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High power density microbial fuel cell with ﬂexible 3D
graphene–nickel foam as anode†
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The structure and electrical conductivity of anode play a signiﬁcant role in the power generation of
microbial fuel cells (MFCs). In this study, we developed a three-dimensional (3D) reduced graphene
oxide–nickel (denoted as rGO–Ni) foam as an anode for MFC through controlled deposition of rGO
sheets onto the nickel foam substrate. The loading amount of rGO sheets and electrode surface area
can be controlled by the number of rGO loading cycles. 3D rGO–Ni foam anode provides not only a
large accessible surface area for microbial colonization and electron mediators, but also a uniform
macro-porous scaﬀold for eﬀective mass diﬀusion of the culture medium. Signiﬁcantly, at a steady state
of the power generation, the MFC device with ﬂexible rGO–Ni electrodes produced an optimal
volumetric power density of 661 W m3 calculated based on the volume of anode material, or 27 W
m3 based on the volume of the anode chamber. These values are substantially higher than that of
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plain nickel foam, and other conventional carbon based electrodes (e.g., carbon cloth, carbon felt, and
carbon paper) measured in the same conditions. To our knowledge, this is the highest volumetric power
density reported for mL-scale MFC device with a pure strain of Shewanella oneidensis MR-1. We also
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demonstrated that the MFC device can be operated eﬀectively in a batch-mode at least for a week.
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These new 3D rGO–Ni electrodes show great promise for improving the power generation of MFC devices.

Introduction
Microbial fuel cells (MFCs) employ electrogenic bacteria to
recover chemical energy stored in biodegradable organic
materials to electrical energy via a bio-oxidation process, which
holds great potential for simultaneously addressing the needs
for energy regeneration and organic waste treatment.1–6
However, the relatively low power output of MFCs restricts their
practical application. A number of methods have been used in
improving MFC power output, including optimization of
microbial activities7,8 and MFC device conguration,9–12 activation of cathode electrode by incorporating various catalysts
such as Au,13–15 Pd,16,17 and Ni,18,19 as well as enhancement of
eﬀective surface area of both anode20–22 and cathode.23,24 The
rapid advancement of nanostructured electrodes opens up new
opportunities in the development of high performance MFCs.
a

Department of Chemistry and Biochemistry, University of California, Santa Cruz,
California 95064, USA. E-mail: yli@chemistry.ucsc.edu

b

Physical and Life Sciences Directorate, Lawrence Livermore National Laboratory,
California 94550, USA

c
KLGHEI of Environment and Energy Chemistry, MOE of the Key Laboratory of
Bioinorganic and Synthetic Chemistry, School of Chemistry and Chemical
Engineering, Sun Yat-Sen University, Guangzhou 510275, People's Republic of China

† Electronic supplementary
10.1039/c3nr03487a

information

(ESI)

available.

‡ These authors contributed equally to this work.

This journal is ª The Royal Society of Chemistry 2013

See

DOI:

Carbon-based materials such as carbon cloth, carbon paper,
carbon felt and graphite brush are most commonly used anode
materials for MFCs.25 These commercially available electrode
materials are chemically inert, highly conductive and inexpensive. However, these microstructures have a relatively small
surface area for bacterial colonization, and thus, limit the power
density of MFC device. Previous studies have demonstrated that
the power density of MFC can be enhanced by modifying the
electrodes with nanostructures to increase the accessible
surface area for bacterial colonization. For example, carbon
electrodes modied with Au and Pd nanoparticles shown
improved power densities.26 Roh et al. reported that the power
density of carbon paper was improved by decorating it with
multi-walled carbon nanotube/polyarcylonitrile composite.27 To
further improve the performance of the anode, 3D structures
with a potentially larger surface area are emerging as new
electrode materials for MFCs. For instance, Higgins et al.
reported the preparation of 3D chitosan–carbon nanotube
scaﬀolds, with a pore size distribution between 10 and 120 mm,
as MFC anode.28 Xie et al. reported the fabrication of singlewalled carbon nanotubes and graphene-coated textile29 and
sponge30,31 bio-electrodes for MFCs. Recently, Yong et al.
developed a 3D conducting graphene–polyaniline scaﬀold as
MFC anode.20 These MFC devices with 3D electrodes showe a
signicantly enhanced power output and suggest the potential
of 3D conducting scaﬀold for MFC electrodes.

Nanoscale, 2013, 5, 10283–10290 | 10283

View Article Online

Published on 19 August 2013. Downloaded by University of California - Santa Cruz on 18/10/2013 18:22:56.

Nanoscale
Here, we report on the fabrication of a exible and high
performance MFC anode by employing nickel foam as a 3D
conducting scaﬀold and coated with reduced graphene oxide
(rGO) sheets to increase its accessible surface area for bacteria
colonization and electron mediators. Signicantly, the rGO–
nickel foam (denoted as rGO–Ni) anode produced a remarkable
volumetric power density of 661 W m3 (27 W m3) at a stable
state of power generation, calculated based on the volume of the
anode material (based on the anode chamber volume). These
values are substantially higher than that of plain nickel foam,
and conventional carbon based electrodes (e.g., carbon cloth,
carbon felt and carbon paper) electrodes measured in the same
conditions.

Experimental
Preparation of graphene oxide (GO)
GO was prepared from graphite powder using Hummer's
method. Graphite powder (0.5 g) was mixed with 23 mL
concentrated H2SO4 and 10 mL concentrated HNO3 in a
container that was cooled in an ice bath. KMnO4 (3 g) was
slowly added to the mixture. Aer the addition of KMnO4, the
solution was heated at 35  C for 3 h, and then diluted with
40 mL of deionized water. Aer 12 h, the solution was further
diluted by adding an additional 200 mL of deionized water,
followed by slow addition of 3.0 mL of H2O2 (30% v/v). The
solution with black graphite suspension was gradually converted into a bright yellow graphite oxide solution. The
precipitate of graphite oxide was isolated by centrifugation at
1500 rpm for 30 min, and washed with deionized water, and
then re-suspended in 500 mL deionized water. The concentration of the graphite oxide solution is 1 mg mL1. The
aqueous graphite oxide solution was vigorously sonicated for
2–4 h to exfoliate stacked graphite oxide sheets into monolayer
or multi-layered GO sheets.

Paper
thickness of rGO–Ni electrodes is 1 mm. The thickness of
carbon felt electrodes is 6 mm. The thickness of carbon paper
and carbon cloth electrodes is 0.5 mm.
Shewanella oneidensis MR-1 bacterial culture and MFC
operation
Shewanella oneidensis MR-1 (ATCC 700550) was cultured in
trypticase soy broth (TSB) (BD Biosciences, San Jose, CA) under
aerobic conditions at rt for 24 h at 30  C in an incubator shaker
with shaking at 150 rpm. The culture was then transferred to the
anode chamber of a dual-chamber MFC (chamber volume is
25 mL). 25 mL solution of 50 mM ferricyanide in 100 mM
phosphate buﬀer (K2HPO4 18.2 g L1, KH2PO4 2.56 g L1,
K3Fe(CN)6 15.6 g L1, pH 7.4) was used as catholyte. The voltage
of MFC device across an external resistor (1000 U) was monitored using a precision multimeter/data acquisition system
(2700, Keithley, OH). When the current dropped to the baseline
level, fresh TSB medium was slowly injected into the anode
chamber via a sterile syringe. The current (I) generated in MFC
was calculated according to Ohm's law, I ¼ V/R, where V was the
voltage and R was the external resistor. The power was then
calculated as P ¼ V  I. The power densities were calculated
based on the volume of the electrodes or the volume of anode
chamber (25 mL).
Methylene Blue absorption measurement
The initial concentration of the MB aqueous solution was 2 mg
L1. The plain nickel foam and rGO–X–Ni composite foams
were immersed separately in MB aqueous solution. The solutions were stirred in the dark for 24 h to allow reaching
absorption–desorption equilibrium. Then, the substrates were
removed from the MB solutions. Absorption spectra were
collected for the original and these MB solutions using an ATI
Unicam UV4 spectrometer by using a 1 cm quartz cuvette with a
resolution of 2 nm.

Deposition of rGO sheets onto nickel foam
The nickel foam substrate was transferred into an autoclave
(with Teon liner) lled with 25 mL aqueous GO solution. The
autoclave was heated at 120  C for 5 h and allowed to cool down
at rt. The yellowish nickel foam substrate turned into black
color (covered with rGO sheets). The substrate was then washed
with deionized water, and then air-dried. To improve the electrical conductivity of rGO sheets, the rGO–Ni substrate was
annealed at 400  C in hydrogen atmosphere in a home-built
quartz tube furnace for 30 min.
Fabrication of MFC anode
rGO–Ni composite anodes were fabricated by attaching a Ti wire
(the diameter of Ti wire is 0.25 mm) onto the Ni foam substrate
by silver conductive epoxy (Ted Pella. Inc., Redding, CA). Carbon
felt (GF-S6, Electrolytica, Inc., Amherst, NY), carbon paper (SGL
Group, Germany), and carbon cloth (CC6 Plain, Fuel Cell Earth
LLC, Stoneham, MA) electrodes were fabricated by directly
attaching a Ti wire onto the carbon-based substrates. The projected areas of all anodes are in the range of 7–10 cm2. The
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Electrochemical impedance spectroscopy (EIS)
The electrochemical characterization was carried out on CHI
660D electrochemical station using an impedance-potential
technique under whole cell conditions. EIS measurements were
conducted in a two-electrode mode by recording the impedance
spectrum of the anode as working electrode, with the cathode
acting as a counter electrode and reference electrode. The
impedance spectra were collected at the open-circuit potential
by applying a sine wave (5 mV) at a frequency range from
1000 kHz to 10 mHz. The data was analyzed using ZView by
tting the EIS spectra with an equivalent circuit.
Material characterization
SEM images were collected by a eld-emission SEM (Hitachi S4800 II). XPS analysis was carried out on a RBD upgraded PHI5000C ESCA system (Perkin-Elmer) using Mg-monochromatic
X-ray at a power of 25 W with an X-ray-beam diameter of 10 mm,
and a pass energy of 29.35 eV. The pressure of the analyzer
chamber was maintained below 5  108 Pa during the
This journal is ª The Royal Society of Chemistry 2013
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measurement. The binding energy was calibrated using the C 1s
photoelectron peak at 284.6 eV as reference.
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Results and discussion
rGO–Ni anodes were prepared by reuxing a nickel foam
substrate (45–103, Lyrun New Material) in an aqueous graphene
oxide (GO) solution at 120  C in an autoclave (Fig. 1a), followed
by annealing in hydrogen atmosphere at 400  C (Experimental
section). The conversion of GO into rGO by a hydrothermal
method has been reported elsewhere.30 The scanning electron
microscopy (SEM) image showed that the nickel foam is a
continuous 3D scaﬀold with a pore size ranging between 100
and 500 mm (Fig. 1b). The large pore size allows bacteria colonization in the inner structure of the 3D electrode and eﬃcient
mass transfer of the nutrient. The specic surface area of the
nickel foam was estimated to be 3000 m2 per cubic meter
based on its weight and size of the framework. More importantly, it oﬀers a continuous 3D highly conductive surface for
rGO coating. We aimed to increase the accessible surface area
for bacteria colonization and electron mediator through
controlled loading rGO sheets on the nickel foam. Aer reuxing the nickel foam in GO solutions for 5 h, its color changed
from yellowish silver to black. As shown in Fig. 1c, the entire
nickel foam scaﬀold was covered with rGO sheets. rGO–Ni
foams were further reduced in a hydrogen atmosphere at 400  C
in a home-built quartz tube furnace to increase their electrical
conductivities. Previous studies have demonstrated that bioelectrons generated from bacteria can be eﬀectively transferred
to GO and rGO.32,33 Therefore, the conductive rGO coating is
expected to serve as a good electron transfer layer that could
facilitate bacterial colonization and power generation.34,35
Furthermore, the rGO–Ni foam preserves the excellent
mechanical properties of the nickel skeleton. It is exible and
can be bent and folded into various shapes (Fig. 1d), which
enables it to t in diﬀerent MFC devices. Importantly, we did
not observe fragmentation of rGO sheets when it was bent
repeatedly, suggesting the aﬃnity between rGO and nickel
skeleton is strong and the composite structure is stable. Moreover, we have demonstrated the feasibility to scale up the
fabrication of rGO–Ni electrode for large-scale MFC devices.
Fig. 1e shows a 25  20 cm rGO–Ni foam. The electrode size can
be further increased, and it is practically only limited by the size
of the container for a reuxing process.
The capability of developing a highly conductive electrode
with a large eﬀective surface area is essential to the success of
developing a high-performance bioanode. To characterize the
chemical nature of rGO coating, core level C 1s X-ray photoelectron spectroscopy (XPS) spectra were collected for the rGO–
Ni structures before and aer hydrogen reduction. As shown in
Fig. S1† (ESI) rGO sheets before hydrogenation showed a broad
peak centered at 284.8 eV with a shoulder at a higher binding
energy, which suggests the existence of more than one chemical
state of carbon.36 The broad peak was deconvoluted into four
peaks. The main peak at 284.7 eV can be attributed to the
graphite-like sp2 hybridized carbon, indicating most carbon
atoms are arranged in a honeycomb lattice.37 The synthetic peak
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Fig. 1 (a) A schematic diagram illustrates the preparation of rGO–Ni anode. (b
and c) SEM images and digital pictures (insets) of plain nickel foam and rGO–Ni
foam. Scale bars are 200 mm. (d) Digital picture of a curved rGO–Ni foam. Inset:
rGO–Ni foam rolled up into a cylindrical shape. (e) Digital picture of a 25  20 cm
rGO–Ni foam.

centered at 285.5 eV is consistent with the sp3 hybridization of
C–C or C–H bonds.38 Small peaks located at the high-energy tail
(286.2 eV and 288.9 eV) can be ascribed to the carbon signal in
carbon–oxygen compounds such as C–O bond or carboxylate
carbon (O–C]O), respectively.39 Importantly, the intensity of
the signals associated with C–O and O–C]O bonds dropped
substantially upon hydrogenation, suggesting these surface
oxygen containing groups have been reduced.
Moreover, the electrode surface area is expected to be related
to the loading amount of rGO sheets, which can be controlled by
the number of loading cycles. Nickel foam reux in GO solution
at 120  C for 5 h is counted as one loading cycle. Fig. 2 shows the
SEM images collected for plain nickel foam and rGO–X–Ni
(X ¼ the number of loading cycles) electrodes prepared with a
diﬀerent number of loading cycles. Before loading of rGO
sheets, the nickel foam had a smooth surface (Fig. 2a). Aer
reuxing in GO solution, the nickel foam was covered with rGO
sheets. The thickness and roughness of rGO coating increased
with the number of loading cycles. Furthermore, the amount of
rGO loading increased with the number of loading cycles, as
expected (Fig. S2, ESI†). It is noteworthy that the deposition of
rGO sheets did not signicantly change the pore size, and thus,
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SEM images of (a) plain nickel foam, and (b–h) rGO–X–Ni (X ¼ the number of loading cycles) foams. Scale bars are 200 mm.

Fig. 3 UV-vis absorption spectra collected for the original MB solution (2 mg L1
in water) and the MB solutions after reacting with rGO–X–Ni foams for 24 h. Inset:
The absorption peak intensity (665 nm, highlighted by dashed line) of rGO–X–Ni
foams plot as a function of the number of rGO loading cycles. A line of best-ﬁt by
eye was drawn through the data points.

it seems not likely to aﬀect the mass diﬀusion of bacterial
culture medium. However, we observed that rGO–Ni electrodes
became fragile aer repeating the loading process for 6 times or
more (Fig. S3, ESI†). This could be due to the chemical dissolution of nickel in acidic GO aqueous solution (pH  5).
To test our hypothesis that the eﬀective electrode surface
area can be increased by increasing the number of rGO loading
cycles, we investigated the surface area for rGO–X–Ni structures.
Since nickel substrate slowly dissolved in GO solution during
the reuxing process, the quantitative determination of the
specic surface area for rGO–X–Ni electrodes by Brunauer–
Emmett–Teller method is impossible. Alternatively, we estimated the surface area of rGO–X–Ni electrodes by a dye
absorption experiment. Methylene Blue (MB) is a dye that has
been widely used for determining the surface area of a solid
absorber.40 The absorption measurements were started with a
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Fig. 4 (a) Schematic diagram illustrating the conﬁguration of a dual-chamber
MFC device with MR-1 colonized bioanode and carbon cloth cathode. The anode
and cathode chamber were separated by a CEM. MR-1/TSB solution was used as
anolyte and ferricyanide/PBS solution was used as catholyte. (b) SEM image of an
rGO–Ni anode colonized by rod-shaped S. oneidensis MR-1. The scale bar is 20 mm.
Inset: magniﬁed SEM image of a MR-1 bacterium. The scale bar is 1 mm.

2 mg L1 MB1 aqueous solution. The plain nickel foam and
rGO–X–Ni electrodes were immersed in the MB aqueous solution for 24 h. The solutions were stirred in the dark to establish
an adsorption/desorption equilibrium for MB on the electrode
surface. UV-vis absorption spectra collected for these solutions
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Fig. 7 Current vs. time plot collected for a MFC device with rGO–5–Ni anode,
operated in a batch-fed mode with an external resistor of 1000 U.

Fig. 5 (a) Maximum volumetric power densities collected for MFC devices with
rGO–X–Ni electrodes as anodes. Maximum volumetric power densities of MFC
devices with plain nickel foam, carbon paper (CP), carbon felt (CF), and carbon
cloth (CC) electrodes as anodes are also added for comparison. The error bars
show the deviation of the maximum power densities for at least three devices. (b)
Polarization and power curves collected for a MFC device with rGO–5–Ni anode.

Fig. 6 Polarization (red) and power (blue) curves collected for MFC with rGO–5–
Ni anode. The volumetric power densities were calculated based on the volume of
the anode chamber (25 mL).

revealed characteristic absorption peaks of MB (Fig. 3). More
importantly, the absorption intensity (665 nm) decreased
almost linearly with the increased number of loading cycles
(Fig. 3, inset). These results clearly support our hypothesis that
the electrode surface area can be increased and controlled by
the number of loading cycles.
We investigated the interplay between the performance of
rGO–X–Ni anode and the number of rGO loading cycles. rGO–X–
Ni anodes were tested in a conventional, dual-chamber MFC
device. The conguration of the MFC device is illustrated in
Fig. 4a. The dual-chamber MFC devices were built with glass
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tubes jointed by a cation exchange membrane (CEM) (CMI
7000S, Membranes International Inc., Ringwood, NJ, USA).
Each chamber had a liquid volume of 25 mL. In the anode
chamber, a pure strain of Shewanella oneidensis MR-1 (ATCC
700550) was inoculated in trypticase soy broth (TSB, BD
Biosciences, San Jose, CA), which was supplied as growth
medium. The cathode chamber was lled with ferricyanide
phosphate buﬀer solution (K2HPO4 18.2 g L1, KH2PO4 2.56 g
L1, K3Fe(CN)6 15.6 g L1, pH 7.4). The rGO–X–Ni foams with
projected areas between 7 and 10 cm2, and a thickness of 0.1 cm
were used as anodes. Carbon cloth substrates (the area of
carbon cloth was about 70 cm2, CC6 Plain, Fuel cell Earth LLC,
Stoneham, MA) were used as cathode. An external resistor was
connected to the anode and cathode to complete the circuit,
and the voltage generated in the MFC was monitored as a
function of time. All rGO–X–Ni electrodes were measured using
the same MFC device to eliminate the possible discrepancy due
to device assembly. The MFCs were operated in batch mode at rt
(25  C). SEM images collected for the bioanode aer a few days
operation revealed the colonization of MR-1 cells on the rGO
sheets and formed a biolm (Fig. 4b). The magnied SEM
image showed that the rod-shaped bacteria have a typical
diameter of 0.4–0.9 mm and a length of 2–3 mm, which are
consistent with previously reported values for MR-1.
The properties of rGO–X–Ni electrodes were investigated
through constructing polarization and power curves by varying
external resistors between 1 MU and 50 U. These results were
compared to the device using plain nickel foam and conventional anode materials, including carbon felt (GF-S6, Electrolytica, Inc., Amherst, NY), carbon paper (SGL Group, Germany)
and carbon cloth (CC6 Plain, Fuel Cell Earth LLC, Stoneham,
MA) (Fig. S4, ESI†). Volumetric power densities were calculated
based on the volume of the anode electrode when the device
established a steady state. Fig. 5a compares the maximum
volumetric power densities of MFC devices with diﬀerent types
of anodes. The maximum volumetric power densities of plain
nickel foam, carbon felt, carbon paper, and carbon cloth
anodes were measured to be 35, 23, 12 and 42 W m3,
respectively. Signicantly, MFC devices employing rGO–X–Ni
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composite electrodes as anodes showed substantially higher
power densities than the values obtained for these conventional electrodes (Fig. 5a). With the number of rGO loading
cycles increasing from 2 to 5 cycles, the maximum power
densities of MFC devices were gradually increased from 73 to
661 W m3. Fig. 5b shows the polarization curve of rGO–5–Ni
device. It exhibits an open circuit voltage (OCV) of 0.62 V,
comparable to the values reported for other MFC devices with
MR-1 colonized as anode.39 The short-circuit current (2.7 mA)
of this device is substantially higher than the values obtained
for other anode electrodes we studied. Signicantly, the rGO–
5–Ni achieved a remarkable volumetric power density of 661 W
m3, which is almost two times higher than the value of a
recently reported MFC device with 3D graphene-sponge
anode.31 Moreover, this value is almost 29-fold higher than that
of carbon felt, which is a conventional anode material with
porous 3D structure. The superior performance of the rGO–5–
Ni anode is believed to be due to the increased eﬀective surface
area for bacteria and electron mediators, as well as the porous
Ni foam scaﬀold that is highly conductive and allows eﬃcient
mass transport of the bacterial culture medium. The maximum
power densities of the devices decrease with further increase of
the number of loading cycles. One of the possible reasons is
the chemical dissolution of nickel resulting in the structural
collapse of the nickel skeleton aer a prolonged treatment in
acidic GO solution during the repeated rGO loading processes.
Moreover, rGO sheets tend to form aggregates with the
increase of rGO loading cycles (Fig. 2), which could cause
decrease of the accessible area for bacteria colonization.
Notably, that the MB absorption measurement indicates the
surface area increasing continuously with the number of rGO
loading cycles, the interior surface in the rGO aggregates may
not be accessible for bacteria colonization. Moreover, we also
calculate the gravimetric power density of the electrode materials. Since the nickel foam is a 3D structure with a large open
space, the gravimetric density of nickel foam (0.32 g cm3)
used in this study is indeed comparable to that of carbon cloth
(0.27 g cm3), which is another advantage of using a 3D
electrode structure for MFC application. In Fig. S5† (ESI), we
compare the maximum gravimetric power density of diﬀerent
electrode materials. Again, the gravimetric power densities of
nickel foam electrodes are substantially higher than the other
carbon materials, and the rGO–5–Ni electrode achieved the
highest gravimetric power density. Importantly, these results
also indicate that the gravimetric power density of the MFC
device could be further improved by replacing the nickel
framework with other 3D conductive networks with a lower
gravimetric density.
To prove the hypothesis that the 3D conductive scaﬀold
benets the charge and mass transport, electrochemical
impedance spectroscopy (EIS) spectra were also collected and
analyzed for conventional carbon cloth anode and rGO–5–Ni
anode (Fig. S6, ESI†). By tting the data of the Nyquist plots with
an equivalent circuit, we derived the solution resistance (Rs),
charge transfer resistance (Rp1) and diﬀusion resistance (Rp2)
(Fig. S6b and Table S1, ESI†). As shown in Table S1,† the rGO–5–
Ni electrode exhibits considerably smaller resistances than the
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values obtained on the carbon cloth electrode, especially the
diﬀusion resistance. The rGO–5–Ni anode shows a diﬀusion
resistance of 207 U, which is an order of magnitude less than
that of carbon cloth electrode (2211 U). Since both rGO–5–Ni
and carbon cloth anode were measured in the same electrochemical cell and electrolyte, the substantial reduction of
resistances can be possibly attributed to the 3D conductive
structure that allows eﬃcient electron/mass transport. This
study suggests the potential advantage of 3D conductive porous
scaﬀold as electrode for MFC devices.
In previous studies, the volumetric power densities were also
calculated based on the volume of the anode chamber.41 To
compare the performance of rGO–X–Ni electrodes with these
previous results, we fabricated a roll-up rGO–5–Ni electrode
(Fig. 1d, inset) that can t in the 25 mL anode chamber, and
measured power and polarization curves for the MFC device
(Fig. 6). Moreover, for comparison, power and polarization
curves were also collected for MFC devices when the anode
chamber was lled with carbon felt or carbon cloth electrodes.
Signicantly, the maximum volumetric power density of the
rGO–5–Ni device was calculated to be 27 W m3, which is
substantially larger than the values obtained for carbon felt
(1.03 W m3) and carbon cloth (1.62 W m3) anodes (Fig. S7,
ESI†) measured with the same MFC device. The power density of
27 W m3 is two orders of magnitude larger than the values
reported for other milliliter scale H-shaped MFC devices using
graphite sticks as electrodes, and MR-1/lactate–Fe(III) citrate
medium (0.25 W m3) as electrolytes.42,43 It is 135-fold higher
than that of the mL-MFC device with using carbon cloth as
anode and MR-1/TSB as anolyte (0.2 W m3).44 And it is also
almost 6 times higher than that obtained for mL-MFC device
with crumpled graphene particles modied carbon cloth
anodes (4.8 W m3) and wastewater as anolyte.24 To our
knowledge, this is the highest volumetric power density
obtained for mL-MFC device using a pure strain of MR-1.
To evaluate the stability of rGO–5–Ni anode, the MFC device
was operated in a batch mode. Fig. 7 shows the continuous
current generation from the MFC device in four consecutive
feeding cycles, which lasted for almost a week. In each feeding
cycle, a current of 0.1–0.5 mA was generated, which lasted for ca.
40 h before decreasing to the baseline due to depletion of the
nutrient in the MFC device. The slow decay of the current
suggests eﬀective removal of most of the organic matter in the
electrolyte. Replenishment of fresh TSB medium into the anode
chamber led to drastic current restoration, and bioelectricity
generation sustained for another 40 h. Aer the device operated
for 40 h, the device yielded a coulombic eﬃciency of 19%,
indicating the device eﬃciently converting organic matter to
electricity.45 The results proved that the MFC device with rGO–
5–Ni anode can be operated for at least a week, which is
important for practical application.

Conclusion
In summary, we have successfully developed a 3D electrode by
coating rGO sheets onto Ni foam for an MFC device. The
deposition of rGO sheets on highly conductive Ni foam
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considerably increased the eﬀective surface area for microbial
colonization. The 3D porous nickel scaﬀold allows eﬃcient
electron transfer and mass transport of bacterial culture
medium. MFC devices with rGO–Ni electrodes showed a
substantially higher power density output as compared to the
device with plain nickel foam and other conventional carbonbased electrodes. In particular, the MFC device with rGO–5–Ni
electrode achieved a remarkable volumetric power density of
661 W m3 (based on the volume of the anode) or 28 W m3
(based on the volume of anode chamber), which are the
highest values ever obtained for mL-MFCs with a pure strain
of S. oneidensis MR-1. More importantly, 3D electrode is
believed to be a general strategy to improve the power output
of MFC devices. The maximum power output reported in this
study was still limited by the electron producing capability of
pure strain MR-1, and is relatively low as compared to that of
other optimized MFC devices with mixed bacteria culture
inoculated in wastewater.46–50 However, we believe a similar
enhancement in the power output should be expected for
those MFC devices with mixed bacteria culture by using the
3D Ni/rGO anode electrode developed in this study. The
demonstration of this new 3D electrode could further push
the performance of MFC devices and strongly impact the
microbial technology.
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