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The positively-charged ionic liquid functionalized graphene nanosheets
(IL-GNS) were used as an anode in microbial fuel cells (MFCs), and
proved eﬀective for the high biocurrent generation and power output.

Microbial fuel cells (MFCs) are novel bioelectrochemical devices that
utilize the metabolism of microorganisms to convert chemical
energy into electrical energy.1 MFCs have attracted considerable
attention due to their great potential in many fields, such as wastewater treatment, space shuttles and marine sediment remediation.2
However, in the case of MFCs, the low power and current densities
resulting from the low extracellular electron transfer (EET) eﬃciency
between bacteria and the electrode are still main bottlenecks for
their practical applications. Three distinct EET mechanisms have
been proposed for electron transfer from microbes to the electrode
including direct electron transfer via cell surface redox-active
proteins or via conductive ‘‘nanowires’’, and indirect electron
transfer mediated by electron-shuttle molecules.3 Although
many factors aﬀect the EET process in MFCs, the anode serving
as an area for the attachment of bacteria and as a solid extracellular
electron acceptor is of much importance.4
In MFCs, electron transfer to the electrode is mediated by
microbes that adhere to the anode surface and develop bacterial
biofilm. Thus, the attachment of bacteria to the anode surface plays
an important role in the EET process. However, commercially
available graphite-based materials such as carbon paper and carbon
cloth usually have little electrochemical activity for the interaction
between microorganisms and the anode surface.5 Hence, it is
imperative to develop anode materials for eﬀective bacterial
adhesion and electron collecting capacities.
Recently, a great deal of research has been carried out to improve
the eﬃciency of EET between microorganisms and electrodes, for
example, by means of modifying polymers,6 by constructing
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conductive artificial biofilm,7 or by utilizing nanostructured
materials.8 Graphene-based materials have been explored as bioanodes showing promising properties for application to MFCs due
to their large surface area and excellent conductivity to facilitate the
EET process.9 However, to the best of our knowledge, the influence
of ionic liquid functionalized graphene on the bacterial loading on
the anode surface has not been studied. The graphene with chemical
modification is an ideal anode material for MFCs because it can
favor bacterial biofilm formation and has large surface area and high
conductivity.
In this study, we adopted positively-charged ionic liquid
(1-(3-aminopropyl)-3-methylimidazolium bromide) functionalized
graphene nanosheets (IL-GNS) as a bioanode modifier to improve
the interactions between bacterial cells and the anode surface.
Shewanella oneidensis MR-1 is a dissimilatory metal-reducing
bacterium that transfers electrons to an anode through outer
membrane cytochrome proteins and excreted redox mediators
(riboflavin molecules).10 It is used as a model microbe in both
electrochemical cells (ECs) and MFCs. As shown in Scheme 1, compared to commonly used graphene nanosheets as an anode modifier,
the positively-charged IL-GNS can not only increase the number of
negatively-charged bacterial cells adhered on the anode surface but
also accelerate the inoculation of negatively-charged bacterial cells on
the anode due to the electrostatic interactions. Meanwhile, the IL-GNS
oﬀer the advantages of large surface area for the attachment
of bacteria and high conductivity to facilitate electron transfer.

Scheme 1 Schematic illustration of the interactions between the CP/IL-GNS
anode and S. oneidensis cells.
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Consequently, the positively-charged IL-GNS significantly increase
biocurrent generation in MFCs.
The IL-GNS were synthesized by a microwave-assisted solvothermal (MW-ST) process via an epoxide ring-opening reaction
between graphene oxide (GO) and amine-terminated ionic liquid 1-(3aminopropyl)-3-methylimidazolium bromide (IL-NH2), as reported
previously11 (see ESI,† Section A for details). For comparison,
unfunctionalized graphene nanosheets (GNS) were also fabricated
and used as an anode modifier. The X-ray diﬀraction (XRD, Fig. S1,
ESI†) patterns and Fourier-transform Infrared Radiation (FTIR,
Fig. S2, ESI†) showed MW-ST reduction of GO to form GNS and
IL-GNS. The morphologies of GNS and IL-GNS were observed using
an atomic force microscope (AFM, Fig. S3, ESI†). X-ray photoelectron
spectra (XPS, Fig. S4, ESI†) further confirmed the successful functionalization of GO with IL-NH2. The zeta potential of GNS and IL-GNS
was measured to be 20.3 and +36.8 mV, respectively, and that of
S. oneidensis was 10.2 mV, indicating suﬃcient positive charge of
IL-GNS to attract negatively-charged bacterial cells to the anode
surface. However, GNS could not electrostatically interact with
negatively-charged bacterial cells. GNS or IL-GNS were then modified
on carbon paper through a facile dipping–drying process.12 The
carbon paper (CP), GNS coated carbon paper (CP/GNS) and IL-GNS
coated carbon paper (CP/IL-GNS) were characterized by scanning
electron microscopy (SEM). As shown in Fig. 1A, the surface of CP
can be clearly identified by carbon fibers, whereas that of CP/GNS or
CP/IL-GNS is covered densely with GNS or IL-GNS with wrinkles
on graphene nanosheets (Fig. 1B and C), respectively. XPS spectra
(Fig. S5, ESI†) further demonstrated that GNS and IL-GNS were
successfully modified on carbon paper.
To evaluate the eﬀect of IL-GNS on the interactions between
bacterial cells and the electrode, bare CP, CP/GNS and CP/IL-GNS
were first used as anodes in ECs and poised at 0.2 V vs. saturated
calomel electrode (SCE), respectively. After S. oneidensis inoculation
in ECs, the adhesion properties of bacterial cells on diﬀerent anodes
were compared. As observed in Fig. 1D, only a few bacterial cells
could attach on the bare CP anode surface after the growth for 80 h,
whereas a little more bacterial cells adhered on the CP/GNS anode
surface due to the large surface area of GNS for bacterial cell
attachment (Fig. 1E). Noteworthily, bacterial cells could cover almost
the entire CP/IL-GNS anode surface (Fig. 1F), which showed that the
CP/IL-GNS electrode was favourable for the attachment of bacteria,
and positively-charged IL-GNS play an important role in initial
bacterial adhesion on the anode surface.

Fig. 1 SEM images of (A) CP, (B) CP/GNS, and (C) CP/IL-GNS; and S. oneidensis
cells attached on (D) the CP, (E) the CP/GNS, and (F) the CP/IL-GNS anodes after
growth for 80 h in ECs.
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Fig. 2A shows the microbial electric current generation from
ECs with three diﬀerent anodes using 18 mM lactate as the sole
electron donor. It gradually increased with time, meaning bacterial
cells were slowly accumulated on the surface of the anode. After
50 hours of bacterial cell growth, the oxidation current from bacterial
biofilm on the bare CP anode reached a maximum current density of
0.40 A m 2. When CP was coated with GNS, anodic current reached
a maximum of 0.80 A m 2 after inoculation for 50 h. The anodic
current almost doubled in comparison with that of the bare CP
anode, which was presumably due to the large surface area of GNS
for bacterial cell attachment (Fig. S6, ESI†). Notably, after IL-GNS
coating, the current density dramatically increased and reached
a maximum of 2.8 A m 2 within 30 h, representing an almost
7-fold increase compared to that of a bare CP anode. The
increase in biocurrent production and decrease in inoculation
time could be attributed to the enhanced and accelerated
bacterial cell adhesion, due to long-range electrostatic interactions between the positively-charged CP/IL-GNS anode surface
and negatively-charged bacterial cells.
To further understand the high current generation by the
positively-charged IL-GNS, electrochemical impedance spectroscopy
(EIS) tests were performed to evaluate the charge transfer resistance
(Rct) of three diﬀerent electrodes before the EC test. As shown in
Fig. 2B, the Rct of the CP electrode was 210 O from the diameter of
the first semicircle in the Nyquist curve, whereas that of CP/GNS and
CP/IL-GNS electrodes was 22 O and 25 O, respectively (Fig. 2B inset),
indicating that IL-GNS retained the feature of high conductivity of
GNS. A smaller Rct resulted from a faster electron transfer rate.13 The
distinctive decrease in Rct suggested that the EET eﬃciency of either
CP/GNS or CP/IL-GNS was much higher than that of CP. The EIS
tests were also performed after EC tests (Fig. S7, ESI†), revealing an
enhanced charge transfer rate, which was attributed to the formation
of S. oneidensis biofilm on the IL-GNS anode and the fast electron
transfer from bacterial biofilm to the IL-GNS anode.
However, the increase in the current production was also
likely to result from the increase in concentration of riboflavin
released by bacteria in ECs with the GNS or IL-GNS anode.

Fig. 2 (A) Current generation by S. oneidensis in ECs with diﬀerent anodes;
(B) the Nyquist curves of the EIS test; the inset shows higher magnification;
(C) fluorescence spectra of supernatant solutions taken from ECs after
S. oneidensis was grown for 80 h; (D) CVs of biofilm-based anodes of MFCs, scan
rate: 10 mV s 1. (a) CP, (b) CP/GNS, (c) CP/IL-GNS.
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Fig. 3 Polarization (&) and power density (’) curves of MFCs with three
diﬀerent anodes: (a) CP, (b) CP/GNS and (c) CP/IL-GNS.

The riboflavin molecules released by S. oneidensis can be analysed
using the florescence spectrum.14 As shown in Fig. 2C, the heights of
the fluorescent peaks were almost the same for riboflavin in the ECs
with three diﬀerent anodes, indicating that there was little diﬀerence
between the concentrations of riboflavin in these ECs. In other
words, the increase in biocurrent generation was mainly attributed
to the enhanced direct electron transfer from the bacterial
membrane to the electrode via outer membrane cytochrome
proteins of S. oneidensis, due to the increase of bacterial cells on
the positively-charged CP/IL-GNS anode surface.
To further explore the eﬀect of IL-GNS on biocurrent generation, CP, CP/GNS and CP/IL-GNS were used as anodes in
conventional H-shaped two chamber MFCs (see ESI,† Section B for
MFCs operation), and three bioanodes were then analysed using CV,
respectively. As shown in Fig. 2D, the CP/IL-GNS anode had two
obvious redox peaks, indicating that S. oneidensis could form well the
biofilm on the CP/IL-GNS anode surface. The potentials of two redox
peaks at 0.425 and 0.476 V (vs. SCE) were in good accordance
with the electrochemical response of the c-type outer membrane
cytochromes,8 and could be ascribed to the direct electron transfer
mediated by outer membrane cytochromes of Shewanella. However,
no obvious redox peaks of outer membrane cytochrome proteins
were observed in the CVs of MFCs equipped with a bare CP or
CP/GNS anode. The result was another evidence for improved
interactions between bacterial cells and the CP/IL-GNS electrode.
The enhanced bacterial cell attachment and high EET
eﬃciency of the CP/IL-GNS are expected to provide a high
output for MFCs. The current generation of the three anodes
was tested in parallel in MFCs (Fig. S8, ESI†), and the increase
in current production with the CP/IL-GNS anode was observed.
As shown in Fig. 3, the MFC with the CP/IL-GNS anode
produced a maximum power density of 601 mW m 2, which
was 4.2 and 3.0 times that of the MFCs equipped with the CP
(142 mW m 2) and the CP/GNS anodes (203 mW m 2), respectively. Noteworthily, the output power density of the MFC with
the CP/IL-GNS anode was much higher or at least comparable
to that of the previously reported MFC with three-dimensional
graphene-based anodes while with the same bacterial strain.15
The result revealed that the CP/IL-GNS could act as an
enhanced anode for high-performance MFCs. The significant
improvement in power density was attributed to (1) electrostatic interactions between positively-charged IL-GNS and
negatively-charged bacterial cells, (2) large specific surface area
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for bacterial cells adhesion, and (3) high conductivity for
eﬀective electron transfer. This strategy provides a novel
approach for improving the performance of anodes in MFCs.
In summary, positively-charged IL-GNS as a novel anode in
MFCs was proved eﬀective for the high biocurrent generation
and power output. The considerable increase in bacterial loading
on the anode surface was observed and could be attributed to the
electrostatic interactions between positively-charged IL-GNS and
negatively-charged bacterial cells. This novel strategy represents
a promising future to use functionalized graphene for the MFCs.
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