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Abstract

A three-dimensional graphene (3D GR) grown by chemical vapor deposition method was used as the anode of a miniaturized
microbial fuel cell (mini-MFC), which was to be embedded in a 56-pL anode chamber for the formation of a thicker biofilm
from Shewanella bacterial culture to promote high efficient extracellular electron transfer. Such 3D GR structure had fewer
defects with few layers, and the framework showed significant high REDOX peak current density, high charge storage and
low charge transfer resistance. Besides, the electron transport rate of 3D GR electrode was 0.0176 s~! which was about
two times faster than that of GR electrode with nickel foam substrate (GR/NF). Benefiting from the macroporous networks,
high electron transfer rate and electrocatalytic activity, 3D GR anode facilitated efficient mass transfer and effective electron
transport, further forming denser biofilm on the 3D GR. The maximum output voltage and power density of this mini-MFC
were 820 mV and 23.8 mW/m?, which were much higher than those of the GR/NF anode at 590 mV and 12.8 mW/m? and
the bare NF anode at 450 mV and 4.6 mW/m?. The study demonstrated that 3D GR can be a promising anode material for

improving MFC performance.
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Introduction

Industrial wastewater contains a large amount of organic
matter, which belongs to renewable, low-polluting biomass
energy (Rabaey and Verstraete 2005). As a green and recy-
clable technology that can recover this energy from waste-
water and convert it into usable energy, microbial fuel cells
(MFCs) can simultaneously solve the two key issues that
affect human survival, energy shortage and environmental
pollution (Logan et al. 2006; Bishoge et al. 2019). MFCs
use electrochemically active bacteria as catalysts, and are an
electrochemical system that uses the flow of electrons that
occur during their metabolism to catalyze the redox reaction
on the electrode surface (Li 2013). As a new type of clean
energy that uses electroactive microorganisms to generate
electricity, MFCs have not yet been applied on a large scale
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(Kim et al. 2008; Flimban et al. 2018). The main obstacle
restricting the commercialization and industrialization of
MEC:s is their low output power (Potter 1911).

The anode, as the carrier of electrochemically active
bacteria (EAB) and the medium of electron transfer, is one
of the main components of the microbial electrochemical
system, and its performance directly determines the level
of electricity produced by MFCs (Liu et al. 2004; Logan
2005). The ideal anode needs to have the following proper-
ties: Good biocompatibility, strong conductivity, large spe-
cific surface area, high porosity, rough surface, and many
electrochemically active sites. Researchers at this stage have
broadened and deepened the direction of anode transforma-
tion, from the application of conductive polymers to metal
nanomaterials, from one-dimensional linear textiles to the
construction of three-dimensional (3D) systems, and so on
(Wei et al. 2011; He 2017). Thus, many efforts have been
invested to fabricate the high-performance anode materials
for large-scale applications of MFCs.

Carbon nanomaterials have stronger electrical conduc-
tivity and larger specific surface area and have been widely
used to modify electrode materials in recent years. In par-
ticular, two-dimensional graphene (GR) materials have been
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widely used as electrode materials for charge output and
storage because of their extremely fast electron mobility,
ultra-high electrocatalytic activity and super-large specific
surface area (Zhang and Liu 2010). Studies have shown that
GR can promote the expression of signaling molecules by
microorganisms, thus accelerating the growth of microorgan-
isms and can be used as a medium molecule to improve the
efficiency of electron transfer. Second, there are many fault
structures on the surface of GR, which will add more reac-
tive sites and electron transfer capacity generated by micro-
bial oxidation metabolism to the electrode material itself.
The special properties of GR materials make it have great
potential in the application of anode materials for MFCs. Liu
and colleagues deposited GR on the surface of carbon cloth
by electrochemical deposition method, using Pseudomonas
aeruginosa as an inoculum for the non-medium MFC (Liu
et al. 2012). The modified GR electrode had a maximum
power density of 52.5 mW/m?, which was 2.7 times higher
than the unmodified one (19.5 mW/m?). Hou and colleagues
used electrochemical method to reduce GR oxide (ERGNO)
and coated with polyaniline (PANI) nanofibers on the sur-
face of carbon cloth to prepare a new type of MFC anode
(Hou et al. 2013). After combining the advantages of the
two, with PANI-ERGNO/carbon cloth as the anode, the
maximum power density could reach 1390 mW/m?, which
was 3 times that of the control carbon cloth electrode. In
the application of MFC, the two-dimensional GR material
is usually modified on the surface of the substrate material,
such as carbon cloth, carbon paper, graphite block and so
on. The introduction of GR did greatly reduce the resist-
ance to electron transfer, strengthened the close connection
between bacteria and electrodes, and improved the efficiency
of electricity generation of MFC, but it did not increase the
efficiency of enrichment of microorganisms in electrode
materials.

Compared to two-dimensional GR materials, 3D GR is
simpler to form porous 3D layered structures (Zhang et al.
2011). Thus, it is a very ideal MFC anode material. Yang
and colleagues reported a 3D nitrogen-doped GR aerogel
(N-GA) as an anode material for MFCs by hydrothermal
reaction and freeze-dry method (Yang et al. 2016). Impor-
tantly, the dual-chamber milliliter-scale MFC with N-GA
anode yielded an outstanding volumetric power density of
225+ 12 W/m?® normalized to the total volume of the anodic
chamber (750 +40 W/m?> normalized to the volume of the
anode). Chen and colleagues developed a reduced GR oxide/
polyacrylamide (rGO/PAM) 3D composite hydrogel cou-
pled with current collector graphite brush (GB) as anode
for MFCs, which produced a remarkably high maximum
power density and volumetric power density of 758 mW/
m? and 53 W/m’, respectively (Chen et al. 2019). The 3D
graphene aerogels reported in previous work were usually
prepared with GO as the precursor under the conditions of
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rapid freezing of liquid nitrogen. However, due to the strong
n—m interaction force between GO lamellas, the overlap and
agglomeration between the lamellas resulted in the decrease
of the number of effective GA channels, significantly nar-
rowing the effective surface area for bacterial attachment. In
addition, the pore size of 3D graphene aerogel was usually
distributed between 2 and 100 nm, and the size of micro-
organisms was generally 1-2 pm, so it was easy to block
the pores of 3D GR aerogel. To solve this problem, exist-
ing research has introduced intercalation materials into the
precursor such as multi-walled carbon nanotubes and metal
oxides, but they will increase the complexity and cost of
electrode manufacturing.

MFCs can be divided into two-chamber MFCs, single-
chamber MFCs and "three-in-one" MFCs, depending on
their assembly method and structure. A proton exchange
membrane (PEM) separates the anode and cathode cham-
bers. However, this configuration is difficult to scale-up
due to the high cost of the PEM. Single-chamber MFCs are
easy to scale up, but their performance is still not adequate
for practical applications. Additionally, the size of the cell
has a significant impact on performance. Small or miniatur-
ized MFCs (mini-MFCs) are preferred by researchers since
large MFCs are frequently constrained in practice due to
their size and lack of power. Mini-MFCs are smaller, have
shorter distances between electrodes, lower resistance and
easier electron transfer.

In the present study, a 3D macroporous GR was devel-
oped and employed as anode in miniaturized MFCs (mini-
MEFC). This type of 3D macroporous GR framework showed
significant high capacitance current, high charge storage,
low charge transfer resistance and rendered the inner surface
of anode accessible for bacterial adhesion, compared with
GR with nickel foam substrate (GR/NF) and the bare nickel
foam (NF) materials in this study. Mini-MFCs equipped with
3D GR anodes were compared to assess the effect of dif-
ferent anodes on mini-MFC performance and biofilm com-
munity structure. The aim of the present work was to evalu-
ate the performance of a 3D macroporous GR structured
anode in mini-MFCs inoculated with Shewanella oneidensis
MR-1 and the electron transfer mechanism between anode
and electrochemically active bacteria will also be presented.

Materials and methods
Synthesis of 3D GR anode

3D GR was synthesized by CVD (CVD3-8-12, CINITE
Corp., Beijing, China) using foamed nickel as the matrix
and methane as the carbon source. The specific process
flow was as follows: Foamed nickel (area density was about
320 gm_z, thickness was about 1 mm) was used as a 3D
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scaffold template, and they were cut into 30 X 10 mm pieces.
At a temperature of 1000 °C in a 1200 °C open type dou-
ble temperature zone tube furnace (OTF-1200X-1I), carbon
was introduced into the nickel foam by decomposing CH,,
and then GR films were deposited on the surface of the
nickel foam. The flow rate of methane gas is 10 sccm and
the synthesis duration was 10 min. In order to remove the
nickel foam, the 3D GR network was first coated with poly-
methyl methacrylate (PMMA), and then the 3D GR sample
coated with the PMMA film was placed in a 0.3 mol/L ferric
chloride solution to corrode and remove the NF substrate.
Finally, the sample was placed in acetone to remove the
PMMA film. A complete GR with a 3D network structure
was obtained. The preparation of GR/NF eliminated the step
of etching the substrate.

Characterization of the anode materials

The surface morphology of 3D GR was mainly observed
by scanning electron microscopy (SEM Quanta 200, FEI
Corp., US), and its quality and layer number were analyzed
by Raman spectroscopy. The Raman spectrometer was the
Labram HR800 manufactured by Jobin Yvon Company in
France. Its spectral range was 300—-1000 nm, and the resolu-
tion was neon (585.25 nm): better than 3 cm™'. The electro-
chemical properties of the samples were studied by cyclic
voltammetry (CV) and electrochemical impedance spectros-
copy (EIS) at the Electrochemical Workstation, in which
the scanning voltage range was from — 1 to 1.5 V with the
scanning speed of 20-360 mV. The setting frequency range
of EIS was from 0.1 to 100 k Hz, and the disturbance signal
was 5 mV. The electrolyte for CV and EIS measurements
was consisting of 50 mL of 2 mol/L NaOH solution.

Mini-MFC setup and measurement

A single-chamber mini-MFC was fabricated for anode per-
formance evaluation. The anode chamber had a volume of
56 pL, the 3D GR, GR/NF and the pure NF were used as
the anode, respectively. The anode chamber was made of
polydimethylsiloxane (PDMS), which was non-toxic, odor-
less and had good chemical stability. Nafion 117 membrane
was selected for proton exchange membrane. Before using,
the Nafion membrane was immersed in 2% H,0, solution
and 1% NaOH solution successively and boiled for 1 h,
respectively. Then Pt/C catalyst was coated on one side of
Nafion membrane. The anode chambers were inoculated
with Shewanella oneidensis MR-1. Anolyte consisted of
1.3608 g/L of NaCH;COO, 2.5 g/L of NaHCO;, 0.1 g/L of
KCL, 1.5 g/L of NH,C], 0.6 g/L of NaH,PO,-2H,0, 0.1 g/L
of CaCl,-2H,0, 1 mL/L of Vitamins and 1 mL/L of trace
elements.

The performance of MFCs were evaluated by measur-
ing the voltage curve, polarization curve and power density
curve. All experiments were carried out at a constant tem-
perature of 25 °C. The output voltage test of MFC was auto-
matically recorded and stored by voltage signal acquisition
system. When microorganisms were enriched on the sur-
face of the anode, the voltage of MFCs slowly increased and
reached the maximum value that was called the open circuit
voltage (OCV). The OCV reflected the discharge capacity
of the MFC and could also be understood as the output load
voltage when the circuit was disconnected. After the voltage
of the mini-MFC reached stability, changed the resistance
value of the external resistance of the cell and measured the
resistance voltage. According to Ohm's law (1), the current
density could be obtained as follows:

= (1)

where U is the resistance voltage, R is the external resist-
ance, and S is the area of the mini-MFC electrode. Accord-
ing to the current density, the polarization curve could be
obtained.

The power density curve represents the relationship
between power density and current density, and the power
(P) per unit area could be obtained through formula (2).

U2
P=Ul= RS’ 2)
where U is the mini-MFC voltage, R is the external resist-
ance and S is the anode area of the mini-MFC.

Results and discussion

Morphological and electrochemical characteristics
of 3D GR

Surface morphology of 3D GR could be obtained by
SEM. The sample preparation process consisted of dis-
assembling the mini-MFC with 3D GR as the anode,
removing the anode, submerging it in a solution of 2.5%
glutaraldehyde (pH=6.8) and placing it in a refrigerator
at 4 °C for 24 h. The samples were then washed three
times using a phosphate buffer solution (pH = 6.8), soaking
for 10-15 min each time. The samples were then dehy-
drated with successive gradients of ethanol concentration
(30%, 50%, 70%, 80%, 95%), each step lasting 15-20 min.
Finally, the samples were allowed to dry and the subse-
quent SEM procedure was carried out as for normal sam-
ples. Figure 1 shows SEM images of 3D GR with different
magnification. Obviously, in Fig. 1a, surface morphology
of 3D GR were consistent with those of NF substrate in
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Fig.1 SEM images of 3D GR atx 150 (a), x 5000 (b), x 10,000 (c), x 2500 (d) magnifications

terms of shape and size of the pores. The pore size of 3D
GR was about 100-200 pm that ensured unimpeded trans-
port of the matrix, where bacteria (usually in the range of
1-2 pm) could easily spread and colonize on both exte-
rior and interior surfaces of 3D GR anodes (Hou et al.
2013). In comparison to currently available nanomaterial-
coated electrodes with higher specific surface areas, the
3D GR prepared here promotes superior bacterial adhesion
and growth. After etching the substrate, the 3D GR pre-
sented a surface morphology of multiple folds and sheets
(Fig. 1b—d), which had resulted from the hydrogen pro-
duced by the reaction of the acid with the NF during the
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etching of the NF, resulting in defects to the surface and
edges of the 3D GR.

As a useful and non-destructive technique, Raman spec-
troscopy with a laser excitation wavelength of 532 nm was
used to characterize defects and layers in GR with the pres-
ence of ordered and disordered structures (Dato et al. 2008).
Figure 2a shows the Raman spectrum of the 3D GR prepared
by CVD. The 3D GR was placed on a PDMS substrate for
testing. Obviously, the G peak of the 3D GR sample is at
1584.5 cm™!, which was caused by the in-plane vibration of
the carbon atom sp® and usually appeared near 1580 cm™!
(Ferrari 2007). The appearance of 2D peak at 2709.4 cm™!
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Fig.2 Raman spectroscopy of 3D GR (a) and CV Curves of 3D GR,
GR/NF and NF at the scanning speed of 50 mV/s (b)

was a second-order Raman peak with two-phonon reso-
nance, which was used to characterize the interlayer stacking
mode of carbon atoms in GR samples (Zhu et al. 2010). In
Raman spectroscopy, the average number of GR layers could
be estimated based on the 2D/G peak ratio. The calculated
2D/G peak ratio was about 0.58, indicating few-layer of 3D
GR obtained by CVD using NF as the templates. Interest-
ingly, in Raman spectrum, no obvious observed D peak
suggests that there are fewer defects in the 3D GR sample
obtained by the CVD method using foamed nickel as the
matrix and methane as the carbon source.

CV was used to evaluate the electrochemical properties
of 3D GR, GR/NF and NF materials. The Redox peak of
CV curve of electrode materials was observed to examine
the Redox reaction and reversibility of materials. As shown
in Fig. 2b, a pair of clear Redox peaks could be observed
on each anode. Obviously, both the oxidation and reduction
peak currents on the 3D GR electrode were significantly
enhanced compared with the exposed NF and the GR/NF.
At the same time, it was found that the potential difference

between the oxidation peak and reduction peak of 3D GR
was 112 mV, which was the largest among the three sam-
ples. The high separation degree of the oxidation peak and
reduction peak was caused by the roughness and specific
surface area of the electrode surface (Ramasamy et al. 2008).
The region included in the CV curve of 3D GR (Fig. 2b)
indicated the charge storage capacity on the surface of the
electrode and the higher electrocatalytic location (Peng et al.
2013). Compared with the other two electrodes, 3D GR had
the highest current and the largest closure area, indicating
that 3D GR had better capacitance performance.

Figure 3a, b shows CV curves of 3D GR and GR/NF
when the scanning rate was increased from 20 to 360 mV.
As the scanning rate increased, the peak current density of
each electrode increased, and along with the positive direc-
tion of the oxidation peak shift, and the negative direction
of the reduction peak shift. According to the CV diagram
of different scanning rates, the reaction kinetic rate constant
Ks of the surface reactions of 3D GR electrode materials
could be calculated by using the Laviron model, which was
used to measure the electron transport rate of 3D GR (Lavi-
ron 1979). According to the Laviron model, the relationship
between peak potential and scanning rate follows the fol-
lowing formula (3), in which a, v and E? are the conversion
factor (between 0 and 1), the scanning rate and the type
potential, respectively. E, is the oxidation peak potential,
E, is the reduction peak potential, and everything else is
constant.

1 - a)nF
E,, =Eor+ —RL_ 1, o RT 0
P (1-a)nF  RTK, (1 - @)nF P ;
RT ., RTk; RT ©)
=Eo/+ — 1In - - —Inv
anF anF  anF

By reading the potential voltage value of the oxidation
peak current and reduction peak current at each scanning
rate in the figure, and subbing it into Eq. (3), the electron
transport rate Ks could be derived. A curve graph of the
relationship between the scanning rate and the redox peak
voltage value of 3D GR and GR/NF was drawn, as shown in
Fig. 3c, d. According to the linear relationship of the above
two materials between Ep and Inv, the K value for GR/NF
was derived to be 0.0087 s~!, and for 3D GR, it was as high
as 0.0176 s™!. Such K, value for 3D GR was almost two
times higher than that for GR/NF, indicating the more effi-
cient electrons transfer that flow through the solution and
the electrode surface.

The electrochemical properties of 3D GR, GR/NF and NF
electrode materials were further compared and analyzed by
EIS, as shown in Fig. 3e. EIS map consists of the semicir-
cular part of the reaction charge transfer at high frequency
and the linear part of the reaction solution property at low
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frequency. The real axial intercept of the three samples at
the starting point of high frequency was similar, indicating
the similar solution resistance value (Rs). 3D GR had the
smallest semicircle diameter in the high-frequency region,
while NF had the largest. The diameter of the semicircle cor-
responded to the interfacial charge transfer resistance (Rct),
which meant that the surface of 3D GR material had the
strongest electron transfer ability. In addition, the Rct of GR/
NF was larger than that of 3D GR because of the presence of
NF, the electron transfer performance of the surface of NF
material was far inferior to that of 3D GR material.

The EIS data in Fig. 3f were fitted through the equiva-
lent circuit. The Zview program was used to fit the Nyquist

plots to get the values of each parameter. Since the 3D GR
and the GR/NF were tested in the same solution and the
position of the working electrode was consistent with the
relative position of the counter electrode and the refer-
ence electrode, the Rs parameters of the two materials
were basically the same. The charge transfer resistance
(Rct) of the 3D GR material was 30.94 Qcm™2, which was
significantly smaller than that of GR/NF (38.87 Qcm™2),
indicating that the electrical conductivity of 3D GR had
been significantly improved after combining the structural
advantages of 3D NF framework. The outstanding reduc-
tion of Rct for 3D GR electrode indicated that 3D GR
achieved considerably a faster electrochemical reaction
and reduced the electron transfer resistance between the
electrode and electrolyte.
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Fig.4 Output voltage acquisition curves (a), polarization curves (b) and power density curves (¢) of mini-MFC with 3D GR, GR/NF and NF as
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Mini-MFC performances with different anodes

Three kinds of mini-MFCs were constructed by using 3D
GR, GR/NF and NF as anodes, respectively. The perfor-
mance of these mini-MFCs were recorded simultaneously
with an external resistance of 1000 k€. As shown in Fig. 4a,
at the beginning of operation, the mini-MFC voltage of dif-
ferent anodes rose slowly and the difference was not obvi-
ous. After 7 h’ operating, the mini-MFC output voltage with
3D GR anode rose significantly faster than that of the other
two anodes, which tended to be stable with longer operat-
ing hours.

The OCYV of the 3D GR anode was 0.82 V, which was
larger than that of the GR/NF anode (0.59 V) and the NF
anode (0.45 V). Mini-MFC with 3D GR anode could achieve
the shortest start-up time and the highest open circuit volt-
age, which implied that the higher electrogenic activity of
the anode and higher reaction rate in the anode chamber.
During the process, all parameters were kept the same except
for the anode material type. The different variation in OCV
could be attributed to the performance of the anode with
different materials.

When the mini-MFC voltage reached the maximum and
tended to be stable, the polarization curve and power den-
sity curve of the battery were tested by connecting differ-
ent resistance values from 1000 to 10 k€. It could be seen
from Fig. 4b that the mini-MFC output voltage of 3D GR
anode decreased more slowly with the decrease of external
load compared with that of NF anode and GR/NF anode.
The slope of the polarization curve with 3D GR anode was
the smallest, indicating that the less the internal resistance
of this MFC the faster the electron transfer process. This
showed that 3D GR was preferred to the NF and GR/NF
electrode materials for the anode of MFC.

The maximum power density of the mini-MFC with the
3D GR anode in Fig. 4c reached 23.8 mW/m?2, which was
1.8 and 5.2 times higher than that of the MFCs with GR/NF
anode and the bare NF anode, respectively (Liu et al. 2012).
Although the conductivity of 3D metal electrodes such as
NF and stainless-steel mesh was high, the biocompatibility
and chemical stability were poor, which was not conducive
to the adhesion of microorganisms and was prone to cor-
rosion and passivation in the long-term operation of the
microbial electrochemical system. While the 3D GR after
etching the substrate retained the 3D porous structure that
was conducive to bacterial adhesion, the advantages of GR's
ultra-high conductivity and better biocompatibility had been
fully amplified, and it could allow thicker external electric
biofilm growth that minimized the transfer of ineffective
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electrons from microorganisms that was far away from the
anode. When there was more effective electron transfer on
the biofilm and more current transfer, the output power den-
sity of MFC became better.

Investigation of anode biofilms

SEM analysis on the anodes inoculated with bacteria pro-
vided evidence that a large number of Shewanella accu-
mulate in the 3D GR framework and adhere to each other
to form a thicker biofilm (Fig. 5a, b), indicating that the
3D structure of GR could promote the adhesion of bacteria
on the anode, which played a key role in improving the
power output of MFC. In contrast to the high bacterial
loading on both external and internal surfaces of the 3D
GR anode, the GR/NF was coated with much fewer bacte-
rial cells, further confirming the poor biocompatibility of
NF (Fig. 5d). In addition, the morphology of microbial
nanowires observed between the microorganism and the
electrode surface (Fig. 5¢) suggested that electrons might
be quantitatively transferred to the anode by Redox pro-
teins on the bacterial surface through the bacterial nanow-
ires. Therefore, the 3D macroporous structure and the high
affinity between S. oneidensis MR-1 and GR promoted the
bacterial loading capacity of 3D GR anode, which even-
tually contributed to the high performance of mini-MFC
with 3D GR anode.

Conclusions

This study reports a mini-MFC with a 3D GR anode capable
of accommodating a high population of microbes. The large
pore structure of 3D GR with the pore size of 100-200 pm
enlarged the surface area for bacterial loading and coloniza-
tion in the anode interior, and ensured unimpeded transport
of the matrix. Benefiting from the macroporous networks,
high electron transfer rate and electrocatalytic activity, 3D
GR anode facilitated efficient mass transfer and effective
electron transport, further forming denser biofilm on the out-
side and inside of the 3D GR. Consequently, the maximum
output voltage and the maximum power density of the 3D
GR anode was 820 mV and 23.8 mW/m?, which was 1.8 and
5.2 times higher than that of the MFCs with GR/NF anode
and the bare NF anode, respectively. The present study dem-
onstrated that 3D GR can be a promising anode material for
improving MFC performance.
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