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Microbial fuel cell (MFC) is an emerging field in biotechnology for bio-power recovery synchronizing with
wastewater degradation. However, the bio-current generation is severely limited by the extracellular
electron transfer (EET) from the bacteria to the anode. A nano spinel type NiFe,O4 decorated MFCs
anode was designed, fabricated and optimized. The MFC with the 5% NiFe,O, added anode delivered
a maximum power density (MPD) of 806.4 mW m~2, which was 26% higher than the value of 642 mW
m~2 obtained for the un-added one. The MFC polarization resistance equipped with the most
appropriate amount (5%) of NiFe,O4 decorator was only 92 Q, which is 39% lower than that (150 Q) of
the control. Electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and Tafel tests
exhibited remarkable enhancement in kinetic activity towards the bio-catalytic anodic reaction, which
was attributed to the lower charge transfer resistance, higher substrate oxidation rate and exchange
current density (ig). Further increment of the modifier can give rise to some negative effect, possibly due
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1. Introduction

The microbial fuel cell (MFC) is a promising renewable bio-
energy recovery technology that directly converts chemical
energy of wastewater to electricity via bio-catalysis." However,
relatively lower bio-power output in MFCs limits its develop-
ment for practical and commercial applications. As reported,
the MFCs power behavior is tremendously restrained by the
reactor configuration, electrode materials, and seeding bacte-
rial characteristics and so on. Among these, the extracellular
electron transfer (EET) efficiency at anode-microbe interfaces is
a key factor index, where the exoelectrogenic bacteria attach,
multiply and transfer electrons released by substrate oxidation
simultaneously. Therefore, it is of great significance to seek
appropriate anode materials to accelerate the EET for the bio-
current improvement in MFCs.

Although Pt is widely applied as the active material in MFCs*
with a lack of economic viability, more attention is being paid to
identifying less expensive but effective alternatives, such as raw
and modified carbon materials, owing to their good chemical
stability and biological compatibility. Conventional electrodes,
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NiFe,O4 can be a promising promotor for the development of high-performance MFCs.

such as 3D graphite rods® or 2D carbon cloth® can generate
maximum 26 mW m ™2 or 611.5 + 6 mW m > electrical power in
a single-chamber air-cathode MFC. There was an application
limit for graphite rod because of its low porosity and low surface
area for bacterial colonization. In addition, the carbon cloth
power performance was close to but lower than that in our
previous study.” Apart from its use as the carrier of the elec-
trogenic bacteria, the MFCs anode should have excellent
conductivity and sufficient capacitance to eliminate the energy
overshoot.*® Cui et al. reported that power performance was
enhanced by 186% with improved electrical conductivity by the
electrophoretic deposition of carbon nanotubes (CNTs) on the
surface of polyaniline modified graphite felt."® Transition metal
oxides with good pseudocapacitance can show an increase in
transient/stationary electron storage. RuO, is of interest in
improving the power generation 17 fold by being coated on the
carbon felt, as stated by Lv et al."* However, either the high cost/
toxicity for RuO, or the relative weak mechanical strength/
conductivity for the carbon material restricts the scale-up
application of MFCs.

More recently, stainless steel mesh (SSM) has been proposed
to be a good current collector with the characteristic of anti-
corrosion, low cost and excellent electrical conductivity.”
Spinel ferrites, with the experience of various redox reactions
resulting from its multiple oxidation states, are now being
widely used as a biological sensor, in bio-separation, and high-
density magnetic data storage media® owing to the bio-
compatibility, relative non-toxicity and magnetic properties. In
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addition, new functionality for their electrochemistry have also
been developed due to the effective mass transport, high surface
area, and microenvironment control." Exoelectrogenic
bacteria, consisting of dissimilar metal-reducing bacteria, such
as Shewanella and Geobacter species, can utilize Ni**,'* and
Fe(u) or Mn(wv) oxides'® as the electron acceptor to promote
bacterial colonization and reduce the anodic internal resistance
and EET. In contrast, few studies have explained the relation-
ship between ferrites and anodic performance in MFCs. Nano
NiFe,O, has higher conductivity and better reaction activity
than NiO and Fe,0;."” Herein, a composite anode was fabri-
cated with NiFe,O, as a modifier and SSM as a current collector.
The aim of the present study was to investigate the effects of
magnetic NiFe,O, with different amounts on the bio-electricity
and electrochemical catalysis activity in MFCs.

2. Materials and methods
2.1 Preparation of nano NiFe,O,

All chemical reagents were of analytical grade and used without
further purification. The fabrication process was carried out
using hydrothermal method without inert protection.”® In
a typical synthesis, 0.29 g of Ni(NOj3),-6H,0, 0.81 g Fe(NO3);-
-9H,0, 0.2 g cetyltrimethylammonium bromide (CTAB) were
dissolved in 32 mL distilled water with the drop-wise addition of
3 mL aqueous ammonia under magnetic stirring. The uniform
mixture was transferred to a Teflon-lined stainless steel auto-
clave with a volume of 50 mL. The autoclave was sealed and
heated to 180 °C for 12 h, and then cooled naturally to room
temperature. The brown precipitates were collected by a suction
filter, followed by washing several times with deionized water
and absolute ethanol. The final products were dried in
a vacuum oven at 90 °C for standby application.

2.2 Assembly of MFCs system

Double anodes were prepared using the same technical process
previously described' and assembled into two identical MFCs
configurations under per NiFe,O, amount, respectively, and then
measured in parallel comparison to establish the reproducibility
of each addition amount.*® The electrode sheet was made up of
NiFe,0,, active carbon (Xinsen Carbon Co. Ltd., Fujian, China),
and conductional carbon black (JinQiuShi chemical Co. Ltd,
Tianjin, China) with a 5 wt% polytetrafluoroethylene (PTFE, 60
wt%; Horizon LID, Shanghai, China) emulsion. The electrode
sheet was then anchored with the SSM (Shengsong Screen Co.
Ltd, Tianjin, China), which was used as the matrix and current
collector. The amount of NiFe,O, in the composite anodes was
0 wt%, 3 wt%, 5 wt% and 7 wt% (hereafter referred to as control,
C3NFO, C5NFO and C7NFO, respectively). The obtained elec-
trodes were dried at room temperature for 12 h to remove the
residual solvent. A cathode a with sandwich structure was lami-
nated in parallel with an activated carbon catalytic layer, a carbon
black gas diffusion layer and a SSM current collector.

A 28 mL cylindrical membrane-less single-chamber configu-
ration was used as the MFC reactor (4 cm long by 3 cm diameter;
7 em’ project area), which was run in a 30 4 0.5 °C temperature-
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controlled biochemical incubator (Taisite Instrument Co. Ltd.,
Tianjin, China) in batch mode under 1 kQ, except if noted
otherwise. The anode and cathode were located on both sides of
the MFC structure at a distance of 4 cm and connected by
a corrosion resistive titanium wire to form the external circuit.
All the reactors were inoculated by the secondary effluent from
wastewater treatment plant in Tianjin City until the output
voltage was =300 mV.” The medium was refreshed with sodium
acetate (1 g L") with a COD of 780 mg L', 50 mM phosphate
buffer solution (PBS, g L™, Na,HPO, 4.576, NaH,PO, 2.132,
NH,C1 0.31, KCI 0.13), trace minerals (12.5 mL L") and vitamins
(5 mL L") as soon as the voltage was <50 mV.

2.3 Physical and electrochemical analysis

X-ray diffraction (XRD) was conducted on a Bruker D8 Advance
diffractometer with Cu Ka radiation (1 = 1.5406 A). The X-ray
intensity was measured from 10 to 80° 2¢ with a velocity of
0.02° min . Transmission electron microscopy (TEM) is one of
the most useful ways to characterize nanoparticles. It was
carried out with a FEI tecnai G2 F30 instrument. To obtain
information on the valence state of Ni and Fe, X-ray photo-
electron spectroscopy (XPS) was performed on an Escalab 250Xi
of Thermo Fisher Scientific, England.

The output voltages across resistors were monitored every
30 min using a date acquisition system (PISO-813, ICP DAS Co.
Ltd, China). The anode and cathode potentials are described
according to Ag/AgCl reference electrode (3.5 M KCl, +197 mV
vs. standard hydrogen electrode; SHE). Polarization and power
density curves were plotted by varying the external resistance
from 1000 to 50 Q at a time interval of 20 min. The power
density P (mW m™?) was obtained according to P = IV/A.

All the bio-electrochemical tests were operated in situ by
a potentiostat (parstat 3000, Princeton Applied Research, USA)
in a classical three-electrode system for the MFCs reactor with
the as-prepared anode as the working electrode, the air-cathode
as the counter electrode, and an Ag/AgCl close to the anode as
the reference electrode. Electrochemical impedance spectros-
copy (EIS) was analyzed with the voltage amplitude of 10 mV
over the frequency range from 100 kHz to 0.01 Hz at the open
circuit potential (OCP). The obtained data were simulated using
Zsimpwin software (ver. 3.50). The Tafel measurements dis-
played the intrinsic electron transfer rate toward the anode
surface with different weight fractions of nano NiFe,O,, which
was calculated using the Tafel empirical equation: log i = log i,
— BnFn/2.303RT. The Tafel plot was conducted by sweeping at
1 mV s~ ' from the OCP of the anode (vs. Ag/AgCl) to an over-
potential (n) of 80 mV.** The cyclic voltammetry (CV) polariza-
tion curve of the anodic biofilm was swept by applying
a potential ramp at a scan rate of 0.1 mV s~ * over the potential
range from —0.8 to 0 V (vs. Ag/AgCl) under turnover conditions.

3. Results and discussion

3.1 Structural characterization

The XRD pattern of the as-obtained NiFe,O, is shown in Fig. 1a.
The characteristic peaks were located at 18.4°, 30.2°, 35.7°,

This journal is © The Royal Society of Chemistry 2017
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43.3°, 57.4° and 62.9° 26 with simultaneously indexing to (111),
(220), (311), (400), (511) and (440) panels, respectively. The
natural phase was identified as a spinel type cubic structure of
Fd3m corresponding to the JCPD file no. 54-0964. Fig. 1b
exhibited a paper-like morphology of the as-prepared NiFe,O,
by TEM. As shown in Fig. 1b, the NiFe,O, nanoparticles were
characterized by particle sizes of ca. 10 nm, which was the same
as that calculated by Scherrer's equation. Furthermore, the
lattice fringe spacing of 2.5 A (inset in Fig. 1c) was observed to
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Crystallization and morphology of NiFe,O4 particles. (a) XRD patterns, (b) TEM image and (c) HRTEM image with different magnifications.

originate from the (311) plane of NiFe,0,, matching well with
the XRD data. The XPS spectra survey (Fig. 2a) further proved
the presence of Ni, Fe and O elements with a ratio of 1 : 2.3 : 4.8,
which was similar to the theoretical value of NiFe,O,. As shown
in Fig. 2b, the O 1s peak was located at a binding energy of
530.4 eV, corresponding to the metal-oxygen bond.?” The high
resolution scan of Ni 2p spectrum was deconvoluted into two
spin-orbit doublets peaks of Ni 2p3/, at 855.5 €V of and Ni 2p;,
at 873.1 eV and two shakeup satellites peaks of Ni 2ps, at
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(a) XPS spectra, (b) O 1s peaks, (c) Ni 2p peaks, (d) Fe 2p peaks of NiFe,O4 particles.
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861.4 eV and Ni 2p,,, at 879.6 eV, indicating the existence of
Ni**/Ni*" species on the NiFe,O, surface (Fig. 2c).?* In the
deconvoluted XPS spectra of Fe 2p core level peaks (Fig. 2d), two
strong peaks of Fe 2p;/, and Fe 2py,, at 710.9 eV and 724.4 eV
should be attributed to Fe**** and a weak peak of Fe 2p;/, q¢ at
713.3 eV suggested the presence of Fe>".>* All the information
given above was consistent with published reports on prepared
NiFe,O,.

3.2 Bio-power generation performance

With the refreshment of MFCs medium, the output current first
increased rapidly to the maximum for a certain time and then
decreased sharply to ca. 20 mV. When the output voltages were
=500 mV for three consecutive periods, the MFCs system was
stable without a statistically significant difference between
these two MFCs under the per NiFe,O, amount (ANOVA, P >
0.05). The acetate-fed MFCs had enriched functional bacterial
communities focusing on the Geobacter family with certain
abundance® and could be utilized for electricity generation
tests using variable external resistance. Fig. 3b shows that the
four cathodes had a similar polarization resistance, indicating
that the significant difference in i~V behavior was not due to the
cathode but the anode. The polar potential in 5% NiFe,0,-
added anode ranged from —426.5 to —282 mV, which was lower
than those of C7NFO (—402.5 to —265 mV), C3NFO (—407.5 to
—259 mV), and the control (—395 to —260 mV), suggesting that
the least thermodynamic driving force was used to oxidize the
substrate for the C5NFO-anode. The C5NFO-anode delivered
the largest current density of 4.18 A m 2, which was 16%, 10%,
and 3.4% higher than the control (3.62 A m™~?), C3NFO (3.80 A
m ™ ?), and C7NFO (4.04 A m™?), respectively.

The fuel cell performance and power density are illustrated
in Fig. 3a. For the ferrite-decorated anodes, they all demon-
strated a larger maximum power density (MPD) than the cor-
responding unmodified anode (the control). In addition, the
C5NFO-MFC showed the best performance with a MPD of
806.4 mW m 2, which was 11%, 8%, and 26% higher than
C3NFO-MFC (729 mW m™?), C7NFO-MFC (747 mW m™?), and
the control (642 mW m™?), respectively. Furthermore, the MFCs
performance with different amounts of Ni,FeO, was still stable
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for two months (Fig. S1 in ESI}). For MFCs with different
amounts of Ni,FeO,, more than 95% of acetate was removed
with only a small amount staying in solution when the voltage
output dropped to below 20 mvV. The current density was
inversely proportional to the MFCs resistance as Jung et al
illustrated.*® Thus, there would be minimal difference for
current density in high external resistance. The coulombic
efficiency (EC) was calculated using the calculation formula.”” It
was 21-23% for the MFCs system under the external resistance
of 1 kQ. The slope of the polarization curves could be fitted to
the internal resistance of MFCs configuration. The plot
explained that the polarization resistance decreased signifi-
cantly with the addition of NiFe,0,. It was noted that there was
an 18% (3% NiFe,0, added, 122 Q) and 39% (5% NiFe,0,
added, 92 Q) decrease from the control (150 Q); unexpectedly,
with a further increase in NiFe,O, content, the polarization
resistance did not continue to decrease but increased by 27.1%
to 117 Q (7% NiFe,O, added). This phenomenon could be
interpreted by the following bio-analysis from the electro-
chemical measurements.

3.3 Bio-electrochemical analysis

After the reactor run for stabilization, EIS measurement of
MFCs anode was performed (Fig. 4). The appropriate imped-
ance spectra were fitted to Nyquist mode by the equivalent
circuit model (ECM): R(Q(RW)). As reported, electrode potential
losses were derived from three sources: activation losses, ohmic
losses, and mass transfer losses. Based on the fitting simulation
results with errors of =10%, R, represents the ohmic resistance
and R represents the charge transfer resistance, which corre-
sponds to the diameter of the semicircle over the high-
frequency range. R,, represents the Warburg parameter. Owing
to the deviation from ideal for the electric double layer, the
constant phase element (CPE) was used to replace the capaci-
tors (Q). Table 1 shows that the CPE increased from 0.19 x 10~*
F (the control) in the following order: 0.55 x 10~ * F (3% NiFe,0,
added), 1.24 x 10* F (5% NiFe,0, added) and 4.28 x 10 * F
(7% NiFe,0, added). This was possibly due to the pseudoca-
pacitive behavior of NiFe,0, with more electrons being stored
in the modified anodes. There was a contrary tendency to
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Table 1 EIS fitting results of the anodes with different NiFe,O4
contents based on the ECM

Anodes R, (Q) R (Q) CPE (10 * F) Ry (Qs™9)
Control 19.94 9.394 0.19 2.563
C3NFO 19.22 3.285 0.55 0.469
C5NFO 18.7 0.974 1.24 0.409
C7NFO 17.5 2.122 4.28 0.432

respond to Ry with clear differences among the four anodes of
19.94 Q (the control) > 19.22 Q (3% NiFe,0, added) > 18.7 Q (5%
NiFe,0, added) > 17.5 Q (7% NiFe,0, added), indicating that
NiFe,0, helped reduce the anode ohmic resistance. The R
decreased from 9.394 Q (the control) to 2.122 Q (3% NiFe,O,
added) and then to 0.974 Q (5% NiFe,O, added), confirming
that NiFe,O, can serve as an electron reservoir to facilitate the
EET activity and then to minimize the electron transport resis-
tance to the interior surface. R, is inversely proportional to the
anodic diffusivity. The same tendency was observed with R,
where the addition of 3% and 5.0% NiFe,O, decreased R,, from
the control (2.563 Q s~°°) to 0.432 Q s~ % and then to 0.409 Q
s~ %% in Table 1, showing that the diffusion condition of elec-
trons was promoted by the addition of NiFe,O,. However, the
R. and R,, increased to 3.285 Q and 0.469 Q s~ °° with the
further addition of NiFe,O, to 7%. This was in accordance with
the power density curves in the context, possibly due to the
redox reactions of Ni**/Ni*" and Fe*'/Fe®" on the anodic surface
inhibiting electron transport from the bacteria to the electrode
interface. Further investigation should be done to identify the
mechanism in detail.

The Tafel plot was made to extract the parameters of the
exchange current density (i, A cm™?) from the linear region of
the polarization curve on a semi-log plot, (~+80 mV of OCP with
R* = 0.999), as shown in Fig. 5. Table 2 shows that the Tafel
region of the polarization curve for the MFCs anode reinforced
with different weight fractions of NiFe,O,, and the i, was
ordered as follows: CSNFO-MFC (1.75 x 10~* A cm™?) > C7NFO-
MFC (1.40 x 10~* Acm %) > C3NFO-MFC (1.28 x 10 *Acm ?) >
the control (0.76 x 10™* A cm ). An ANOVA test of four
different levels (0, 3, 5, and 7 wt%) was studied to determine the

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Tafel curves of the anodes with different NiFe,O,4 contents.

Table 2 Fitting results of the anodes with different NiFe,O4 contents
based on the Tafel tests

Anodes  Fitting equation ih(10*Aem™?) R KA
Control 7 =0.013881ni— 9.48476 0.76 0999 1
C3NFO 17 =0.013741Ini — 8.96354 1.28 0.999 1.68
C5NFO 7 =0.01308Ini — 8.64961 1.75 0.999 2.31
C7NFO 7 =0.01347 Ini — 8.87591 1.40 0.999 1.84

statistical significance of altering the NiFe,O, weight fractions
at the 95% confidence level. Table 3 shows that the p-value was
below 0.05, implying a significant effect of NiFe,O, content on
. Normal to the i, of the un-added one, the kinetic activities
(KAs, 1.84 and 1.68) of the C7NFO-anode and C3NFO-anode
were 20% and 27% lower than that (2.31) of the C5NFO-anode
(Table 2), respectively, indicating that the MFC operating with
NiFe,O, content of 5.0% obtained the fastest EET. This was in
fair agreement with the power density curve, further confirming
that the addition of NiFe,O, could accelerate the EET.
Compared to previous reports, the maximum KA of 2.31
received here was 1.7 fold as much as 1.32 of the Fe;0,-added
anode’ and 5% higher than 2.2 of the Fe;0,/ceramic-graphite
composite electrode.” The results verified that ferrite can be
a better choice as a promoter for anodic power generation.

To better understand the influence of anode materials on the
MFCs performance, CV tests were recorded to elicit the bio-
catalyst oxidation of the acetate substrate for the electron
transfer process from the bacteria to the anode. Fig. S21 shows
that the CVs of MFCs anode were slightly different in shape. The
anodic oxidation current first increased with increasing
NiFe,O, content to 5% and then decreased with further

Table 3 ANOVN test results for the exchange current density of
anodes with different NiFe,O4 contents

Source DF Adj SS Adj MS F-Value P-value
Factor (wt%) 3 6.940 2.3134 327.463 0.000
Error 80 0.565 0.007

Total 83 7.505
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increment to 7%. Generally, a more rapid oxidation reaction
rate could be acquired at 5%. The first derivative (DCV) of the
corresponding CVs for the NiFe,O,-added anodes apparently
exhibited the presence of a redox centre (Fig. 6), which was close
to the midpoint potential of riboflavin (—0.42 V vs. Ag/AgCl) as the
customary redox mediator. However, a closer look at the DCVs
revealed an interesting shift about the onset potential. The onset
potentials of the NiFe,0, added anodes were distinctly lower than
that of the un-added anode (—0.371 V vs. Ag/AgCl). It was
—0.415 V vs. Ag/AgCl with the least thermodynamics loss when
5% NiFe,O, was added to the anode; neither too high (7%
NiFe,0, added) nor too low (3% NiFe,O, added) would cause
more thermodynamics loss. This phenomenon was coincident
with the Tafel and EIS results mentioned above. Although the
slight increase in exogenous matter can significantly improve the
bio-power output, the content was too low to observe an obvious
redox peak of Ni or Fe. More research will be needed in the future.

4. Conclusion

A spinel-type NiFe,O, modified composite anode with a content
of 5 wt% delivered an MPD of 806.4 mW m ™2, 26% higher than
(642 mW m™?) the control. Bio-electrochemical analysis showed
that the internal resistance was significantly reduced by 39%,
and the corresponding EET efficiency was considerably facili-
tated due to the enhanced kinetic activities. Either too high (7
wt% NiFe,0, added) or too low (3 wt% NiFe,0, added) inhibi-
ted the power outputs, possibly resulting from the decrease in
interface conductivity. As a consequence, the proper addition of
NiFe,0, to the MFCs anode can be a good accelerator for future
development.
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