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ABSTRACT: Microbial fuel cells (MFCs) are emerging as a sustainable
technology for waste to energy conversion where electrode materials play
a vital role on its performance. Platinum (Pt) is the most common
material used as cathode catalyst in the MFCs. However, the high cost
and low earth abundance associated with Pt prompt the researcher to
explore inexpensive catalysts. The present study demonstrates a noble
metal-free MFC using a manganese ferrite (MnFe2O4)/polyaniline
(PANI)-based electrode material. The MnFe2O4 nanoparticles (NPs)
and MnFe2O4 NPs/PANI hybrid composite not only exhibited superior
oxygen reduction reaction (ORR) activity for the air cathode but also
enhanced anode half-cell potential upon modifying carbon cloth anode in
the single-chambered MFC. This is attributed to the improved
extracellular electron transfer of exoelectrogens due to Fe3+ in
MnFe2O4 and its capacitive nature. The present work demonstrates for the first time the dual property of MnFe2O4 NPs/
PANI, i.e., as cathode catalyst and an anode modifier, thereby promising cost-effective MFCs for practical applications.
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1. INTRODUCTION

Microbial fuel cell (MFC) has been one of the recent interests
as a future alternative for energy production from wastes. It is
based on the electrochemical catalytic reactions realized by
exoelectrogenic bacteria (EB) adhered on the anode to produce
electricity from biodegradable organic wastes.1 The perform-
ance of any fuel cell strongly depends on the efficacy of the
electrode.2 Therefore, electrode design is a key factor for an
efficient and inexpensive MFC fabrication. In recent years,
efforts have been primarily directed toward synthesis of efficient
electrode materials. In particular, the primary goals are to
synthesize (i) a low cost anode to promote effective
exoelectrogenic biofilm formation with high extracellular
electron transfer (EET) and (ii) a catalyst with improved
oxygen reduction reaction (ORR) kinetics at the cathode.3 In
all of the previous occasions, two different materials were
applied in anode and cathode and their individual performance
was evaluated.4−6 In particular, oxide materials are employed as
anode modifier and platinum (Pt) in the cathode.4,5 The use of
different materials in anode and cathode makes the process not
only relatively complex but also expensive. Therefore, it is
desirable to utilize a single bifunctional material which can meet
the necessity of both electrodes for a viable MFC device.7

The cathodic ORR kinetics is considered as a major limiting
factor for the power generation in a single-chambered MFC
(sMFC).6,8 Generally, sluggish ORR kinetics is improved by
introducing Pt as electrocatalyst in the expense of its high cost
and instability during long runs.9 Thus, inexpensive metal
oxides, metal complexes, heteroatom-doped carbon, and

conducting polymer are considered alternatively to the
Pt.6,10−12 However, the performance of newly developed
catalysts remains limited. So it is important to explore an
efficient and economically viable ORR cathode catalyst.
Another important component of MFC is the anode which

accepts electrons generated by EB during the oxidation process.
The anodic electron transfer occurs via different EET
mechanisms such as cell-surface proteins, excreted mediator
compounds, and extracellular conductive pillis.13 The slow EET
process in the anode is one of the major limiting steps of MFC
performance, which needs attention. The improvement of EET
is mostly carried out by two approaches: (i) through isolation
and genetic engineering of efficient EBs and (ii) using modified
anode. The second approach is considered to be easier than the
first one in terms of the complexity involved in the isolation of
proper EB.4,14,15 Generally, biocompatible conductive carbon
paper/cloth, graphite, and stainless steel are utilized as anode in
MFCs.16 However, these materials lack electrochemical activity
for the anode microbial reactions.16 Therefore, it is imperative
to develop suitable anode materials for efficient bacterial
adhesion and electron collecting ability for the improved EET.
Recently, nanostructured conducting polymers, TiO2/gra-
phene, SnO2/MWCNTs, NiO, and RuO2 modified anode
have been developed to facilitate the anodic charge transfer
process by reducing charge transfer resistance.17−20 However,
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the improvement is not significant to be practically used for the
MFCs. Another engineering approach is to store the charge
generated by EAB on an external capacitor and then discharge
over a short period to power a device.21 Thus, the
implementation of an electrocapacitive material in the anode
can accumulate the anodic charge like an internal capacitor,
thus making the process simpler and more useful.22 A few
capacitive anodes based on Fe3O4, Fe2O3, and conducting
polymer/RuO2 composite have been developed in the recent
past.23−25 However, further improvement is necessary to
increase the power generation ability of MFC. In addition,
the outermost cytochrome’s (Omc’s) [i.e., Omc C and Omc A]
electron transfer efficiency can be improved in the presence of
the redox active biocompatible metal oxides and/or hydrox-
ides.26,27 Thus, redox active electrocapacitive metal oxides/
hydroxides offer a platform for efficient EET with capacitive
bioanode. Among the metal oxides, spinel type oxides offer a
better choice because of the presence of different valent cations,
high electrochemical capacitance, low cost, nontoxicity, high
stability, and high electrical conductivity.7,28 However, to date
there are a very few reports on the single metal spinel oxides
modified anode in MFC,4 whereas there is no report on
bimetallic spinel.
Manganese ferrite (MnFe2O4) is a spinel ferrite that exhibits

electrocapacitive behavior with ORR catalytic activity as good
as Pt.28,29 However, the semiconducting nature of MnFe2O4
reduces its electrochemical activity.28 Thus, the electrochemical
activity of MnFe2O4 can be improved by incorporating it on a
redox active conducting polymer such as polyaniline (PANI).
PANI has been extensively used as catalyst support for several
electrochemical applications including electrochemical energy
storage devices such as supercapacitor due to its high
conductivity, easy synthesis, high stability, and low cost.30

Hence, the integration of MnFe2O4 and PANI could resolve the
demerits that lie in the electrode materials, i.e., noncapacitive
anode and poor ORR cathode catalyst.
In the present work, we report the synthesis of MnFe2O4/

PANI composite and demonstrate it as an efficient bifunctional
electrode material in the sMFCs for the first time. The
performance of as-synthesized composite is compared with
benchmark Pt/C ORR cathode catalyst. The anodic electron
transfer efficiency and charge storage capacity of composite
modified anode is also reported here, and its performance is
compared with commonly used virgin carbon cloth (CC)
anode. Furthermore, the PANI is demonstrated as a superior
conducting catalyst support because of its improved perform-
ance over that of the conventional Vulcan XC carbon support.
Vulcan XC carbon black is widely used as a support in the
anode and cathode of fuel cells because of its high conductivity
and easy dispersive nature.8,12 The as-synthesized Pt-free
bifunctional MnFe2O4/PANI composite is finally demonstrated
as a superior electrode material in the sMFC for generating
electricity from wastes.

2. MATERIALS AND METHODS
2.1. Chemicals. Aniline (99.9% (v/v)), hydrochloric acid (HCl,

35% (v/v)), ammonium persulfate [(NH4)2S2O8], ferric chloride
(FeCl3), manganese chloride tetra hydrate (MnCl2·4H2O), ammonia
solution (25% (v/v)), and all other chemicals were purchased from
Merck (Mumbai, India) and used without further purification. Pt/C
was procured from Sigma-Aldrich, St. Louis, MO, USA and Vulcan XC
was purchased from Cabot Corp., Mumbai, India.
2.2. Synthesis of MnFe2O4 Nanoparticles and PANI. MnFe2O4

nanoparticles (MnFe2O4 NPs) were synthesized by a simple

hydrothermal route. In a typical synthesis 20 mL of 0.1 M FeCl3
and 10 mL of 0.1 M MnCl2·4H2O aqueous solution were mixed in a
beaker and stirred at room temperature. Then 10 mL of 7.5%
ammonia solution was added dropwise to the preceding mixture with
vigorous stirring. The final mixture was transferred to a 50 mL Teflon-
lined stainless steel autoclave and heated at 180 °C in a muffle furnace
for 12 h. After completion of reaction, the furnace was allowed to cool
naturally to room temperature. Then the precipitate formed inside the
Teflon chamber was collected by centrifuging and washed with
distilled water followed by ethanol for several times. Finally the
product was dried at 60 °C in a vacuum oven.

PANI was synthesized by simple polymerization of aniline with
(NH4)2S2O8 as oxidant. In a typical polymerization, 0.19 mL of pure
aniline monomer was taken in 80 mL of ice cooled 1 M HCl solution.
Then 20 mL of ice cooled 1 M HCl solution containing 570 mg of
(NH4)2S2O8 was added and stirred for 12 h in an ice bath. Finally the
green precipitate was collected by centrifuging and washed
sequentially with 1 M HCl, distilled water, and ethanol. The washed
precipitate was finally dried at 60 °C for 6 h in a vacuum oven.

2.3. Synthesis of MnFe2O4 NPs/PANI Composite. MnFe2O4
NPs/PANI composite was synthesized by incorporating MnFe2O4
NPs in PANI matrix during polymerization of aniline. In a typical
synthesis, 120 mg of MnFe2O4 NPs was dispersed in 10 mL of 1 M
HCl solution by bath sonication. In another beaker, 0.19 mL of pure
aniline monomer was taken in 80 mL of ice cooled 1 M HCl solution.
Subsequently 10 mL of 1 M HCl solution containing 570 mg of
(NH4)2S2O8 was poured to the aniline solution with constant stirring.
Then the MnFe2O4 NPs dispersion was added to this solution and
stirred in an ice bath for 12 h. Finally the reaction product was
collected, washed, and dried as described for PANI.

2.4. Synthesis of MnFe2O4 NPs/Vulcan XC Composite.
MnFe2O4 NPs/Vulcan XC composite was synthesized by ultrasoni-
cally mixing MnFe2O4 NPs with Vulcan XC (60/40 (w/w)) in acetone
and 10 wt % Nafion suspensions (Aldrich).

The details on catalyst characterization, membrane cathode
assembly preparation, anode modification, bioelectrochemical meas-
urements, and MFC operation are provided in the Supporting
Information (SI).

3. RESULTS AND DISCUSSION

3.1. Morphology and Microstructures. The surface
morphology and microstructures of the as-prepared samples
were evaluated with field emission scanning electron micro-
scope (FE-SEM) and transmission electron microscope
(TEM), respectively. Parts a and b of Figure 1 show the FE-
SEM and TEM images of near spherical MnFe2O4 NPs. The
diameter of these NPs is measured to be in the range of 15−25
nm. Figure 1c shows the FESEM image of as-synthesized PANI
revealing a fiber-like network structure. The diameter of these
nanofibers is measured to be 50−100 nm. The TEM image of
PANI nanofibers confirms their interpenetrating network
structure (Figure 1d). Figure 1e shows an FESEM image of
MnFe2O4 NPs/PANI composite. The MnFe2O4 NPs in the
MnFe2O4 NPs/PANI composite appeared to be quite
uniformly coated on the PANI nanofibers. The distribution
of MnFe2O4 NPs on PANI nanofibers is evident in the TEM
image as shown in Figure 1f. The diameter of MnFe2O4 NPs on
PANI nanofibers is measured to be less than 30 nm as in the
case of pristine MnFe2O4 NPs (Figure 1a,b).
The crystallographic phase and structure of as-synthesized

MnFe2O4 NPs, PANI, and MnFe2O4 NPs/PANI composite
were analyzed by powder X-ray diffraction (PXRD). The
diffraction features in the PXRD pattern (Figure 2a) of
MnFe2O4 NPs are indexed and assigned as per standard JCPDS
File No. 0-074-2403 with cubic crystal structure. The calculated
lattice constant of MnFe2O4 NPs was found to be a = 8.46 Å,
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which is close to the standard JCPDS value of a = 8.51 Å. The
PXRD pattern of PANI (Figure 2b) shows two major peaks at
20.1° and 25.3° supporting the semicrystalline nature of PANI.
These two peaks also indicate periodic arrangement of polymer
chains in parallel and perpendicular directions.31 The average
interchain polymer separation was calculated using eq 1.32

λ θ=R 5/8[ /sin ] (1)

where θ and λ represent the diffraction angle at the maximum
intensity and the wavelength of incident X-ray, respectively.
The interchain polymer separation of PANI is estimated to be
4.4 Å from the PXRD pattern shown as Figure 2b. The PXRD
pattern of MnFe2O4 NPs/PANI composite is found to be
similar to that of MnFe2O4 NPs as expected along with the
major diffraction peak of PANI.
3.2. Electrochemical Study. 3.2.1. ORR Activity of

MnFe2O4 NPs. The electrocatalytic activity of the as-synthesized
catalysts (with a loading of 0.5 mg/cm2 on the working
electrode) toward ORR was evaluated by well-established
electrochemical techniques such as cyclic voltammetry (CV),
linear sweep voltammetry (LSV), and electrochemical
impedance spectroscopy (EIS). The ORR performance of the

as-synthesized MnFe2O4 NPs and MnFe2O4 NPs/PANI
composite was compared with the MnFe2O4 NPs/Vulcan XC
composite and benchmark Pt/C. The oxygen reduction was
confirmed from the CVs recorded in O2-saturated electrolyte
with different catalysts that show distinct reduction peak at
∼− 0.1 V during cathodic sweep which is absent in N2-
saturated electrolyte (SI Figure S1). The reduction peak
current is found to increase in the order of MnFe2O4 NPs <
MnFe2O4 NPs/Vulcan XC composite < MnFe2O4 NPs/PANI
composite, suggesting their ORR catalytic ability. Furthermore,
the ORR peak is found to be shifted to less negative potential
(from −0.109 to −0.080 V) indicating a decrease in
overpotential for the reduction. This suggests that the ORR
occurs at a faster rate with MnFe2O4 NPs/PANI composite
than that of MnFe2O4 NPs and MnFe2O4 NPs/Vulcan XC
composite. A more detail insight on ORR kinetics was obtained
with LSV study using a rotating disk electrode (RDE) in 0.1 M
pH 7 phosphate buffer solution (PBS). The steady state
polarization plots as shown in Figure 3A were recorded at 1600

rpm with different catalysts. All of the LSV plots reveal three
well-defined potential regions suggesting their ORR kinetics
behavior: region I, kinetically controlled high potentials region
(E > 0.1 V); region II, mixed diffusion-kinetic limited region
(−0.3 to 0 V); and region III, diffusion limited region at lower
potential (E < −0.3). The measured current density of
MnFe2O4 NPs/PANI composite is higher than that of
MnFe2O4 NPs and MnFe2O4 NPs/Vulcan XC composite and
close to the benchmark Pt/C catalyst. In addition, the half-wave
potential difference (ΔE1/2) is found to be very small (30 mV)
between MnFe2O4 NPs/PANI and Pt/C indicating the
former’s ORR catalytic activity is comparable to the later. It
is important to note that the polarization plot of MnFe2O4
NPs/PANI composite shows less negative onset potential and
higher current density as compared to MnFe2O4 NPs/Vulcan
XC composite, confirming PANI as better support material
than that of Vulcan XC. Figure 3B shows the LSV plots with
MnFe2O4 NPs/PANI composite electrode at different RDE

Figure 1. (a, c, e) FE-SEM and (b, d, f) TEM images of (a, b)
MnFe2O4 NPs, (c, d) PANI, and (e, f) MnFe2O4 NPs/PANI
composite.

Figure 2. PXRD patterns of (a) MnFe2O4 NPs, (b) as-synthesized
PANI, and (c) MnFe2O4 NPs/PANI composite. Figure 3. (A) Steady state polarization plots at 1600 rpm, (B)

polarization plots of MnFe2O4 NPs/PANI composite recorded at
different RDE rotation speeds, (C) Koutecky−Levich (K−L) plots of
different catalysts, and (D) EIS spectra of different catalysts. The inset
shows an equivalent circuit diagram.
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rotation speeds. The increase in current density with RDE
speed is similar to other ORR catalysts.33 The ORR is known to
follow two mechanisms on the catalyst surface. One is the
efficient “four electron reduction path” and another is the less
efficient “two electron reduction path”. The detail on these two
mechanisms is reported in our previous work.8 In order to
estimate the number of electron transfers involved in the
present ORR process, Koutecky−Levich (K−L) equation (eq
2) is used.

ω= + = +J J J B J1/ 1/ 1/ 1/ 1/L K
1/2

K (2)

where J, JL, and JK represent the measured current density,
diffusion-limiting current density, and kinetic-limiting current
density, respectively, at a RDE rotation speed “ω”. B is
determined from the slope of the K−L plots (Figure 3C) (J−1

vs ω−1/2) using the Levich equation (eq 3).

υ= −B nFC D0.2 ( )0 0
2/3 1/6

(3)

where n is the number of electrons involved in the reaction, F is
the Faraday constant (96485 C/mol), C0 is the bulk oxygen
concentration (1.26 × 10−3 mol/L), D0 is the diffusion
coefficient of oxygen in 0.1 M pH 7 PBS (2.7 × 10−5cm2/s),
and υ is the kinematic viscosity of the electrolyte (0.01 cm2/
s).33 The n values (considering n = 4 for Pt/C) for MnFe2O4
NPs and MnFe2O4 NPs/PANI composite were estimated to be
3.75 and 3.96, respectively. This indicates that MnFe2O4 NPs-
based catalysts were ORR catalyzed via an efficient four
electron path. It is important to note that the introduction of
PANI significantly improves the ORR kinetics of MnFe2O4
NPs. This is attributed to the enhanced adsorption and
reduction of O2 molecules on the catalyst surface in the
presence of π electron cloud of conducting PANI which
facilitates the electron transport. The K−L plots (SI Figure S2)
were also recorded at different potentials with MnFe2O4 NPs/
PANI composite electrode in 0.1 M pH 7 PBS. The near
parallel linear K−L plots at different potentials suggest identical
electron transfer and first order reduction kinetics with respect
to dissolved O2. Thus, the synergy of redox active conducting
support PANI and MnFe2O4 NPs made the present composite
a promising electrocatalyst for ORR. The ORR catalytic activity
in terms of n is comparable with the recently reported catalyst
MnCo2O4/N-rmGO (n = 3.9) and cobalt oxide coupled
nitrogen-doped graphene (n = 3.75).34,35 Ma et al. reported n =
3.7 for iron oxide and partially graphitized carbon (Fe3O4/
PGC−CS)-based ORR catalyst.6 However, Zhu et al. reported
4.18 electron transfers per O2 molecule for monodispersed
MnFe2O4 nanoparticles.

29

EIS has been extensively used to explore the electrode/
electrolyte interfacial phenomenon. The charge transport and
diffusion characteristics at an electrochemical interface are
generally obtained from the complex impedance plot known as
a Nyquist plot. Figure 3D shows the Nyquist plots with
different catalysts displaying well-defined semicircle in the high
frequency region along with a straight line in the low frequency
region. The diameter of the semicircle arc suggests the charge
transfer resistance (Rct) of the respective electrode. All of the
experimental data were fitted with an equivalent circuit consists
of solution resistance (Rs), Rct, constant phase element (CPE),
and Warburg impedance (Zw) (inset Figure 3D). A significant
decrease in Rct with MnFe2O4 NPs/PANI composite (12.1 Ω)
was documented as compared to MnFe2O4 NPs/Vulcan XC
composite (25.17 Ω) and MnFe2O4 NPs (33.12 Ω), indicating

better charge transport property of the former. This improved
activity is achieved due to well dispersion of MnFe2O4 NPs on
conducting PANI matrix. Moreover the unique electronic
structure of PANI provides active O2 adsorption site on its
surface which reduces the activation energy thereby improving
charge transfer kinetic of ORR.

3.2.2. Specific Capacitance of MnFe2O4 NPs Composites.
The specific capacitance of as-synthesized MnFe2O4 NPs-based
composites was measured to understand its role as anode
modifier. The electrocapacitive behavior of MnFe2O4 NPs
composite modified anode and virgin anode (i.e., unmodified
CC) was evaluated by galvanostatic charge−discharge prior to
the inoculation of anode chamber for MFC application. The
specific capacitance of the anode was evaluated by using the
following equation.24

= −

−
C

I t

U A
charge discharge

charge discharge (4)

where Icharge−discharge represents the charge−discharge current, t
is the duration of discharge, Ucharge−discharge refers to the
potential window, and A is the projected area of anode. The
electrochemical specific capacitance of bare CC was found to be
0.03 F/cm2 (SI Figure S3). The specific capacitance increases
to 0.6 F/cm2 for MnFe2O4 NPs/Vulcan XC composite
modified CC with a 0.25 mg/cm2 loading of MnFe2O4 NPs/
Vulcan XC (Figure 4). This signifies that MnFe2O4 NPs loaded

Vulcan XC plays an active role on electrochemical charge
storage on the electrode surface. In order to find optimum
MnFe2O4 NPs/Vulcan XC loading, specific capacitance was
measured with the different loadings. The ratio of MnFe2O4
NPs and Vulcan XC support was kept constant, i.e., 60:40 for
all of the cases. The specific capacitance of MnFe2O4 NPs/
Vulcan XC composite coated CC increases with loading as
follows: 0.6 F/cm2 (0.25 mg/cm2) < 1.02 F/cm2 (0.5 mg/cm2)
< 2.2 F/cm2 (1 mg/cm2) < 2.5 F/cm2 (2 mg/cm2). This
suggests an insignificant improvement in specific capacitance
with an increase in loading from 1 to 2 mg/cm2. Similar
experiments were performed with different loadings (0.25, 0.5,
1, and 2 mg/cm2) of MnFe2O4 NPs/PANI. The increments of
MnFe2O4 NPs/PANI content from 0.25 to 0.5 mg/cm2

resulted in 87% improvement in specific capacitance and
2.18-fold increase in specific capacitance by doubling the
loading from 0.5 to 1 mg/cm2. However, further increase of

Figure 4. Galvanostatic charge−discharge profile of modified anodes
with different loadings.
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MnFe2O4 NPs/PANI content (2 mg/cm2) shows little
improvement of specific capacitance (i.e., only 10% higher
than 1 mg/cm2 loading) as shown in Figure S4 (SI). This can
be attributed to the formation of a thicker layer on the CC at
higher loading and thus the capacitive material; i.e., MnFe2O4
NPs below the surface cannot be used for charge storage
purpose. Thus, an optimum loading of 1 mg/cm2 was taken for
MnFe2O4 NPs/PANI composite coating the CC anode that
delivers a capacitance of 3.8 F/cm2, which is quite high as
compared to MnFe2O4 NPs/Vulcan XC anode at the same
loading. This higher capacitance is thus ascribed to better
electrochemical properties of conducting PANI network.
3.2.3. Electrochemical Activity of Bioanodes. The electro-

chemical activity of different anodes was investigated with CV.
The CVs show well-defined redox peaks both in anodic and
cathodic sweeps which were absent in uninoculated electrolyte
with bare CC as anode, indicating the catalytic activity of
electroactive bacteria (EAB) (Figure 5a). All of the bioanodes
have a characteristic reduction peak at ∼− 250 mV during the
cathodic scan which signifies the reducing activity of Shewanella
putrefaciens (S. putrefaciens) used as an EAB. This reduction
peak is responsible for electron transfer from the electrochemi-
cally active heme group of Omc C to the electrode.27,36 In the
anodic scan, a broad oxidation peak was found at ∼0.09 V (vs
Ag/AgCl), which indicates the oxidation of substrate and
reduced species. The characteristic redox peaks are quite similar
to other Shewanella species such as S. oneidensis MR-1, S.
putrefaciens MR-1, S. putrefaciens IR-1, and S. putrefaciens SR-
21.27,36 The redox peak current was found to be increased with
the MnFe2O4 modified bioanodes. The improvement of redox
profile with modified bioanodes is believed to be due to the
inherent electron transfer ability of S. putrefaciens from its Omc
C to insoluble Fe(III) metal centers of MnFe2O4.

27,37 The
enhanced electrochemical activity further suggests biocompat-
ibility of the electrode modifier. It is also observed that the
quasi-reversibility of electrodes increases, i.e., ΔEp decreases,
with the incorporation of MnFe2O4 NPs/PANI composite,
which could be due to the availability of Fe(III) and Mn(II)
sites and higher electrical and ionic conductivity of PANI. In
the present case, PANI nanofibers with network structure act as
nanowires for the improved EET by effective contact with
redox active centers on bacterial Om.38

The charge storage efficiency of different capacitive anode
modified electrode materials was studied from chronoampero-
grams recorded at open circuit potential (OCP) after
stabilization of voltage in the MFC in the first three cycles.
All of the chronoamperograms (Figure 5b) exhibit a high initial
current that rapidly decreased to a steady value. This
characteristic decay is quite similar to the previously reported
study for polypyrrole/9,10-anthraquinone-2-sulfonic acid so-

dium salt composite anode modifier.25 Further the profile
depicts a higher current with an increase in capacitive MnFe2O4
material in the electrode, thus enhancing the charge storage
activity. In addition, the magnitude of the current at the
beginning of the discharge was highly dependent on the specific
capacitance of the electrode material. The amount of charge
released was evaluated from chronoamperogramms by using eq
5.

∫=Q I td
t

0 (5)

where Q is the total charge accumulated, I is the discharge
current, and t is the discharge time. It was found that the charge
releasing property was dependent on the specific capacitance of
the electrode material. By introducing 0.25 mg/cm2 MnFe2O4
NPs/Vulcan XC composite (0.6 F/cm2) on CC anode, ∼9.2
times improvement of charge storage capacity was obtained
than that of bare CC. Furthermore, the MnFe2O4 NPs/PANI
composite modified anode with 3.8 F/cm2 specific capacitance
delivers 2.48 C/cm2 of charge which is 1.59 and 28.65 times
higher than that of MnFe2O4 NPs/Vulcan XC composite (same
loading) and bare CC anode, respectively. This confirms that
the anode modified with high capacitance electrode modifier
can function as a good biocapacitor by accumulating more
electrons and then discharging them efficiently. Thus, the
introduction of electrocapacitive MnFe2O4 NPs and PANI
increase the charge storage capacity of the bioanodes. Under
open circuit condition, electrons generated from substrate
oxidation are temporarily stored in the reductive “extracyto-
plasmic cytochromes” of EABs.39 However, in close circuit
mode (with applied external resistance), the electrons stored in
the outer cell membrane cytochromes are transferred to the
anode surface.40 A capacitive anode modifier can thus make a
capacitive bridge between EAB and anode, which provide
controlled flow of electrons generated by EAB to the anode.
Thus, the higher the capacitance of the anode modifier the
better is the performance. In the present study, the different
valence metal centers of MnFe2O4 [Mn(II), Mn(IV), Fe(II),
and Fe(III)] can serve as redox couple to interconnect the
interface of EAB and the anode. Moreover, the continuous
interconversion of Mn(II) to Mn(IV) and Fe(II) to Fe(III) is
believed to contribute the transient storage of electrons via
microbial or electrochemical reduction/oxidation resulting an
increase in transient charge storage on MnFe2O4 loaded
anodes. In addition, PANI is a redox active conducting polymer
that provides a better platform for charge accumulation and
transport in the MnFe2O4 NPs/PANI composite modified
anode. This demonstrates the substantial increment of MFC
performance with MnFe2O4 NPs/PANI composite as com-

Figure 5. (a) Cyclic voltammogram, (b) chronoamperometric response (i−t) curves, and (c) Nyquist plots at OCP for different anodes.
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pared to MnFe2O4 NPs/Vulcan XC composite modified anode
(discussed later).
The interfacial charge transfer activity of different bioanodes

was studied by EIS analysis at OCP. The impedance
characteristics of all electrodes are represented by Nyquist
plots (Figure 5c). An equivalent circuit consists of Rs, Rct, and
Zw, and CPE was used to evaluate the different resistive and
capacitive characteristics of bioanodes. A significant decrease of
Rct was obtained by modifying bare CC (95.23 Ω) with
MnFe2O4 NPs/Vulcan XC composite (35.59 Ω). Furthermore,
Rct decreased by increasing the loading of MnFe2O4 NPs/
Vulcan XC composite on the CC, which indicates a better
charge transfer ability of bioanodes with MnFe2O4 NPs/Vulcan
XC composite. The multiple cation centers of redox active
MnFe2O4 NPs is ascribed for better charge transfer and thus
lower Rct. However, very high loading of MnFe2O4 NPs leads to
an increase in Rct value due to formation of a thicker layer on
the electrode surface and thus restricting easy movement of
charge. Among all bioanodes, MnFe2O4 NPs/PANI modified
anode exhibits the lowest Rct value (11.21 Ω), suggesting PANI
as a superior catalyst support to that of the conventional Vulcan
XC. The CPE parameter also provides valuable information
regarding capacitive characteristics of an electrode. It arises due
to inhomogeneous electrode surface and nonuniform current
distribution at the electrode. Generally CPE is defined by ZCPE
= 1/c(jω)y, where c is the ideal capacitance and y (0 ≤ y ≤ 1) is
an empirical constant. When y = 1, the electrode behaves like a
real capacitor, and when y = 0, it reflects a complete resistor
type electrode, whereas y = 0.5 indicates Warburg character-
istics of the electrode. Thus, the y value close to unity signifies
better electrocapacitive activity.41,42 In the present study, bare
CC anode showed y = 0.43, whereas MnFe2O4 NPs/PANI
modified anode shows y = 0.89, close to unity. Other modified
anodes have moderate y values in the range of 0.57−0.74
(Table S1, SI).
3.3. Effect of Bifunctional MnFe2O4 NPs Composites in

the MFC Power Generation. The sMFC was fabricated using
MnFe2O4 NPs composites as electrode material to study its
performance for the power generation. The sMFCs were
operated in batch cycle mode with cycle time of 60 ± 2 h.
Initially, an anaerobic anodic chamber was fed with synthetic
lactate wastewater without inoculation for 12 h. The pH of the
wastewater was adjusted to 7.0 ± 0.1. Inoculation of the anodic
chamber was carried out using a 10% (v/v) mid log phase
culture of S. putrefaciens (2.9 g/L). After inoculation, anodic
half-cell potential began decreasing owing to the donation of
electrons to the anode by anodophile (EAB) and it reached at a

plateau of about −289 ± 7 mV (vs Ag/AgCl) against an
external resistance of 100 Ω for all of the MFCs. After three
cycles, stabilized performance of the anodic half-cell was
achieved and cathodic half-cell potential was measured with
different composite loaded electrodes prepared in the present
work.

3.3.1. Effect of MnFe2O4 NPs as ORR Catalyst. The effect of
different ORR catalysts on the power generation in sMFC was
studied using a bare CC cloth as anode in all of the cases.
Figure S5 (SI) shows the current production curves for
different sMFCs to indicate the initial increment of current and
followed by stabilization after six cycles with the composite
catalyst and Pt/C. The present current production profile is
similar to the previous report.43 The initial and stabilized
current production was found to follow the order of catalyst-
free < MnFe2O4 NPs/Vulcan XC < MnFe2O4 NPs/PANI < Pt/
C as cathode. The catalyst-free MFC has the cathode with only
Vulcan XC (without MnFe2O4 NPs). The sMFC cathode with
only Vulcan XC, i.e., catalyst-free, produced a maximum
volumetric power density (Pd,max) of 4.45 W/m3 [Figure 6a(i)],
which increases to 5.55 W/m3 [Figure 6a(ii) and Table S2, SI]
by introducing 0.5 mg/cm2 MnFe2O4 NPs/Vulcan XC onto the
cathode surface. By replacing Vulcan XC with PANI, a
substantial enhancement (more than 1.45-fold compared to
catalyst-free cathode) of the Pd,max (6.49 W/m3) is achieved
[Figure 6a(iii)]. It is important to note that the Pd,max of
MnFe2O4 NPs/PANI loaded (0.5 mg/cm2) cathode is only 6%
less than that of the same loading of benchmark Pt/C cathode
(6.88 W/m3) [Figure 6a(iv)]. The maximum OCP, columbic
efficiency (CE), and chemical oxygen demand (COD) removal
efficiency were measured and found to be increased whereas
the internal resistance is decreased from the catalyst-free
cathode to MnFe2O4 NPs/PANI loaded cathode (Table S2,
SI). It concludes that MnFe2O4 NPs and PANI synergistically
improved the ORR activity at the cathode, resulting in
enhanced current production and power output. The reduction
of internal resistance with PANI signifies better electrode
kinetics due to lower charge transfer resistance in accord with
EIS study (Figure 5c). The half-cell potential measurements
reveal that all sMFCs with bare CC anode have similar half-cell
potentials at the same current (Figure 6b, curve with solid
symbol). Thus, the differences in power production from these
four sMFC reactors resulted from the differences in the cathode
potentials (Figure 6b, curve with open symbol).

3.3.2. Effect of MnFe2O4 NPs Composites Anode Modifier.
To find the influence of MnFe2O4 NPs as anode modifier, four
different loadings of MnFe2O4 NPs/Vulcan XC, i.e., 0.25 mg/

Figure 6. (a) Polarization plots for sMFC (power density and DC voltage as a function of current density) with different air cathodes. The power
density and voltage data points are presented as solid and open symbols, respectively. (b) Anode and cathode polarization curves of sMFC with
different catalysts supplemented to the cathode surface. Open and solid symbols represent cathode and anode half-cell voltages, respectively.
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cm2 (MFC-1), 0.5 mg/cm2 (MFC-2), 1.0 mg/cm2 (MFC-3),
and 2 mg/cm2 (MFC-4) (Table S3, SI), were considered,
keeping the catalyst loading (0.5 mg/cm2 MnFe2O4 NPs/
PANI) in the cathode constant. In addition, the 1 mg/cm2

MnFe2O4 NPs/PANI composite incorporated anode was
studied and termed as MFC-5. The ratio of anode modifier,
i.e., MnFe2O4 NPs, and the support, i.e., Vulcan XC or PANI,
was kept at constant ratio of 60:40 for all of the cases. Stabilized
voltage was obtained in these MFCs after three cycles (i.e., 7
days of operation) of post inoculation. The current generation
in all of the MFCs gradually increased with time and stabilized
after nine cycles of operation (i.e., after 21 days, 1 cycle = 60 ±
2 h) as shown in Figure S6 (SI). In addition, the stabilized
current production is found to increase with increasing
MnFe2O4 NPs/Vulcan XC loading in the anode. This suggests
the requirement of capacitive anode modifier for the charge
accumulation which in turn produces higher current. Upon
replacing Vulcan XC with PANI (MFC-5), a considerable
increment of current production suggests PANI as a better
conducting support than that of Vulcan XC. After nine cycles,
the voltage output of MFC-4 sharply increased and stabilized at
about −298 ± 4 mV on day 21 (not shown). A slightly lower
voltage of −286 ± 3 mV was obtained in MFC-3. MFC-1 and
MFC-2 show a slower increase in current in these cycles.
Moreover, a significant increase in anodic half-cell potential
(−301 ± 3 mV) was recorded with MFC-5 (1 mg/cm2

MnFe2O4 NPs/PANI) after 21 days, suggesting PANI as the
most suitable support material along with MnFe2O4 NPs as
anode modifier. Polarization curves as shown in Figure 7a were
obtained using an adjustable external resistance after the MFCs
reached the steady maxima in their OCP. The resistors were
used both in increasing and decreasing order of the resistance.
However, the voltage profile showed hysteresis; i.e., the
polarization curves did not overlap in both directions (not
shown), and the reason for which is not well understood. All of
the polarization results shown in this work were recorded when
the resistors switched from higher to lower external resistance.
The stabilized voltage was noted after 15 min of external
resistance loading. The corresponding polarization curves of
different MFCs, as shown in Figure 7a, were obtained by
varying the external resistance from 90 kΩ to10 Ω. The
maximum OCP and operating current in MFC-4 was measured
to be 0.871 V and 3.27 mA, respectively. The maximum
sustainable volumetric power density (at 100 Ω) of 9.45 W/m3

(normalized to the working volume of the anode chamber) was
obtained for MFC-4, which decreases to 8.56 W/m3 (MFC-3),
8.2 W/m3 (MFC-2), and 6.77 W/m3 (MFC-1) as presented in
Table S3 (SI). It is important to note that, at high current

regime (30−10 Ω Rext), significant power overshoot (rapid
drop of current and voltage) occurred in sMFCs with bare CC
anode or catalyst free [Figure 7a(i)] and anode containing
smaller quantity of modifier [MFC-1, 0.25 mg/cm2]. The
power overshoot is normally observed in the high current
density region when both the cell voltage and current rapidly
decrease due to an increase in the internal resistance of MFC.44

In order to find out the exact reason for the power overshoot,
the individual electrode potentials were measured ,and the
results obtained from the half-cell experiments indicate that it is
related to the electrochemical activity of the anode biofilm.45

The earlier reports suggest that, under open circuit MFC
operation, the bioflim behaves like an electrochemical capacitor.
The electrons generated owing to enzymatic oxidation of the
substrate are temporarily stored in the cyctrochromes and/or
self-produced mediators of EB contributing a capacitor
characteristic to the bioflim.46 These stored electrons are
subsequently released to the electrode by applying an external
load (close circuit operation) and producing a current on the
external circuit. A low capacitance of biofilm makes the system
unstable at high current density regime (low external
resistance) of polarization study where the discharge rate of
anodic charge is very high.46 In this context, application of an
additional abiotic capacitive material on the anode can retain
stability of MFC at high current regime. In the present study,
the power overshoot was found to be prominent with bare CC
indicating insufficient biocapacitance of anodic bioflim.
Incorporation of 0.25 mg/cm2 MnFe2O4 NPs/Vulcan XC
was found to be not enough to eliminate the power overshoot,
but at a loading of 0.5 mg/cm2 the power overshoot did not
occurred. Thus, a larger amount of capacitive MnFe2O4 NPs/
Vulcan XC improves the transient charge storage at the anode
surface as was also supported from chronoamperometry study
of bioanodes [Figure 5b]. This implies the requirement of
higher anodic capacitance to prevent the power overshoot. It is
also to be noted that the presence of active metal centers
[Fe(II), Fe(III), Mn(II), and Mn(IV)] in MnFe2O4 NPs can
contribute pseudocapacitance and dramatically improves anodic
capacitance.47 An increase in the anodic capacitance due to the
presence of pseudocapacitive modifiers not only eliminates the
power overshoot but also improves power production.48

Furthermore, MFC-5 produced the highest maximum volu-
metric power density of 11.2 W/m3 and operating current of
3.51 mA (at Rext = 100 Ω) indicating the superiority of PANI
over Vulcan XC support. To find the exact role and
contribution of PANI, a controlled experiment was performed
with 0.5 and 1.0 mg/cm2 PANI loadings on cathode and anode,
respectively. No cathode catalyst and anode modifiers

Figure 7. (a) Polarization plots for sMFC (power density and DC voltage as a function of current density) with different anodes. The power density
and voltage data points are presented as solid and open symbols, respectively. (b) Tafel plots of different modified anodes.
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(MnFe2O4 NPs) are used in this controlled experiment, which
is termed as MFC-C (Table S3, SI). The polarization plot for
MFC-C is shown in Figure S7 (SI). The maximum power
density of 6.1 W/m3 and 811 mV OCP were documented with
MFC-C, which are lower than that of any MFC incorporated
with MnFe2O4 NPs (Table S3, SI). This clarifies that although
PANI is a superior support material to that of Vulcan XC,
MnFe2O4 NPs contributes majorly to the improved power
generation from sMFC. The improved power generation with
MnFe2O4 NPs modified anode can also be ascribed to a large
population of bacteria that colonize in the presence of
MnFe2O4 NPs. Consequently, large negative potential
developed owing to more electron donation by EAB at the
anode even at low external resistance. The SEM image (Figure
S8, SI) of bioanode confirms considerable accumulation of EAB
on the anode surface with MnFe2O4 NPs. Furthermore, the
electrocapacitive behavior of MnFe2O4 NPs modified anode
offers control discharge around all external resistance. It is to be
noted that the cell potential here is mainly governed by anode
potential. All of the MFCs (MFC-1 to MFC-5 and bare CC
anode MFC) deliver the same cathode half-cell potential.
However, the anode potentials were different. The anode
potential (oxidation) can be correlated with the metabolic
activities of electrogenic microorganism. The power density
obtained with MnFe2O4 NPs/PANI (1 mg/cm2 loading) is
compared with several recently reported metal oxide and/or
PANI modified anodes. The power density obtained in the
present work is close to the reported study where Pt and/or
potassium ferricyanide are used in the MFCs (Table
S4).5,17,20,49,50 It must be noted that there is no previous
report on the MFC where both anode and cathode are
modified with non-noble catalyst and/or modifier.
To understand the change in anodic half-cell potential, a

Tafel test (Figure 7b) was carried out with unmodified and
modified bioanodes. The electron transfer from anode to the
cathode is generally hampered by different losses which lower
the power conversion efficiency of the MFCs. The electrons
generated from the substrate degradation need to overcome
various barriers to transfer from the biocatalyst to the anode
and then to the cathode prior to getting reduced at the cathode,
which incurs energy loss and can account for underactivation
losses. The voltage drop due to activation losses in MFCs can
be expressed by a semiempirical Tafel equation (eq 6), where
ΔV is the overpotential, A = Tafel constant (the higher the A
value, the lower is the electrode kinetics), and io = the exchange
current density (cell current normalized to the anode surface
area).

Δ =
⎛
⎝⎜

⎞
⎠⎟V A

i
i

ln
o (6)

MFC equipped with bare CC anode shows the lowest exchange
current density (0.007 mA/m2) and highest Tafel constant
(238 mV). However, the modified anodes show improvement
in the exchange current density and reduction of the Tafel
constant in the order of MFC-1 (0.028 mA/m2, 143 mV) <
MFC-3 (0.037 mA/m2, 109 mV) < MFC-4 (0.052 mA/m2, 51
mV) < MFC-5 (0.074 mA/m2, 17 mV) measured from Figure
7b. This indicates the improvement in the bioelectrochemical
activity due to reduction in the activation losses with MnFe2O4
NPs modified anode. It is important to note that iron-reducing
microbes, including S. putrefaciens, Desulfuromonas acetoxidans,
and Geobacter metallireducens, can conserve energy by coupling

the oxidation of organic compounds to the reduction of Fe3+.
Myers et al. suggested that S. putrefaciens coupled the anaerobic
reduction of Fe3+ or Mn4+ to respiration-linked proton
translocation. It was also reported by Myers et al. that when
S. putrefaciens is grown anaerobically, 80% of its cytochromes
are localized in the outer membrane.51 In the anode chamber of
MFC, bioreduction of the anode may involve direct reduction
by c-type cytochromes located in the outer membrane of these
EABs, such as Shewanella, which possess 42 c-type
cytochromes (c-Cyts) in various positions at the inner and
outer membranes. These cytochromes act as a “molecular wire”
and play an important role in the electron transfer process.
Shewanella has the affinity toward the Fe(III) and Mn(IV)
oxides and thus can initiate EET to the attached iron oxides as a
terminal process in its metabolism.52 In the present study,
MnFe2O4 with different valence metal centers [Fe(II), Fe(III),
Mn(II), and Mn(IV)] shows promising activity for improved
EET resulting in improved power generation in the sMFC.

4. CONCLUSIONS
The present study demonstrates MnFe2O4 spinel as a novel
bifunctional catalyst in the sMFC. Incorporation of MnFe2O4
NPs on Vulcan XC or PANI significantly improves catalytic
activity of both the anode and cathode. In particular, the ORR
activity of MnFe2O4 NPs/PANI composite is found to be
comparable to the standard Pt/C in cathode. The anode half-
cell potential is measured to be larger for the anode modified
with MnFe2O4 NPs and thereby generating more power in the
sMFC as compared to bare CC. The power overshoot problem
is also substantially reduced by increasing the MnFe2O4 NPs
composite loading in the anode. The significant improvement
of anode performance in sMFC is attributed to the multi-
valence cations and capacitive behavior of MnFe2O4 NPs as
demonstrated in the present work. Furthermore, electrochemi-
cally active PANI is demonstrated as a better catalyst support as
compared to conventional Vulcan XC. The present noble
metal-free sMFC with a bifunctional spinel catalyst is promising
for the inexpensive green energy generation systems.
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