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Abstract Development of highly efficient anode is criti-
cal for enhancing the power output of microbial fuel cells
(MFCs). The aim of this work is to investigate whether
modification of carbon paper (CP) anode with graphene
(GR) via layer-by-layer assembly technique is an effective
approach to promote the electricity generation and methyl
orange removal in MFCs. Using cyclic voltammetry and
electrochemical impedance spectroscopy, the GR/CP
electrode exhibited better electrochemical behavior. Scan-
ning electron microscopy results revealed that the surface
roughness of GR/CP increased, which was favorable for
more bacteria to attach to the anode surface. The MFCs
equipped with GR/CP anode achieved a stable maximum
power density of 368 mW m~2 under 1,000 Q external
resistance and a start time for the initial maximum voltage
of 180 h, which were, respectively, 51 % higher and 31 %
shorter than the corresponding values of the MFCs with
blank anode. The anode and cathode polarization curves
revealed negligible difference in cathode potentials but
obviously difference in anode potentials, indicating that the
GR-modified anode other than the cathode was responsible
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for the performance improvement of MFC. Meanwhile,
compared with MFCs with blank anode, 11 % higher
decolorization efficiency and 16 % higher the chemical
oxygen demand removal rate were achieved in MFC with
GR-modified anode during electricity generation. This
study might provide an effective way to modify the anode
for enhanced electricity generation and efficient removal of
azo dye in MFCs.
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Introduction

Microbial fuel cells (MFCs) convert chemical energy to
electrical energy via the catalysis of electroactive micro-
organisms. Recently, MFCs have gained an increasing
attention due to their potential usage for simultaneous
wastewater treatment and biomass-based energy produc-
tion [1]. However, the relatively low power output was
considered as one of the main obstacles for its further
application. Amongst many factors affecting the perfor-
mance of MFCs, the anode, which had great influence on
the growth and activities of microbes as well as on the
electron transfer rates, was considered as one of the key
limiting factors [2, 3]. Therefore, developing effective
anode materials remains critical for enhancing the current
output of MFCs.

To date, researchers have employed various commer-
cially available graphite-based materials such as carbon
cloth or carbon paper (CP) as anode materials due to their
good biocompatibility, conductivity, stability, and low cost
[4]. However, these materials possess limited surface areas
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and relatively small electrochemical activities, retarding
the interaction between microorganisms and the anode
surface [5, 6]. To tackle this concern, anode modification
by introducing functional groups onto the anode surface
[7], or by combining with certain electroactive materials,
such as conducting polymers [8, 9], carbon nanotubes
(CNTs) [10, 11], metal nanoparticles [12, 13], and metal
oxide nanoparticles [14, 15], has been attempted in this
regard, which was proven to be effective to enhance the
power generation of MFCs.

Graphene (GR), a flat monolayer of carbon atoms tightly
packed into a two-dimensional honeycomb lattice, has been
widely used in various applications in modified electrodes,
electrocatalysis, and electrochemical sensors because of its
unique electrochemical properties and electrocatalytic
activities [16, 17]. Recently, research in the field of MFCs
had proved graphene to be a promising electrocatalyst
material. For example, Liu et al. [18] designed the GR-
modified carbon cloth anode and showed that the graphene
modification improved the power density and energy con-
version efficiency by 2.7 and 3 times, respectively. A
recent study performed by Zhao et al. [19] on using the
ionic liquid functionalized GR-modified anode in MFCs
revealed that the MFC with the modified anode produced a
maximum power density of 601 mW m ™2, which was 4.2
times higher than that of the MFCs equipped with
unmodified carbon paper (142 mW m™?).

A number of approaches had been explored to assemble
GR on the anodes in MFCs with tailorable properties and
architectures, including chemical vapor deposition of GR
using a nickel foam as the substrate [20], direct deposition
of GR by casting its suspension on the surface of the
electrode [21, 22], electrochemical reduction of graphene
oxide (GO) to GR from a suspension containing GO or
from a GO film on the electrode surface [18, 23]. To the
best of our knowledge, no study on the preparation of GR-
modified anode by an electrostatic layer-by-layer assembly
method and on its corresponding MFC performances has
been reported by far. The layer-by-layer technique relies
mainly on the alternating adsorption of oppositely charged
species, offering a facile and effective way to build up
uniformly nanostructured films with controllable mor-
phologies and thickness.

On the other hand, azo dyes, encompassing the largest
group of synthetic dyes extensively used in textile dyeing
and paper printing, have been deemed as refractory pol-
lutants constituting a significant burden on the environment
[24]. Recent years, MFCs have exhibited their ability to
remove azo dyes and to simultaneously generate electrical
power [25, 26]. Herein, we demonstrate a simple strategy
for constructing the GR-modified carbon paper electrodes
via a layer-by-layer assembly method through the electro-
static adsorption ~ between  positively charged
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polyethyleneimine (PEI) and negatively charged GR. The
electrochemical performances of the electrodes have been
studied with the aid of cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS), and
improved electron transfer ability of the modified electrode
has been observed compared to that of the blank carbon
paper anode. Morphology study has revealed that our GR-
modified anode possessed large surface areas, beneficial to
the attachment of bacteria. Consequently, the usage of our
GR-modified anode has enabled the improvement of the
biocurrent generation and methyl orange (MO) decolor-
ization in MFCs.

Materials and methods
Chemicals

Carbon paper was purchased from Shanghai Hesen Engi-
neering Co. Ltd. Cation exchange membranes (CMI-7000)
were obtained from Anketech Membrane Separation
Engineering & Technology Co. Ltd. Polyethyleneimine
(PEI) (M.W. 60,000, 50 wt% aq. solution, branched) was
purchased from J&K Chemical Ltd., China. Methyl orange
(C14H4N3SO3Na) was purchased from Beijing Chemical
Reagent Co. (Beijing, China). All chemicals were of ana-
lytical reagent grade and used without further purification.
Deionized water was used throughout the study.

Electrode preparation

The GR used in this study was synthesized and charac-
terized according to our reported recipe [27], which mainly
involved the conversion of graphene oxide (GO) to GR.
The as-prepared GR was fully dispersed in water by
ultrasonication (480 W, 40 kHz) for 2 h to form dispersed
solution with a concentration of 0.5 mg mL™".

Prior to fabricating GR/CP anode, carbon papers were
first soaked in acetone for a period of 4 h to remove
adsorbed organic contaminations and then soaked in
1 mol L™" HCI and 1 mol L™ NaOH solution for 24 h to
wipe out possible impurities. After that, the carbon paper
electrode was pretreated with concentrated H,SO,—HNO;3
(volume ratio: 3:1) for 1 h to introduce carboxyl groups on
the surface, giving rise to the formation of a hydrophilic
and negatively charged surface [28]. The functionalized
carbon paper electrode was then alternatingly immersed for
20 min in the positively charged PEI aqueous solution
(10 mg mL™") and the negatively charged GR suspension,
followed by water washing and hot air drying, resulting in a
PEI/GR layered structure. This cycle was repeated to
obtain the desired number of bilayers (n) for {PEI/GR},
layer-by-layer films, and the multilayer film-modified
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electrode was ready for electrochemical and morphological
analysis. To highlight the role played by the GR in the
performance of MFCs, blank carbon paper electrodes were
used to serve as a reference blank. The blank carbon paper
electrodes were prepared by the same procedure as
described above, but without PEI/GR layer-by-layer
assembly. For MFCs studies, {PEI/GR}¢ film-modified
anode was used.

Characterization

A CHI 660d electrochemical workstation (CH Instruments)
was used for CV and EIS analysis. A regular three-elec-
trode cell was used with a saturated calomel electrode
(SCE) as the reference electrode, a platinum wire as the
counter electrode, and a modified carbon paper electrode or
a blank carbon paper electrode as the working electrode.
EIS measurements were performed in the frequency range
from 100 kHz to 1 Hz with sinusoidal perturbation of
5 mV amplitude under the formal potential of Fe(CN)z 4~
(0.18 V vs. SCE), and the obtained data were analyzed
using ZSimpWin 3.10 software.

The assembled electrodes with different PEI/GR bilay-
ers were characterized with the aid of a UV-Vis spec-
trometer (Beijing Purkinje General Instrument Co., Ltd,
China). For UV-Vis spectroscopic measurements, quartz
slides (1.2 x 4.5 cm2, 1 mm thick) were pretreated with
piranha solution (3:7 volume ratio of 30 % H,O, and
concentrated H,SO,) for about 30 min and then rinsed with
water. The following procedure for fabricating layer-by-
layer films was the same as that on carbon paper surface,
and after completion of each assembly cycle on a quartz
slide UV-Vis spectroscopy was carried out using an air
blank for all the measurements.

The surface morphology of the samples was inspected
using a JSM-6390LV scanning electron microscopy (SEM)
(JEOL Ltd., Japan) and a KYKY-EM3200 scanning elec-
tron microscopy (KYKY technology Co. Ltd., China). Zeta
potential analysis was performed using a nano-ZS90 zeta-
sizer (Malvern Instruments Ltd., UK).

Construction and operation of MFCs

The two-chambered MFC was made of perspex material
(Fig. 1) and consisted of an anode chamber and a cathode
chamber, each with an operating volume of 140 mL
(7 cm x 5 cm x 4 cm). The anodes were constructed with
either blank carbon papers or GR-modified carbon papers
(5 x 3 cm?) and all the cathodes were just carbon papers
(5 x 3 cm?). CMI-7000 cation exchange membrane was
sandwiched between the two chambers and held together
by an external metal screw. Rubber gaskets were used to
secure the sealing between the perspex material and the

Fig. 1 Photograph of the two-chambered MFC

membrane. Copper wires were used to connect the circuit
with an external resistance of 1,000 Q. 100 mmol L™
K;[Fe(CN)g] in 50 mmol L™ phosphate buffer solution
(PBS, pH 7.0) was used as the electron acceptors [29, 30].

Anaerobic sludge was inoculated as the anodic inocu-
lums of MFCs, which was collected from a local waste-
water treatment plant (Xinxiang, Henan, China). A
cultivation solution added to the anode chamber for bac-
terial growth contained 1 g L™" glucose as electron donors;
50 mmol L™" PBS (pH 7.0) containing (per liter deionized
water): 3.32 g NaH,PO,4-2H,0, 10.32 g Na,HPO,-12H,0,
0.13 g KCI, 0.31 g NH,4Cl, 12.5 mL vitamins and 12.5 mL
mineral solution. The initial pH of anolyte was 6.8-7.0.
The inoculated anaerobic sludge was set to account for
25 % (volume ratio) of the whole anode solution. All
MFCs were operated in batch cycle mode. The anode
solution was replaced by fresh cultivation solution when
the voltage decreased below 50 mV and N, gas was flushed
continuously for 15 min to remove dissolved oxygen in the
anodic chamber before each batch test. All MFC experi-
ments were conducted at 30 = 1 °C in a constant tem-
perature room. Since the biological fluctuation of the
anaerobic sludge and other MFC experimental conditions
could affect the outcomes. Three parallel groups of
experiments were carried out, where their average values of
the results were taken.

Analytics and calculations

Voltage and polarization curve

The voltage of the MFCs was measured every 30 min with
a digital multimeter, and all the data were automatically
recorded by a computer. Polarization curves were obtained

by changing external circuit resistance from 10,000 to 50
Q.
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The current density, I, (A m_z) and the power density,
P4, (Wm™?) of the system can be calculated using the
formula:

\%4
Iy =—— 1
= ()
VZ
Py =—— 2
= @)

where V (V) is the cell voltage, R (Q2) is the external
resistances and A (m?) is the projected area of the anode.

Removal of methyl orange

The removal of methyl orange (MO) was monitored by
withdrawing samples at a time interval of 2 h during one
cycle and immediately centrifuged (4,000 rpm) for 15 min
to remove suspended biomass from the anode solution. If
needed, sample solution was diluted before each mea-
surement. The blank solution was the anode solution taken
from the MFC without the addition of MO, and the fol-
lowing procedures for pretreatment were the same as the
samples. The decolorization efficiency of MO was tested in
terms of the changes of the UV-Vis absorbance at
Amax = 465 nm using a UV-Vis spectrophotometer with a
1-cm path length spectrometric quartz cell. Decolorization
efficiency can be calculated by:

decolorization efficiency(%) = # x 100 % (3)

0

where A is the absorbance of the initial solution taken
from the anode chamber, and A, is the absorbance of
solution taken from the anode chamber at a certain reaction
time ¢ (min).

The chemical oxygen demand (COD) removal rate of
the dye solution was measured by the decrease of COD of
the dye solution, which can be estimated by the following
expression. COD was measured according to the standard
dichromate titration method [31].

CODy — COD;

COD removal rate(%) = oD
0

x 100% 4)
where COD,, is the COD of the initial solution taken from
the anode chamber, and COD, is the COD of the solution
taken from the anode chamber at a certain reaction time
t (min).

Results and discussion

Zeta potential of the synthesized GO and GR

Zeta potential of the prepared GO and GR were measured
to be —40.8 and —25.4 mV, respectively. After GO

@ Springer

reduction, a significantly positive shift of 15.4 mV was
observed, indicating that GO was successfully reduced by
chemical reagent, where the amounts of the negatively
charged groups (such as hydroxyl, carboxyl and epoxy
groups) on the edges and surface of GO decreased. On the
other hand, a small quantity of these negatively charged
groups still remained on its surface, facilitating the
assembly of the as-prepared, negatively charged GR with
PEI to build multifunctional nanostructures by a layer-by-
layer technique [32].

Characterization of GR/CP electrode
UV-Vis spectroscopy

On the basis of electrostatic interactions, {PEI/GR},, films
were prepared by alternatively depositing PEI and GR from
their dipping solution or suspension. The process of layer-
by-layer assembly on quartz slides had been monitored by
UV-Vis spectroscopy, as shown in Fig. 2. It can be seen
that the spectra of {PEI/GR}, films display an absorption
peak at 280 nm, which is regarded as the trademark for
chemically reduced GR [33]. The intensities of the char-
acteristic band increase gradually with the growing number
of bilayers, revealing the successful deposition of {PEI/
GR}, films. The linear relationship (r = 0.9997) between
the absorbance at 280 nm with the number of bilayers
(inset of Fig. 2) further suggests that almost identical
amount of GR was loaded in each assembling step, leading
to the construction of uniform multilayer film.

Cyclic voltammetry

CV measurements of the multilayer film electrode were
performed during the assembly process. Figure 3 shows the
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Fig. 2 UV-Vis spectra of {PEI/GR}, films assembled on quartz
slides with different number of bilayers (n, n = 1-6). Inset is the
dependence of absorbance of GR at 280 nm on the number of bilayers
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Fig. 3 Cyclic voltammograms of {PEI/GR}, (n =0, 1, 2, 4, 6)
multilayer-modified carbon paper electrode in aqueous 0.1 mol L™!
KCl containing 10 mmol L~! K;[Fe(CN)s] at a scan rate of
20 mV s~'. n = 0 referred to blank carbon paper electrode

cyclic voltammograms of blank carbon paper electrode and
GR-modified carbon paper electrode with bilayer number
(n) from 1 to 6 in a 0.1 mol L~! KClI solution containing
10 mmol L™! K;[Fe(CN)g] (used as the redox electro-
chemical probe). A pair of well-defined, nearly reversible
reduction—oxidation peaks can be observed at 0.18 V on
both types of electrodes, which correspond to the
Fe(CN)gf/Fe(CN)gf redox couple. Meanwhile, apparent
differences between the two pair of peaks can also be
identified. First, both the anodic and cathodic peak currents
for GR-modified electrode enhance remarkably in com-
parison with those of the blank carbon paper electrode;
moreover, the redox peak height of GR-modified electrode
increases with the growing layer number, which is in good
agreement with the results from the UV-Vis measure-
ments. Second, since the peak-to-peak separation (AEp)
between the anodic and cathodic peaks is inversely pro-
portional to the rate of electron transfer, a smaller AEp
represents an increase in the electron transfer rates [34]. As
shown in Fig. 3, the value of AE, of the GR-modified
carbon paper electrode is smaller than that of the blank
carbon paper electrode, indicating an enhancement of the
electron transfer rate and hence a superior electrochemical
behavior occurred in the GR-modified carbon paper elec-
trode, probably owing to the incorporation of GR, which
offers an advanced conductivity as well as an increased
electroactive surface area [35].

Electrochemical impedance spectroscopy
EIS, a powerful tool to probe the features of surface-

modified electrode, was employed to monitor the modify-
ing process of electrodes and study the effect of the
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Fig. 4 Nyquist plots and equivalent circuit of {PEI/GR}, multilayer
films assembled on carbon paper electrode in 0.1 mol L™' KClI
containing 10 mmol L™ K;[Fe(CN)gl, n = 0 (filled square), 2 (filled
triangle), 4 (filled circle), 6 (filled inverted triangle). n = 0 referred to
blank carbon paper electrode. The insert illustrates the high-frequency
part of the result

introduction of GR on the electrode interfacial resistance.
Figure 4 shows the impedance spectra in the form of Ny-
quist diagrams for blank or GR-modified carbon paper
electrodes in 0.1 mol L™' KCI containing 10 mmol L'
K;3[Fe(CN)g] (used as the redox electrochemical probe),
where the inset depicts the high-frequency part of the
result. It is known that the electron transfer resistance (Rct)
of the electrochemical reaction at electrode/electrolyte
interface, which corresponds to the semicircle diameter of
the Nyquist plot, reveals the electron transfer kinetics of
the redox electrochemical probe at the electrode interface
[34]. The values of Rct can be estimated using the Randles
equivalent circuit as the model and fitting the impedance
data into the model. The Rct value for the blank carbon
paper electrode was calculated to be 42.14 Q. After GR
modification, prominent decreases of the value of the Rct
occurred to reach 16.71, 15.82, and 14.52 Q for 2, 4, and 6
layers, respectively. Since a smaller value of Rct indicates
a faster electron transfer rate between electrode and elec-
trolyte [34], the apparent reduction in Rct values for the
GR-modified carbon paper electrode therefore implies that
the incorporation of GR into the multilayer film signifi-
cantly reduces the electron transfer resistance and realizes a
faster electrochemical reaction between the electrode and
electrolyte. Moreover, it can be seen from the inset of
Fig. 4 that the straight line region over low frequency of
the GR-modified carbon paper electrode is significantly
smaller than that of blank carbon paper electrode. The
straight line region is characteristic of a diffusion-limiting
step in an electrochemical process [34]. The results herein
indicate that GR-modified carbon paper electrodes provide
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Fig. 5 SEM images of GR (a), the blank carbon paper (b), the GR-modified carbon paper (¢) and the biofilm on the blank carbon paper (d) and

on the GR-modified carbon paper at low (e) and high (f) magnifications

a proper accommodation for reactants to access the reac-
tion centers [36], therefore improving the diffusion of
electrolyte toward the surface of the electrode.

Scanning electron microscopy
The surface morphologies of the GR/CP electrodes used in
this work were characterized by SEM. The SEM micro-

graph in Fig. 5a shows the obtained GR materials, where
the flake-like GR sheets can be observed. Figure 5b is the
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SEM image of the blank carbon paper, which consists of a
number of carbon fibers with relatively smooth surfaces.
Figure 5c shows the morphology of the GR-modified car-
bon paper, clearly revealing the typically wrinkled GR
sheet structure with slightly scrolled edges, which is ben-
eficial to the enlargement of the electrode areas. SEM
images of bacteria-attached carbon paper anodes are
depicted in Fig. 5d—f. It can be observed that there are
more bacteria attached to the GR-modified carbon paper
anode (Fig. Se, f) compared to that of the blank carbon
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Fig. 6 Performance of MFCs with a GR-modified carbon paper anode and a blank carbon paper anode under 1,000 Q resistance: a cell voltage
output as a function of time, b power density and cell polarization curves, and ¢ anode and cathode polarization curves

paper anode (Fig. 5d), indicating that GR is helpful to
induce the adsorption and growth of specific microbial on
the electrode surface.

Performances of MFCs
Electricity generation

The performances of both blank CP and GR/CP anode-
based MFCs were evaluated by measuring the output volt-
age at a constant external circuit resistance (1,000 Q).
MFCs equipped with GR/CP anodes (MFC-GR) achieved
much better performance than that prepared with blank CP
anode (MFC-blank). Figure 6a shows a representative
cycle. After inoculation, stable maximum voltages of 490
and 580 mV are obtained for the MFC-blank and MFC-GR,
respectively. Within a lag time of about 50 h during the first
cycles, the MFC-GR reaches a maximum voltage of
250 mV, which is 1.7 times as high as that of MFC-blank
(150 mV). Moreover, the start time for the initial maximum
stable voltage is 180 h for the MFC—GR compared to that at
260 h for MFC-blank, shortened by 31 % and the MFC-GR
delivers a maximum stable voltage of 580 mV, which is
15 % greater than that of MFC-blank (490 mV). Based on
the CV, EIS, and SEM studies, it can be speculated that the
GR-modified anode possesses the larger specific surface
area for the biofilm growth and facilitates the electron
transfer from the electrolyte to the electrode as well as

inside the electrode, leading to a better performance of the
MFC-GR in terms of electricity generation.

Figure 6b shows the polarization curves and power
density curves of both types of MFCs. Although both types
of MFCs exhibit quite similar behaviors in the open circuit
voltage, the maximum power density of the MFC-GR
apparently improves compared with that of the MFC-blank.
With the external resistance varied from 10,000 to 50 Q,
the MFC-blank achieves a maximum power density of
182 mW m ™~ at the current density of 0.59 A m™2, whilst
the maximum power density of the MFC-GR reaches
368 mW m™? at the current density of 1.01 A m™2, twice
larger than that generated by the MFC-blank. The polari-
zation curves further verify that GR modification strategy
indeed affects the performances of MFCs and improves the
power output.

Figure 6¢ displays the comparison between the anode
and cathode polarization curves of the MFC—GR and the
MEFC-blank. It can be seen that the two MFCs exhibit
almost the same features in their cathode potentials due to
the identical cathode used in both types of MFCs. How-
ever, the anode open circuit potential (OCPa) and anode
polarization curves differ from each other, suggesting that
the anode potential is greatly affected by the modification
of GR. The OCPa (versus SCE) moves toward more
negative values from —534 mV (MFC-blank) to
—573 mV (MFC-GR), and a decreased slope of the anode
polarization curve can be found in MFCs using the GR-
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Fig. 7 a UV-Vis spectra of a
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modified anode compared to those using the blank anode.
With the increase of the current density from 0 to
1.35 A m™2, the anode potential of MFC-blank decreases
by 46 % from —534 to —287 mV, indicating that a larger
overpotential would be required for the bioelectrochemical
reaction at high currents [37], whilst the anode potential of
the MFC-GR only decreases by 25 % from —573 to
—428 mV. The lower anode overpotential with the GR-
modified anode reflects the positive role played by GR in
enhancing the bioelectroactivity of the anode [38]. These
results also reveal that the differences in the performances
of the two types of MFCs originate from the distinct types
of materials employed in the anode and do not from the
cathode.

Methyl Orange (MO) removal in MFCs

Removal performances of MO (300 mg L_l) in MFCs
equipped with GR-modified anode and blank anode are
shown in Fig. 7. It can be observed from Fig. 7a that the
typical UV-Vis spectra of MO during decolorization in
MFC-GR and MFC-blank show the similar trends. The
absorption spectrum of the original anode solution is
characterized by the main band in the visible region with
its maximum absorption at 465 nm and by the band in the
ultraviolet region located at 270 nm. The absorbance peak
at 465 nm is attributed to the azo bonds of MO molecule,
whilst the absorbance peak at 270 nm is ascribed to the
n — m* transition related to aromatic rings [39]. After 2 h
reaction, the intensities of the bands at both 465 and
270 nm become weaker, but a new band at 248 nm asso-
ciated with sulfanilic acid [24] appears. The change of the
spectra reveals the cleavage of the azo bond and the for-
mation of the reaction intermediates during the decolor-
ization of MO in MFCs.

Although MO could be removed in both reactors,
MFC-GR achieves better removal performance than that
of MFC-blank at any sampling interval during the course
of reaction. According to the changes of absorbance at
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465 nm, it can be seen from Fig. 7b that the decoloriza-
tion efficiency of MO solutions (300 mg L") in MFC-
GR and MFC-blank after 4 h reaction reaches 53 and
64 %, respectively. Meanwhile, COD removal rate
increases with the increase of reaction time, almost 68 %
COD removal rate is achieved within 10 h reaction time
for MFC-GR, whilst 52 % for MFC-blank. The better
performance of MO removal in MFC-GR might be
caused by the different capacities of electricity generation
of MFCs with the employment of different anodes. At the
anode of a MFC, organic cosubstrate (like glucose, acetate
or sucrose, glucose in this work) is oxidized by electro-
chemically active microorganisms, followed by the
transfer of generated electrons to the anode which then
pass through an external circuit to the cathode, thus pro-
ducing current. When azo dye is added into the anode
chamber, the reductive cleavage of azo bond in the
structure of azo dye would consume partly the electrons
from cosubstrate oxidation [40]. On a basis of the prin-
ciples of electricity generation in MFC, the decolorization
mechanism of MO, and the results of the output voltage in
these two types of reactors, it is not difficult to deduce
that more electrons are discharged from cosubstrate oxi-
dation in the anode chamber of MFC—-GR, and conse-
quently, more electrons would be consumed by azo dye,
resulting in a better decolorization performance.

Conclusions

In summary, we have employed a facile layer-by-layer
assembly method to modify the anode of MFCs with GR and
achieved an enhanced MFC performance with regard to the
electricity generation and MO removal. Through our inves-
tigation we have speculated that the advanced performance
of MFCs is associated with the unique properties of GR such
as large specific surface area and excellent conductivity upon
its incorporation, which is beneficial to the attachment of
bacteria to the electrode and the improvement of the electron
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transfer rate. Our study might offer special insights into
designing facile and effective route for the construction of
MFC:s for achieving promising electricity generation as well
as efficient treatment of azo dye wastewater.
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