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icrobial fuel cells (MFC) are sus-

tainable and green energy sources

that can convert chemical energy
in organic wastes into electricity and inte-
grate environmental bioremediation with
power production.' 3 Electrons stored in
organic matters can be released by micro-
bial metabolism and subsequently passed
to solid electrodes in MFCs through differ-
ent extracellular electron transfer (EET) me-
chanisms including direct electron transfer
via the redox active proteins on the bacteri-
al outer membrane and/or through the
conductive pili (bacterial nanowires), and
indirect electron transfer mediated by shut-
tle molecules.>~ However, the low output
power density from MFCs due to low bac-
terialoading onto the electrode and low EET
efficiency between bacteria and electrodes
is the major bottleneck that obstructs prac-
tical applications of MFCs.'?

Development of novel anodic materials
that could facilitate bacterial biofilm forma-
tion and EET is vital to enhance power
production of MFCs. Toward this aim, var-
ious strategies have been developed to
increase the specific surface area, biocom-
patibility, conductivity, and electron-ac-
cepting ability of the electrodes.> '® For
example, conducting nanostructured mate-
rials (e.g., carbon nanotubes) have been
employed to coat the standard electrode
in order to increase the specific surface area
and promote EET.'® However, such flat (two-
dimensional) porous anodes have small
pore sizes. Consequently, bacteria only
clog on the surface and are inaccessible to
the interior of the anode. This seriously
limits the anode efficiency. In view of this,
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ABSTRACT Microbial fuel cell (MFC) is of
great interest as a promising green energy
source to harvest electricity from various
organic matters. However, low bacterial load-
ing capacity and low extracellular electron
transfer efficiency between the bacteria and

the anode often limit the practical applica-
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tions of MFC. In this work, a macroporous and monolithic MFC anode based on polyaniline

hybridized three-dimensional (3D) graphene is demonstrated. It outperforms the planar

carbon electrode because of its abilities to three-dimensionally interface with bacterial biofilm,

facilitate electron transfer, and provide multiplexed and highly conductive pathways. This

study adds a new dimension to the MFC anode design as well as to the emerging graphene

applications.
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three-dimensionally structured anodes have
been devised based on graphite fiber
brush," reticulated vitreous carbon,'? gran-
ular activated carbon,'® carbon fiber non-
wovens,'* or carbon nanotube textile.®
Compared with the conventional flat an-
odes, the three-dimensional (3D) anodes
provide larger surface area to interface with
bacteria. But the problems associated with
these 3D structures include low specific sur-
face area due to the lack of microscopic or
nanoscropic structures, or too small pore
sizes for bacteria penetration, or poor con-
ductivity, or disruption of bacterial mem-
brane by sharp nanomaterials.'®

Graphene is a single atomic layer of car-
bon atoms arranged in a hexagonal lattice.
Owing to its extraordinary electrical, phys-
iochemical, and structural properties, this
recently discovered allotrope of carbon has
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already demonstrated great potentials in many fields
of science and technologies.'” %’ It shall provide new
opportunities to MFC as well, taking advantage of its
unique properties, such as, outstanding electrical con-
ductivity, extremely high specific surface area (up to
~2600 m?/g), mechanical robustness and flexibility,
chemical inertness, and biocompatibility.?® Recently,
thin-films of chemically derived graphene sheets*® and
graphene oxide nanoribbons®® have been employed
to improve the performance of MFC anodes. But the
conductivity of those graphene materials is largely
compromised by the chemical groups and defects
introduced during the synthesis processes.?**' In ad-
dition, like other 2D structures, graphene thin-films
have limited bacteria loading capacity and the stacking
between individual sheets largely sacrifices the high
intrinsic specific area of graphene. Herein, we demon-
strate a novel 3D macroporous anode, which is a
free-standing, flexible, conductive, and monolithic gra-
phene foam?? decorated with the conductive polymer
polyaniline (PANI). To the best of our knowledge, this is
the first demonstrated 3D monolithic carbon anode for
MFC. We show that it greatly outperforms the standard
planar carbon electrode owing to its abilities to three-
dimensionally interface with bacterial biofilm, facilitate
electron transfer, and provide multiplexed and highly
conductive pathways.

RESULTS AND DISCUSSION

The 3D graphene was synthesized by chemical
vapor deposition (CVD) with nickel foam as the sub-
strate and using ethanol as the carbon source.>* The
nickel substrate was then etched away using a HCl
(3M) solution at 80 °C to produce free-standing yet
light graphene foam. As shown in Figure 1a, the 3D
graphene exhibits a honeycomb structure with the
pore size of 100—300 um. At a higher magnification,
itis observed that the surface of the graphene skeleton
is seamlessly continuous and exhibits micrometer-
scale smooth (flat) topographic domains (comparable
to the size of a bacterium) (Figure 1b). The morphology,
surface topology, and dimensions of 3D graphene are
identical to those of the nickel substrate resulting from
the conformal CVD growth. Therefore, these structural
parameters of the 3D graphene can be varied by the
choice of different growth substrates. Raman spectros-
copy was also conducted to examine the obtained
graphene (Figure 1c). The absence of Raman D band
indicates that the grown graphene is of high quality,
while the integrated intensity ratio between 2D and G
band indicates the coexistence of single-layer and few-
layer domains.®>**% The lack of defects and absence of
contacts between separated graphene sheets ensure
a high conductivity of this 3D graphene monolith.

Despite that the graphene layers are extremely thin
(one-atom thick for single-layer), the monolithically

YONG ET AL.

and continuously networked graphene structure can
stand alone and be manipulated due to the extraordinary
mechanical strength of graphene. As the 3D graphene
foam gives a high specific surface area (~850 m?/g),**** it
is able to provide a large surface area for bacteria
attachment. Also desirably, the porosity of the graphene
foam is much higher than that of carbon cloth (~99% vs
~65%).'>*2 Because the pore size of graphene foam is
much larger than a bacterium (1—2 um), bacteria can
easily diffuse in and colonize inside. In addition, such
macroporous structure guarantees unhindered substrate
transport.

Graphene, however, just like other carbon materials
is highly hydrophobic which is unfavorable for bacteria
adhesion. We thus decorated the surface of graphene
with hydrophilic conducting polymer PANI® through
in situ polymerization in order to promote bacteria
adhesion and biofilm formation. The success of PANI
deposition was confirmed by scanning electron micro-
scopy (SEM) (Figure 1d) and cyclic voltammetry (CV)
(Figure 1e) in which the characteristic redox peaks from
PANI (originated from the redox transition between
the leucoemeraldine and the polaronicemeraldine
form) are evident.

The performance of the 3D graphene/PANI anode
was evaluated in comparison with that of carbon cloth
(acommonly used anode material in MFCs). Shewanella
oneidensis MR-1, a dissimilatory metal reducing bacteri-
um, was selected here as the model electrogen® and
lactate was used as the electron donor. As observed
under SEM (Figure 2a,b), bacteria formed confluent
biofilm on the PANI coated graphene surface. The SEM
image of the electrode interior (Figure 2c) shows that
the bacteria also densely adhere on the graphene
surface deep inside the 3D electrode. This observation
suggests that the macroporous structure of this 3D
electrode allows sufficient substrate exchange to sup-
port internal bacterial biofilm growth, and implies that
the biofilm loading on the electrode could be further
improved by simply increasing the electrode thickness
(1 mm thick graphene foam was used here). In com-
parison, bacterial bioflim formed only on some areas
of the outmost surface of the bare 3D graphene
and bacteria were not able at all to penetrate inside
the 3D structure (Figure S1a and S1b in Supporting
Information), indicating the critical role of PANI in
recruiting bacteria onto the electrode. Not surprisingly,
MFC equipped with bare 3D graphene anode gives
poor electrical output (Figure S1c). Because PANI is
positively charged in neutral solutions, it can electro-
statically interact with the negatively charged bacterial
membrane.® Carbon cloth is woven carbon micro-
fibers (Figure 2d). After the commonly used acid treat-
ment to render it hydrophilic, bacteria can densely
adhere on carbon fibers on the surface of the carbon
cloth (Figure 2e). But no bacteria can be found in
the electrode interior (Figure 2f). The high 3D bacterial
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Figure 1. (a) SEM image of 3D graphene foam at low magnification. (b) SEM image at the graphene film at high magnification.
(c) Raman spectra of graphene foams with different layers (solid line, single layer; dotted line, multilayer). (d) SEM image of
PANI-modified graphene foam. (e) Cyclic voltammetry (CV) of the bare graphene foam electrode and the graphene/PANI foam
electrode in PBS buffer (pH 7.2) at scan rate of 100 mV/s, respectively.

Figure 2. SEM images of graphene/PANI (a—c) and carbon cloth (d—f) electrodes after 60 h incubation in MFC with S.
oneidensis MR-1 cell suspension. With a higher magnification, images b and e were taken at the electrode surface while

images c and f were focused on the electrode interior.

loading capacity of our graphene/PANI anode is ex-
pected to guarantee a larger power output in MFC than
that being afforded by a planar carbon cloth electrode.

S. oneidensis MR-1 has two distinct EET pathways,
indirect transfer mediated by electron shuttles (ribo-
flavin molecules) and direct electron transfer via c-type
cytochromes proteins on its outer membrane.>*’>®
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As determined by high performance liquid chromato-
graphy (HPLC),* the concentrations of riboflavin re-
leased by the bacteria in the MFCs equipped with either
a carbon cloth anode or 3D graphene/PANI anode did
not show any difference (data not shown). However, the
indirect electron transfer is presumably enhanced in the
conductive 3D graphene, which provides a larger active
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surface area to collect electrons from riboflavin mol-
ecules in solution. In addition, it has been demonstrated
that PANI polymers can serve as conductive nanowires to
enhance the extracellular electron transfer between
bacteria and electrode through intimate contact with
the redox active proteins on bacterial membrane 54°
Such direct electron transfer from the c-type cytochromes
on the membrane S. oneidensis MR-1 to the 3D graphene/
PANI electrode was indeed observed in our cyclic vol-
tammogram (CV) analysis, whereas it was absent in the
carbon cloth electrode (Figure 3a).

The CV plot of the carbon cloth anode shows a pair of
redox peaks (Figure 3a), which are believed to originate
from some unidentified bacterial metabolites.*’ They
are not related to the electron transfer from the
bacteria because the midpoint potential of these redox
peaks (~0.3 V) is very close to the cathode potential
(~0.3 V) and much higher than the reaction potential
of our MFC anode (<0 V). The CV of the graphene/PANI
foam exhibits several characteristic redox peaks that
are missing from that of the carbon cloth (Figure 3a).
First, the two peaks denoted as a and b result from the
redox transition of PANI. These two large peaks mask
the weaker redox peaks observed in the carbon cloth.
In addition to these, two more redox peaks are identi-
fied: a cathodic peak c at ca. —0.38 V and a rather weak
and broad anodic peak d. The peak d can be more
clearly observed in the semiderivative plot (inset of
Figure 3a and Supporting Information, Figure S2a),
which is a technique commonly used to differentiate
peaks from complex CV plots.*?> The peaks c and d
coincide, in terms of voltage positions and amplitudes,
with the asymmetric redox peaks produced by the
outer-membrane c-type cytochrome proteins (MtrC or
OmcA) of S. oneidensis MR-1 that are responsible
for the direct electron transfer between the bacterium
and the electrode.'®**** The midpoint potential of
this redox pairs was estimated to be ca. —0.265 V
(Supporting Information, Figure S2a), which is in good
accordance with that of OmcA.'® Moreover, similar to
the observation made with OmcA, the magnitudes of
these redox peaks (c and d) reduced and the position
of reductive peak (c) shifted positively in the second
CV scan (Supporting Information, Figure S2b). Taken
together, it can be concluded that the garphene/
PANI foam is able to harvest electrons via direct
electron transfer from OmcA cytochrome proteins on
S. oneidensis MR-1, whereas the carbon cloth anode is
incapable of it.

Electrochemical impedance spectroscopy (EIS)
analysis’” was then carried out to investigate the
charge-transfer resistance of the MFCs equipped with
the carbon cloth anode or the 3D graphene/PANI foam
anode (Figure 3b). The EIS Nyquist plot is the super-
imposition of a preceding frequency-dependent semi-
circle (high frequency region) and a following straight
line (low frequency region); the diameter of the former
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Figure 3. Electrochemical characterizations of carbon cloth
anode and graphene/PANI anode in MFC. (a) The cyclic
voltammetry (CV) of the carbon cloth anode and the gra-
phene/PANI anode in the MFC, at the scan rate of 30 mV/s.
The inset shows the semiderivative (SD) CV of the selected
voltage range where the dashed line indicates the baseline.
(b) Nyquist plots of the two types of anodes in MFCs (0.01 Hz
to 100 kHz for graphene/PANI foam; 0.04 Hz to 100 kHz for
carbon cloth; at open-circuit potential and with a perturba-
tion signal of 10 mV). The inset depicts the enlarged view of
the indicated square region. The dashed semicircles are
drawn based on fitting.

indicates the charge-transfer resistance.”*> As shown in
Figure 3b, the charge-transfer resistance of graphene/
PANI MFC (~100 Q) is much smaller than that of carbon
cloth MFC (~2800 Q). A smaller charge-transfer resis-
tance is resulted from a faster electron transfer rate.”
This confirms that the EET efficiency of 3D graphene/
PANI is much higher than that of carbon cloth.

Higher bacterial loading and higher EET efficiency of
the 3D graphene/PANI anode enable its higher output
power density than the carbon cloth anode. To verify
this, the performance of the two types of anodes was
tested in parallel in two-chamber MFCs (with a load
resistance of 2 k€2). As shown in Figure 4a, the power
density of the MFC equipped with a carbon cloth
anode reached its plateau at 6 h with a power density
of ~110 mW/m? The power density of the MFC
equipped with a 3D graphene/PANI foam reached
the similar level at 6 h, and then increased further to
a plateau (~190 mW/m?) at about 24 h. The plateau
power density of the 3D graphene/PANI MFCs is
significantly higher than that of the carbon cloth
MFCs (88.7 £ 10.9% higher, n = 4). However, such
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TABLE 1. Maximum Power Density Output Obtained from
Different Anode Materials

electrode power density (mW/m?)  specific power density (mW/g)
carbon doth (CC) 158 1.16
CC/PANI 33 237
carbon felt (CF) 10.8 0.09
CF/PANI 145 1.20
nickel foam 219 0.05
nickel foam/PANI 70.8 0.17
graphene foam 12.8 4.26
graphene/PANI foam 768 256
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Figure 4. (a) Time courses of the power density output of
the MFCs equipped with a carbon cloth anode or a gra-
phene/PANI foam anode. (b) Polarization curves of the two
types of MFCs. The inset shows the /—V relation.

improvement is still underestimated because of the
huge mismatch between the internal resistance of 3D
graphene/PANI MFCs and the loading resistance. The
maximally attainable power achieved at the perfect
match between the internal resistance and the load
resistance can be determined using the polarization
curve.” As shown in Figure 4b, the maximum power
density obtained from the 3D graphene/PANI MFC is
~768 mW/m?, which is about 4 times higher than that
from the carbon cloth MFC (~158 mW/m?). Further-
more, since graphene/PANI foam is much lighter than
carbon cloth (3 g/m? vs 136 g/m?), it produces about
212 times higher specific power density than carbon
cloth (256 mW/g vs 1.2 mW/g). Thus, the 3D graphene/
PANI electrode is advantageous for use as high-power
large-scale MFCs.

The 3D graphene/PANI electrode also significantly
outperforms the PANI-coated carbon cloth electrode
and carbon felt electrode with or without PANI coating
(Table 1). These experiments demonstrate the advan-
tage of the 3D carbon electrode over the 2D carbon
electrodes. Noteworthy, the redox waves from the
c-type cytochromes were not observed in the CV
analysis of the MFCs equipped with a bare 3D gra-
phene or carbon cloth/PANI anode (Supporting Infor-
mation, Figure S3). The results suggest that the
synergistic integration between 3D graphene and
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Figure 5. Schematic illustration of the interface between 3D
graphene/PANI monolith electrode and S. oneidensis MR-1
bacteria.

PANI is the key to promoting direct electron transfer
between bacteria and electrode. To illustrate the cri-
tical benefits of graphene, we used nickel foam as a 3D
metallic electrode for comparison. It was found that the
nickle foam anodes with or without PANI coating give
poor performance (Table 1). Carbon fiber brush is
regarded as a 3D carbon anode for MFCs. It is worth
pointing out that the power density output of our MFC
with the 3D graphene/PANI anode is much higher than
that from a previously reported MFC using a carbon
fiber brush anode and the same bacterial strain as ours
(768 vs 332 mW/m?).* Furthermore, as summarized in
Table S1 (Supporting Information), the performance of
our MFC is clearly superior to the previously reported
MFCs which used the same bacterial strain, similar
experimental setup, yet different anodes.

CONCLUSION

In summary, we demonstrate the use of a novel 3D
graphene/PANI structure as the MFC anode. It impres-
sively outperforms the commonly used carbon cloth
owing to the higher bacterial biofilm loading and
higher EET efficiency (Figure 5). The former is due to
the large specific surface area of the 3D graphene/PANI
electrode and its ability to integrate with bacterial
biofilms three-dimensionally. The latter is because
of the large surface area to accept electrons from
riboflavin molecules (electron shuttles released by
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S. oneidensis MR-1), realization of direct electron trans-
fer from OmcA cytochrome proteins on cell mem-
brane, and the multiplexing and highly conductive
pathways provided by the graphene network. In addi-
tion, this 3D anode is promising for practical large-
scale MFCs because its lightness ensures high specific
power density and its power output can be boosted
simply by increasing its thickness. Furthermore,

METHODS

Preparation and Characterizations of 3D Graphene Foams. The nickel
foam substrates (1 mm thick) were cutinto 1 cm x 1 cm pieces,
loaded into a quartz tube, and heated at 1000 °C under H,
(25 sccm) and Ar (50 sccm) atmosphere for 10 min to clean the
surface of nickel foam. Then, ethanol vapor as the carbon source
was introduced into the tube by bubbling H,/Ar gas mixture
through an ethanol liquid at ambient pressure. After 20 min of
the chemical vapor deposition (CVD) growth process, the quartz
tube was rapidly cooled down to room temperature at a rate of
~100 °C/min. Finally, the nickel substrates were etched away
with HCl (3M) solution at 80 °C to obtain free-standing 3D
graphene foam. Polyaniline (PANI) polymers were deposited on
the surface of graphene foams or other electrodes by rapid-
mixture polymerization of aniline monomers under acid condi-
tion with ammonium persulfate (APS) as the catalyst.‘w'48
Specifically, 20 mL of T M HCl with 6.4 mmol aniline was rapidly
mixed with another 20 mL 1 M HCl solution containing 1.6 mmol
APS, with constant stirring to ensure homogeneous mixing.
Then the 3D graphene foams or other electrodes fixed on a
glass substrate were carefully immersed into the mixed solu-
tion. After 24 h reaction at room temperature, the 3D graphene
foams were taken out, washed with DI water, and dried in an
oven at 50 °C to obtain 3D graphene—PANI hybrids. The
morphology and structure were characterized by field-emission
scanning electron microscopy (JSM6700-FESEM, JEOL) and
Raman spectroscopy (laser wavelength 488 nm) (CRM200 Con-
focal Raman, WITec).

Bacterial Culture. A 1.5 mL aliquot of S. oneidensis MR-1
bacterial culture suspension was inoculated in 150 mL of fresh
LB broth*' and incubated with shaking at 37 °C until the optical
density at 600 nm (OD600) reached about 1.0. The cell pellets
were then harvested by centrifugation (5000g x 5 min) and
washed 3 times with M9 buffer.*' Subsequently, the cell pellets
were resuspended in 150 mL anaerobic electrolyte (5% LB broth
plus 95% M9 buffer) supplemented with 18 mM lactate.® The
cell suspension (~1 0° cells/mL) were transferred into the anodic
chamber of the MFC and purged with nitrogen gas for 30 min to
remove the dissolved oxygen. Finally, the anodic chamber was
tightly sealed to maintain the anaerobic condition during MFC
operation.

MFC Setup and Electrochemcial Measurement. A dual chamber
MFC (5.5 cm x 5.5 cm X 6 cm) separated with nafion 117
membrane was used in this work.*! Carbon cloth (2 cm x 4 cm)
was used as the cathode electrode. Carbon cloth, carbon cloth/
PANI, carbon felt, carbon felt/PANI, nickel foam, nickel foam/
PANI, graphene foam, and graphene/PANI foam (1 cm x 1 cm
for all) were used as the anodic electrodes. The anodic chamber
contained S. oneidensis MR-1 cell suspension, and the cathodic
chamber was filled with 50 mM Ks[Fe(CN)g] and KCl solution. At
the steady-state of MFC, the polarization curves were obtained
by varying the external resistor.** Current density (/) was
calculated as | = V (output voltage)/R (external resistance), and
power density (P) was calculated as P =V x I.Both / and P were
normalized to the projected area of anode surface. The output
voltage (V) across the external loading resistance (R) was
measured by a digital multimeter (ESCORT 3146A). The electro-
chemical measurements (CV and EIS) were conducted using CHI
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because the 3D graphene electrode is monolithic
(continuous scaffold as a whole) and with smooth
surface, the bacterial membrane will not be disrupted
due to penetration of sharp nanoscale features,
and cytotoxicity will not arise due to uptake of nano-
materials. This study adds a new dimension to MFC
anode design as well as to the emerging graphene
applications.

660D electrochemical working station (CH Instrument, Shanghai,
China) with an Ag/AgCl—KCl saturated reference electrode.
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