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nal nitrogen-doped graphene
aerogel-activated carbon composite catalyst that
enables low-cost microfluidic microbial fuel cells
with superior performance†

Yang Yang,ab Tianyu Liu,b Qiang Liao,a Dingding Ye,*a Xun Zhu,a Jun Li,a

Pengqing Zhang,a Yi Peng,b Shaowei Chenb and Yat Li*b

Microfluidic microbial fuel cells (mMFCs) are promising miniaturized power generators and bio-sensors,

which combine the micro-fabrication process with bio-chip technology. However, a limited power

output and considerable cost severely restrict their practical applications. Previous research has revealed

that inadequate colonization of bacteria on bio-anodes as well as sluggish oxygen reduction reaction

(ORR) kinetics are two main causes for the unsatisfactory power output. In this study, we have

demonstrated a mMFC that has successfully addressed the aforementioned limitations by utilizing low-

cost self-assembled reduced graphene oxide–nickel (rGO@Ni) foam and a nitrogen-doped graphene

aerogel-activated carbon (AC@N-GA) as the bio-anode and air-cathode electrodes, respectively. The

three-dimensional and macro-porous structure of the rGO@Ni foam provides a large surface area for

bacterial colonization and hence largely increases the loading amount of bacterial cells. The AC@N-GA

electrode shows excellent ORR catalytic performance due to the meso-porous structure and the

presence of nitrogen functionalities that can serve as the catalytic sites. As a result, the mMFC achieves

a maximum power density of 1181.4 � 135.6 W m�3 (continuous-mode) and 690.2 � 62.3 W m�3

(batch-mode) evaluated based on the volume of the reactor (50 mL). To our knowledge, this is the

highest volumetric power density reported for air-breathing mMFCs and microfluidic glucose fuel cells

with a similar configuration. Besides, the utilization of the inexpensive electrodes and membrane-free

architecture could significantly decrease the fabrication cost of mMFCs.
Introduction

Microbial fuel cells (MFCs) are energy conversion devices that
can convert chemical energy into bio-electricity via metabolic
processes of exoelectrogens.1,2 Among various scales of MFCs,
the microuidic MFCs (mMFCs) are emerging as promising
power sources for some miniaturized electronics, e.g. bio-chips
and bio-sensors, owing to their facile fabrication and small
scale. Like other MFCs, a mMFC is composed of a microuidic
channel imbedded with a cathode and anode, and a piece of
separator sandwiched between the two electrodes.3,4

However, two major limitations, the relatively low power
output along with the considerable fabrication cost have
severely hindered practicality of mMFCs. Previous studies
ion Technologies and Systems (Chongqing

ngqing 400030, P. R. China. E-mail:

y, University of California, Santa Cruz,

du
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hemistry 2016
conrmed that the insufficient bacterial growth on the bio-
anode is the major cause for the unsatisfactory power output.
To address this limitation, various strategies including opti-
mization of microuidic channel structures,5,6 increasing the
accessible surface area of conventional two-dimensional (2D)
electrodes7,8 and developing novel functional 2D materials9–11

that can effectively facilitate and increase bacterial colonization
have been extensively studied. Recently, graphene-based elec-
trodes have shown promising performance in enhancing the
anode performance of MFCs. Yuan et al. reported the combi-
nation of graphene-based bioanodes with air-cathodes to
improve the power output of MFCs.12 He et al. reported the
preparation of chitosan–graphene bioanodes with abundant
meso-/micro-pores.13 A remarkably high power density of
1530 mW m�2 was obtained, which was 78 times higher than
that of conventional carbon cloth. The previous successes have
inspired us to explore the use of graphene-based electrodes that
can signicantly improve the power output of mMFCs.

The high fabrication cost of mMFCs is related to the expen-
sive components. Firstly, the use of ion-exchange membranes,
e.g., DuPont™ Naon® 117 (�$3000 per 1 m2) (Fuel Cells Etc.,
J. Mater. Chem. A, 2016, 4, 15913–15919 | 15913
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Fig. 1 Schematic illustration of the structure and working mechanism
of the mMFC device.
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US), is a major cost. Secondly, noble metal-based catalysts as
oxygen reduction reaction (ORR) catalysts for the air-cathode
are also costly parts. What's worse, the catalytic activity of some
noble metal-based catalysts is not stable, which will drastically
decrease the overall performance of mMFCs over a long period.14

Most recently, graphene composites equipped with inter-
connected macro-porous frameworks have exhibited promising
ORR catalytic performance and attracted much research atten-
tion as alternative ORR catalysts due to their low-cost.15–17

Therefore, we believe utilization of graphene-based catalysts is
crucial for reducing the overall cost of mMFCs.

In this study, we fabricated a membraneless mMFC with both
graphene-based materials as the bio-anode and air-cathode. In
particular, a piece of reduced graphene oxide-coated nickel
foam (denoted as rGO@Ni) and nitrogen-doped graphene aer-
ogel-supported activated carbon composite (denoted as AC@N-
GA) serve as the bio-anode and air-cathode, respectively. The
membrane-free conguration and inexpensive electrodes could
greatly decrease the fabrication cost of our mMFC. Most
importantly, the mMFC device achieved outstanding perfor-
mance with a maximum volumetric power density of 1181.4 �
135.6 W m�3 (continuous-ow mode) and 690.2 � 62.3 W m�3

(batch-mode). These power densities are substantially higher
than those of other mMFCs with a similar conguration. We
ascribe the superior performance to the excellent ORR catalytic
performance of AC@N-GA and the high surface area of rGO@Ni
that can accommodate a large number of bacterial colonies for
power generation.

Experimental
Preparation of electrode materials

The procedure for preparation of the electrodes was shown in
Fig. S1, ESI.† Graphene oxide (GO) solution, the precursor of
AC@N-GA, was prepared from oxidation and exfoliation of
graphite (Fisher Science Education Inc., NJ) using a modied
Hummer's method.18,19 Briey, graphite akes (2.5 g) were
mixed with 23 mL of concentrated H2SO4 (98 wt%) and 10 mL of
concentrated HNO3 (65 wt%) at 0 �C. Aer thoroughly mixing
with two acids and gradually raising the temperature to 35 �C,
3 g of KMnO4 was slowly poured into the mixture and mixed
with the solution. Aer 3 h of mixing, the mixture was diluted
with 40 mL of de-ionized water. Aer 12 h, the solution was
further diluted by an additional 200 mL of deionized water and
3 mL of 30% H2O2. Once the reaction system cooled to room
temperature, the GO powder was collected via centrifugation at
3000 rpm and washed with an ample amount of deionized water
until the pH value of the rinse reached near 7. The GO solution
was then dispersed in deionized water and vigorously sonicated
to form a uniform suspension with a concentration of 5 mg
mL�1 (Fig. S1(a), ESI†). AC@N-GA was prepared by a reported
hydrothermal method.15 8 mL of ammonium hydroxide (Fisher
Scientic Inc., NJ) and 100 mg of activated carbon (AC) were
subsequently added to 20 mL of the as-prepared GO dispersion.
Then, the suspension was transferred into a Teon liner and
heated at 180 �C for 12 h to form the nitrogen-doped graphene-
activated carbon composite hydrogel. The as-prepared
15914 | J. Mater. Chem. A, 2016, 4, 15913–15919
composite hydrogel was lyophilized to obtain the composite
aerogel (Fig. S1(b–d), ESI†). The sample was then annealed at
700 �C in an ammonia atmosphere for 3 h in a tube furnace.
Finally, the product AC@N-GA was obtained.

The rGO@Ni anode was prepared by the following proce-
dure. A piece of clean Ni foam was placed into a Teon-lined
autoclave and lled with the previously prepared GO solution.
The autoclave was heated at 120 �C for 5 h and then cooled
down to room temperature. The piece of Ni foam was taken out
from the autoclave, washed with deionized (DI) water and then
blow-dried by air. The Ni foam was uniformly deposited with
black graphene layers aer repeating the aforementioned
deposition process three times.19
Material characterization

The morphology of the electrode materials was probed with
a scanning electron microscope (SEM, Hitachi S4800 P). The
Brunauer–Emmett–Teller (BET) method using nitrogen
adsorption/desorption at 77.3 K was performed to determine
the specic surface area of the electrodes. Pore size distribution
was characterized with a porosimetry analyzer (Micromeritics,
ASAP 2020, USA) and analyzed according to the Barrett–Joyner–
Halenda (BJH) adsorption model. The composition of AC@N-
GA was measured by powder X-ray diffraction (XRD, Rigaku
Americas Miniex Plus powder diffractometer) and X-ray
photoelectron spectroscopy (XPS, ESCALAB 250 Xi XPS System,
and Al Ka radiation).
Assembly and set-up of mMFCs

Fig. 1 presents a schematic illustration of the mMFC. The
rGO@Ni and AC@N-GA were used as the bio-anode and air-
cathode, respectively. A chamber with a dimension of 20 mm in
length, 2.5 mm in width and 1 mm in height was engraved on
a polymethylmethacrylate (PMMA) plate using a laser beam to
serve as the microchannel. To test the performance of the mMFC
in a continuous-mode operation, bacterial culture solution was
continuously supplied into the microchannel with a syringe
pump (Longer LSP02-1B, P. R. China) operated at pull-mode.
This journal is © The Royal Society of Chemistry 2016
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Such a conguration enables a strong negative pressure inside
of the mMFC that simultaneously sucks in oxygen gas and
prevents leakage,20 which does not need the help of the poly-
tetrauoroethylene layer. For the batch-mode operation, the
mMFC was operated for 12 h in a cycle, and the entire electrolyte
was replenished with fresh bacterial culture solution prior to
another cycle. An Ag/AgCl (saturated KCl solution, +0.197 V vs.
standard hydrogen electrode) was used as a reference electrode.
All the experiments were carried out under ambient pressure
and room temperature.

The mMFC was inoculated with anaerobic digester sludge
containing exoelectrogenic bacteria. During the inoculation
process, an external resistor of 5000 U was connected in series
with the mMFC. The output voltage (V) across the external
resistor was recorded using a digital multimeter (Model 34070A,
Agilent Technologies Inc., CA). Once a fast voltage-increase was
observed, a fresh medium containing 3.39 g L�1 of sodium
acetate (nutrients for bacteria), various inorganic salts (trace-
elements for bacterial growth)21 and phosphate buffer solution
(18.2 g K2HPO4 and 2.45 g KH2PO4 dissolved in 1 L of deionized
water) were injected to the microchannel.
Fig. 2 (a) Low-magnified and (b) high-magnified SEM images of
AC@N-GA. (c) Nitrogen adsorption/desorption isotherms and (d) pore
size distribution. The inset shows the micropore distribution of the
catalyst. (e) XRD pattern and (f) N 1s XPS spectra of AC@N-GA.
Electrochemical characterization

The catalytic performance of AC@N-GA was evaluated in
a standard three-electrode cell connected to a CHI 710C elec-
trochemical station (Chenhua Shanghai). A piece of platinum
foil and an Ag/AgCl electrode were used as the counter and
reference electrodes, respectively. The working electrode was
a rotating (platinum) ring–(glassy carbon) disk electrode
(RRDE). AC@N-GA paste was prepared by mixing 1 mg of
AC@N-GA powder with 4 mg of carbon black (XC-72) and 10 mL
of Naon solution (Sigma-Aldrich Inc., MO), followed by ultra-
sonic mixing with 990 mL of ethanol. Then 10 mL of catalyst inks
were pipetted dropwise onto the top of the disk electrode and
air-dried. Prior to the measurement, 5 mL of 5 wt% Naon
solution was added onto the working electrode to ensure that
the active material is rmly attached onto the glassy carbon.
The oxygen-saturated 0.1 M KOH aqueous solution was used as
the electrolyte.

The volumetric power density and polarization curves
were obtained by varying the external resistances (R) from
100 kU to 1 kU. Voltages were recorded when the uctuation
was less than 2 mV (in 5 min). Current density (I) was
calculated using the Ohm's law I ¼ V/R, and power density (P)
was calculated as P ¼ V�I. Both I and P were normalized to
the volume of the microchannel (50 mL). All parameters of the
cell performance test were collected in triplicate to ensure
good reproducibility.

Electrochemical impedance spectroscopy (EIS) was con-
ducted in a two-electrode testing system by an electrochemical
workstation (Zahner, Germany). The spectrum was collected by
combining the mMFC in series with an external resistor of
2000 U in a continuous-ow mode. The frequency was swept
from 10 000 Hz to 0.01 Hz with a perturbation of 10 mV. The
Nyquist plot was analyzed by tting the spectra with an equiv-
alent circuit (EC) by the ZSimpwin soware.
This journal is © The Royal Society of Chemistry 2016
Results and discussion

Nitrogen-doped graphene aerogel (N-GA) has been demon-
strated as a potential ORR catalyst in our previous study.22 In
order to further improve the ORR catalytic performance, low-
cost commercially activated carbon pellets were combined with
our N-GA to synthesize the activated carbon–N-GA composite
(denoted as AC@N-GA). The AC@N-GA catalysts were prepared
by adding 100 mg of activated carbon pellets into the N-GA
precursor solution for the hydrothermal reaction (Experi-
mental). The morphology and structure of the AC@N-GA elec-
trodes were rst determined by scanning electron microscopy
(SEM) images and X-ray diffraction (XRD). As shown in Fig. 2a,
the SEM image reveals that the AC@N-GA composite consists of
an interconnected and hierarchically porous network structure
with many activated carbon pellets embedded in the graphene
matrix. The SEM image with large magnication (Fig. 2b) shows
that the AC pellet has a very rough surface and is successfully
anchored into the graphene matrix. The characteristic diffrac-
tion peak at 25�, which can be assigned to N-GA (Fig. 2e), is
observed in the XRD spectrum of AC@N-GA as expected.23

The porous structure of the AC@N-GA catalyst was charac-
terized by the N2 adsorption/desorption technique. The typical
type-IV isotherm (Fig. 2c) indicates the presence of a meso-
porous structure.23–25 The surface area of AC@N-GA was deter-
mined to be 541.25 m2 g�1, which is much higher than that of
previous graphene–aerogel based catalysts.15,16 Pore size distri-
bution simulated according to the Barret–Joyner–Halenda (BJH)
J. Mater. Chem. A, 2016, 4, 15913–15919 | 15915
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adsorption model is depicted in Fig. 2d. Clearly, the AC@N-GA
catalyst contains micro-pores with a dominating pore width of
around 2.32 nm, possibly from themicroporous structure of AC.
Altogether, AC@N-GA is a three-dimensional catalyst full of
mesopores and micropores. Furthermore, X-ray photoelectric
spectroscopy (XPS) (Fig. 2f and S2 in the ESI†) shows that the
nitrogen content of AC@N-GA is 5.2%. The high-resolution N 1s
peak (Fig. 2f) can be de-convoluted into several synthetic peaks
associated with pyridinic-N (398.5 eV), pyrrolic-N (400.1 eV) and
quarternary-N (400.8 eV).26 The existence of these N-functional
groups is benecial for achieving excellent catalytic perfor-
mance, which will be discussed in the following section.

To evaluate the catalytic performance of the as-prepared
AC@N-GA catalyst, the RRDE measurement was carried out at
different rotation speeds (400, 625, 900, 1225, 1600, 2025, and
2500 rpm). Fig. 3a presents the RRDE voltammograms collected
at various rotating speeds. As shown in Fig. 3b, the ring current
(IR) is about one order of magnitude lower than the disc current
(ID) during the scanning process, indicating that peroxide
species were rarely produced during the ORR process and
a majority of oxygen was catalyzed to OH� by the AC@N-GA
catalyst. Besides, the onset potential is about 0.92 V vs. revers-
ible hydrogen electrode (RHE) at a rotation speed of 1600 rpm
(Fig. 3c).

To further evaluate the catalytic performance of AC@N-GA,
we have calculated the number of transferred electrons (n)
based on the following formula:

n ¼ 4ID�
ID þ IR

N

� (1)

where N is the collection efficiency (37%).27 At a high rotating
speed (1600 rpm), n reaches 3.95 within the potential range
Fig. 3 (a) Various RRDE curves of AC@N-GA collected in an O2-
saturated 0.1 M KOH aqueous electrolyte; (b) disk and ring current–
potential (I–V) curves at a rotation speed of 1600 rpm; (c) the onset
potential at 1600 rpm; (d) a plot of the number of transferred electrons
(n) and generated H2O2 percentage (%) as a function of potential at
1600 rpm.

15916 | J. Mater. Chem. A, 2016, 4, 15913–15919
spanning from 1.0 V to 0.75 V (Fig. 3d), which is comparable to
other noble metal-based ORR catalysts.15,16,28 The large number
of transferred electrons under the steady state suggests that
a four-electron pathway is the dominated process for the ORR.
The yield of peroxide was calculated by the following formula:

%ðH2O2Þ ¼ 200� IR=N

ðID þ IR=NÞ (2)

The total percentage of H2O2 generated is 4.5% within the
potential below 0.6 V vs. RHE, which is substantially lower than
other graphene-based catalysts including GA-supported Fe3O4,15

graphitic C–N dots on graphene29 and heteroatom doped gra-
phene nanosheets.30 It means O2 could be mainly converted to
OH� rather than H2O2 (two-electron pathway). Therefore,
AC@N-GA is a superior ORR catalyst and could be an excellent
air-cathode for mMFCs. We ascribed the superior performance
to the presence of the abundant meso-/micro-pores and the
surface N-functional groups. On one hand, previous experi-
mental results have demonstrated that synthesis of structures
with high porosity is one of the key factors for an efficient
carbonaceous ORR catalyst.31 The pores could facilitate the
transfer of both reactants and products for ORR (i.e., O2, H

+ and
H2O) and render an ultrahigh surface area that can enhance the
reaction sites. On the other hand, the N-functional groups could
serve as the active ORR catalytic sites. Guo et al. recently stated
that the carbon atoms next to pyridinic N were active sites for
ORR.32 Graphitic N atoms can lower the electron density on the
adjacent C atoms, and facilitate the electron transfer from C to
N atoms.33 The aforementioned conclusions are consistent with
the previous studies that the mono- or multi-doped graphene
materials, such as nitrogen-doped graphene/CNT/Co3O4,34

heteroatom-doped graphene nanosheet,30 polyaniline (PANI)/
graphene and polypyrrole (Ppy)/graphene composites,33 could
achieve excellent ORR catalytic performance.

In order to characterize the practical potential of the AC@N-
GA, a sandwich-congured mMFC device without the ion-
exchange membrane was constructed using the AC@N-GA and
rGO@Ni as the bio-anode and air-cathode, respectively, with
a PMMA chamber as the micro-channel (Experimental). We
choose rGO@Ni as the bio-anode because our previous study
demonstrated that its large accessible surface area was favour-
able for the growth of a large amount of bacteria and fast mass
transfer.19 The device was then inoculated by a MFC that con-
tained exoelectrogen suspension in a continuous-ow mode.
Fig. S5a, ESI† shows the prole of voltage dependence on the
inoculation time across a xed external resistor. As shown in the
gure, a lag period is initially observed and then followed by
a drastic increase of the voltage output. Aer around 26 hours of
inoculation, themaximum voltage output of 0.21 V is reached as
the bacteria have successfully grown on rGO@Ni. However, the
voltage soon begins to decrease in the next 8 hours before
stabilizing at around 0.12 V. We ascribe such voltage decay to
the bacterial growth on the surface of the air-cathode (Fig. S3,
ESI†).35 Though the bacteria were mainly grown on the solution
side of the air-cathode, the bacteria and their metabolic prod-
ucts could clog the diffusion channels for protons and water
This journal is © The Royal Society of Chemistry 2016
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from the solution side. These two components are crucial for
the ORR reactions happening at the air side of the cathode and
hence, sluggish transport of these components leads to obvious
voltage decay. Besides, water evaporation and proton trans-
ferring from the anode side may also trigger the decay of the cell
performance.36,37 SEM images of the bacteria-inoculated
rGO@Ni were taken to conrm the bacterial colonization.
Compared with the plain rGO@Ni (Fig. S4, ESI†), the bio-anode
surface is covered by a continuous biolm consisting of rod-
shaped bacterial cells aer operation for two days (Fig. S5b,
ESI†). The large amount of bacteria on the rGO@Ni is expected
to guarantee a high bio-electricity generation.
Fig. 4 (a) Volumetric power density and (b) polarization curves (batch-
mode and continuous-flow mode). The error bars represent the
standard deviation collected in triplicate. (c) Current density vs. time
plot of the mMFC operated in a batch-mode with an external resistance
of 5000 U. (d) Nyquist plot of the mMFC with an external resistance of
2000 U with a perturbation of 10 mV. The black squares are experi-
mental values and the red curve is a fitting line. The inset shows the
enlarged view of the indicated square region.

Table 1 Comparison of cell performance generated in air-breathing mM

Anode Cathode Catalysts Separator Bacteria/nut

rGO@Ni Ni foam AC@N-GA — Mixed bacte
rGO@Ni Ni foam AC@N-GA — Mixed bacte
Ni CC Pt — Escherichia c
Ni CC Pt — Escherichia c
Au NA Pt PEM Shewanella s
Carbon nanotube CC Pt — Mixed bacte
Graphene
on copper

CC Pt — Mixed bacte

Gold Gold — PEM S. cerevisiae/
Enzyme-modied
gold

PDMS-coated Pt Pt — Poly-L-lysine

Gold Gold Laccase — Enzyme gluc
oxidase/gluc

a Continuous-ow mode. b Batch-mode. c Calculations based on reported
maximum volumetric power density; CC: carbon cloth; PEM: proton exch

This journal is © The Royal Society of Chemistry 2016
Power density curves and polarization curves of our mMFC
were measured by recording the voltages generated with various
external resistors. The cell performance under two operational
modes (batch-mode and continuous-ow mode) was investi-
gated and compared. The mMFC delivers a maximum volu-
metric power density of 690.2 � 62.3 W m�3 (batch-mode) or
1181.4 � 135.6 W m�3 (continuous-ow mode). The output
current density at the peak power density is around 1470.2 �
70.7 A m�3 at the batch-mode and 3238.7 � 178.8 A m�3 in the
continuous-ow mode (Fig. 4a). A similar open-circuit potential
(OCP) of 0.59 � 0.04 V is obtained in both cases as shown in
polarization curves (Fig. 4b). Table 1 summarizes the state-of-
the-art performance of mMFCs with similar congurations.
Comparing with the previous studies, the practicability and
capital efficiency of the mMFC device in the present study have
been largely optimized because of its membrane-free architec-
ture and low cost of the synthesized catalyst (<$2 per g).22 The
power density is even close to an enzyme-catalyzed fuel cell with
a much smaller working volume (3.75 mL).38 To our knowledge,
the performance achieved by our mMFC in two operation modes
are the highest among all air-cathode mMFCs and microuidic
glucose fuel cells with similar congurations. Signicantly, the
power outputs are capable of meeting the power demands of
some niche electronics, including implanted bio-electronics,39

in vitro diagnostic systems40 and high-resolution microbial
activity detectors.41 We ascribe the excellent power output to
densely-packed bacterial colonization on the bio-anode and
nearly four-electron ORR pathway that occurred on the air-
cathode.

Catalytic activity characterization of the AC@N-GA anode
discussed in the previous sections has proved the superior
performance of the anode side. To gure out the contribution of
the rGO@Ni cathode to the performance of our mMFC, we have
fabricated a mMFC with an identical chamber size using
commercial Pt/C-coated carbon cloth and rGO@Ni as the air-
cathode and bio-anode, respectively. As shown in Fig. S6(a) in
the ESI,† this mMFC delivered a maximum power density of
1159.1 W m�3 at a current density of 3217.0 A m�3, very close to
FCs and microfluidic glucose biofuel cellse

rient Volume (mL) OCP (V) MVPD (W m�3) Ref.

ria/acetate 50 0.59 � 0.04 1181.4 � 135.6a Present study
ria/acetate 50 0.62 � 0.01 690.2 � 62.3b Present study
oli/NB 50 0.459 104 � 4 39
oli/glucose 50 �0.4d 52 � 2 39
p./lactate 25 �0.91d 14.6c 42
ria/acetate 75 — 6.70 43
ria/acetate 25 — 8 44

glucose 16 0.488 30c 45
/glucose �10d 0.55 111.6c 46

ose
ose

3.75c 0.55 1466.7c 38

data. d Evaluations based on reported gures. e Abbreviations: MVPD:
ange membrane; NB: nutrient broth.

J. Mater. Chem. A, 2016, 4, 15913–15919 | 15917
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our best values (1181.4 � 135.6 W m�3@3238.7 � 100 A m�3).
Furthermore, the RRDE test for the Pt/C catalyst (mass loading:
80 mg mg�2) exhibited that the limiting current and onset
potential were similar to those of AC@N-GA (Fig. S6(b), ESI†)
and is substantially better than that of other mMFCs with the
Pt/C cathode.39,42–46 These results have unequivocally proved the
superior performance of the rGO@Ni anode. Combining with
other characterization techniques showing that the AC@N-GA
is an excellent ORR catalyst, we are condent that the excep-
tional performance of our mMFC should be due to both the
cathode and anode. In addition, the mMFC also displayed stable
performance. Fig. 4c shows the current response of the mMFC
device during four feeding cycles operated in a batch-mode.
Pronounced current generation is observed at the beginning of
every feeding cycle and it is stable for more than 2 hours.
Replenishing the electrolyte results in the complete recovery of
bio-electricity, further suggesting that the performance is quite
stable.

Electrochemical impedance spectroscopy (EIS) was carried
out to further characterize the internal resistance of the mMFC.
A semicircle (middle-frequency domain) followed by a straight
line (mass transfer-control region) is observed in the Nyquist
plot as shown in Fig. 4d. By tting the Nyquist plot with an
equivalent electric circuit (Fig. S7, ESI†), the values of ohmic
resistance (RU), charge transfer resistance (RCT) and diffusion
resistance (RD) were obtained and summarized in Table S1,
ESI.† As shown in the table, RU (14.6 U) has a small contribution
to the total internal resistance (�700 U). Correspondingly, RCT
(458.5 U) and RD (227.5 U) dominate the total internal resis-
tance. This result could be due to the relatively limited oxygen
transport at the cathode. The bacterial adhesion or other
organic matter attachment at the cathode (Fig. S3, ESI†) may
clog the pores and lower the oxygen transfer efficiency.35

Nevertheless, the total internal resistance of �700 U is
substantially lower than the values of previous reports based on
similar dimensions.5,6,21,39 The low internal resistance is an
insurance to achieve the superior mMFC performance and
demonstrates the feasibility of the mMFC design.

In order to evaluate the long term stability of the AC@N-GA,
we have incorporated it into a mMFC and operated for 20 days.
We then disassembled the device, cleaned the AC@N-GA and
performed both XPS (Fig. S8, ESI†) and the RRDE test (Fig. S9,
ESI†) to probe the change of N content and catalytic activity,
respectively. As shown in Table S2 (in the ESI†), the N content of
the AC@N-GA aer the test is 5.49 at%, which is slightly higher
than that of the as-prepared AC@N-GA (5.22 at%). Such a small
discrepancy is believed to stem from the biomass (bacteria or
their metabolic products) attached on the catalyst surface.
Moreover, the same types of N-functional groups including
pyridinic-N, quaternary-N and pyrrolic-N are observed before
and aer the stability test. The XPS results conrm the stable
composition of the AC@N-GA cathode.

RRDE tests with various rotation speeds have been per-
formed to conrm the catalytic performance stability, and the
results are depicted in Fig. S9(a), ESI.† The limiting currents at
various rotating speeds are nearly identical to those of the as-
prepared catalyst. An onset potential of +0.82 V vs. RHE is
15918 | J. Mater. Chem. A, 2016, 4, 15913–15919
identied from the RRDE spectrum at 1600 rpm. This onset
potential is slightly decreased compared to that of the as-
prepared catalyst (+0.92 V vs. RHE). (Fig. S9(b), ESI†) The
decayed onset potential may be due to the biomass coating as
illustrated by the XPS test and SEM images (Fig. S5(b), ESI†).
This bio-coating hinders reactant transport and impacts the
catalytic performance of ORR catalysts.

Conclusions

In summary, we have successfully fabricated the AC@N-GA
composite material as an inexpensive and superior ORR cata-
lyst. Owing to the ultrahigh surface area and the existence of
N-functional groups, the AC@N-GA displays a very high number
of transferred electrons (3.9) and an ultra-small percentage of
generated H2O2 (4.5%). A low-cost, membrane-free mMFC device
with the AC@N-GA as the air-cathode and rGO@Ni as the bio-
anode exhibits superior power densities of 1181.4 � 135.6 W
m�3 (continuous-ow mode) and 690.2 � 62.3 W m�3 (batch-
mode), which are substantially higher than those of other
mMFCs with a similar conguration. The excellent ORR catalytic
performance of AC@N-GA and the 3D hierarchically porous
structure of rGO@Ni that enables high bacterial community
uptake are believed to be the two crucial factors determining the
remarkable performance. We believe the successful fabrication
of the AC@N-GA could signicantly advance the mMFC tech-
nology towards large-scale manufacturing of commercial elec-
tronic products including portable power generators and
sensors.
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