
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
2:

51
:3

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Biofilm evolution
aMinistry of Education Key Laboratory

Remediation for Industrial Agglomeration

Science and Engineering, College of Enviro

China University of Technology, Guangzhou

edu.cn; Fax: +86 20 39380508; Tel: +86 20
bSchool of Environmental Science and Engin

and Pollution Control, Guangdong Univer

China

Cite this: RSC Adv., 2017, 7, 42172

Received 19th July 2017
Accepted 23rd August 2017

DOI: 10.1039/c7ra07956g

rsc.li/rsc-advances

42172 | RSC Adv., 2017, 7, 42172–42179
and viability during in situ
preparation of a graphene/exoelectrogen
composite biofilm electrode for a high-
performance microbial fuel cell

Feng Deng,a Jian Sun, b Yongyou Hu, *a Junfeng Chen, a Sizhe Li,a Jie Chena

and Yaping Zhangb

To understand howmicrobial reduction of graphene oxide (mrGO) influenced the biofilm during the in situ

preparation of a graphene/exoelectrogen composite biofilm anode in a microbial fuel cell (MFC), an in situ

mrGO-modified anode was fabricated, and the evolution and viability of the anodic biofilm were

investigated by sampling the biofilm at different stages of the MFC operation. The total protein, thickness

and viability of the anodic biofilm in mrGO-added MFCs were generally lower than that in mrGO-free

MFC at the first electricity production cycle (EPC) due to the antibacterial activity of the GO flake.

However, the three indicators increased dramatically and were much higher in mrGO-added MFC than

in mrGO-free MFC after three EPCs, derived from enhanced bacterial adhesion and accelerated biofilm

recovery in the presence of mrGO due to its high specific area for increased biomass attachment and

high conductivity for enhanced electron transfer between bacteria and anode. The electricity generation

performance of the MFC was found to follow the same trend as biofilm evolution. The power density of

the mrGO-modified MFC increased sharply after five electricity production cycles, reaching a maximum

value of 1140.63 mW m�2, which is 65.20% higher than the blank control. This study gives an insight into

the interaction between the exoelectrogens and their induced GO reduction which contribute to the

understanding of the essence of the process for high-performance MFC application.
1. Introduction

Microbial fuel cells (MFCs) are devices that can use organic or
inorganic substances throughmicrobial metabolism to produce
clean and renewable energy,1–3 however, the relatively low power
density and poor energy conversion efficiency of MFCs limit
their practical applications. Microorganisms grown as a biolm
on the anode surface are crucial for anode performance because
they directly correlate with substrate metabolism and electricity
harvesting from the substrate using the anode as an electron
acceptor.4–6 Numerous efforts have been made to optimize the
materials and structure of MFC anodes so as to facilitate
bacterial adhesion and extracellular electron transfer (EET)
from bacteria to anode. Among these efforts, nanostructured
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materials have been proved to signicantly improve MFC
output power density.

Graphene, which is an emerging two-dimensional structure,
possesses many analogous characteristics, such as excellent
electrical and thermal conductivity,7–9 a high specic surface
area (2675 m2 g�1)10 and a one-atom-thick 2D structure,8 which
is broadly utilized in the area of electrochemistry.11–21 To date,
the known method for fabrication of graphene includes micro
mechanical exfoliation,22 chemical vapor deposition,23 SiC
surface extension24,25 and reduction of graphene oxide.
However, unfavorable conditions, including toxic material and
high temperatures, are involved in the routes mentioned above.
Thus, graphene has some negative characteristics, such as
hydrophobicity, poor bio-compatibility and potential toxicity.26

In recent years, researchers have discovered a greener method
of reducing graphene oxide, and some studies have shown that
graphene oxide could be reduced by bacteria such as Escherichia
coli,27 which possess an excellent extracellular electron transfer
ability. Huang proved that graphene oxide can promote extra-
cellular electron transfer in Shewanella.28 Based on these
studies, microbial reduction of graphene oxide in the MFC
system was investigated by Yuan et al.29,30 They demonstrated
that microbially reduced graphene scaffolds could facilitate
This journal is © The Royal Society of Chemistry 2017
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extracellular electron transfer in the anode and enhance oxygen
reduction in the biocathode.

The conclusions of the previous studies were similar in that
the mrGO could be formed in situ on the surface of the anode,
which notably enhanced the MFC performance. In order to
deeply understand the mechanism of the improvement in
electricity generation, it was necessary to investigate the
impact of the mrGO on the biolms during long-term opera-
tion. Anodic biolms could be damaged by both the GO
and the mrGO akes at the earliest stage of the GO disper-
sion addition because of their sharp edges,31 which signi-
cantly inuence the viability and quantity, and thus, further
research is needed. For long-term operation, the fall off of
biolm, the hydraulic actions of media replacement and the
maintenance of a high concentration of mrGO akes have
a signicant impact on the biolm evolution and the stability
of power density in the MFC system, which also need further
discussion.

This paper reports measurements of the in situ formation
of the mrGO on the surface of the anode and discovers the
patterns of viability and quantity of the anodic biolms, with
the mrGO modifying different test timing points. It is nally
understood how the mrGO inuences the anodic biolms,
whereby it helps the biolm evolution and maintains stability
during long-term operation. The measurement and falling
off of the anodic biolm aer media replacement was
considered an indicator of the biolm recovery analysis.
Another indicator was the variation of the biolm thickness
and viability between the neighboring electricity production
cycles.
2. Material and methods
2.1. Synthesis of GO

GO was prepared from graphite powder (Sinopharm Chemical
Reagent Co., Ltd., China) using modied hummers, and it was
used as supplied. GO was treated by sonication and centrifu-
gation to synthesize graphene oxide. Sonication was conducted
in a continuous mode at a delivered power of 150 W for 2 hours.
Next, centrifugation was performed at 3000 rpm for 30 min, and
the supernatant was a dispersion of graphene oxide.32,33
2.2. MFC setup

The MFC consisted of an anode and cathode placed on opposite
sides in a plastic cylindrical chamber, which was 2.1 cm long
and 5 cm in diameter, with a net volume of 40 mL. The anode
electrodes were made of graphite felt, and the air-cathode was
made of carbon paper (5 cm � 5 cm) containing 0.5 mg cm�2 of
a Pt catalyst. The cation exchange membrane and the PTFE
waterproof layers were set together to isolate the substance of
the anode and the carbon felt electrode.

Prior to use, both the carbon felt and the carbon paper were
cleaned by soaking in acetone overnight. Each single MFC was
inoculated with anaerobic-activated sludge present in the
biochemical process of the Liede municipal wastewater treat-
ment plant (Guangzhou, China).
This journal is © The Royal Society of Chemistry 2017
2.3. MFC operation

A preliminary experiment was performed to study the in situ
formation of the mrGO-modied anode, which had a base
material of graphite felt. In the experiment, the GO dispersion
was added before the start of the MFC.

To study the biolm evolution and viability on the mrGO-
modied anode, parallel experiments were carried out with
three MFCs with different startup and operating procedures.
We applied two mrGO-modied anodes with different modes of
GO dispersion addition: the GO dispersion was only added at
the beginning of the rst electricity production cycle (MFC-B),
and the GO dispersion was added before every electricity
production cycle (MFC-C). Both MFCs were systematically
compared with the mrGO-free MFC-A, which was used as
a blank control. For the formal experiment, dispersion of the
GO (1 mg mL�1) was added into the anode chamber of the two
different MFCs, where the GO was reduced by anodic microbes
and the mrGO was formed in situ on the surface of anode.

When the voltage dropped below 20 mV, the medium and
water of each reactor were periodically refreshed.

The anodic medium contained 0.5 g L�1 sodium acetate,
a phosphate-buffered solution (PBS, 50 mM), a mineral solution
(12.5 mL L�1) and a vitamin solution (12.5 mL L�1).34

Experiments were conducted in duplicate at room tempera-
ture (30 � 1 �C), and the average values with the standard
deviations were reported. In each MFC, the circuit was con-
nected between anode and cathode by titanium wires with an
external resistance of 500 U.
2.4. Analysis and calculations

2.4.1. Qualitative and morphology of mrGO-modied
anode. Slices of anodes in different MFCs were removed in
the rst, third and h electricity production cycles, aer which
they were tested by eld emission scanning electronmicroscope
(FESEM, Nova Nano SEM 430, FEI, USA), X-ray diffraction and
Raman spectroscopy (Horiba Jobin Yvon, France).

2.4.2. Electrochemical test. The voltage difference between
the anode and cathode (V) of each MFC was recorded every
10 min with a data acquisition system (Model 2700, Keithley
Instruments, USA). Polarization data were measured by varying
the external resistor (Rex) over a range of 50 to 1000 at the open
circuit. Anode potentials of the MFC were measured against
a Ag/AgCl electrode (saturated with KCl), which was set in the
anode chamber. Electrochemical impedance spectroscopy (EIS)
was measured using an electrochemical workstation (Model
2273, Princeton Applied Research). For EIS, a three-electrode
system was tested by an alternating current signal with ampli-
tude of 10 mV, and the frequencies ranged from 10 kHz to
5 mHz.

2.4.3. Biolm analysis. For confocal scanning laser
microscopy (CSLM), the anodes were cut into small pieces from
devices, washed with a nutrient-free phosphate buffer solution,
uorescently stained using a FilmTracer™ LIVE/DEAD® Bio-
lm Viability Kit (Molecular Probes) and examined with a Zeiss
LSM 700 inverted microscope. Three random representative
images were taken from each block and used for the
RSC Adv., 2017, 7, 42172–42179 | 42173
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measurements of the biolm's height and viability. To obtain
the three-dimensional structure information, the biolms were
observed under the “Stack” model of the Zen soware (Zeiss).
3. Results and discussion
3.1. Microbial reduction of the GO under different growth
phases of anodic biolm

As shown in Fig. 1a, aer the rst EPC, some small pieces with
irregular shapes were found on the surface of the graphite felt,
which was conrmed by FESEM. The magnication of the
rough structure, seen in Fig. 1a, was present in Fig. 1b, where we
found that the structure was stacked in small irregular pieces
and internal caves were formed. At the initial formation stage of
the biolms, small amounts of bacteria were found landing on
the surface of the rough structure. For the third and the h
EPC, the surface morphology of the anode was also examined by
FESEM. As shown in Fig. 1c and d, we discovered some much
larger rough structures on the graphite felt compared with
those found at the rst EPC, which contained a large interior of
cavities and holes. This rough surface and three-dimension
structure apparently provided a larger specic surface area for
microbes to settle.

X-ray diffraction was utilized to investigate the rough struc-
ture on the anode at the end of the rst EPC (1-mrGO anode),
the third EPC (3-mrGO anode) and the h EPC (5-mrGO
anode) by comparison with the GO powder. As shown in Fig. 2a,
Fig. 1 FESEM of morphology for anode of 1-MFC (a and b), 3-MFC (c),

42174 | RSC Adv., 2017, 7, 42172–42179
the diffraction peak of the GO powder appears at an angle of
2q ¼ 10.19�, which was near the typical intense crystalline peak
of GO of 10.27�,35 and the interlayer spacing was of 0.86 nm. The
GO powder (1 mg mL�1) was added to the anode chamber with
the anodic medium and glucose. Aer reduction by the anodic
bacteria, approximately 90 hours in the rst EPC, X-ray
diffraction of 1-mrGO showed that 10.19� of the peak dis-
appeared and a sharp peak appeared at 2q ¼ 24.80�, whereby
the interlayer spacing decreased to 0.36 nm. The dramatic drop
in the interlayer spacing between the GO and 1-mrGO demon-
strated the removal of oxygen and water from the interlayer and
provided clear evidence of the reduction. Fig. 2a also showed
that similar sharp peaks were obtained for 3-mrGO (2q¼ 10.25�)
and 5-mrGO (2q ¼ 10.28�), which further conrmed the signif-
icant GO reduction during the long running process of the
MFC.35

Furthermore, we characterized the reduction of the GO
akes using Raman spectroscopy. Changes in Raman band
intensity and shis provide information on the nature of C]C
double bonds and defects. Fig. 2b shows four Raman spectral
curves of the GO before and aer the reduction by the anodic
microbes for the GO, 1-mrGO, 3-mrGO and 5-mrGO. The GO
powder was tested before it was added to the anode chamber,
and two peaks were obtained in the Raman spectroscopy:
1359 cm�1 for the D band and 1605 cm�1 for the G band, which
were very similar to those reported by a previous study showing
microbial GO reduction.35,36 In the Raman spectra of the mrGO
5-MFC (d).

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 X-ray diffraction (a) and Raman spectra (b) of anodes for different MFCs.
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(Fig. 2b), the D band was shied to 1350 cm�1, 1344 cm�1 and
1342 cm�1, and the G band was shied to 1587 cm�1, 1585 cm�1

and 1582 cm�1 for 1-mrGO, 3-mrG and 5-mrGO, respectively.
With the increased contact time between the mrGO and the
microbes, the le shi of the D band and the G band indicated
that the GO was reduced.37 The intensity ratio of the D band to
the G band (ID/IG) increased steadily in the process of reduction,
of which the GO powder was 1.00, the 1-mrGO was 1.06, the
3-mrGO was 1.11 and the 5-mrGO was 1.14. This pattern of
results was in good agreement with the previous studies,
strongly conrming the GO reduction.35,36
3.2. Biolm evolution and viability during GO reduction

The BCA protein assay was used to characterize the microbial
biomass on the anode to evaluate the inuence of the mrGO on
formation of the anodic biolms. As shown in Fig. 3, the total
protein of the anodic biolm on different MFCs was tested in
the rst EPC, the fourth EPC and the h EPC. The results
clearly showed aer the rst EPC that for MFC-B (11.52 mg m�2)
and MFC-C (11.78 mg m�2), the anodes acquired less total bio-
lm protein than that of the mrGO-free MFC-A (21.84 mg m�2),
which revealed the immediate antibacterial activity of GO
Fig. 3 Total protein curve of anodic biofilm for different MFCs at
different test points.

This journal is © The Royal Society of Chemistry 2017
toward anodic microbes. J. Chen reported that the wrinkled and
crumpled three-dimensional structure of the graphene-
modied anode could largely increase the height of biolm
thickness on the anode in a short time, which suggested that
the three-dimensional structure of the mrGO had not been
completely built in the rst EPC. Aer three EPCs, the total
protein of MFC-B and MFC-C both substantially increased to
36.54 mg m�2 and 34.31 mg m�2, respectively, while that of the
MFC-A increased to 30.23 mg m�2. The larger increase of the
total protein in mrGO-modied anodes demonstrated that
more bacteria were attached to the surface of anode with the
three-dimensional mrGO structure aer three EPCs. When the
voltage of the three different MFCs increased to the maximum
in the fourth EPC, all the MFCs exhibited a considerable
increase in the total protein since the bacteria on the anode
reproduced very quickly during this period. Aer the medium
was changed, the total protein on the anodic biolm slightly
decreased in all three MFCs. The rates of decrease for the MFC-
B and MFC-C were 1.29% and 3.10%, respectively, which were
much lower than those of the MFC-A (13.55%). Due to the
formation of the mrGO on the anode, which had a three-
dimensional structure and crumpled surface, the acquired
bacteria rmly adhered to the anode and were less detached
from the anode in long term MFC operation. The total protein
was also tested at the peak of output voltage in the h EPC
for all the three MFCs. The results showed that the MFC-A
(31.11 mg m�2) was 9.32% lower than that tested at the peak
of the fourth EPC, while the statistics of MFC-B (�1.25%) and
MFC-C (2.7%) were more stable. The variation in the total
protein between the two neighboring voltage peaks revealed
that microbial adhesion recovered more slowly aer the anodic
medium refreshed for the mrGO-free anode, while the other two
mrGO-modied anodes dynamically recovered well. This also
implied that the latter two had already reached a steady state in
the formation of biolms.

Apart from the total protein to quantify the anodic microbial
amount in different stages of the operation, the thickness and
viability of the biolms were also further examined by CSLM
(Fig. 4a and b) to clarify other biolm effects aroused by the
formation of the mrGO. All of the biolms were tested by CSLM
from the top of the electrode to the surface. As reported by
RSC Adv., 2017, 7, 42172–42179 | 42175

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07956g


Fig. 4 Biofilm thickness (a) and viability (b) of anodic biofilm for different MFCs at different test points.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
2:

51
:3

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Suzanne,38 the cross section of 20 mm from the top of the elec-
trode was set as a comparative point to evaluate the viability of
the whole biolm. Similar to the results of the total protein test,
aer the rst EPC, the GO-free anode of MFC-A acquired the
highest biolm thickness (14.02 mm), which was far more than
that of the other two GO-added MFCs (7.23 mm for MFC-B and
7.14 mm for MFC-C). The biolm viability test, for all the anodes,
was in accordance with the result of the biolm thickness test
aer the rst EPC, of which, the GO-free anode had the highest
biolm viability (32.31%). This was a little better than the other
two (24.32% for MFC-B and 23.58% for MFC-C). Since the in situ
formation of the mrGO on the anode was incomplete, and
biolm was still immature aer the rst EPC, the anodes with
the addition of the GO dispersion did not gain any advantage in
both biolm thickness and viability. Instead, they were mildly
inuenced by the high concentration of GO dispersion in the
formation of the biolms. As shown in Fig. 4, by the beginning
of the fourth EPC, the biolm thickness of the anodes all
increased, with MFC-B and MFC-C increasing to 29.44 mm and
28.02 mm, respectively, which were much higher than that of the
GO-free MFC-A (20.73 mm). The biolm viability was also largely
improved for MFC-B (48.46%) and MFC-C (46.16%), but the
growth for MFC-A (33.22%) was much less. The greater
promotion in the thickness and viability on the anodic biolms
of MFC-B and MFC-C, compared to MFC-A, clearly came from
the complete formation of the mrGO on the anode (as shown in
Fig. 1). As the voltage of all the MFCs reached the peak in the
fourth EPC, the thickness of biolm increased to 36.52 mm and
34.34 mm for MFC-B and MFC-C, respectively. These increases
were far more than that of the GO-free MFC-A (26.21 mm).
Meanwhile, the biolm viability of all the anodes increased to
between 94.00% and 97.00%. The small change in statistics for
thickness in the GO-added MFCs in this period demonstrated
that the anodic biolms tended to be mature and stable. Aer
changing the medium at the beginning of the h EPC, the
42176 | RSC Adv., 2017, 7, 42172–42179
thickness on anodes of MFC-A dramatically dropped over 34.5%
to 17.17 mm, owing to the hydraulic actions and natural falling
off. However, the GO-added anode thickness changed little,
with the MFC-B decreasing by 1.72% to 35.89 mm and the MFC-
C which decreasing by 2.39% to 33.52 mm. The variation in the
rate of the biolm thickness in this period provided a further
argument that the anodic biolm was matured for these two
MFCs. At the beginning of the h EPC, anodic microbes were
in the initial stage of growth, and a sharp drop in the viability of
all the anodic biolms was recorded. When the output voltage
peaked in the h EPC, the thickness of the anodes for MFC-B
and MFC-C recovered to 37.71 mm and 34.33 mm, respectively,
which were very close to the data recorded at the voltage peak of
the last EPC. However, the biolm of the GO-free anode did not
recover well, since its thickness (22.11 mm) was reduced by
15.6% compared to that tested at the peak of voltage in the last
EPC. This difference in recovery of the biolm height agreed
with the total protein mentioned above, and it also derived from
the high specic area of the mrGO and the strong adhesion
between the mrGO and bacteria. In this period, the biolm
viability of the anodes all reached 92.00–95.00%.

The TEM of the anodic solution was also tested aer
medium replacement and the addition of the GO dispersion,
which was used to characterize the contact of the mrGO/GO
akes and the bacteria suspended in the anodic solution. The
graph of TEM (Fig. 5) revealed that some microbes began to
land on the surface of the mrGO/GO akes before it was
attached to the electrode, and the reducing reaction of the GO
began in this period. It also indicated that biolm viability of
the GO-added MFCs did not perform well at the beginning of
the rst EPC, partly due to the physical contact between the
bacteria and the mrGO/GO akes in advance. This conclusion
agreed well with the statistics from CSLM. As we know from the
viability results shown in Fig. 4b, each time aer we added the
GO dispersion at the beginning of the EPC, for the MFC-C, the
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 TEM of mrGO flakes suspended in anodic solution.
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viability was apparently affected compared to that of MFC-B.
The statistical gap between MFC-B and MFC-C clearly showed
that the highly concentrated GO akes in the anodic solution
exerted negative effects on the anodic biolm formation. The
highly concentrated GO dispersion meant more contact
between the GO akes and bacteria exposed to the outside and
led to more severe membrane diapirism.31 Despite the negative
inuence on the biolm viability caused by the mrGO, the
process of biolm formation improved with the mrGO akes
coating on the anode at the same time. The total protein and
biolm thickness were both better than those of the mrGO-free
anode each time the biolm began to recover aer the medium
was refreshed.
3.3. Performance improvement of MFC by the graphene/
exoelectrogen composite biolm electrode

The voltage output curves for the three types of MFCs are shown
in Fig. 6a. In the rst EPC, the maximum voltage of the MFC-A
(0.349 V) was clearly higher than those of the MFC-B (0.258 V)
and the MFC-C (0.262 V). This phenomenon is most likely
attributed to two main reasons. On one hand, some small akes
of the mrGO began to contact the microbes at the initial stage of
the biolm formation, and the antibacterial activity of graphene
was triggered. As a previous paper reported, direct physical
contact between graphene and bacteria could weaken the
viability of the bacteria, leading to a decrease in the electro-
chemical activity.39 On the other hand, the electrons transferred
from the microbes are partly utilized to reduce the GO aer
addition of the GO dispersion in the MFC-B and theMFC-C. The
majority of electrons should be transferred to the surface of the
anode by the electron transfer chain under normal conditions
without the GO.36 In the second set of EPCs, a huge change in
the voltage gaps are shown in Fig. 6, where the voltage output of
the two the GO-added MFCs increased signicantly in this
period, and both were higher than that of the GO-free MFC-A.
Better performance in the voltage output of these two MFCs
showed that the negative factors resulting from the GO
dispersion waned in the second set of EPCs. As shown in Fig. 6a,
the voltage outputs of the MFCs stabilized aer the rst two
This journal is © The Royal Society of Chemistry 2017
EPCs since the shape of the graphs became very similar and the
maximum of voltage output uctuated lower. For voltage output
of MFC-A, it always took more than 20 hours to achieve the
maximum value in the latter four EPCs, while the other two
could reach that level in 10 hours, which provided evidence that
the mrGO-modied anode could more easily lead to a stable
level of electricity production. In Fig. 6, we also determined the
uctuation of the MFC-A in the h EPCs, of which the GO-free
MFC-A acquired a rather low maximum voltage output value,
and the change rate was as high as 8.12%. In contrast to this
uncontrolled change, the uctuation rates in the maximum
voltage values for the GO-added MFCs were all below�2.20% in
the latter four EPCs. In the fourth and h EPCs, the voltage
output apparently agreed with the statistics in terms of viability
and height of the biolms for all three MFCs, which provided
further evidence that the mrGO-modied anode could recover
the biolms well and maintain stable electricity production. For
the two GO-added MFCs, MFC-B obviously acquired a higher
performance in voltage output than MFC-C, suggesting that
maintenance of a high concentration of GO dispersion in every
EPC would have a negative impact on electricity production
process, especially on the viability of the biolms which was
mentioned above.

Apart from the voltage output, power density and polarization
were also used to evaluate the electricity production perfor-
mance of the MFCs. As shown in Fig. 6b, in the rst EPC, the
power density of the MFCs was highly consistent with the
statistics of voltage output. The MFC-A achieved the highest
maximum power density value of 390.45 mW m�2, which was
38.17% and 43.74% higher than that of MFC-B (282.59mWm�2)
and MFC-C (271.63 mW m�2), respectively. In the h EPC, the
MFC-A power density reached a peak of 690.45 mW m�2, which
was much lower than those of MFC-B (998.56 mW m�2) and
MFC-C (1140.63 mWm�2) owing to the less bacterial quantity of
biolm and the lack of the advantage in electricity transfer
brought by the mrGO. For MFC-B and MFC-C, the difference in
the power density was not large and the slopes of curves were
very close, but the defect resulted from the high concentration of
the GO akes in every EPC to prevent the MFC-C from reaching
the maximum value, as high as that of MFC-B.
RSC Adv., 2017, 7, 42172–42179 | 42177
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Fig. 6 Voltage output of different MFCs in five EPCs (a), and power density curves (b) and polarization curves (c) of different MFCs in the first EPC
and fifth EPC.
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A polarization curve was used to measure the difficulty of the
electrochemical reaction being derived. As shown in Fig. 6c, in
the rst EPC, the voltage of open circuit of the three MFCs was
similar. As the current increased from 0 to 0.381 mA cm�2, the
anode potential of MFC-A changed from �0.68 V to �0.29 V,
and the slope of the curve was very near that of the other two
MFCs. The GO-free MFC-A obtained higher absolute values of
the potential voltage as we provided a value of the current
42178 | RSC Adv., 2017, 7, 42172–42179
intensity, which indicated that for the MFC-A, the over potential
of electrochemical reaction was lower and the reaction rate was
faster on the surface of anode. The gure also showed that, in
the h EPC, the GO-added MFCs acquired higher absolute
values of potential voltage than the GO-free MFC-A at the same
value of current intensity. In this EPC, the voltage of the open
circuit for the MFC-B was very close to that for the MFC-C.
However, the curve of the MFC-B had a higher slope, which
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07956g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
2:

51
:3

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
demonstrated that the addition of the GO dispersion only in the
rst electricity production cycle could lead to a lower over-
potential and a faster electrochemical reaction on anode,
rather than the GO dispersion addition in every electricity
production cycle.

4. Conclusions

The biolm formation was negatively affected in the rst elec-
tricity production cycle in terms of viability and bacterial
amounts due to antibacterial activity of GO at high concentra-
tion. However, the mrGO/exoelectrogen composite biolms
were formed well aer the three electricity production cycles,
which overcame the antibacterial activity of GO/mrGO, as the
result of enhanced bacterial adhesion and accelerated biolm
recovery in the presence of mrGO due to its high specic area
for bacteria to settle and high conductivity for enhanced elec-
trons transfer between bacteria and anode.
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