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The aim of this work was to study biologically reduced graphene oxide (RGO) for engineering the surface
architecture of the bioelectrodes to improve the performance of Bioelectrochemical System (BES). Gluconobacter
roseus mediates the reduction of graphene oxide (GO). The RGO modified bioelectrodes produced a current
density of 1 mA/cm? and 0.69 mA/cm? with ethanol and glucose as substrates, respectively. The current density
of RGO modified electrodes was nearly 10-times higher than the controls. This study, for the first time, reports a
new strategy to improve the yield as well as efficiency of the BES by wrapping and wiring the electroactive

microorganisms to the electrode surfaces using RGO. This innovative wrapping approach will decrease the loss of
electrons in the microbe-electrolyte interfaces as well as increase the electron transfer rates at the micro-

organism-electrode interfaces.

1. Introduction

Bioelectrochemical systems (BES) are promising technologies for
diverse applications with capabilities to operate in a broad range of
environments including space and deep biospheres (Venkata Mohan
et al., 2014). Apart from bioelectricity generation, BES finds applica-
tions in effluent treatment (Yeruva et al., 2015; Watson et al., 2015;
Nancharaiah et al., 2016), desalination (Nikhil et al., 2016), metals
removal and recovery (Nancharaiah et al.,, 2015) and production of
value-added products (Roy et al., 2016). The use of the electroactive
microorganisms or enzymes as electrocatalysts makes the bioelec-
trochemical processes economical and eco-friendly when compared
with the chemical, electrochemical, and microbial processes. The use of
electroactive microorganisms in BES helps in catalysing a broad range
of substrates and accelerate the rates of electrocatalysis. BES suffers
from low rates of bioelectrocatalysis when compared to other non-en-
zymatic electrocatalytic processes. Several approaches including the
identification of new electroactive microorganism (Bhuvaneswari et al.,
2013), new substrates (Thygesen et al., 2009; Selvaraj et al., 2016),
surface display technology (Fishilevich et al., 2009), metabolic en-
gineering approach (Gustavsson and Lee, 2016), improving the fuel cell
configuration (Cui et al., 2016; An et al., 2016; Navanietha Krishnaraj
et al., 2013; Navanietha Krishnaraj et al., 2015a), proton-exchange

membrane (PEM) (Daries Bella et al., 2016) have been reported to
improve the performance of BES. However, most of these strategies
could not drastically increase the rates of bioelectrocatalysis.

Electron transfer resistance across electroactive microorganism-
electrode interfaces is one of the major shortcomings impeding the rates
of bioelectrocatalysis. Choice of an electrode material that aids the
anchoring of bacteria, facilitating direct electron transfer, will greatly
lessen the interfacial electron transfer resistance at the microorganism-
electrode interfaces (Choi and Sang, 2016). Microbes have been shown
to respire onto the electrodes with the aid of their inbuilt conductive
membrane proteins such as cytochromes and conductive pili nanowires
(Lovley, 2011). Harnessing the maximum number of electrons between
the microbe and the electrodes has been a challenge. Conductive
membrane proteins that are involved in receiving/transferring the
electrons from/to electrodes are orientated on the surface of the mi-
crobial cells. A major fraction of the cell surface containing these pro-
teins are exposed to the electrolyte, and are not attached to the elec-
trode to mediate direct electron transfer. Technologies that could aid in
trapping most of the electrons from the surface of entire microbial cells
would significantly increase the yield of BES. Although electrode
functionalizing strategies helped to increase the adherence of bacteria,
increasing electron transfer rates, they did not attempt to trap the
electrons produced by the microorganisms completely (Navanietha
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Krishnaraj et al., 2013).

Reports have been made on the use of materials with high con-
ductivity and high specific surface area such as graphite, carbon foam,
carbon felt, and carbon paper to increase the yield of electrocatalysis
(Wei et al.,, 2011). These materials increase the yield and electron
transfer rates, but loss of electrons on the microbe-electrolyte interface
remains. In addition, certain carbon electrode materials fail to support
the adherence of bacteria to its surface (Cornejo et al., 2015). Func-
tionalizing the electrodes using biopolymers, nanomaterials, and con-
ducting polymers have been reported to increase the biocompatibility
of the electrodes thus improving the performance of BES (Karthikeyan
et al., 2016). But but the biopolymer modified electrodes do not im-
prove the electron transfer characteristics of the electrode. On the other
hand, the use of nanomaterials and conducting polymers for modifying
electrodes, pose toxicity to the microbial cells leading to a decrease in
rates of microbial catalysis (Kang et al., 2008). These methods aim to
improve the adhesion of microorganisms, or rates of electron transfer
leading to improved electrocatalysis, but they fail to focus on trapping
the maximum number of electrons that are produced by the micro-
organisms, leading to poor efficiency of the system.

Herein, the use of graphene for wrapping the microorganisms,
which can aid in efficiently trapping the electrons from the entire
surface of the microorganisms is reported. The extraordinary features of
graphene, including high electrical conductivity and large surface area,
make it a promising material for wiring the microorganisms to the
electrode surface (Zhu et al., 2010). Chemical methods that employ
reducing agents such as hydrazine (N,H,), dimethylhydrazine
(C>HgN»), and sodium borohydride (NaBH,) may not yield biocompa-
tible RGO that is desired for wrapping the microbial cells (Chua and
Pumera, 2014; Barbolina et al., 2016; Qiu et al., 2017). Graphene
produced by these chemical routes is also prone to lose its unique
properties such as high conductivity that is crucial for electrochemical
applications (Stankovich et al., 2006b; Stankovich et al., 2007). In
addition, chemical reducing agents like hydrazine and hydrazine hy-
drate are toxic and explosive, and may pose several deleterious effects
to the environment. On the other hand, reports are documented on the
reduction of GO using microorganisms such as Shewanella sp. (Salas
et al., 2010; Wang et al., 2011) and E. coli (Akhavan and Ghaderi, 2012;
Gurunathan et al., 2013).

Biologically reduced RGO was shown to enhance the extracellular
electron transfer in microbial fuel cells. Simultaneous reduction of GO
and current generation in the anodic compartment of microbial fuel cell
is also reported (Yuan et al., 2012). This study reports, for the first-time
wiring the RGO wrapped microorganisms with electrodes, which re-
duces the loss of electrons in the microbe-electrolyte interfaces as well
as increases the electron transfer rates at the microorganism-electrode
interfaces, leading to improved electrocatalysis.

2. Materials and methods
2.1. Synthesis of graphene oxide

Graphite powder of size less than 20 um, purchased from Sigma
Aldrich, was used for the synthesis of GO. Graphene oxide was syn-
thesized using the modified Hummers method (Hummers and Offeman,
1958). Briefly, 4 g of graphite and 2 g of sodium nitrate were added to a
250-mL flask. 100 mL of concentrated H,SO4 was slowly added. Stirring
was continued for 30 min 0.6 g of KMnO, was added to the mixture
with continuous stirring for another 30 min 14 g of KMnO,4 was added
to the mixture. Stirring was continued for few hours till the temperature
of the mixture comes down to room temperature. 180 mL of water was
slowly dripped into the paste and the diluted suspension was once again
stirred for another 15 min. Finally, 7 mL of H,O, and 55 mL of water
was added. The resulting bright yellow solution was filtered and the
yellow brown filter cake was collected. The cake was washed re-
peatedly with 3% aqueous HCl. The synthesized GO was dried in a
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desiccator and is used for the synthesis of graphene.

Carbon felt with a geometrical area of 0.4 cm? was used for the
experiment. The electrical connection was made with a brass rod. The
fabricated carbon felt electrodes were cleaned, and were used as bare
electrodes. Carbon felt electrode of same size was modified with RGO.

2.2. Reduction of GO

Reduction of GO was mediated by pure cultures of G. roseus
(National Chemical Laboratory, NCIM #2524). The culture was in-
oculated into a growth medium containing tryptone (1 g), yeast extract
(18), glucose (1 g), and CaCO3 (1 g) in 100 mL of distilled water and
incubated for 24 h at 37 °C. After 24 h, the broth containing the mi-
crobial cells was centrifuged, and the cells are washed with phosphate
buffer (0.1 M, pH 7) to remove the debris and medium constituents.
About 0.1g (wet weight) cells were dispersed in phosphate buffer
containing sorbitol (5g/100 mL) as the electron donor (substrate) and
0.5g of GO as the electron acceptor. The conical flask was kept in the
incubator at 37°C for 24h for the reduction of GO. The Scanning
Electron Microscopy (SEM) images of the bacteria wrapped with RGO
during the reduction process were observed. G. roseus reduced graphene
oxide was collected and purified by washing repeatedly with deionized
water to remove the cell debris. The purified samples were collected
and washed in the following sequence: 18 MQ-cm water, 80% ethanol,
18 MQ-cm water, 1N HCI, and 18 MQ-cm water (Millipore) (Salas
et al., 2010).

2.3. Characterization of RGO

The synthesized GO and RGO were characterized by UV spectro-
scopy, Fourier Transform Infrared (FT-IR) spectroscopy, Laser Raman
spectroscopy, and X-ray powder diffraction. FT-IR spectra of the GO
and RGO were recorded in a spectral range of 400-4000 cm ~ ! using FT-
IR Spectrometer (Bruker Optik GmbH, Germany, TENSOR 27). The
samples for FT-IR were prepared by grinding the dry powdered sample
with KBr. The powdered samples were smeared on a clean SiO,/Si
substrate that was used for the Raman measurement. X-ray powder
diffraction spectra of both the samples were recorded to observe the
diffraction features (Bruker). The synthesized GO and RGO were char-
acterized by Transmission electron microscopy (FEL, Tecnai 20 G2). The
samples for TEM characterization were prepared by placing the aqu-
eous suspension (~0.02 mg/mL) of GO or RGO samples on the Cu grids
and allowed to dry. About 0.5mg RGO (in 1 mL of phosphate buffer
(0.1 M, pH 7)) was drop casted on the carbon felt electrode. Adhering
bacteria onto the RGO electrode had the tendency to wrap the RGO on
its surface. This leads to natural wiring of the microbial conductive
proteins on the surface to the electrodes. The bare and modified elec-
trodes were analysed using SEM.

2.4. Formation of biofilm

The biofilm of a mixed culture containing Acetobacter aceti and G.
roseus was formed on both bare and modified electrodes in phosphate
buffer solution, containing glucose (0.2g/30mL of buffer) and the
mixed cultures were incubated under anaerobic conditions. Biofilm was
allowed to form until the electrode reached a stable negative potential.
The electrodes with biofilms were used for studying the efficacy of the
functionalized electrodes on microbial electrocatalysis of ethanol.
Similarly, natural biofilm formed from a food waste sample was formed
on bare and modified electrodes with the food waste sample. The
electrodes with natural biofilm were also used for analysis of microbial
electrocatalysis of glucose.

2.5. Electrochemical studies

The bare and modified electrodes containing the biofilms were
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gently rinsed with phosphate buffer solution. Cyclic voltammograms
were recorded in the potential range —1 to +1V at 5mV/s. Normal
calomel electrode (NCE) and Pt foil were used as the reference electrode
and the counter electrode, respectively for electrochemical studies.
Phosphate buffer (0.1 M, pH 7) was used as the electrolyte. Anaerobic
conditions were maintained by purging nitrogen during the electro-
chemical investigations. The bioelectrocatalysis of ethanol using the
biofilm of A. aceti and G. roseus was evaluated with additions of 25 mM
ethanol. Bioelectrocatalytic activity of the natural biofilm was analysed
with additions of 25 mM glucose. (Navanietha Krishnaraj et al., 2015b)
Further, long-term Chronoamperometry studies were performed for
both bare and modified electrodes with the biofilms. Ethanol and glu-
cose were used as the substrates for the amperometry studies for acetic
acid bacteria biofilm (A. aceti and G. roseus) and the food waste based
natural biofilm, respectively. Electrochemical Impedance Spectroscopy
(EIS) experiments were also carried out in the BES with five different
electrolytes. EIS was performed in the three-electrode mode in the
frequency range of 20 Hz to 10 mHz with an AC amplitude of 10 mV.

2.6. Scanning electron microscopy

The biofilms formed on bare carbon felt and RGO modified carbon
felt electrodes were characterized using SEM. A small piece of the bare
and modified carbon felt electrodes with biofilm were dried in a de-
siccator under aseptic conditions and gold sputtered for analysing the
effect of RGO wrapping on biofilm formation.

3. Results and discussion
3.1. Reduction of graphene oxide

The change in colour from brownish yellow to black was observed
on reduction of GO, and it is used as a yardstick to validate the re-
duction of graphene oxide. This color change indicates the restoration
of electronic conjugation. The reduction of GO causes a decrease in
polar functionality on the surface of the sheets which in turn increases
the hydrophobicity of the material leading to the formation of black
coloured precipitate from brown coloured solution (Stankovich et al.,
2006a). GO has a maximum absorption peak at about 231 nm which is
due to the m-nt* transition of aromatic C-C bonds. Another peak at
301 nm is observed which is due to n-rt* transition. G. roseus RGO had
the maximum absorption peak at 280 nm. G. roseus mediated GO re-
duction is evident from the red shift of maximum absorbance peak from
231 nm to 280 nm. The shift suggests that the electronic conjugation
within RGO sheets is restored after the reduction of GO (Li et al., 2008).

The FTIR spectrum clearly show removal of oxygen-containing
groups of GO in G. roseus RGO. The FTIR spectrum of GO show several
peaks in the range of 900-1500 cm™*, which may be attributed the
presence of functional groups like hydroxyl and epoxy groups. A
dominant broad peak at 3384cm™! is due to the vibration and de-
formation peaks of hydroxyl groups. A peak at 1390 cm ™ also arises
from the hydroxyl group. The peaks at 1038 cm ™' and 1119 cm ™" are
due to stretching of the C-O bond. The other peak at 1649 cm ™! is due
to the C=0 bond. These peaks decreased significantly after G. roseus
mediated reduction.

Raman spectroscopy is used as a tool to assess the reduction process
of GO. Using Laser Raman Spectroscopy, the vibrational, rotational
modes (for liquids) and other characteristics of GO and RGO can be
analysed. Graphitic materials frequently display two distinct bands,
known as the D band and the G band. The D band is associated with
disorder in the graphene structure, whereas the G band is a first order
band resulting from in-plane vibrations of sp2 bonded carbon atoms.
Change in the relative intensities of G and D bands in the Raman spectra
of GO after reduction reflects changes in the electronic conjugation
state, and the intensity ratio (Ip/Ig) can provide an estimate of defect
density (Childres et al., 2013). From the Raman spectrum of GO and
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RGO, the Ip/Ig ratio of GO and RGO were found to be 1.12 and 0.87
respectively, implying the occurrence of a reduction reaction of the GO.
The XRD pattern of RGO shows a major peak at a 26 value of 23-24
degrees with interplanar spacing of 3.7 A which is attributed to RGO, as
reported by Park et al. (2011). The TEM image clearly shows the
slightly folded sheet of RGO after purification. The use of G. roseus for
the reduction of silver nitrate has been reported in the literature
(Navanietha Krishnaraj and Berchmans, 2013).

3.2. Electrochemical studies

The G. roseus RGO was used for wiring the microorganisms with the
carbon felt electrode and the efficacy of the wrapping and wiring
strategy to enhance microbial electrocatalysis was investigated. The
RGO functionalized electrode was assessed with two different biofilms.
The biofilm formed with a coculture of A. aceti and G. roseus was used
for electrocatalysis of ethanol, and biofilm formed from food waste-
based microorganisms (called natural biofilm) were used for the elec-
trocatalysis of glucose. The carbon felt electrode unmodified with RGO
was used as a control. The cyclic voltammograms of bare and modified
electrodes with biofilms of coculture containing A. aceti and G. roseus
displayed redox peaks due to the presence of electroactive moieties in
biofilms (Fig. 1a and b). The cyclic voltammogram of the acetic acid
bacteria biofilm displayed a well-defined broad peak at a potential of
0.09V. In the case of A. aceti and G. roseus biofilm formed on the
modified electrode, a clear peak at 0.643 V was observed. Additionally,
a small peak could be seen at 0.09 V. The redox peaks in electrodes with
RGO wrapped biofilm indicates that the electroactivity of the biofilm is
not affected by the RGO. It also confirms the biocompatibility of RGO to
the biofilm. The redox peaks in the voltammograms at 0.09 V correlates
with the membrane bound pyrroloquinoline quinone (PQQ) containing
enzymes that are involved in oxidation of a wide range of substrates.
The alcohol dehydrogenase (ADH) A. aceti and G. roseus contains qui-
noheme protein-cytochrome ¢ complex that mediates the oxidation of
electron and transfer to ubiquinone embedded in the membrane phos-
pholipids. The quinoheme protein-cytochrome C complex that is bound
to the periplasmic side of the cytoplasmic membrane was shown to
mediate direct electron transfer from the microorganism to the elec-
trode at the electrode-electrolyte interface. Presence of electroactive
functional groups such as quinones and flavins are also reported in the
literature (Karthikeyan et al., 2009).

The cyclic voltammograms of the biofilms in both bare and RGO
electrodes showed enhanced current response on addition of 25 mM of
ethanol. In the unmodified electrode, the current increased from
0.590 mA to 0.668 mA on addition of 25mM of ethanol. On further
addition of 25 mM of ethanol the current increased to 0.833 mA. In the
case of the electrode with RGO wrapped microorganisms, the peak at
0.643V displayed an increase in current from 0.538 mA to 1.564 mA,
which on the second addition rises to 1.657 mA. The rise in current
could also be observed in the peak at 0.09 V on addition of ethanol as
substrate, increasing from 0.229 mA to 0.386 mA; and to 0.615 mA with
the second addition of 25 mM of ethanol. Investigations with the bio-
film formed from food wastes showed that the G. roseus RGO modified
electrode significantly increased the electrocatalysis of glucose (Fig. 1c
and d).

The bioelectrocatalytic investigations with unmodified electrode
showed that the current density increased by 0.1165 * 0.068 mA/cm?
with addition of 20 mM of ethanol. In the case of RGO modified elec-
trodes, the current density increased by 1.01 + 0.02mA/cm? with
addition of 20 mM of ethanol.

The unmodified electrode with natural biofilm displayed a broad
peak at a potential of 0.268 V. In the unmodified electrode, the current
increased from 3.12 mA to 3.21 mA on addition of 25 mM of glucose at
0.268 V. On further addition of 25 mM of glucose, the current increased
to 3.3 mA. In the modified electrode, the current increased significantly
from 0.412mA to 0.450 mA, which on the second addition rose to
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Fig. 1. Cyclic voltammograms showing the bioelectrocatalysis of ethanol on (a) bare
carbon felt electrode, (b) G. roseus RGO electrode; and showing the bioelectrocatalysis of
glucose on (c) bare carbon felt electrode (d) G. roseus RGO electrode.
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Fig. 2. Long term chronoamperometry studies (a) bioelectrocatalysis of ethanol using A.
aceti and G. roseus (b) bioelectrocatalysis of glucose using natural biofilm from food
waste.

0.533 mA at 0.308 V. From the cyclic voltammetry studies with the two
different biofilms it is evident that wrapping the microorganisms with
RGO, and wiring them onto electrodes aid bioelectrocatalysis, leading
to development of improved bioelectrodes and BES for practical ap-
plications. Overall, in the bioelectrocatalysis of glucose using natural
biofilm, the current density increased by 0.105 + 0.221 mA/cm? and
0.0605 + 0.031 mA/cm? respectively.

The long term chronoamperometry was performed for bare and
RGO electrodes with two different biofilms to find the maximum sus-
tainable current produced. The half cell studies show that the RGO
electrode better electrocatalytic properties when compared to the bare
carbon felt electrode. In the case of studies with biofilm of acetic acid
bacteria (A. aceti and G. roseus), the maximum current density of
0.080 mA cm ™2 was produced with an applied potential of 0.6V (vs
NCE) by the unmodified electrode (Fig. 2a). Modifying the electrode
with RGO significantly enhanced the power output to 1 mA cm ™2 with
an applied potential of 0.6 V (vs. NCE). Applying a lower potential of
0.2V resulted in a current density of 0.007mAcm~2 and
0.121 mA cm ™2 with bare and RGO modified electrodes respectively.
The studies with food waste based natural biofilm on unmodified
electrode produced a maximum current density of 0.080 mAcm™2
RGO electrodes with natural biofilms produced a maximum current
density of 0.69 mA cm ™2 (Fig. 2b). The power output was increased by
nearly 8.6 times in this case. The salient features of RGO such as high
conductivity and high specific surface area along with biocompatibility
offered by the microbial synthesis procedure helped in enhancing the
power output significantly.

TEM analysis clearly showed that the RGO gets wrapped around the
surface of the microorganisms leading to enhanced power output,
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Fig. 3. Nyquist plot of the biofilm formed on the (a) bare carbon felt electrode and (b) RGO modified carbon felt electrode.

arising from the known high electrical conductivity and low impedance
RGO.

3.3. Electrochemical impedance analysis

Electrochemical Impedance Spectra (EIS) of the biofilms formed on
the bare and the RGO electrode provide insights on the effect of RGO
functionalization on solution resistance and polarisation resistance.
Although microorganisms have a few membrane bound conductive
proteins that are involved in electron transfer, most of their components
are non-conductive, leading to increased resistance. Formation of sev-
eral layers of biofilm and the polymer matrices also contribute towards
increased resistance across the electrode-electrolyte interface leading to
a decrease in microbial electrocatalysis. Fig. 3 shows Nyquist plots of
the bare and the RGO electrode with biofilm. The sum of solution re-
sistance (Rs) and polarisation resistance (Rp) could be obtained from
the low frequency region in the real axis of the Nyquist plot. The in-
versely proportional relationship between Rp and exchange current
density provides valuable information on the biofilm formation on the
electrode at the electrode-electrolyte interface as well as the electron
transfer rates (Manohar et al., 2008). In the case of the biofilms formed
onto the carbon felt anode, Rp value was found to be 8000Q. However,
it significantly decreased to 2000Q on using this wrapping strategy. The
decreases in Rp in RGO electrodes clearly depicts the high conductivity
of RGO and decreased electron transfer resistance at electrode-elec-
trolyte interface.

3.4. SEM analysis

The biocompatibility is evident from electron microscopic ob-
servations of the electrodes with biofilms. SEM images of RGO func-
tionalized electrodes, bare and RGO electrodes with biofilms show that
the density of biofilms was very high in the modified electrodes when
compared to the unmodified felt electrode. The biological route for
RGO synthesis contributes to the biocompatibility of G. roseus RGO and
the modified electrode. Unlike the chemically reduced GO which ren-
ders toxicity to microorganisms, this biologically synthesized reduced
GO aids and supports the growth of microorganisms.

4. Conclusion

The study reported the microbial reduction of graphene oxide and
characterized the reduced graphene oxide using UV spectroscopy, FTIR
spectroscopy, Laser Raman Spectroscopy, XRD, and TEM. In addition, a
simple strategy for wiring microorganisms to electrodes is developed by
tailoring the surface architecture of electrodes. The biocompatibility of
functionalized electrodes and good electron transfer characteristics of

the RGO promote trapping of the electrons from the surface of the
microorganism by a wrapping mechanism. The electroanalytical in-
vestigations showed that the functionalized electrodes significantly
enhanced the rates of microbial electrocatalysis by overcoming the
bottlenecks in microbial electron transfer reactions at electrode-elec-
trolyte interfaces.

Acknowledgements

Financial support was provided by the National Science Foundation
in the form of BuG ReMeDEE initiative (Award # 1736255). Research is
gratefully acknowledged. The authors also gratefully acknowledge
CSIR, India and Department of Chemical and Biological Engineering at
the South Dakota School of Mines and Technology for the support.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.biortech.2018.02.001.

References

Akhavan, O., Ghaderi, E., 2012. Escherichia coli bacteria reduce graphene oxide to bac-
tericidal graphene in a self-limiting manner. Carbon 50, 1853-1860.

An, B.M., Heo, Y., Maitlo, H.A., Park, J.Y., 2016. Scaled-up dual anode/cathode microbial
fuel cell stack for actual ethanolamine wastewater treatment. Bioresour. Technol.
210, 68-73.

Barbolina, I., Woods, C.R., Lozano, N., Kostarelos, K., Novoselov, K.S., Roberts, 1.S., 2016.
Purity of graphene oxide determines its antibacterial activity. 2D Mater. 3 025025.

Bhuvaneswari, A., Navanietha Krishnaraj, R., Berchmans, S., 2013. Metamorphosis of
pathogen to electrogen at the electrode/electrolyte interface: direct electron transfer
of Staphylococcus aureus leading to superior electrocatalytic activity. Electrochem.
Commun. 34, 25-28.

Cornejo, J.A., Lopez, C., Babanova, S., Santoro, C., Artyushkova, K., Ista, L., Schuler, A.J.,
Atanassov, P., 2015. Surface modification for enhanced biofilm formation and elec-
tron transport in Shewanella anodes. J. Electrochem. Soc. 162 (9), H597-H603.

Childres, 1., Jauregui, L.A., Park, W., Caoa, H., Chena, Y.P., 2013. Raman spectroscopy of
graphene and related materials. New Dev. Photon Mater. Res. 403-418.

Chua, C.K., Pumera, M., 2014. Chemical reduction of graphene oxide: a synthetic
chemistry viewpoint. Chem. Soc. Rev. 43, 291-312.

Choi, O., Sang, B.-I., 2016. Extracellular electron transfer from cathode to microbes:
application for biofuel production. Biotechnol. Biofuels 9, 11.

Cui, M.H., Cui, D., Gao, L., Cheng, H.Y., Wang, A.J., 2016. Efficient azo dye decoloriza-
tion in a continuous stirred tank reactor (CSTR) with built-in bioelectrochemical
system. Bioresour. Technol. 218, 1307-1311.

Daries Bella, R.S., Hirankumar, G., Navanietha Krishnaraj, R., Prem Anand, D., 2016.
Novel proton conducting polymer electrolyte and its application in microbial fuel
cell. Mater. Lett. 164, 551-553.

Fishilevich, S., Amir, L., Fridman, Y., Aharoni, A., Alfonta, L., 2009. Surface display of
redox enzymes in microbial fuel cells. J. Am. Chem. Soc. 131, 12052.

Gurunathan, S., Han, J.W., Eppakayala, V., Kim, J.H., 2013. Microbial reduction of gra-
phene oxide by Escherichia coli: a green chemistry approach. Colloids Surf. B
Biointerfaces 102, 772-777.

Gustavsson, M., Lee, S.Y., 2016. Prospects of microbial cell factories developed through

199



N.K. Rathinam et al.

systems metabolic engineering. Microb. Biotechnol. 9 (5), 610-617.

Hummers, W.S., Offeman, R.E., 1958. Preparation of graphitic oxide. J. Am. Chem. Soc.
80, 1339.

Kang, S., Herzberg, M., Rodrigues, D.F., Elimelech, M., 2008. Antibacterial effects of
carbon nanotubes: size does matter!. Langmuir 24 (13), 6409-6413.

Karthikeyan, R., Sathish Kumar, K., Murugesan, M., Berchmans, S., Yegnaraman, V.,
2009. Bioelectrocatalysis of Acetobacter aceti and Gluconobacter roseus for current
generation. Environ. Sci. Technol. 43, 8684-8689.

Karthikeyan, R., Navanietha Krishnaraj, R., Selvam, A., Woon-Chung Wong, J., Lee,
P.K.H., Leung, M.K.H., Berchmans, S., 2016. Effect of composites based nickel foam
anode in microbial fuel cell using Acetobacter aceti and Gluconobacter roseus as a
biocatalysts. Bioresour. Technol. 217, 113-120.

Li, D., Muller, M.B., Gilje, S., Kaner, R.B., Wallace, G.G., 2008. Processable aqueous
dispersions of graphene nanosheets. Nat. Nanotechnol. 3, 101-105.

Lovley, D.R., 2011. Powering microbes with electricity: direct electron transfer from
electrodes to microbes. Environ. Microbiol. Rep. 3, 27-35.

Manohar, A.K., Bretschger, O., Nealson, K.H., Mansfeld, F., 2008. The use of electro-
chemical impedance spectroscopy (EIS) in the evaluation of the electrochemical
properties of a microbial fuel cell. Bioelectrochemistry 72 (2), 149-154.

Nancharaiah, Y.V., Venkata Mohan, S., Lens, P.N., 2015. Metals removal and recovery in
bioelectrochemical systems: a review. Bioresour Technol. 195, 102-114.

Nancharaiah, Y.V., Venkata Mohan, S., Lens, P.N.L., 2016. Recent advances in nutrient
removal and recovery in biological and bioelectrochemical systems. Bioresour.
Technol. 215, 173-185.

Navanietha Krishnaraj, R., Berchmans, S., 2013. In vitro antiplatelet activity of silver
nanoparticles synthesized using the microorganism Gluconobacter roseus: an AFM-
based study, 3, 8953-8959.

Navanietha Krishnaraj, R., Karthikeyan, R., Berchmans, S., Chandran, S., Pal, P., 2013.
Functionalisation of electrochemically deposited chitosan films with alginate and
Prussian blue for enhanced performance of Microbial fuel cells. Electrochim. Acta
112, 465-472.

Navanietha Krishnaraj, R., Berchmans, S., Pal, P., 2015a. The three-compartment mi-
crobial fuel cell: a new sustainable approach to bioelectricity generation from lig-
nocellulosic biomass. Cellulose 22, 655-662.

Navanietha Krishnaraj, R., Berchmans, S., Pal, P., 2015b. Symbiosis of photosynthetic
microorganisms with non-photosynthetic ones for the conversion of cellulosic mass
into electrical energy and pigments. Cellulose 21, 2349-2355.

Nikhil, G.N., Yeruva, D.K., Venkata Mohan, S., Swamy, Y.V., 2016. Assessing potential
cathodes for resource recovery through wastewater treatment and salinity removal
using non-buffered microbial electrochemical systems. Bioresour. Technol. 215,
247-253.

Park, S., An, J., Potts, J.R., Velamakanni, A., Murali, S., Ruoff, R.S., 2011. Hydrazine-
reduction of graphite- and graphene oxide. Carbon 2011 (49), 3019.

200

Bioresource Technology 256 (2018) 195-200

Qiuy, J., Wang, D., Geng, H., Guo, J., Qian, S., Li, X., 2017. How oxygen-containing groups
on graphene influence the antibacterial behaviors. Adv. Mater. Interfaces 4, 1700228.

Roy, S., Schievano, A., Pant, D., 2016. Electro-stimulated microbial factory for value
added product synthesis. Bioresour. Technol. 213, 129-139.

Salas, E.C., Sun, Z., Liittge, A., Tour, J.M., 2010. Reduction of graphene oxide via bac-
terial respiration. ACS Nano 4 (8), 4852-4856.

Selvaraj, R., Vidhya, S., Navanietha Krishnaraj, R., Perumal, S., Sundaramoorthy, S.,
Maruthamuthu, S., Ponmariappan, S., Vijayan, M., 2016. Utilization of soak liquor in
Microbial Fuel Cell. Fuel 181, 148-156.

Stankovich, S., Dikin, D.A., Piner, R.D., Kohlhaas, K.A., Kleinhammes, A., Jia, Y., Wy, Y.,
Nguyen, S.T., Ruoff, R.S., 2007. Synthesis of graphene-based nanosheets via chemical
reduction of exfoliated graphite oxide. Carbon 45, 1558-1565.

Stankovich, S., Dikin, D.A., Dommett, G.H., Kohlhaas, K.M., Zimney, E.J., Stach, E.A.,
Piner, R.D., Nguyen, S.T., Ruoff, R.S., 2006a. Graphene-based composite materials.
Nature 442 (7100), 282-286.

Stankovich, S., Piner, R.D., Chen, X., Wu, N., Nguyen, S.T., Ruoff, R.S., 2006b. Stable
aqueous dispersions of graphitic nanoplatelets via the reduction of exfoliated gra-
phite oxide in the presence of poly(sodium 4-styrenesulfonate). J. Mater. Chem. 16,
155-158.

Thygesen, A., Poulsen, F.W., Min, B., Angelidaki, I., Thomsen, A.B., 2009. The effect of
different substrates and humic acid on power generation in microbial fuel cell op-
eration. Bioresour. Technol. 100 (3), 1186-1191.

Venkata Mohan, S., Velvizhi, G., Vamshi Krishna, K., Lenin Babu, M., 2014. Microbial
catalyzed electrochemical systems: a bio-factory with multi-facet applications.
Bioresour. Technol. 165, 355-364.

Wang, G., Qian, F., Saltikov, C.W., Jiao, Y., 2011. Microbial reduction of graphene oxide
by Shewanella. Nano Res. 4, 563-570.

Watson, V.J., Hatzell, M., Logan, B.E., 2015. Hydrogen production from continuous flow,
microbial reverse-electrodialysis electrolysis cells treating fermentation wastewater.
Bioresour. Technol. 195, 51-56.

Wei, J., Liang, P., Huang, X., 2011. Recent progress in electrodes for microbial fuel cells.
Bioresour. Technol. 102 (20), 9335-9344.

Yeruva, D.K., Jukuri, S., Velvizhi, G., Naresh Kumar, A., Swamy, Y.V., Venkata Mohan, S.,
2015. Integrating sequencing batch reactor with bio-electrochemical treatment for
augmenting remediation efficiency of complex petrochemical wastewater. Bioresour.
Technol. 188, 33-42.

Yuan, Y., Zhou, S., Zhao, B., Zhuang, L., Wang, Y., 2012. Microbially-reduced graphene
scaffolds to facilitate extracellular electron transfer in microbial fuel cells. Bioresour.
Technol. 116, 453-458.

Zhu, Y., Murali, S., Cai, W., Li, X., Suk, J.W., Potts, J.R., Ruoff, R.S., 2010. Graphene and
graphene oxide: synthesis, properties, and applications. Adv. Mater. 22 (35),
3906-3924.



