materials for improving MFC electrodes.

Enhance the anode performance

Biological oxidation of organics and extracellular electron
transfer (EET) are complicated processes affected by several
factors. First, electrons are transferred from exoelectrogens to
an electrode through three possible mechanisms: (1) soluble
electron-shuttling molecules, (2) redox-active proteins on the
cell membrane and (3) conductive pili.>> Therefore, an ideal
anode electrode is expected to facilitate rapid heterogeneous
electron transfer (HET) with microorganisms and electron
shuttles.>* Moreover, a bioanode should have biocompatibility
and a high specific surface area for accommodating a large
quantity of microbes. In this regard, graphene-based materials
are promising candidates for highly efficient MFC anodes.>*>°
The following sections discuss the study of graphene-based
materials in MFC anodes from the aspects of EET efficiency,
specific surface area and multi-phase interactions.

Improving EET efficiency

It has been determined that graphene-based materials could
improve EET efficiency through functional groups. In an early
MFC study that involved graphene-based materials, graphene
oxide (GO), a common precursor in graphene synthesis, was
examined as an anode.”” Cyclic voltammetry (CV) results
suggested that the GO nanoribbons yielded a higher response
of cytochromes (redox-active proteins), indicating lower acti-
vation energy, namely, a lower potential loss. This finding is
unexpected because GO is considered as an insulator and only
shows graphene-like conductivity after being reduced.”® Thus,
researchers attributed the enhanced electrochemical activity to
the large amount of functional groups on the material surface.
The properties of GO were further studied by forming a poly-
pyrrole/GO composite, which was designed to take advantage
of the conductivity of polypyrrole and the electrochemical
activity of functional groups from GO.>’ As anticipated, the
composite achieved a noticeably higher power density com-
pared to reduced GO and pristine polypyrrole. Electrochemical
impedance spectroscopy (EIS) also revealed a slight reduction
in the ohmic resistance and a significant decrease in the
charge transfer resistance.

With advances in materials science, graphene is easily
obtained by the reduction of GO.?® As a consequence, anode
electrodes modified with graphene materials through various
methods have been investigated for MFCs. The most straight-
forward method is to directly coat graphene on anode electro-
des, e.g. on stainless steel fiber felts. In comparison to
activated carbon and CNTs, graphene-coated anode exhibited
remarkably high electrochemical response in CV and the
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Fig. 2 Cyclic voltammograms of n-layer graphene composites (n = 0, 1,
2, 4, 6) in aqueous 0.1 mol L™ KCl containing 10 mmol L™ Ks[Fe(CN)gl
at a scan rate of 20 mV s™%. Reproduction with permission from ref. 32.

lowest polarization resistance. Although the charge transfer
resistance of graphene anode was higher compared to CNT
anode, suggesting a relatively inferior HET, it still provided the
highest power density among the tested electrodes.*® To
enhance HET, Guo et al.** modified carbon paper with gra-
phene via layer-by-layer assembly and observed increased peak
current and decreased peak current separation in CV when the
layer number increased (Fig. 2). These results clearly evidenced
a promoted electron transfer rate and were further supported
by the same trend of charge transfer resistance in EIS tests.
Charge transfer resistance was also successfully reduced
together with a boosted peak current when tin oxide was
anchored on the surface of reduced GO (rGO) using a micro-
wave-assisted method.*?

An interesting phenomenon, which can be directly related
to both EET and GO reduction, is that GO can be in situ
reduced via the respiration of bacteria such as Shewanella
spp.,”>* which is a group of important facultative exoelectrogens
in MFCs.** Electron transfer during the microbial reduction
on graphene has been reported to be involved with cyto-
chromes MtrA, MtrB, and MtrC/OmcA, which are all playing
pivotal roles in EET.*®> This has raised the question if biologi-
cally reduced GO interacts better with microbes and shows
higher EET efficiency. A further study using microbiologically
reduced GO as an anode material demonstrated a 25-fold
higher electron transfer rate constant, doubled exchange
current and halved ohmic and charge transfer resistance.*®
Distinct improvement of these properties is encouraging for
the development of highly robust and sustainable anode elec-
trodes via in situ reduction in MFCs.

Increasing specific surface area

A high specific surface area of graphene can provide sufficient
sites for the attachment of biofilms, and consequently guaran-
tee a high quantity of biocatalysts for the oxidation of organ-
ics.”” For example, the specific surface area of graphene

obtained via chemical reduction is 500 times larger compared
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Fig. 3 (A) Morphology of crumpled r-GO particles. (B) SEM images of
the attachment of bacterial cells on the graphene/PANI anodes. Repro-
duction with permission from ref. 42, 43.

to woven graphite felt.>®*° However, this specific surface area

is only one tenth of the theoretical value, indicating a
reduction in area caused by increased layer number or other
treatments.”>*° To fully exploit this advantage of graphene
materials, modifications were carried out from different
aspects. Luo et al.*' introduced an evaporation-induced crum-
pling process to synthesize compression- and aggregation-
resistant graphene balls, which yielded crumpled graphene
particles with a specific surface area up to 567 m” g~ . Electri-
city generation and power density of the MFC equipped with
the crumpled graphene anode (Fig. 3A) was significantly
enhanced compared to regular graphene sheets.*?

Polyaniline (PANI) was electro-deposited on graphene
nanoribbons to fabricate a composite anode, as this polymer
has been reported to easily form porous nanostructures.*?
Scanning electron microscopy (SEM) results demonstrated a
3D microporous structure and dense adhesion of microbial
cells on the anode surface. As a result of the thickened biofilm
(Fig. 3B), the PANI/graphene-anode MFC produced a maximal
power density twice as high as that of the control group. Later,
a simple synthesis of macroporous 3D graphene sponge was
developed by freeze-drying frozen graphene hydrogel.** A
noticeable increase in both specific surface area and pore
volume was observed. It could also been seen from SEM
images that organisms thrived on a graphene anode, which
was in good agreement with the increased power density.

Promoting interaction among microbes, substrates and
electrodes

Although the biocompatibility of graphene remains inconclu-
sive,’® graphene anodes have been reported to change
microbial metabolism in a manner that favors EET. For
example, Liu et al.*® obtained high peak current and lower
peak separation when using a graphene-deposited carbon
cloth anode. As discussed earlier, these results indicated a
facilitated EET. Interestingly, when peak current was plotted
versus square root of scan rate or scan rate, which represented
mediated and direct electron transfer, respectively, it was
observed that the positive effect exerted by graphene anode
was more significant to direct EET compared to mediated EET
(Fig. 4). This finding, together with a high amount of biomass
observed on the anode surface, may be indicative that exoelec-
trogens integrated graphene materials into their EET pathways.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (A) Cyclic voltammograms of MFC in glucose-free medium and
(B) in 0.5% glucose medium at a scan rate of 30 mV s™*. (C) Peak current
of Peak 1 (-0.6 V vs. SCE) is plotted versus the square root of scan rate.
(D) Peak current of Peak 2 (0.5 V vs. SCE) is plotted versus scan rate.
Reproduction with permission from ref. 45.

A similar conclusion was drawn in a recent study,’® in which
CV response associated with outer membrane c-type cyto-
chrome was detected on a microbiologically reduced gra-
phene/Shewanella biofilm but not on a pristine biofilm,
indicating a highly integrated microbe/electrode hybrid. Fur-
thermore, the 3D macroporous structure of the resultant com-
posite ensured good interaction between biocatalyst and
substrate.*® It is noteworthy that the enhancement of conduc-
tive pili, which is one of the major electron transfer mecha-
nisms, has by far not been reported. Hypothetically, the
biocompatibility and porous structure of graphene-based elec-
trode may be favorable for the formation of conductive pili,
further facilitating microbe-electrode interaction. Understand-
ing the effects of graphene materials on the pili formation may
significantly advance graphene application as bio-electrode
materials in MFC.

In addition to creating a porous structure, PANI is positively
charged in neutral solutions, and thus shows high affinity
towards the negatively charged biomass.”” Moreover, biofilm
formation on the hydrophobic graphene is expected to be
improved with the hydrophilic PANL*® In a recent study, CV
peak related to a c-type cytochrome (presumably OmcA) was
detected using a PANI-hybridized 3D graphene anode, but was
absent for carbon cloth anode.”® Furthermore, high perform-
ance liquid chromatography did not detect difference in the
concentrations of riboflavin, a relevant electron shuttle,
between the MFCs equipped with those two anodes. Therefore,
it was concluded that electrons were preferentially harvested
via direct EET on the graphene/PANI anode due to its 3D inte-
gration with biofilm. Hou et al.>® obtained reduced graphene
via electrochemical reduction and mixed it with PANI to fabri-
cate MFC anodes. Although the PANI-rGO anode showed
slightly higher charge transfer resistance compared to pristine
reduced graphene anode, its power density and open circuit
voltage outcompeted other materials. It is noteworthy that in

This journal is © The Royal Society of Chemistry 2015

View Article Online

Minireview

the two studies, the diffusion resistance of the PANI-modified
graphene was significantly smaller compared to non-modified
graphene or other materials, indicating a favorable structure
for the interaction between electrolyte and anode electrode.

Enhance the cathode

Oxygen is an ideal electron acceptor for MFC cathode because
of its reduction potential and availability. However, the
reduction of oxygen is kinetically slow, and hence may contri-
bute to the internal resistance of an MFC more than anode
reaction.”® In addition, oxygen reduction reaction (ORR) occur-
ring at the cathode surface involves three phases, ie., gas
(oxygen-electron  acceptor), liquid (electrolyte-reaction
medium) and solid (electrode-electron donor), making it a
complicated process. As such, the cathode process is con-
sidered to be challenging and requires efficient catalysts (e.g.
simple synthesis and cost effective catalysis) to facilitate
ORR." Platinum (Pt) is commonly used as a catalyst in bench-
scale MFC experiments owing to the small overpotential of
ORR, but Pt-based catalysts are not economically viable in
large-scale applications, especially for wastewater treatment. A
number of carbon-based materials and non-precious metals
have been intensively studied as alternative materials for
cathode electrodes and catalysts in the past few years, and
there is a continuing interest in exploring more efficient cata-
lysts to improve the cathode performance."® Graphene modifi-
cation has been demonstrated to be effective to carry out ORR
via an efficient pathway (i.e. four-electron transfer), abundant
active sites and high conductivity.>”

Cathode reduction pathways

In principle, oxygen is reduced either through a one-step four-
electron pathway (eqn (1)):

0, +4H" 4+ 4e” — 4H,0 E°=1.229 Vvs. NHE (1)

or a less efficient two-electron pathway (eqn (2)), followed by
the reduction of HO,™ (eqn (3)) or by the more rapid dis-
proportionation of HO,™ (eqn (4)):>*°*

E° = —0.065 V vs. NHE
(2)

E°=0.867 Vvs. NHE  (3)

OZ —+ H20 +2e — H027 =+ OH™

HO, + H,O + 2e~ — 30H"
2HO,  — 20H + O, (4)

While the 2-e pathway generates highly reactive hydrogen
peroxide, which leads to damaged membranes and electrodes,
the 4-e pathway is favorable because of the higher reduction
potential. It has been determined that four-electron transfer
predominates in ORR using nitrogen-doped graphene (NG) as
a cathode material.>> The transferred electron number per
oxygen molecule was calculated to be 3.69 for a NG cathode
synthesized with detonation process, close to that for Pt. In
another study, NG obtained via pyrolysis yielded an even
higher electron transfer number of 3.87.°° Both studies
achieved slightly higher power density with NG cathode com-
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pared with Pt in MFCs. The superior ORR catalysis is mainly
attributed to the introduction of three nitrogen species by
doping: graphitic N adsorbs OOH and reduces O, to H,0, via
2-e pathway, and pyridinic and pyrrolic N are likely to be
responsible for the catalysis of 4-e pathway.>®>°

According to Cao et al,*® ORR can be catalyzed by manga-
nese oxides possibly through the oxidization of MnOOH by
adsorbed oxygen. As demonstrated by CV, ORR catalysis by
MnO, coated on graphene was significantly enhanced com-
pared with that on carbon black and multi-wall CNT
(MWCNT).®! Moreover, the performance of the MFC equipped
with MnO,/graphene cathode was comparable to that with Pt/
C in terms of open circuit voltage, power density and coulom-
bic efficiency. A MnO,/GO cathode also provided power density
and electricity generation similar to that of a Pt/C cathode.®?
Graphene electrodes hybridized with other metals resulted in
similar enhancement in the MFC performance.®*®® These
studies suggest that graphene can affect ORR pathway either
by the modification of its own structure or by the enhance-
ment of catalytic ability with other doped/coated materials.

Increasing active sites

As discussed above, a high content of pyridinic and pyrrolic
nitrogen in NG is desirable because they might facilitate the
more efficient four-electron transfer in ORR. To increase the
proportion of these nitrogen active sites, Feng et al®
implanted mesoporous graphitic carbon nitride (C;N,) into
NG nanosheet. This novel approach resulted in a high nitro-
gen/carbon ratio of 19.7% and an increased content of pyridi-
nic N, which is distinctly higher than that synthesized using
pyrrole, aniline and ammonia as precursors.”” The remarkable
ORR catalysis of the implanted NG was later testified by elec-
trochemical analysis, in which CV showed a higher peak
current, whereas linear sweep voltammetry provided an earlier
onset potential compared to Pt/C. Furthermore, the transferred
electron number was calculated to be 4, indicating a complete
four-electron transfer pathway.®” When tested in MFCs, the
modified NG yielded 20% higher power density (Fig. 5A) and
noticeably higher stability compared to Pt/C (Fig. 5B). The
increase in nitrogen activity can also be implemented from
other aspects. For example, iron was added to stabilize nitro-
gen incorporation on graphene.®®

In addition to the amount of nitrogen sites, sufficient
exposure of active sites to reactants using a large specific
surface area could effectively promote ORR. PANI was hybri-
dized with GO to produce porous nitrogen-doped carbon
nanosheet on graphene with a specific surface area of 1398 m>
g¢7! leading to a prominent CV peak and power density.®® In
the same study, oxygen content in the modified material
reached a high value of 9.13%, which could be another expla-
nation for the efficient catalysis. Oxygen species were also
observed in C3N4,-NG, which was speculated to be advan-
tageous to ORR because of the high adsorption of 0,.”° Liu
et al.>® has proposed that the presence of O species not only
decreases the active energy carrier of ORR, but also protects
the catalytic C-N groups from being attacked by protons
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(Fig. 6). Apart from oxygen, other polar functional groups on
the graphene surface have been reported to encourage the for-
mation of small silver particles, whose size is inversely corre-
lated to ORR catalysis, resulting in an electron transfer
number of 3.8 and comparable power density and electricity
generation to Pt/C.”"

Attraction
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Fig. 6 NG is protected by O—-H groups from the attack of protons.
Reproduction with permission from ref. 56.
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Enhancing conductivity

Although in theory graphene possesses high conductivity, non-
ballistic conduction was observed in bulk samples,”” possibly
resulted from impurity and topological lattice defects.>"”*”*
This increases the internal resistance of the cathode electrode,
and thus hinders ORR. Therefore, it is of crucial importance to
maximize the conductivity of graphene cathodes in practical
applications. To reduce resistance, graphene is doped with
nitrogen. The conductivity of regular NG was measured to be
35S m™', which is 10 S m™" lower compared to Pt/C,>* whereas
that of C3N,-implanted NG increased to 66 S m™".®” Accord-
ingly, the MFC with an implanted NG cathode, which showed
a 31% decrease of internal resistance, produced a 20% higher
power density compared to the one with a regular NG cathode.
Similar to graphene-based anode electrodes, the ohmic and
charge transfer resistance of cathode electrodes can be
reduced with graphene/biofilm composites or crumpled gra-
phene particles.*>”> The versatile polymer PANI has also been
doped with graphene to fabricate cathode electrodes.”® EIS
results revealed the diminished ohmic and charge transfer
resistance for the PANI-graphene cathodes compared to the
pristine PANI cathode, with the PANI/graphene ratio of 1:9
being the most conductive electrode. The PANI/graphene com-
posites doped with para-toluenesulfonic acid exhibited high
electrical conductivity at high temperature due to the high
mobility of the charge carriers.””

Perspectives

It is worth noting that in most cases, the enhanced perform-
ance of anode electrodes and/or cathode electrodes, conferred
by graphene materials, is a synergistic effect.”*®! For example,
a chitosan/vacuum-stripped graphene scaffold composite with
hierarchically porous 3D structure had a specific surface area
of 248 m* g™' owing to the large specific areas of graphene.®>
Moreover, its charge transfer resistance was reduced with
increased graphene loading, with the lowest value of 150 Q for
50 wt% among a series of loading rates. Together with the
good biofilm adhesion and high production of endogenous
mediator stimulated by the biocompatible chitosan, current
and power density of the MFC containing this composite as its
anode electrode were 16 and 78 times higher, respectively,
compared to the control with the carbon cloth anode. On the
other hand, multi-directional improvement was also observed
in cathode modifications, for example implantation of meso-
porous graphitic C;N, simultaneously facilitated favorable
ORR pathway and increased active sites and conductivity.®”
Therefore, synergistic effects are desirable as electrode per-
formance benefited from multiplication instead of addition
of the enhancement of individual aspects. This may be helpful
for the preparation and modification of graphene-based elec-
trode and catalysts in future.

Despite their great promise in MFCs, graphene materials
suffer from relatively complicated synthesis procedures. In
general, graphene electrodes are prepared through three steps:
GO synthesis, GO reduction to graphene, and modification.®?

This journal is © The Royal Society of Chemistry 2015
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This approach, and other methods, including chemical vapor
deposition,®* unzipping of MWCNTs and detonation are either
troublesome, energy/time-consuming or involved with hazar-
dous chemicals,”””*>* thereby increasing capital cost in large-
scale applications. The in situ reduction of GO to graphene by
bacteria or phytoextracts could be an effective option for anode
fabrication as it meets the requirement of sustainability and
green chemistry.®® For cathode, NG is a competitive material
because of its outstanding ORR catalysis, but does not seem to
prevail before economic synthesis methods with optimized
nitrogen types and contents are developed.>®

MFCs are a major type of bioelectrochemical systems (BES),
which also include various ramifications with different func-
tions such as the hydrogen-producing microbial electrolysis
cells (MECs), the chemical-synthesizing microbial synthesis
cells (MSCs) and the salt-removing microbial desalination
cells.* To date, there is very limited study using graphene to
enhance performance in BES other than MFCs.*® In a study of
MECs, 3D MoS,/NG nanosheet aerogels were synthesized
through a facile hydrothermal approach and used to catalyze
hydrogen evolution reaction (HER). Although the loading rate
of MoS,/NG aerogels on the cathode electrode was only 25%
that of Pt/C, its current density in MFC test was comparable to
that of Pt/C. In addition, the MoS,/NG aerogels outperformed
pristine MoS, nanosheets and NG aerogels with respect to
electrochemistry and catalysis. It can be expected that with
advances in graphene research, there will be more research
using graphene materials as electrode and catalyst for improv-
ing BES performance in a broad range of applications, and in
return this will be beneficial for identifying proper application
niches for graphene materials and stimulating graphene
research in future.
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