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Abstract

The properties of the anode material and structure are critical to the microbial growth and interfacial electron transfer
between the biofilm and the anode. In this paper, we prepared the nitrogen-doped 3D expanded graphite foam (NEGF) by
simple, rapid and inexpensive methods of liquid nitrogen expansion and hydrothermal treatment from commercial graphite
foil (GF). X-ray photoelectron spectroscopy confirmed the success of nitrogen doping on expanded graphite foam (EGF).
Using cyclic voltammetry and electrochemical impedance spectroscopy, the NEGF and EGF electrode exhibited increased
electrochemical active surface area and fast interfacial electron transfer ability than that of pristine GF, and NEGF electrode
performed even better. Scanning electron microscopy revealed that NEGF and EGF possessed graphene-like structure and
large surface area. MFCs equipped with NEGF or EGF anodes, respectively, achieved maximum power density of 0.739 and
0.536 W m~2, which was about 17.4 and 12.6 times larger than that of MFCs with GF anodes (0.0451 W m~2). The anode
and cathode polarization curves further confirmed that the different anode other than the cathode was responsible for the
advanced performance of MFCs. The morphology of the biofilm on three kinds of anodes proved the densest biofilm formed
on NEGF anode. All the results indicated the synergistic effect of 3D graphene-like structure and N-doped surface on the
performance of MFCs, which might provide special insights into designing simple and efficient route for anode construction
to achieve promising electricity generation.
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Introduction

Microbial fuel cells (MFCs) convert chemical energy to
electrical energy via the catalysis of electroactive microor-
ganisms. Recently, MFCs have gained increasing attention
because this technique provides a dual benefit of generating
biomass-based energy and wastewater treatment simulta-
neously [1-3]. However, the relatively low power density
compared to other energy sources hinders their further
application. The anode materials and structure have been
considered as one of the most important factors in improving
the performances of MFCs by influencing the growth and
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activities of microbes as well as the electron transfer rates
from the microbial to the anode [4, 5]. Therefore, developing
effective anode becomes one of the research hot spots for
enhancing the power density of MFCs.

The optimal anode must have good biocompatibility,
excellent conductivity, big specific surface area, which are
benefit for promoting microbial adhesion and interfacial
electron transfer. In addition to these properties, the ideal
anode should also be readily available, low-cost, mechani-
cally and chemically stable [6, 7]. Metallic anodes, such as
stainless-steel, have excellent conductivity, good mechani-
cal strength and low cost, but poor biocompatibility. Many
researchers have tried to improve the biocompatibility of
metallic electrodes through surface modification with excel-
lent biocompatibility materials [8]. These types of electrodes
can greatly improve the power production of MFCs, but
their preparation processes are usually complex and thus
increase the cost. Compared to the metallic anodes, car-
bon-based materials, such as carbon cloth or carbon paper,
have been widely used as anode due to their remarkable
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biocompatibility, conductivity, stability and low cost [9-12].
However, these materials suffer relatively limited surface
areas and relatively small electrochemical activities, retard-
ing the interaction between microorganisms and the anodes
[13, 14]. One effective method for addressing these chal-
lenges is to design and fabricate 3D carbon-based materi-
als [15]. So far, several latest papers have reported that the
MEFCs equipped with 3D carbon anodes showed improved
performance than that of MFCs with plain carbon anodes
under the same experimental conditions. Xie et al. pro-
posed high-performance MFCs with 3D anodes designed
by coating macroscale porous substrates, such as textiles
and sponges, with carbon nanotubes or graphene nanosheets
[16-18]. Yong et al. fabricated MFCs anodes based on poly-
aniline hybridized three-dimensional graphene with nickel
foam substrates. It impressively outperformed the commonly
used carbon cloth owing to the higher bacterial biofilm load-
ing and higher EET efficiency [19]. Wang et al. reported the
fabrication of flexible MFCs anodes by coating nickel foam
with reduced graphene oxide sheets, showing great promise
for improving the power generation of MFC devices [20].
Lu et al. and Yuan et al., respectively, prepared high-per-
formance 3D materials with high specific surface area and
good biocompatibility by carbonizing natural biomass loofah
sponge and silk cocoon, and used as the anodes to improve
the power output of MFCs [21, 22]. Chen et al. proposed
layered corrugated carbon, which is produced from the car-
bonization of corrugated cardboard, as an inexpensive and
high-performance electrode material [23]. But carbonization
is usually a high-temperature process, which need higher
energy cost and has higher requirements for the equipment.
Bian et al. firstly utilized anodes with 3D porous carbon
structure via 3D printing technique and controlled carboni-
zation process. Compared to the 2D plain anode materials,
3D anodes showed significantly improved electrochemical
performance, which were attributed to their larger surface
area, better mass transfer, excellent biocompatibility and
enhanced bacterial adhesion [24]. Zhao et al. reported that
MFCs with Pt nanoparticles decorated three dimensional
graphene aerogel as anode materials and realized a maxi-
mum power density of 1.46 W m~2[25].

However, these materials suffer sophisticated prepara-
tion process, time-consuming, difficulty in preparing large-
scale materials and high cost. To reduce the cost and sim-
plify the preparation, it is highly necessary to develop an
inexpensive, easy and fast method to prepare 3D carbon-
based materials. Zhang et al. fabricated 3D graphite foam
from commercial graphite foil upon liquid nitrogen expan-
sion process [26], which was based on the flash gasifica-
tion of liquid nitrogen molecules that penetrated into inter-
layer space between graphite nanoflakes in ethanol at room
temperature. This method is a complete physical process,
it can preserve the excellent conductivity of graphite and
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it is easy, rapid, inexpensive and large scalable. It would
be a promising method to prepare 3D carbon-based materi-
als. Chen et al. further prepared thermal treated expanded
graphite foil. They used thermal treated expanded graphite
foil and expanded graphite foil as the anodes of MFCs and
achieved significantly higher power density, which were
6.5 and 9.5 times higher than that of MFCs with pristine
graphite foil anodes [27].

Recently, doping of nitrogen on the anode surface is
demonstrated to be an effective way to improve the power
output of MFCs. N-doping might lead to enhanced micro-
bial attachment on the surface of electrodes and increased
biocatalytic activity due to their good biocompatibility and
unique electronic properties [28, 29]. Bi et al. prepared
three-dimensional nitrogen-doped porous carbons (N/PCs)
and applied as anode materials of MFCs, whose maximum
power density were approximately twice higher than that
of MFCs with commercial carbon cloth anodes [30]. Yang
et al. synthesized the highly conductive and hierarchical
porous nitrogen-doped graphene aerogel (N-GA) as the
outstanding anodes. The 3D N-GA anodes showed great
promise for improving the power density of MFCs [15].
Wau et al. developed a hierarchically porous nitrogen-doped
CNTs/reduced graphene oxide composite for MFC anode.
The maximum power density achieved with the N-CNTs/
rGO anode was 8.9 times compared with that of carbon
cloth anode and higher than that of CNTs/rGO anode [31].
Mohamed et al. investigated three different strategies for
doping superficial nitrogen groups on the surfaces of car-
bon cloth and carbon paper. The results showed that the
power densities were significantly affected by the surface
modification and highlighted the significance of anode sur-
face modification for enhancing MFC performance [32].

Based on the brilliant advantages of 3D carbon-based
materials and nitrogen-doping surface modification, in
this paper, we fabricated nitrogen-doped 3D expanded
graphite foam (NEGF) by liquid nitrogen expansion and
hydrothermal treatment using ammonia solution. XPS
proved the successful doping of nitrogen. The electro-
chemical performances of pristine GF, EGF and NEGF
had been studied with the aid of cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS). Both
EGF and NEGF electrodes showed increased electro-
chemical active surface area and electron transfer ability
than that of GF, and NEGF electrode exhibited even bet-
ter performance. Morphology study revealed that EGF or
NEGF possessed graphene-like structure and large surface
area. Consequently, the usage of NEGF as anode enabled
improved performance in MFCs in terms of higher output
power density and much denser biofilm, which was prob-
able result from the synergistic effect of 3D graphene-like
structure and N-doping chemical surface.
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Materials and methods
Chemicals

Carbon paper and DuPont Nafion 117 proton exchange
membrane (PEM) were purchased from Shanghai Hesen
Engineering Co. Ltd. Carbon papers (3 X 3 cm) were used
as cathodes, and were pretreated first by soaking in acetone
for 4 h to remove organic matters on the surface, then
soaking in 1 mol L™! HCI and 1 mol L~! NaOH, respec-
tively, for 24 h to wipe out impurities. In order to prevent
the Nafion 117 membranes swelling by water when they
were placed in the MFCs compartment, the membranes
were pretreated by boiling in H,O, (30%, v/v) and deion-
ized water for 0.5 h in order, followed by soaking in 0.5 M
H,SO, for 1 h and then deionized water for 1 h. Finally
the membranes were stored in deionized water prior to
use [33]. All chemicals were of analytical reagent grade
and used without further purification. Deionized water was
used throughout the study.

Electrode preparation

The expanded graphite foil (EGF) was constructed from
commercial graphite foil (GF) through an easy and fast
expansion process according to literatures [26, 27]. Prior
to use, the GF was cut into small pieces, a size of 3 X3 cm
for anodes of MFCs, and a size of 1 X2 c¢cm for CV and
EIS measurements. The GF was pretreated as follows,
firstly cleaned by soaking in pure acetone for 4 h to remove
adsorbed organic contaminations and then successively
immersed in 0.1 mol L™' HCI, 0.1 mol L™' NaOH and
deionized water for 24 h to wipe out possible impurities.
At last, the GF was dried at 60 °C for 2 h.

After pretreatment, the GF was first soaked in liquid
nitrogen solution for 30 min aiming to let the liquid nitro-
gen molecules penetrated into interlayer space of GF,
and then the GF was quickly transferred from the liquid
nitrogen solution to absolute ethanol at room tempera-
ture, result in volume expansion in an instant triggered by
gasification of liquid nitrogen in interlayer space of GF,
thus producing expanded graphite foil (EGF). Then the
EGF was fully washed with distilled water and dried at
60 °C for 2 h. During the processes, most ethanol would
be removed from the as-prepared EGF. As shown in Fig. 1,
the thickness of EGF is about 12 mm, which is about 12
times larger than that of commercial graphite foil (1 mm).

To prepare NEGF [32], the EGF was immersed in
20 mL of the 25-28% ammonia solution in a teflon-lined
stainless steel autoclave and maintained at 180 °C for 3 h
in a muffle furnace. The autoclave was left to cool inside
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explosion T

12 mm

EGF

Fig. 1 Photographs of GF and EGF

the furnace, and then the as-prepared NEGF was washed
fully with distilled water and dried at 60 °C for 2 h before
use in the MFCs. As for NEGF, during the high-tempera-
ture treatment and the following washing and drying pro-
cess, residual ethanol was believed to be further removed.

Construction and operation of MFCs

A two-chambered MFC made of perspex material was con-
sisted of an anode chamber and a cathode chamber, each
with a volume of 140 mL. Proton exchange membrane
(PEM) was sandwiched between the two chambers and
held together by external stainless screws. Rubber gas-
kets were used to secure the sealing between the perspex
material and the membrane. For comparison, the anodes
were GF, EGF or NEGF and all the cathodes were carbon
papers. The anode and the cathode were connected with an
external resistance of 1000 Q. 100 mmol L™! K;[Fe(CN);]
in 50 mmol L~! phosphate buffer solution (PBS, pH 7.0)
was used as the electron acceptors.

Anaerobic sludge collected from a local wastewater
treatment plant (Xinxiang, China) was inoculated as the
anodic inoculums of MFCs. A cultivation solution added
to the anode chamber for bacterial growth contained 1 g
L~! sodium acetate, 50 mmol L~' PBS (pH 7.0) containing
(per liter deionized water): 3.32 g NaH,PO,-2H,0, 10.32 g
Na,HPO,-12H,0, 0.13 g KCl, 0.31 g NH,Cl, 12.5 mL vita-
mins and 12.5 mL mineral solution. The inoculated anaer-
obic sludge was set to 25% (volume ratio) of the whole
anode chamber. All MFCs were operated in batch cycle
mode. When the output voltage decreased below 50 mV,
the anode solution was replaced by fresh cultivation solu-
tion which had been continuously flushed with N, gas for
15 min. All MFC experiments were conducted at 30+ 1 °C
in a constant temperature room. As the biological fluctua-
tion of the anaerobic sludge and other MFCs experimental
conditions could affect the results, three parallel groups of
experiments were performed, and their average values of
the results were taken.
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Characterization

A Versa STAT3 (Princeton Applied Research) electrochemi-
cal workstation was used for electrochemical measurements
including cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (ELS). A regular three-electrode cell
was used with a GF, EGF or NEGF as the working electrode,
a saturated calomel electrode (SCE) as the reference electrode,
and a platinum wire as the counter electrode. EIS measure-
ments were performed in the frequency range from 100 kHz to
0.01 Hz with sinusoidal perturbation of 5 mV amplitude under
open circuit potential, and the obtained data were analyzed
using ZSimpWin 3.10 software.

The voltage of the MFCs was measured every 30 min
with a data recorder. Polarization curves were obtained
by changing external circuit resistance from 10,000 to 50
Q when the voltage reached a steady and repeatable state.
The current density, I, (A m™2) and the power density,
Py (W m~?) of the system can be calculated using the
formulas:

V
Iy = ey

P, = )

R-A
V2
R-A
where V (V) is the cell voltage, R () is the external resist-

ances and A (m?) is the projected area of the anode.

The surface morphology of GF, EGF or NEGF was
observed using a SU-8000 field emission scanning electron
microscopy (FESEM) (HITACHI, Japan). X-ray photoelectron
spectroscopy (XPS) was performed on an X-ray photoelectron
spectrometry (ESCALAB 250Xi, USA).

The surface morphology of the biofilms on various
anodes after worked for about 90 days in MFCs were
observed by a JSM-7800F field emission scanning elec-
tron microscopy (JEOL, Japan). The pretreatment was
carried out as follows: (1) The samples were collected
by cutting off small pieces of GF, EGF or NEGF anodes
using sterile scissors. (2) The samples were immediately
fixed in a 2.5% glutaraldehyde (commercial 25% glutar-
aldehyde solution diluted with 2 mol L~! PBS) overnight
at4 °C. (3) The samples were dehydrated by successively
immersing in 30%, 50%, 70%, 80%, 90% ethanol solution
and 100% ethanol, each for 10 min. (5) The samples were
immersed in tertiary butanol twice, each for 10 min. (6)
The samples were vacuum freeze dried. (7) The samples
were finally coated with Au before SEM observation.
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Results and discussion
Physicochemical properties of GF, EGF and NEGF
Morphology study

The morphology of the GF, EGF and NEGF was investi-
gated by SEM and the results were shown in Fig. 2. The raw
material GF possessed compact laminated structure with rel-
atively smooth surface (Fig. 2a, b). In contrast, after “liquid
nitrogen explosion”, the flash gasification of liquid nitrogen
in interlayer space between graphite nanoflakes resulted in
a fast expansion of GF, generating greatly-crumpled graph-
ite nanoflakes on the surface of the EGF (Fig. 2¢). And at
higher magnification, graphene-like structure with typically
wrinkled graphene sheet could be observed on the surface
of the crumpled graphite nanoflakes (Fig. 2d, e). It was clear
shown that the graphene-like structure and the rough surface
of EGF provided much larger specific surface area compared
to that of GF. Therefore, it would be beneficial to the adsorp-
tion and growth of specific microbial on the anode surface,
implying a good performance of MFC. There was not sig-
nificant morphology difference between EGF and NEGF,
revealed that the nitrogen doping treatment did not cause
significant change on the morphology of EGF (Fig. 2f-h).

Characterization of the chemical composition

X-Ray photoelectron spectroscopy (XPS) analysis was then
employed to probe the elemental composition of the mate-
rial surface. The success of nitrogen doping on EGF was
confirmed by XPS spectra. Figure 3a, b compared the XPS
survey spectra of EGF and NEGF. The spectrum of NEGF
showed a small peak at ~ 400 eV (inset plot of Fig. 3a),
which could be assigned to N 1 s, while no obvious peak
could be observed in the spectrum of EGF at the same bind-
ing energy (inset plot of Fig. 3b). The N 1 s peak of NEGF
(inset plot of Fig. 3a) centered at 399.7 eV was consistent
with the binding energy reported for the presence of N BE
~ 400 eV) atoms on the surface of nitrogen doped carbon-
based materials. Figure 3c exhibited the high-resolution XPS
spectrum of N 1 s for the NEGF. The N 1 s peak could be
fitted to two peaks located at 399.2 and 400.6 eV, corre-
sponding to pyrrolic N and graphitic N [34]. The XPS results
confirmed the success of nitrogen doping on EGF.

Electrochemical analysis
The electrochemical behaviors of the GF, EGF and

NEGF electrodes were evaluated by cyclic voltamme-
try (CV) in 5 mmol L™! K;[Fe(CN)g] (used as the redox
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Fig.2 SEM images of GF (a, b), EGF (c—e), and NEGF (f-h)

electrochemical probe) containing 0.1 mol L™! KCI. As
shown in Fig. 4a, a pair of well-defined, nearly revers-
ible reduction—oxidation peaks at 0.17 V vs. SCE was
observed on all kinds of electrodes, which correspond to
the [Fe(CN)¢]*/[Fe(CN)]*~ redox couple. Obviously, in
comparison with the raw material GF electrode, both the
anodic (i,,) and cathodic peak currents (i) on the EGF and
NEGF electrode were remarkably enhanced. Furthermore,
compared to EGF, the peak currents on NEGF were even
higher. NEGF and EGF revealed a cathodic peak current of
11.49 and 9.46 mA at a scan rate of 5 mV s~!, which is about
18.3 and 15.1 times higher than those of GF, respectively.

Furthermore, the electrochemical active surface area
(EASA) responses the area with conductive path to transfer
electrons in the electrode surface. The EASA of GF, EGF
and NEGF was obtained by measured the reduction peak
currents of CV and calculated based on the Randles—Sevcik
equation:

ipe = 2.69 x 10703 2AD 2 ey'/?, 3)

where, ipC (A) is the reduction peak current, n is the num-
ber of electrons transferred in the electrochemical reac-
tion (n=1), A (cm?) is the electrochemical active surface
area (EASA), D (cm? s7!) is the diffusion coefficient of
K;[Fe(CN)¢] (D ~ 6.3x107° cm? s71), ¢ (mol mL™") is the
concentration of K;[Fe(CN)4] (5% 10° mol mL™") and v is
the scan rate of the CV (from 0.005 to 0.1 V s7').

The Randles—Sevcik plots revealed that i, was linearly
related to v“z, and the EASA can be calculated from the
slope of the linear fitting line. The EASA were 3.17 +1.53,
51.2+5.3, and 61.3 +4.4 cm? for GF, EGF and NEGF,
respectively (Fig. 4b). Obviously, the NEGF and EGF pos-
sessed significantly lager EASA than that of GF, increased

by about 20 and 17 fold. The result demonstrated that
much larger active reaction area and more electrochemi-
cal active sites could be provided for electron transfer after
“nitrogen explosion” and surface N-doping.
Electrochemical impedance spectroscopy (EIS) tech-
nique was employed to further study the electrode interfa-
cial resistance of GF, EGF and NEGF. Figure 5 showed the
impedance spectra in the form of Nyquist diagrams for three
kinds of electrodes in 10 mmol L™' K;[Fe(CN)4] containing
0.1 mol L™! KClI (used as the electrochemical probe), where
the inset depicted the high-frequency part of the result. It is
known that the diameter of the semicircle impedance curve
over high frequencies corresponds to the charge transfer
resistance (R,,) of the electrochemical reaction at electrode/
electrolyte interface, which reveals the charge transfer kinet-
ics of the redox electrochemical probe at the electrode inter-
face [35]. The R, values for GF, EGF and NEGF were esti-
mated to be 17.8, 2.91 and 1.84 Q cm?, respectively. Firstly,
all of the electrodes showed the relatively small value of R,
indicating a fast charge transfer rate between electrode and
electrolyte, due to the excellent conductivity of carbon-based
materials. Furthermore, The R, of EGF and TEGF were
obviously smaller than that of GF, the apparent reduction
in R, values implied that the liquid nitrogen expansion pro-
cess and the resulting graphene-like structure significantly
reduced the charge transfer resistance and realized a faster
electrochemical reaction between the electrode and electro-
lyte. Moreover, the straight line region is characteristic of a
diffusion-limiting step in an electrochemical process [35]. It
could be seen that the straight line region over low frequency
of the EGF and NEGF were significantly smaller than that
of GF, indicating more proper accommodations provided
by EGF and NEGF electrodes for reactants to access the
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reaction centers and improved diffusion of electrolyte toward
the surface of the electrode [36].

Performances of MFCs with various anodes
Electricity generation

The performances of GF, EGF and NEGF anode-based
MECs were evaluated by measuring the output voltage over
1000 Q external resistance. Figure 6a showed representa-
tive cycles. MFCs equipped with NEGF and EGF anodes
achieved much better performance than that with pristine GF
anodes. Firstly, the GF-MFCs produced a peak cell voltage
0f 0.357+0.032 V, while the NEGF-MFCs and EGF-MFCs
produced higher maximum voltage of 0.664 +0.052 V and
0.620+0.041 V, increased by nearly 86.0% and 73.7%,
respectively; Secondly, the start-time for reaching the ini-
tial maximum stable voltage was about 500 h and 680 h for
NEGF-MFCs and EGF-MFCs, compared to nearly 1000 h
for GF-MFCs, shortened by 50% and 32%, respectively.
Based on the morphology studies, we deduced that the
NEGF and EGF anodes afforded the increased specific
surface area for improved biofilm formation, and the
“liquid nitrogen explosion” process formed graphene-
like structure, which exposed more graphene edges, the
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Fig.5 Nyquist plots of GF, EGF and NEGF as working electrodes in
10 mmol L™! K4[Fe(CN)4] solution containing 0.1 mol L™! KCI. The
insert illustrated the high-frequency part of the result

electron transfer between bacteria and electrode was faster
on the graphite edge than that on the basal plane [37], thus
resulting in better performance in terms of voltage gen-
eration. Furthermore, NEGF-MFCs showed even better
performance than EGF-MFCs. As the roughness of EGF
and NEGF was similar and they had the comparable spe-
cific surface area, it could be speculated that the NEGF
anode with superficial N-doping surface might induce
the enhanced adhesion of microorganisms on the anode
surface and simultaneously reduce the overpotential with
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increasing biocatalytic activity [30, 38], leading to even
better performance than EGF-MFCs. Another possible
reason we should notice might be the different amount
of residual ethanol in EGF and NEGF. During the prep-
aration process of EGF and NEGF, ethanol was use to
gasify liquid nitrogen. Although most of the ethanol was
believed to be removed during the washing and drying
process, trace amount of ethanol might still be residue
in EGF and NEGF. According to the relevant literatures
[27, 39], the residual ethanol might have adverse effects
on the bioelectricity production. As the preparation of
NEGF included high-temperature treatment process, so
it was believed that residual ethanol is further removed
from NEGF. That is less residual ethanol would exist in
NEGEF than that in EGF, which might be another possible
reason why NEGF-MFCs showed better performance than
EGF-MFCs.

Figure 6 b showed the power density curves of the
three types of MFCs with the external resistance var-
ied from 10,000 to 50 Q. The maximum power den-
sity of 0.739 and 0.536 W m~2 was obtained in MFCs
with NEGF and EGF anodes, respectively, which was
about 17.4 and 12.6 times larger than that generated by

GF-MFCs (0.0451 W m~2). The results further verified
that the explosion process and N-doping strategy indeed
affected the performance of MFCs and improved the
power output.

Furthermore, the individual electrode polarization
behaviors were investigated to make clear weather the
anode or the cathode played the more important role in
promoting the power output of the MFCs. Results were
depicted in Fig. 6¢. It could be seen that the three types of
MEFCs presented similar cathode potential changing trend.
It is understandable because the cathodes and the cathodic
solution were the same for the three types of MFCs. It
was worth noting that the anode polarization curves were
different, pristine GF anode showed the largest slope,
indicating the largest overpotential would be required
for the bioelectrochemical reaction at high currents [40].
The lower anode overpotential with the NEGF and EGF
anodes reflected the positive role played by the graphene-
like structure and the N-doping surface in enhancing the
bioelectroactivity of the anodes [14]. The results verified
that the difference in the overall power output was mainly
attributed to the difference of the anodes.
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Fig.6 Performance of MFCs with GF, EGF and NEGF anodes: a cell
voltage output as a function of time under 1000 Q external resistance
b power density curves ¢ anode (solid symbol) and cathode (hollow
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Fig.7 SEM images of the biofilm formed on the GF (a), EGF (b) and NEGF (c) anodes after worked nearly 90 days in MFCs
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Biofilm morphology study

The surface morphology of GF, EGF and NEGF anodes
were observed by SEM after nearly 90 days of operation
(Fig. 7). In case of GF, bacterial were sparsely distributed
on the surface of the electrode (Fig. 6a). On the contrary,
bacterial colonies can be easily seen on EGF (Fig. 7b) and
NEGEF (Fig. 7¢). The observations confirmed that EGF and
NEGEF indeed promoted the bacteria adhesion and growth,
which was attributed to the large specific surface area of the
graphene-like structure. At the same time, even thicker bio-
film was formed on the surface of NEGF. It is highly prob-
ably due to the N-doping on the surface of NEGF, which
might give rise to an increased biocompatibility and form a
suitable micro-environment for microbial growth. Therefore
a much denser biofilm was formed on the surface of NEGF
anode, and eventually helped to further improve the perfor-
mance of MFCs [30].

Conclusions

In summary, we have employed an easy, fast and effective
method to prepare nitrogen-doped 3D expanded graph-
ite foam (NEGF) from commercial graphite foil. The as-
prepared NEGF showed increased surface area with gra-
phene-like structure, nitrogen doping chemical surface and
improved electrochemical activity, as supported by XPS,
SEM, CV and EIS. MFCs with NEGF or EGF as anodes
achieved enhanced performance, and MFCs with NEGF
anodes performed even better. Compared to MFCs with
GF anodes, the maximum power density of NEGF-MFCs
(0.739 W m~2) and EGF-MFCs (0.536 W m™2) was about
17.4 and 12.6 times larger, respectively, and the start-time
of NEGF-MFCs (500 h) and EGF-MFCs (680 h) shortened
by 50% and 32%, respectively. Through our investigation
we speculated that the advanced performance of MFCs with
NEGF anodes was associated with the synergistic effect of
unique graphene-like structure of the expanded graphite foil
and the nitrogen doped surface, such as large specific surface
area, excellent conductivity and the increased biocompatibil-
ity. All the advantages were beneficial to the attachment and
growth of bacteria on the anode and to the improvement of
the interfacial electron transfer from microbial to electrode.
In all, the simple and efficient way of preparing N-doped 3D
expanded graphite could introduce a promising choice for
designing high-performance MFCs for practical application.
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