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Abstract: Low extracellular electron transfer performance is
often a bottleneck in developing high-performance bioelec-
trochemical systems. Herein, we show that the self-assembly of
graphene oxide and Shewanella oneidensis MR-1 formed an
electroactive, reduced-graphene-oxide-hybridized, three-
dimensional macroporous biofilm, which enabled highly
efficient bidirectional electron transfers between Shewanella
and electrodes owing to high biomass incorporation and
enhanced direct contact-based extracellular electron transfer.
This 3D electroactive biofilm delivered a 25-fold increase in the
outward current (oxidation current, electron flux from bacteria
to electrodes) and 74-fold increase in the inward current
(reduction current, electron flux from electrodes to bacteria)
over that of the naturally occurring biofilms.

Microbial electrochemical systems (MES), including micro-
bial fuel cells (MFC),[1] microbial electrolysis cells (MEC),[2]

microbial reverse-electrodialysis cells,[3] and microbial elec-
trosynthesis (MESy),[4] are appealing for capturing energy
from organic waste and converting waste into commodity
chemicals.[5] Bacterial extracellular electron transfer (EET),

which dictates the exchange of electrons between exoelec-
trogenic bacteria and electrodes is a bottleneck in determin-
ing the efficiency of MES. Low EET efficiency continues to
limit the practical application of MES.

Electrochemically active biofilms, highly structured
microbial communities attached to electrodes, play crucial
roles in the EET of bacteria.[5–6] Biofilms can substantially
facilitate EET between bacteria and electrodes superior to
that of planktonic bacteria, owing to their higher local cell
density, potentially higher local electron shuttles concentra-
tion, shorter EET distance, and the involvement of direct
electron transfer pathways through c-type cytochromes.[6c,7] In
view of this, various electrode materials have been developed
to increase biofilm formation, including biocompatible sur-
face decoration and three-dimensional macroporous electro-
des with enhanced surface areas.[8] In particular, graphene-
based materials were recently adopted in MFC anodes to
improve their performance by taking advantage of the unique
properties of graphene, including outstanding electrical con-
ductivity, extremely high specific surface area, mechanical
robustness and flexibility, chemical inertness, and biocompa-
tibility.[8a,b,9] However, low total biomass loading of naturally
formed biofilms on these electrode surfaces limits further
improvement of energy output in MFCs and performance of
other MES.[6c,10]

Herein, a self-assembled 3D reduced graphene oxide
(rGO)/bacteria hybrid biofilm was constructed by the one-
step self-assembly of Shewanella oneidensis MR-1 and water-
soluble graphene oxide (GO) coupled with in situ bioreduc-
tion of non-conductive GO to conductive rGO by the bacteria
(Scheme 1). The bacterial cells were captured by the GO
nanosheets by a “fishing” process,[11] where the GO nano-
sheets acted as nets to catch the bacterial “fish” (Scheme 1a).
The GO nanosheets were then reduced to rGO, and self-
assembled to form a 3D macroporous network. This enabled
the incorporation of a large amount bacteria into the biofilm
matrix, and formed multiplexed conductive pathways, thus
facilitating EET between bacteria and electrode (Sche-
me 1b). Thus, this 3D hybrid biofilm exhibited an extraordi-
narily high electrochemical activity, and outperformed natu-
rally occurring biofilms in bidirectional EET.

The 3D biofilm was self-assembled by mixing S. oneidensis
MR-1 with a GO solution in the anodic chamber of a dual-
chamber MFC. Slow stirring (50 rpm) to give gentle mixing of
the bacteria suspension and GO enabled a gradual attach-
ment of the GO/bacteria hybrid onto the carbon cloth
electrode. After two days of incubation, the anolyte turned
black and aggregates formed, suggesting GO (brown, water
soluble) was reduced to rGO (black, water insoluble).[12]

After nine days of incubation, a thick (ca. 4.5 mm) rGO/
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Shewanella hybrid biofilm was firmly attached to the elec-
trode. In the absence of GO, only a thin (roughly single) layer
of Shewanella biofilm (i.e., a naturally occurring control
biofilm) formed on the carbon cloth anode (Supporting
Information, Figure S1). Field-emission scanning electron
microscopy (FESEM) images of the rGO/Shewanella hybrid
biofilm showed a 3D macroporous interconnected rGO
network (with pore sizes of 10–200 mm) (Figure 1a,b), which
guaranteed network conductivity and unhindered substrate
transport. A firm attachment of bacteria to the surface of the
graphene nanosheets was observed (Figures 1c and S1).

There have been contradictory reports on the
biocompatibility of GO and rGO.[13] Here, the rGO-
hybrid 3D biofilm can continuously generate elec-
tric current in MFCs for at least one month,
suggesting high viability of cells in the biofilm.
The bacterial viability was further examined after
MFC discharge by confocal scanning laser micros-
copy (CSLM) stained with the LIVE/DEAD Bac-
Light bacterial viability kit. Viable cells (green
fluorescence) covered nearly the entire area of the
graphene nanosheets, with negligible red fluores-
cence by dead cells (Figure 1 d). Thus, the tight
adhesion of the highly viable Shewanella cells to the
surfaces of the rGO nanosheets (Figures 1c and S1),
together with its 3D macroporous structure (Fig-
ure 1a,b) ensured high biomass loading and facili-
tated interaction between the bacteria and the rGO
networks in the rGO/bacteria hybrid biofilm.

X-ray photoelectron spectroscopy (XPS),
Raman spectroscopy, and Fourier transform infra-
red spectroscopy (FTIR) were further used to
confirm the bioreduction of GO to rGO in the 3D
biofilm. The C1 s XPS spectrum of GO showed
strong oxygenated peaks (e.g., C�O; Figure 1e),

thus indicating a considerable degree of oxidation in
GO.[12a, 14] In contrast, The C1s spectrum of the samples
taken from the 3D rGO/Shewanella hybrid biofilm was
dominated by a much stronger C�C peak, whereas the
oxygenated C peaks (i.e., C�O) decreased tremendously
(Figure 1e); this is indicative of the formation of rGO.[12a,15]

Raman and FTIR spectra also confirmed the reduction of GO
in the 3D biofilm (Figures S2 and S3).

S. oneidensis MR-1 has two distinct pathways for EET:
direct electron transfer through outer membrane c-type
cytochromes and indirect transfer mediated by electron
shuttles.[16] The tight anchoring of bacteria onto rGO nano-
sheets in the 3D biofilm dramatically decreased the EET
distance of electron shuttles. Meanwhile, the large active
surface area of the 3D rGO interlocked networks, and their
intimate contact with cell membranes might enormously
facilitate direct-contact-based EET. Cyclic voltammetry (CV)
analysis showed that the 3D biofilm had a redox pair centered
at about �0.32 V (Figure 2a), which was more clearly
observed in the baseline-subtracted CV plot (Figure 2 b).
Differential pulse voltammetry (DPV) analysis further con-
firmed the existence of this redox pair (Figure S4), which is
associated with the outer membrane c-type cytochromes of S.
oneidensis MR-1.[9b] However, no detectable CV peaks were
observed in the control biofilm (Figure 2a). These outer
membrane c-type cytochromes were involved in the electro-
catalytic process of the 3D biofilm (Figure S5), which were
barely detected in the CVs of many MFCs owing to their
hindered electrochemical activity caused by their weak
interactions with electrode materials.[8a,17, 18] Thus, these
electrochemical results suggested that the contact-based
direct EET between Shewanella and the electrodes was
enhanced, which the naturally occurring biofilms are incapa-
ble of. Moreover, electrochemical impedance spectroscopy
(EIS) showed the charge-transfer resistance of the 3D biofilm

Scheme 1. Self-assembly of the 3D macroporous rGO/bacteria hybrid biofilm by
a fishing process (a), and the proposed mechanism of bidirectional EET (b).

Figure 1. a–c) FESEM images of the 3D rGO/Shewanella hybrid bio-
film. a) View from the upper surfaces of the 3D biofilm (scale
bar = 10 mm). b) Side view of the 3D biofilm, red arrows indicate rGO
nanosheets (scale bar = 10 mm). c) Cells (red arrows) tightly anchored
onto rGO surfaces (green arrow; scale bar = 1 mm)). d) CSLM image of
the 3D biofilm (scale bar = 5 mm). e) The C1s XPS spectra of the GO
starting material and rGO from the 3D biofilm. rGO (blue), GO (red).
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was ca. 750 W (the diameter of the semicircle in the Nyquist
plot[19]), which is five times lower than that of the control
biofilm (ca. 4500 W; Figure 2c); this indicates the much higher
performance of EET in the 3D biofilm.

MFCs are associated with the bacterial outward transfer
of intracellular electrons to extracellular electrodes (substrate
oxidation).[1, 5] The output voltage of the 3D biofilm reached
an output voltage of 445� 20 mV (n = 5), which is ca. 3.5
times higher than that of the control biofilm (99 mV; Fig-
ure S6). The maximum power density achieved by the 3D
biofilm was 843� 31 mW m�2 (n = 3), which is 22 times higher
than that of the control biofilm (36� 7 mWm�2, n = 3;
Figure 3a).The maximum current output of the 3D biofilm
measured by the polarization curve was 0.52� 0.12 mAcm�2

(n = 3), which is 25 times higher than that of the control
biofilm (0.02� 0.01 mAcm�2; Figure 3b). With the decrease
of the externally loaded resistance, the output voltage of the
3D biofilm decreased much slower than that of the control
(Figure 3b), thus indicating a smaller internal resistance was
achieved because of the enhanced charge transfer rate.[8b] As
summarized in Table S1, the performance of this MFC is
clearly superior to previously reported MFCs using the same

bacterial strain, similar MFC setups, but different anodes/
biofilm matrices. In particular, this 3D biofilm MFC produced
a ca. 100 mW m�2 higher power output than a sophisticated
3D graphene/polyaniline anode,[8a] and three times higher
than conductive artificial biofilms.[20]

The microbial electrosynthesis process is driven by the
inward electron transfer from electrodes to bacteria (sub-
strate reduction).[2a,5] The inward electron flux is determined
by the electricity consumption rate in the reduction of
fumarate to succinate by Shewanella in a three-electrode
electrochemical cell.[21] Upon addition of fumarate, both the
control and the 3D biofilm showed a sudden onset of cathodic
currents, suggesting electrons were assimilated and consumed
by Shewanella.[21] The 3D biofilm reached a net current
density change of 820 mAcm�2 (�60 to �880 mAcm�2), which
is ca. 74 times higher than that obtained by the control biofilm
(�13 to �24 mAcm�2; Figure 3c). The inward current den-

Figure 2. Cyclic voltammetry (a, b) at 30 mVs�1 and Nyquist plots (c)
of the electrochemical impedance spectroscopy (scanned at 0.01–
100 kHz at open-circuit potential, with a perturbation signal of 10 mV)
of the 3D rGO/Shewanella hybrid biofilm (blue) and the control biofilm
(red). (b) The baseline-subtracted CV plot for the 3D rGO/Shewanella
hybrid biofilm.

Figure 3. Power output curves (a; the inset depicts the enlarged view
of the power output of the control biofilm) and polarization curves (b)
of MFCs (outward EET). c) Current assimilation by Shewanella (inward
EET) in the three-electrode microbial electrosynthesis system (MESy),
in which the electrode potential was poised at �0.56 V (vs. Ag/AgCl),
and fumarate (50 mm) was added at 1200 s (the inset is an expansion
of the indicated region). 3D rGO/Shewanella hybrid biofilm (blue),
control biofilm (red).
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sities of these biofilms could maintain their steady-state level
for at least a day (Figure S7).

In summary, a self-assembled 3D macroporous rGO/
bacteria hybrid biofilm was constructed. Its increased loading
of biomass, increased specific surface area, and electrochem-
ical activity enabled an extraordinarily enhanced bidirec-
tional electron transfer over that of naturally occurring
biofilms, thus exhibiting promising applications in MFCs
and microbial electrosynthesis.
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