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Graphene supported a-MnO, nanotubes as a cathode
catalyst for improved power generation and
wastewater treatment in single-chambered microbial
fuel cellst

Santimoy Khilari,® Soumya Pandit,”> M. M. Ghangrekar,© Debabrata Das®
and Debabrata Pradhan*®

Microbial fuel cells (MFC) are a promising system to simultaneously accomplish the goal of energy
production and wastewater treatment. In the MFC, the cathode plays an important role in achieving high
power density and thereby improving the cell performance. In the cathode, an allotrope of carbon
[activated carbon, graphite, multi-walled carbon nanotubes (MWCNTSs)] is commonly used as a support
material for catalysts, such as Pt. Here we show the improved performance of single-chambered MFC
(sMFC) using hydrothermally synthesized a-manganese dioxide nanotubes (MnO,-NTs) as the catalyst and
graphene as the support in the cathode. With a fixed MnO,-NTs loading, a maximum volumetric power
density of 4.68 W m ™3 was achieved from the sMFC with MnO,-NTs/graphene, which is higher than that
of MnO5-NTs/MWCNTs (3.94 W m~3) and MnO»-NTs/Vulcan XC (2.2 W m™3) composite cathodes, but
marginally lower than that of the benchmark Pt/C cathode (5.67 W m~3). The MnO,-NTs/graphene
composite also showed a higher oxygen reduction reaction (ORR) activity than the MnO5-NTs/MWCNTSs
and MnO,-NTs/Vulcan XC composites implying that the former is a better catalyst than the later two. This
study demonstrates the high ORR activity and high power generation ability of the cost-effective MnO,-
NTs/graphene composite and makes it a potential cathode material for the replacement of expensive Pt in
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1. Introduction

In recent years, microbial fuel cells (MFC) have been emerging
as one of the promising alternate technologies for harvesting
renewable energy through wastewater treatment in the form of
electricity,"™ biohydrogen production,®® and as a biological
oxygen demand sensor.” However, to establish commercially
successful MFC technology and to compete with the existing
technology such as anaerobic digesters for wastewater treat-
ment, it is necessary to reduce the cost of device fabrication
along with the increment in power output.® The power
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constructing large-scale MFC for wastewater treatment and bioelectricity production.

generation in MFC is largely dependent on the reduction
kinetics at the cathode. Hence, the electron acceptor in the
cathode plays a vital role in the power generation of the MFC.’
Instead of unsustainable high redox potential oxidants
(ferricyanide, permanganate, persulfate and dichromate)"
and low power generating nitrate and nitrites,"" oxygen can
be an effective electron acceptor in MFC for its high positive
redox potential, natural abundance, and sustainability.’
However, the sluggish nature of the oxygen reduction reaction
(ORR) with catalyst-free graphite/carbon electrodes leads to a
high reduction overpotential, which is among the most
limiting factors in the performance of MFC.° Therefore, the
introduction of new sustainable high efficiency catalysts for
the ORR has become necessary for improved MFC perfor-

2 Nobel metals such as platinum (Pt), gold (Au),
palladium (Pd) and their alloys show promising catalytic
properties towards ORR enhancement.”*® Among these, Pt-
based catalysts are extensively used in fuel cell technology.
However, the high cost and lack of potential stability, along
with the catalyst poisoning, limit its application for large scale
commercial use.'® Substantial efforts have been made to
improve the ORR kinetics at the cathode surface using

mance.
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inexpensive electro-catalysts such as transition metals, metal
oxides, macrocycles (phthalocyanine and porphyrines), con-
ducting polymers and carbon nanotubes (CNTs) supported
nanostructures with limited success.'®°

Manganese oxides (MnO,) have attracted much attention as
cathode catalysts in MFC because of their abundance, low cost,
environmental friendliness, and considerable catalytic activity
towards the electrochemical ORR.>' A few studies on MnO,
cathodes for MFC have been reported. Clauwaert et al. used
electrochemically precipitated MnO, to treat graphite felt
cathodes and compared the performance with a non-treated
cathode.”® After the start up, the cell performance was
reported to be similar for both the cathodes. This might be
due to large MnO, particles electrochemically produced and/or
the use of a graphite fibers substrate which tends not to
produce well-adhered electrodeposits.>” Zhang et al. reported
MnO, as an alternative cathode catalyst to Pt in the MFC.>* A
recent report showed that MnO,-based air cathodes give better
performance in fuel cells due to their ability to absorb or
deliver a large quantity of charge in a short duration (flywhell
effect).>* Early reports have shown that the catalytic perfor-
mance of MnO, follows the sequence of Mn;0g < Mn;0, <
Mn,0; < MnOOH and that among MnO, phases, the
performance sequence is B- < A- < y- < a-Mn0,.>>*’

The drawback of MnO, lies in its poor electrical conductiv-
ity which limits its electrochemical activity. Therefore, various
types of conductive supporting materials (Vulcan XC-72,
Monarch carbon black 1000, graphite) have been employed
to enhance the electrochemical ORR performance. But these
supporting materials have weak ORR activity.>® So in order to
improve the ORR performance of MnO,, it can be incorporated
to a better electron conducting material, such as MWCNTS or
graphene, which possess outstanding electronic conductivity,
chemical stability, better mechanical strength, high thermal
stability, nano-size morphology and high activated surface
area.’®??*° MnO, coated MWCNTs have been used as cathode
catalysts in MFC and reported to show a better MFC
performance.’® However, the synthesis of MWCNTs is nor-
mally carried out at a higher temperature (>500 °C) in the
presence of metal catalyst using the chemical vapour deposi-
tion technique and is therefore cost-ineffective to graphene.
The presence of metal catalyst in the MWCNTs-based cathode
can also have unwanted effects on the performance of MFC. In
this prospect, graphene makes a good alternative to MWCNTS.
Graphene consists of two dimensional single or few atomic layers
of hexagonal carbon network that can be synthesized at room
temperature using simple solution chemistry at a much lower
cost than that of MWCNTSs. Recently, graphene based materials
have been found as potential materials for lithium ion batteries,
supercapacitors, biosensors, photovoltaic cells, and catalysis for
its very high surface area (theoretical value 2630 m*> g~ '), high
conductivity, and easy synthesis process.>?* Nitrogen and
sulphur doped graphene have been used as ORR catalysts in
fuel cells.**"°

Considering the high catalytic performance of o-Mn0,*
and superb electrical conducting property of graphene,”**°
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and MWCNTs, we report here the synthesis of «-MnO,-NTs/
graphene and o-MnO,-NTs/MWCNTs composite cathode
catalysts to be used in single-chambered MFCs (sMFC) as an
air cathode. The performance of the MnO,-NTs/graphene
composite in terms of ORR activity, power generation,
chemical oxygen demand (COD) removal and Coulombic
efficiency (Cg) is compared with MnO,-NTs/MWCNTSs, MnO,-
NTs/Vulcan XC composites and benchmark Pt/C. The low
manufacturing cost of the MnO,-NTs/graphene composite and
its high performance exhibits a great potential to replace Pt as
a cathode catalyst for MFC applications in the large-scale
wastewater treatment plants for efficient substrate removal
and high power output.

2. Experimental details

2.1 Chemicals

Potassium permanganate (KMnO,), hydrochloric acid (HCI)
(35% v/v), potassium chloride (KCl), sodium nitrate (NaNO;),
hydrogen peroxide (H,O,), and all other chemicals were
purchased from Merck (India) and used without further
purification.

2.2 Synthesis of composite electrodes

MnO,-NTs were synthesized using a simple and low tempera-
ture hydrothermal process. In a typical synthesis process, 10
mL of 1 M HCIl was added to 30 mL of 0.06 M KMnO, solution
and stirred for 15 min. The resulting mixture was transferred
to a 50 mL Teflon-lined stainless steel autoclave and heated at
150 °C for 12 h in a muffle furnace. Then the furnace was
allowed to cool down to room temperature naturally and the
brown coloured precipitate formed inside the Teflon container
was collected by centrifuge. The precipitate was first washed
with distilled water several times and then with ethanol.
Finally it was dried at 70 °C for 6 h.

The MnO,-NTs/Vulcan XC composite was prepared by
adding MnO,-NTs and Vulcan XC-72 (purchased from Cabot
corp., India) to a mixture of 20 mL acetone and 20 mL
isopropanol. To the above mixture 0.5 mL of PTFE and 10 pL
Nafion solution was added as a binder. The final solution was
sonicated for 1 h and then sprayed on a preheated 36 cm”
carbon paper (50 °C) (Alfa Aesar, India) using a gravity spray
gun. The MnO,-NTs/Vulcan XC composite on carbon paper
was finally dried at 70 °C for 1 h for use as a cathode in the
MFC. Three different MnO,-NTs loadings (0.03, 0.1 and 0.3 mg
em™ %) were taken while keeping the final MnO,-NTs and
Vulcan XC quantity constant (0.35 mg cm ™~ ?). The MnO,-NTs/
MWCNTs composite electrode was prepared in the same
process as the MnO,-NTs/Vulcan XC composite (0.3 mg cm ™~
MnO,-NTs loading) by replacing Vulcan XC with MWCNTS.
MWCNTs were synthesized from the natural precursor
camphor.?’

Graphene was synthesized by reducing graphene oxide (GO)
with sodium borohydride. GO was synthesized from graphite
powder by a modified Hummer’s method.*® 100 mg of GO was
dispersed in 250 mL distilled water by sonication for 2 h. The
sonicated solution was then centrifuged to remove un-
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exfoliated GO precipitated at the bottom of the container.
Exfoliated GO solution was stirred overnight at room
temperature. Then 100 mg NaBH, was added to the above
solution and stirred for 30 min. The resulting NaBH, mixed
solution was refluxed at 120 °C for 3 h in an oil bath with
constant stirring. Black coloured graphene product was
isolated by centrifuging and was dried at 70 °C for 12 h.
MnO,-NTs/graphene composite (0.3 mg cm™> MnO,-NTs
loading) was prepared in a similar process to that of the
MnO,-NTs/Vulcan XC composite.

2.3 Catalyst characterization

The surface morphology of the as-synthesized catalysts was
analysed by field emission scanning electron microscopy (FE-
SEM) with a Zeiss Supra 40 FE-SEM. Transmission electron
microscopy (TEM) and selected area electron diffraction
(SAED) measurements of the as-synthesized samples were
performed with Tecnai FEI TEM operated at 200 kV accelerat-
ing voltage. The crystallographic phase and structures of the
as-synthesized composite catalysts were characterized by X-ray
powder diffraction (XRD) with a Rigaku Ultima III diffract-
ometer using Cu-Ko, irradiation at a power of 40 kV x 40 mA.
All the XRD patterns were recorded in the two theta range of
10° and 80°.

Electrochemical analysis of the as-synthesized MnO,-NTs
and composite catalysts was performed by cyclic voltammetry
(CV) with a CH instrument electrochemical analyzer. A three-
electrode system was employed for all measurements where
pristine MnO,-NTs or composite coated carbon paper, Pt wire
and Ag/AgCl (KCI saturated; +197 mV) served as the working,
counter and reference electrode, respectively. CV was recorded
at a 100 mV scan rate from 0.9 to —0.9 V in 1 M KCI. KCI
solution was saturated with oxygen by air bubbling for 30 min
before the experiment. The electrochemical impedance spec-
troscopic (EIS) analysis was performed in 1 M KCI and the
same electrode configuration in the frequency range of 2 MHz
to 100 mHz with perturbation amplitude of 5 mvV. The
membrane cathode assembly fabrication and operation of
SMFC are presented in the ESLt Fig. S1 shows a schematic of
the sMFC.

3. Results and discussion

3.1 Morphology and crystal structure of the catalysts

The surface morphology of the as-prepared samples was
studied using FE-SEM. Fig. S2(a) in the ESIf shows the hollow
urchin-like frame composed of MnO,-NTs. The diameter of
each spherical urchin-like structure was found in between 5
and 7 pm. A magnified FE-SEM image [ESLt Fig. S2(b)] clearly
reveals that these urchin-like structures were assembled from
nanotubes with an average diameter of ~90 nm and length in
the range of 2 to 4 pm. Fig. S2(c) and S2(d) of ESIf show the FE-
SEM images of MnO,-NTs/MWCNTs and MnO,-NTs/graphene
composites, respectively. MWCNTSs and graphene appeared as
coil-like and flake-like structures, respectively. The morphol-
ogy of the as-synthesized composites suggests quite a uniform
distribution of MWCNTs or graphene and MnO,-NTs in the
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Fig. 1 TEM images of (a) hydrothermally synthesized MnO,-NTs, (b) lattice from
the wall of MnO,-NTs, (c) graphene and (d) MnO,-NTs/graphene composite.
Insets of (b) and (c) show the SAED patterns.

respective composite. The microstructure of the as-synthesized
MnO,-NTs, graphene, MnO,-NTs/MWCNTs and MnO,-NTs/
graphene composite samples was analyzed by TEM. Fig. 1(a)
shows a TEM image of MnO,-NTs with outer diameters of 50-
95 nm in accordance with the FE-SEM analysis. The
corresponding high-resolution TEM (HR-TEM) image of the
MnO,-NTs [Fig. 1(b)] and the spot SAED pattern [inset,
Fig. 1(b)] confirm the highly single crystalline nature of the
MnO,-NTs. An average d-spacing of about 0.47 nm was
measured from the lattice resolved HR-TEM image, consistent
with the spacing between (200) planes. Fig. 1(c) shows the TEM
image of the as-synthesized graphene as a thin sheet-like
microstructure with a few folded portions. The SAED from the
graphene sheet shows ring pattern with dispersed bright
spots, unlike the symmetric hexagonal lattice normally
obtained for the single-layer graphene sheet.’* The observed
difference could be attributed to a few layers of graphene with
disorientation in the folded regions and defects.***® The TEM
images of both MnO,-NTs/MWCNTs (not shown) and MnO,-
NTs/graphene composites [Fig. 1(d)] reveal that the MnO,-NTs
were entangled with MWCNTSs or graphene sheets.

Fig. 2 displays the XRD patterns of the as-synthesized MnO,-
NTs, graphene, MnO,-NTs/Vulcan XC, MnO,-NTs/MWCNTs
and MnO,-NTs/graphene composite samples. The XRD pattern
[Fig. 2(a)] from pure MnO,-NTs shows sharp diffraction
features indicating the crystalline nature in agreement with
the SAED pattern [inset, Fig. 1(b)]. The individual diffraction
features from MnO,-NTs were assigned and matched the
a-MnO, phase with a tetragonal crystal system (JCPDS File No.
44-0141). The calculated lattice parameters of @ =9.781 A and ¢
=2.857 A also matched the reference value of @ = 9.785 A and ¢
= 2.863 A. The as-synthesized graphene shows a weak
diffraction feature of (002) crystal plane at 20 of 23.4°
[Fig. 2(b)] with a larger d-spacing of 3.7 A than that of

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 XRD patterns of (a) MnO,-NTs, (b) graphene, (c) MnO,-NTs/Vulcan XC, (d)
MnO,-NTs/MWCNTs and (e) MnO,-NTs/graphene composites.

graphite, 3.4 A. This increased d-spacing indicates the
presence of oxygen containing groups and/or structural defects
in the graphene.*® This is in agreement with the ring SAED
pattern obtained from the as-synthesized graphene [inset,
Fig. 1(c)]. The XRD patterns of MnO,-NTs/Vulcan XC, MnO,-
NTs/MWCNTs and MnO,-NTs/graphene composite samples
are shown in Fig. 2(c)-2(e), respectively. Due to the amorphous
nature of Vulcan XC, only diffraction features from MnO,-NTs
are observed from the MnO,-NTs/Vulcan XC composite. The
MWCNTs show characteristic diffraction features at 20 of 26°
and 44.7° for (002) and (100) planes, respectively, in the MnO,-
NTs/MWCNTs composite [Fig. 2(d)]. The MnO,-NTs/graphene
composite shows diffraction features from both MnO,-NTs
and graphene [Fig. 2(e)].

3.2 Electrochemical ORR activity and the charge transport
property of MnO,-NTs and composite electrodes

The mechanism of the ORR can be investigated by various
electrochemical methods including CV. Two distinct ORR
mechanisms have been reported for the reduction of O, to
OH ™ and both the pathways compete with one another. These
two mechanisms are (i) a four electron process to combine
oxygen with electrons and protons directly (eqn (1)), when
coupled with oxidation at the anode, to produce water as the
end product and (ii) a less efficient, two step, two electron
pathway involving the hydrogen peroxide ion (HO, ) as an
intermediate (eqn (2)), followed by either two electron
reduction of HO,  (eqn (3a)) or disproportionation in the
reaction medium (eqn (3b))."> MnO, favours the four electron
ORR path and terminates the formation of corrosive per-
oxide.>>?”

0, + 4H' + 4~ — 2H,0 (1)
0, + 2H,O0 + 2e~ — HO, + OH™ (2)
HO, + H,0 + 2¢~ — 30H (3a)
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Fig. 3 Cyclic voltammograms of (a) the as-synthesized MnO,-NTs, (b) MnO,-
NTs/Vulcan, (c) MnO,-NTs/MWCNTs, and (d) MnO,-NTs/graphene composites
in air saturated 1 M KCl solution.

2HO,  — 40H + 0, (3b)

The electrochemical ORR activity of the as-synthesized
MnO,-NTs and composite catalyst coated carbon paper was
studied by performing CV in air-saturated 1.0 M KCl solution.
All the composite catalysts (MnO,-NTs/Vulcan XC, MnO,-NTs/
MWCNTs and MnO,-NTs/graphene) including the as-synthe-
sized MnO,-NTs showed a distinct oxygen reduction peak near
—0.4 V, as shown in Fig. 3. This oxygen reduction peak is due
to the insertion of a proton into MnO, as per the following

(eqn (4))."°

MnO, + H,O + e — MnOOH + OH™ (4)

The exact oxygen reduction peaks for the as-synthesized
MnO,-NTs, MnO,-NTs/Vulcan XC, MnO,-NTs/MWCNTs and
MnO,-NTs/graphene composites were found at —0.429 V,
—0.425V, —0.413 Vand —0.397 V, respectively. The shift of the
oxygen reduction peak towards a less negative potential is
attributed to a decrease in the overpotential, which improves
the ORR activity of the respective catalyst. In addition, the
reduction peak currents for the MnO,-NTs/graphene were
found to be 1.57, 4.5 and 7.32 times higher than that of MnO,-
NTs/MWCNTs, MnO,-NTs/Vulcan XC, and as-synthesized
MnO,-NTs, respectively. The observed higher current and low
negative potential for the ORR is due to the large active surface
area, low diffusion resistance to protons and easy electrolyte
penetration through MnO,-NTs/graphene, making it the best
composite catalyst among these three composites prepared in
the present work. Again the separation between the cathodic
and anodic peaks was found to be the maximum for the as-
synthesized MnO,-NTs (0.69 V) and the minimum for MnO,-
NTs/graphene (0.613 V). This is an indication of a change in
reversibility of the electrode materials. The minimum peak
separation indicates less irreversibility of the MnO,-NTs/

RSC Adv., 2013, 3, 7902-7911 | 7905
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Fig. 4 Nyquist plots of the bare, as-synthesized MnO,-NTs and composites
coated carbon paper electrodes in 1 M KCl.

graphene composite, followed by the MnO,-NTs/MWCNTs
(0.652 V) and MnO,-NTs/Vulcan XC (0.686 V) electrodes.

EIS analysis is extensively used to evaluate the charge
transport behaviour of electroactive materials at the electrode/
electrolyte interface. Generally Nyquist plots (imaginary
component vs. real component of impedance) are utilized to
study the interfacial electrochemical properties of the elec-
trode. Fig. 4 shows the Nyquist plots of bare and different
electrocatalysts coated carbon paper electrodes. All the plots
have a well defined semicircle in the high frequency range,
followed by a straight line in the lower frequency region.
Charge transfer resistance (R.) of each electrode can be
obtained from the diameter of the semicircles.*! The R, value
is directly related to the interfacial interaction between the
catalyst and reactant or electrolyte. The measured R value is
found to follow the order of bare carbon paper (107.29 Q) > as-
synthesized MnO,-NTs (33.03 Q) > MnO,-NTs/Vulcan XC
(25.95 Q) > MnO,-NTs/MWCNTs (14.43 Q) > MnO,-NTs/
graphene (8.61 Q) electrode. A smaller R value from the
MnO,-NTs/graphene electrode indicates the excellent charge
transport. This faster electron transport increases the oxygen
reduction rate in accordance to the highest reduction current
obtained from the MnO,-NTs/graphene composite (Fig. 3). A
smaller R. is also responsible for the decrease in ORR
overpotential for the MnO,-NTs/graphene composite. The
higher ORR activity and better charge transport property from
the MnO,-NTs/graphene composite is considered to be due to
the two-dimensional platform structure of graphene, making it
an excellent supporting matrix for MnO,-NTs with much
higher connectivity as compared to the spherical carbon
particle (Vulcan) and one-dimensional MWCNTs. The gra-
phene related compounds also have high adsorption abilities
and are expected to be a good choice for adsorbent materials
with the catalyst.*> Furthermore, the excellent electronic
conductivity of graphene, bestowed by its 2D planar n-con-
jugation structure,*>** can effectively transfer electrons to the

7906 | RSC Adv., 2013, 3, 7902-7911
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MnO,-NTs on which the electrochemical reduction of oxygen
occurs, thereby improving the electrochemical performance.

3.3 Power generation from sMFC with a MnO,-NTs loaded
carbon composite cathode

Each batch cycle of the SMFC test was carried out for 36 h (2
h). Initially the anaerobic anodic chamber of sMFC was fed
with synthetic acetate wastewater without inoculation for 24 h.
The pH of the wastewater was adjusted to 7.0 + 0.1. An anodic
half-cell potential of 192 + 7 mV with respect to the Ag/AgCl
reference electrode was recorded and no current was recorded
during the absence of inoculum, implying the lack of biotic
reaction in the anode chamber. Inoculation of the anodic
chamber was carried out using an anaerobic consortia
collected from the bottom sludge of the IIT Kharagpur septic
tank. During the adaptation period (i.e. after inoculation), the
SMFC was operated in a close circuitry configuration in fed-
batch mode at ambient temperature (34 + 2 °C). After
inoculation, the anodic half-cell potential began decreasing
owing to the donation of electrons to the anode by
anodophiles and it reached at a plateau of about —289 + 7
mvV (vs. Ag/AgCl) against an external resistance of 100 Q for all
the MFCs. After 4 cycles, a stabilized performance of the
anodic half cell was achieved.

With a stabilized anodic half-cell, the cathodic half-cell
potential was measured with the different composite electro-
des prepared in the present work. The effect of the MnO,-NTs
loading to carbon on the power generation in sMFC was
studied by loading 0, 0.03, 0.1, 0.3 mg cm > MnO,-NTs in
Vulcan XC. A distinct difference in the cathodic half-cell
potential was documented with different catalyst loading
(MnO,-NTs) in the air cathode of SMFC. The sMFC cathode
with only Vulcan XC [without MnO,-NTs ie. catalyst-free]
produced a maximum volumetric power density (Pg,max) Of
0.57 W m ™. Upon loading 0.03, 0.1 and 0.3 mg cm™ > MnO,-
NTs into Vulcan XC, the Pg,ax Of the SMFC was increased to
0.93, 1.77 and 2.2 W m >, respectively (ESLt Fig. S3 and Table
S1). By increasing the MnO,-NTs catalyst quantity in the
Vulcan XC from 0 to 0.1 mg cm ™2 a substantial enhancement
(more than twice) of the Pg,max is shown. However, increasing
the MnO,-NTs quantity from 0.1 to 0.3 mg em 2 Py,max
improved by only 24.29%. The maximum open circuit
potential (OCP), Cr and COD removal efficiency were
measured and found to be increased, whereas the internal
resistance decreased with increasing the MnO,-NTs loading
into Vulcan XC (ESLt Table S1). We conclude that the MnO,-
NTs content in the composite electrode significantly affects
the power generation performance in the sMFC. The decrease
in the internal resistance with MnO,-NTs loading is attributed
to the higher oxygen reduction kinetics at the cathode surface.

The sMFC performance of the MnO,-NTs/Vulcan XC
composite was then compared with the MnO,-NTs/MWCNTs,
MnO,-NTs/graphene (with a fixed 0.3 mg cm™> MnO,-NTs
loading) and benchmark Pt/C (with 0.3 mg cm™> Pt loading)
composites, and shown in Fig. 5. Polarization studies were
performed after the SMFC reached a steady maximum in their
OCP. The corresponding polarization curves of the SMFC, as
shown in Fig. 5, were obtained by varying the external
resistance from 30 Q to 90 kQ. It was observed that the

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Polarization plots for sMFC (power density and DC voltage as a function
of current density) with different air cathodes (a) MnO,-NTs/Vulcan XC (b)
MnO,-NTs/MWCNTs, (c) MnO,-NTs/graphene, and (d) Pt/C composites. The
power density and voltage data points are presented as solid and open symbols,
respectively. A fixed quantity of catalyst (0.3 gm/cm? MnO,-NTs or Pt) was
loaded onto different carbon supports for comparison.

presence of MnO,-NTs in the cathode induced a maximum
OCP (754 mV) and higher Py, pax (~2.2 W m ™) than that of the
catalyst-free cathode (only Vulcan XC) with OCP (677 mV) and
Paymax (~0.57 W m™?) as presented in Table 1. The power
generation was found to decrease with an increase in external
resistance indicating typical fuel cell behaviour. In addition,
the potential drop was found to be very rapid at lower external
resistance for sMFC with the catalyst-free cathode. When
Vulcan XC was replaced with MWCNTs or graphene, an
improvement in power generation was clearly observed as the
Pg,max Of the former and latter were 3.94 W m > and 4.68 W
m™?, respectively. This may be attributed to the better
electrical conductivity properties of the MWCNTs and gra-
phene, as compared to Vulcan XC. To confirm this, an internal
resistance was estimated using the current interruption
method and it was measured to be 172, 108, 97, 85 and 75 Q
with catalyst-free, MnO,-NTs/Vulcan XC, MnO,-NTs/MWCNTs,
MnO,-NTs/graphene and Pt/C cathode catalyst, respectively.
This decrease in the internal resistance is in agreement with
the R.. measured from the impedance spectra (Fig. 4). The
SMFC with benchmark Pt/C cathode generated a Pg,max 0f 5.67
W m™? which is ~21.15% higher than that of the MnO,-NTs/
graphene composite cathode. This result showed that the Pt/C
cathode could be replaced with the MnO,-NTs/graphene
composite because of its high performance-to-cost ratio
(discussed later). The larger surface area, better electronic

View Article Online

conductivity and lower production-cost of graphene than that
of MWCNTs make it a suitable candidate among different
forms of carbon.?® It is important to note that both the MnO,-
NTs/MWCNTs and MnO,-NTs/graphene composite cathode
show a significantly higher power generation ability than that
of the electrochemically synthesized MnO, cathode (0.772 W
m™?),"* hydrothermally synthesized MnO, coated CNTs (2.54
W m*),'® and hydrothermally synthesized MnO, (8.0 + 0.2
mg em” > loading) with graphite as the conductive support
(0.466 + 0.019 W m™?).>®* However, Wen et al. reported a 2.22
times higher Pg,may (10.42 W m™%) than that of the present
work using birnessite-type MnO, nanoparticles loaded gra-
phene.” This is due to a ~14 times higher loading of MnO,/
graphene (5 mg em™?) in comparison to the present work i.e.
0.35 mg cm > of MnO,-NTs/graphene loading. The lower
Pg,max (taking loading into consideration) obtained by Wen
et al. can be attributed to the birnessite-type MnO, nanopar-
ticles, which is known to show a poorer ORR activity than that
of a-MnO,.*> The high Py, Obtained in the present work can
therefore be attributed to the combined effect of the «-MnO,
phase, NTs morphology, high crystallinity and superior
electrochemical properties (ORR activity and excellent charge
transport).

The power generation from sMFC is also influenced by the
change in cathodic potential with respect to the OCP. In the
case of the catalyst-free cathode, the more rapid decrease in
cathodic potential from the OCP suggests poor reaction
kinetics. The current density of cathodic half-cell is found to
follow the following order: Pt/C benchmark > MnO,-NTs/
graphene > MnO,-NTs/MWCNTs > MnO,-NTs/Vulcan XC >
catalyst-free electrode, at all the resistance values, indicating
their order of catalytic performance (ESIt Fig. S4). The
observed comparable current density from the MnO,-NTs/
graphene with Pt/C could be attributed to the high ORR
activity of MnO,-NTs and the superior electrical properties of
graphene.

The cathodic half-cell potential was also measured and
found to increase with time in the cases of the Pt/C and MnO,-
NTs based electrodes, which is in contrast to several other
cathodes where the cell potential decreases with time.*>*” This
signifies the importance of the MnO,-based catalyst which
behaves similarly to Pt/C. The increase in cathodic half-cell
potential can be attributed to the increase in the pH of the
catholyte in the presence of the cation exchange membrane
(CEM). This is because of the migration of other cations (such
as Na*, K") instead of protons in the catholyte.’>*” Recently,
Cheng et al. and Qian et al reported that MnO, shows
improved ORR performance in an alkaline condition.>**® The

Table 1 Effect of the different carbon supports on the MnO,-NTs based air cathode in the SMFC and a comparison with the benchmark Pt/C. A fixed quantity of
catalyst (0.3 gm/cm? MnO,-NTs or Pt) was loaded to the different carbon supports for comparison

SMFC with different cathode

Catalyst-free MnO,-NTs/Vulcan XC MnO,-NTs/MWCNTs MnO,-NTs/graphene Benchmark Pt/C

Maximum OCP (mV) 677 754
Max.volumetric Power density (W m™®) 0.57 2.2
Max. coulombic efficiency (%) 5.0 8.4
COD removal efficiency (%) 69.23 78.7
Internal resistance (Q) 172 108

This journal is © The Royal Society of Chemistry 2013

793 812 839
3.94 4.68 5.67
11.0 11.5 12.6
82.9 83.7 84.37
97 85 75
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pH imbalance is an obvious phenomenon in the case of MFC,
since most cation species were transported from the anode to
the cathode due to the concentration gradient. Another
possible reason of pH increase could be due to the production
of OH by water electrolysis (eqn (5)-(8)) at the cathode
surface during ORR, particularly in non-buffered environ-
ments in the systems with membranes.*® Although alkalinity
adversely affects the performance of several cathodes in a non-
buffered environment,*® the opposite trend in the present
work is attributed to the role of MnO,-NTs, which in turn
facilitates the ORR.”>”° Several research groups have reported
that MnO, shows an excellent catalytic property towards
oxygen reduction in an alkaline medium. Cao et al. reported
that the reduction of oxygen on an MnO, electrode in alkaline
medium undergoes an efficient four electron pathway rather
than a two electron pathway.>® The ORR is achieved by the
oxidation of Mn(111) species, generated from the auto-discharge
of MnO, and the steps can be represented as the following®

MnYO, + H,0+e” == Mn"0OOH + OH ~ (5)
2Mn"OOH + 0, == 2(Mn"YOOH.0 ) (6)
(Mn"VOOH.07) + e~ — Mn"0, + OH™ (7)

A combination of eqn (5), (6) and (7) gives the four electron
reduction of molecular oxygen as

0, + 2H,0 + 4e~ — 4 OH™ (8)

The electroreduction of MnO, (Mn"") to MnOOH (Mn*")
(eqn (5)) (not Mn*") can be explained by the presence of a
reduction peak at ~—0.4 V in the cathodic sweep (Fig. 3).*°
This is further confirmed by the presence of an anodic peak at
~0.2 V responsible for the oxidation of MnOOH to MnO,
(Fig. 3).°° In the case of the two electrons ORR path, H,0, is an
intermediate product.”® In order to check the formation of
H,0,, we have taken a UV-vis absorption spectrum of
electrolyte collected after 20 cathodic sweeps. The collected
electrolyte did not show any peak at 325 nm for H,0O, in the
UV-vis spectrum (not shown) thereby confirming four elec-
trons ORR pathways and H,O, is not the major product.
Further study is needed to ascertain if H,0, formation occurs
at a very low-level.>"*®> We have also collected the XRD
measurement of o-MnO,-NTs after 20 electrochemical cycles
to observe any phase changes. The XRD pattern (ESI,} Fig. S5)
was found to remain matched to the o-MnO, indicating no
change in its phase after electrochemical cycles. The reduction
in the XRD peak intensity after electrochemical cycles was due
to a very small quantity of the MnO,-NTs sample, which was
collected by mechanically scratching the MnO,-NTs coated
carbon paper. The full-width-half-maximum of the most
intense (221) XRD peaks were measured to be 0.247° and
0.25° for MnO,-NTs catalyst before and after electrochemical
cycles, suggesting negligible change in the crystalline property.
The TEM image and spot SAED pattern (ESLt Fig. S6) further
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confirm no change in the microstructural and structural
properties of the MnO,-NTs catalyst after 20 electrochemical
cycles indicating its stability.

Fig. 6 shows a schematic of the process occurring in the
SMFC with the MnO,-NTs based cathode. The electrons are
generated at the anode due to the biodegradation of organic
waste (such as acetate) by exoelectrogen flow through the
external circuit to MnO,-NTs based cathode, where it electro-
chemically reduces O, into OH  in the process producing
electricity.

Fig. 7 shows the Cg (%) as a function of batch cycle with
different air cathodes in the sMFC. The performance of all the
air cathodes in the SMFC was found to be improved with the
duration of operation and became stable after about 4 to 5
cycles of operation. The Cg (%) of the Vulcan XC cathode
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Fig. 7 Coulombic efficiency (%) of sMFC as a function of batch cycle with (a)
catalyst-free, (b) MnO,-NTs/Vulcan XC, (c) MnO,-NTs/MWCNTSs, (d) MnO,-NTs/
graphene, and (e) Pt/C composite cathodes. Each batch cycle was 36 h (+2 h).
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(catalyst-free or MnO,-NTs-free) was estimated to be about
5.0%, and it significantly increased to about 8.72% for the
MnO,-NTs/Vulcan XC composite suggesting the superior
catalytic behaviour of the MnO,-NTs for the sMFC. The Cg is
further increased to ~11.0%, ~11.5% and ~12.6% for MnO,-
NTs/MWCNTSs, MnO,-NTs/graphene and Pt/C composite cath-
odes, respectively.

3.4 Wastewater treatment

MFC is documented as an effective wastewater treatment with
simultaneous power generation.” The efficiency of sMFC
suggests the COD removal from wastewater treatment. High
COD removal (utilizing substrate/waste) enumerates the
effective function of mixed microflora in the wastewater
treatment. The COD removal in sSMFC increased with MnO,-
NTs loading in Vulcan XC and showed the highest stable COD
removal of 78.70% with 0.3 mg cm™> MnO,-NTs (ESLt
Table 1). MnO,-NTs/MWCNTs and MnO,-NTs/graphene
showed a further increase of COD removal ability to 82.9%
and 83.7%, respectively, which are close to the COD removal
ability 84.37% of the benchmark Pt/C catalyst (Table 1). As the
Cg is directly related to the wastewater treatment, the highest
Cg obtained from the sSMFC with MnO,-NTs/graphene compo-
site cathode (~11.5%) was also close to the benchmark Pt/C
cathode (~12.6%), suggesting that the MnO,-NTs loaded
composite plays an important role in cathodic reduction
which in turn enhances the anodic oxidation kinetics."
Acetate utilization reaction using exoelectrogen is represented
below (eqn (9)).

microbial .oxidation
ikttt

CH3COO ™ +4H,0 2HCO3;™ +9H™" +8¢™

©
W ® © o ®
_[CPoPlE
RV (10)

The higher consumption of electrons and protons in the
SMFC is considered to be a reason for the improved COD
removal during wastewater treatment and energy output
through the bioelectrochemical system.

3.5 Cost estimation of cathode catalysts

General cost estimates were made for the MnO,-NTs/graphene
composite cathode based on the retail cost of the materials
used to manufacture it. The cost of the commercially prepared
cathode with Pt loading was simply the retail cost. While the
maximum manufacturing cost (including electricity consump-
tion) of pure MnO,-NTs, graphene, and MnO,-NTs/graphene
composite (with ~70% MnO,-NTs loading) per gram were
$3.84, $2.38, and $3.51 respectively, the price of benchmark Pt/
C (with 10% Pt loading) was $26 dollar per gram (SIGMA, USA).
Therefore, the cost of the benchmark Pt/C cathode catalyst is
about 50 times higher than that of the MnO,-NTs/graphene
composite with an equal loading of MnO,-NTs. This suggests
that the incorporation of MnO,-NTs as a catalyst instead of
expensive Pt in the cathode of SMFC has a high potential to
realize MFC for commercial applications.

This journal is © The Royal Society of Chemistry 2013
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4. Conclusions

The present study demonstrates a simple hydrothermal
synthesis of single crystalline o-MnO,-NTs and its similar
behaviour to Pt as a catalyst for ORR in the SMFC air cathode.
With increasing the MnO,-NTs loading into the carbon matrix
(Vulcan XC), the performance of the sSMFC is found to improve
in terms of OCP, Pg,max, Ce, COD removal and low resistance.
Among the different carbon supports, graphene was demon-
strated to be the best with the MnO,-NTs/graphene composite
showing the highest SsMFC performance matching the bench-
mark Pt/C. Furthermore, MnO,-NTs based cathode catalysts
increase the alkalinity of the SMFC cathode, similar to that of
Pt/C. The low cost-to-performance ratio of the MnO,-NTs/
graphene composite in the sMFC exhibits a greater potential to
replace Pt as a cathode catalyst for MFC applications in large-
scale wastewater treatment plants for efficient substrate
removal and high power output.
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