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Abstract

Non-precious metal catalysts are needed for the commercialization of microbial fuel cells (MFCs). Therefore, in this work,
we synthesized the cost-effective LaCoO;, LaMnO;, and LaCo, ;Mn,, ;O perovskite-type oxide nanoparticles, as cathode
catalysts, and replaced them by the platinum (Pt) cathode. The high electro-catalytic efficiency of the perovskite catalysts
was determined by the linear sweep voltammetry, Tafel plot and electrochemical impedance spectroscopy analyses.
The maximum power density obtained by the LaMnO; was determined to be higher than 13.91 mW m~2, which is more
than twice as high as that obtained by the carbon cloth cathode under identical conditions. Also, the maximum power
density of MFC with the modified electrodes was more than twice as high as that of the pristine cathode and 5.2% lower
than Pt. Therefore, the prepared perovskite-type oxide nanoparticles can be used as efficient catalysts for the oxygen
reduction reaction (ORR) in a two-chamber MFCs.
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1 Introduction

Microbial fuel cell (MFC) technology has the incom-
parable potential for the electricity production from a
broad range of wastewaters. The electrode limitations
are among the most important drawbacks, which lim-
its the practical application of MFC technology [1, 2].
The cathode as a destination for electrons and protons
is the major limiting factor for the current generation.
Also, the cathode price is crucial in total cost of MFCs. In
fact, the main limitation of the cathode is related to the
slow reaction kinetics of the oxygen reduction. The use
of economical cathode catalysts to improve the electro-
catalytic properties has frequently been studied in the
literature [3].

Among abiotic cathodes, three main groups can be
classified into three main categories: carbonaceous mate-
rials, platinum group metal (PGM) and Platinum group
metal-free (PGM-free) catalysts. PGM-free materials based
on the combining of transition metals such as Fe, Co, Mn,
V, and Ni have been used as cathode catalyst [4-7]. Recent
research shows that transition metals and their oxides
due to abundant availability on the earth, high durability,
low cost and high activity exhibited remarkable catalytic
activity for ORR in MFC [7-9]. Since transition metals are
known to have a considerable electrochemical activity,
these results imply that the bi- or tri-metallic oxides show
excellent catalytic activity towards ORR [10-12].

It has been proposed that the perovskites as the bime-
tallic oxides, belonging to ABO; category can be used
as low-cost catalysts for the oxygen reduction reaction
(ORR) due to their very fast-charge and -discharge abil-
ity [13, 14]. The best performance on the ORR activity is
obtained by the lanthanum (La) as the A-site cation. The
different valence states of B-site cation, and therefore,
the multiplicity redox couples of catalysts enhance the
activity of the perovskite-type catalysts used in the ORR
[15]. Based on some new studies, it has been revealed
that perovskite-carbon nanocomposites are good can-
didates for the ORR in MFCs [16, 171].

This article is focused on the synthesis and characteri-
zation of bimetallic Co-Mn oxides with La-based perovs-
kite oxides, LaXO; (X=Co, Mn, and Co, sMn, 3), structure
to achieve cobalt and manganese redox couples as ORR
catalysts used in the cathode of MFC. The electro-catalytic
properties of La-based perovskite oxides were investigated
in 50 mmol I"! phosphate buffer solution as an electrolyte
(pH=6.8) at 28+ 2 °C.The electrochemical tests were done
through linear sweep voltammetry (LSV) and Tafel plots.
Furthermore, the internal resistance of the MFC in the
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presence of the LaMnO; coated cathode was determined
by the electrochemical impedance spectroscopy (EIS).

2 Experimental
2.1 Catalysts synthesis and characterization

La, Mn and Co nitrates were used in the stoichiometric
amount to synthesize the LaXO; catalysts using the sol-gel
method. At first, 3.5 mmol of La(NO;);-6H,0 and 3.5 mmol
of Mn(NO;),-4H,0 for LaMnO; (LM) [18]; 3.5 mmol of
La(NO;);:6H,0 and 3.5 mmol of Co (NO;),-6H,0 for LaCoO;
(LC) [19]; and 3.5 mmol of La(NO;);-6H,0, 1.75 mmol of
Mn(NOj3),-4H,0 and 1.75 mmol of Co(NO;),-6H,0 for
LaMn, sCo, 505 (LMC) were added to heated propionic
acid solution. Then, the obtained uniform solutions were
refluxed to obtain a gel. The solutions were dried at 80 °C
for 48 h and the resultant materials were calcined at 750 °C
for 4 h under air atmosphere [20]. The Philips X-ray dif-
fractometer PW 3710 equipped with Cu Ka, radiation
(A=0.154 nm) was used for the evaluation of the crys-
talline structure of the synthesized catalysts (step scan
range=10<26<90° scan rate=0.02° min~" at 28+ 2 °C).
The X'Pert high score plus 2.2b software was used for the
identification of various phases of XRD patterns. The mor-
phology of the catalysts was studied by Cambridge 1990,
S 360 scanning electron microscopy (SEM).

2.2 Electrode fabrication

The carbon cloth (the tensile strength of 3530 MPa,
205+ 15 microns thick) was used as the MFC electrodes
with the projected surface area of 32 cm? (plain, T-300,
Toray). The cathode catalysts of 10% catalyst/Carbon were
coated in carbon cloth (0.5 mg of Pt or La-based perovskite
catalysts per 1 cm? of the cathode surface area) (Pt parti-
cle size 0.5-1.2 um, Sigma-Aldrich). The catalyst paste-like
mixture was prepared by 0.83 pl of deionised water (DI
water) and 6.67 pl of binder solution (polytetrafluoroeth-
ylene 60 wt%, Sigma-Aldrich) for every 1 mg of catalyst/
Carbon and sonicated and brushed on the carbon cloth
(CC) at room temperature for 24 h.

2.3 MFC tests

The two chamber MFC was constructed using two cubic
plexiglass chambers (10 cmx6 cm x6 cm) with the
approximate working volume of 450 ml. The Nafion-117
(Sigma Aldrich) was used as a membrane. Prior to use,
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the membrane and electrodes were regenerated and
then the cathode was coated by the catalysts. The oxy-
gen was injected to the cathode compartment as an
electron acceptor (rate=2.5 | h~"). The carbon cloth was
used as the MFC anode without the catalyst layer. The
anolyte was 0.5 g I' sodium acetate and 2.5% MH (Muel-
ler-Hinton) medium at pH =8.The MH medium contains
0.5 g glucose I™', 10 g yeast extract I™', 2.5 g peptone I,
20.25gNaCl ™", 1.75 g MgCl, 1", 2.40 g MgSO, "', 0.5 g
KCI17',90 mg CuCl, I"", and 6.5 mg NaBr I". The anolyte
was inoculated with the pure culture of Shewanella Sp.
IBRC-M 4029.

2.4 Electrochemical measurements

Electro-catalytic performances of the prepared catalysts
were evaluated using LSV and Tafel plots after 7 days.
Open circuit voltages were measured using a 289 Fluke
true RMS multimeter every 20 min and the polariza-
tion curves before the electrochemical tests were also
obtained. The performance of an MFC was evaluated
through the power output as described elsewhere
[21]. LSV and EIS experiments were performed by using
an Autolab, PGSTAT30 potentiostat/galvanostat. The
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Fig. 1 XRD patterns of LM, LMC and LC

electrochemical analysis of the cathode was character-
ized using a three-electrode mode [22].

3 Results and discussion
3.1 Characterization of the catalyst

The crystalline phases of the prepared perovskites were
studied by X-ray diffraction spectroscopy (XRD) analyses
(Fig. 1). The major peaks of the LC at 26=27.04, 38.27,
38.86,47.62,48.42,55.73,62.00, 63.40, 69.17,69.75, 70.79,
82.26 and 83.46 indicate a rhombohedral arrangement
with the space group R3C (powder diffraction file No.
01-084-0848). Another set of peaks at 26=22.82, 32.47,
40.09,46.72,52.65,58.15,68.29 and 77.65° belong to cubic
LM with the space group Pm3m (powder diffraction file No.
01-075-0440) [23]. The XRD spectrum of the LMC shows
an orthorhombic crystal structure with the space group
Pbnm. According to the obtained results listed in Table 1,
the perovskite-type structure was preserved after the par-
tial substitution of Mn into the pristine structure of LC. In
fact, the perovskite oxides can easily accept dopant cati-
ons and have high tolerance to changes upon the addition
of either A or B cations.

A Field emission scanning electron microscope (FESEM)
images are shown in Fig. 2. Accordingly, the porous par-
ticles are around 30-72 nm. The obtained LM and LMC
particles became more agglomerated, which indicate the
smaller particle size in comparison with LC. These findings
are also in good agreement with the XRD results. The XRD
peaks of LM and LMC are broader than the corresponding
XRD peaks of LC, which can be indicative of the smaller size
of the LM and LMC particles. The distributions of the local
composition of LMC has examined by the Energy-disper-
sive X-ray spectroscopy (EDS) technique. The EDS results
(as shown in Fig. 2g) indicate the incorporation of the ele-
ments La, Mn, Co and oxygen into the LMC composition.
According to the EDS results, the LMC composition is stoi-
chiometric and impurity elements were not observed.

3.2 Electrocatalytic activity of the synthesized LM
catalyst

The electrochemical activities of the electrodes (carbon
cloth, carbon cloth coated with LM catalyst as the most

Table 1 Phase identification

Perovskite PDF no. Crystal structure Space group (no.) a(h) b (A) c(A)
and symmetry from X-ray
diffraction patterns LC 01-084-0848  Rhombohedral R3c (167) 53778 53778 53778
LM 01-075-0440 Cubic Pm3m (221) 3.88 3.88 3.88
LMC 01-072-1186 Orthorhombic Pbnm (62) 5.5250 5.5300 7.8190
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Fig.2 FESEMimagesofa, b LC
and approximation of particle
size of LC, ¢, d LM, e, f LMC and
g EDS results of LMC
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Fig. 3 aTafel plots of O, (from air) reduction obtained in phosphate
buffer at scan rate 1 mV S™' and the inset is the linear fit for the
overpotential from 50 to 125 mV. b Line sweep voltammograms of
O, (from air) reduction obtained in phosphate buffer at scan rate
1TmvSs™T

efficient synthesized catalyst and Pt) in a phosphate buffer
(pH=6.8) were investigated by LSV and Tafel plots (Fig. 3).
According to LSV results, the significant electrochemical
reaction was not observed for the pristine cathode in the
selected potential. The redox characteristic of pristine
carbon cloth was improved by LM as shown in Fig. 3a, b.
The LM/CC showed good catalytic activity to the ORR com-
pared with the Pt/CC and CC cathodes.

Three different reduction peaks were observed in the
LSV results of the CC and LM/CC cathodes. However, the
current peak resulted by the LM/CC was higher than the
other peaks, which is because of the facilitating effect on
the ORR via the proposed 4-electron pathway mechanism
of La-based perovskite oxide catalysts in the literatures
[25]. Based on literature, perovskite type oxides are known

for promising ORR catalytic activity because of their fly-
wheel effect [26].

4electron pathway mechanism of Pt catalyst lead
to strong kinetic activity of ORR and 2electron ORR of
CC result into mild kinetic activity. According to Yu and
Wang studies [22], the La-based perovskite like LM may
catalyze ORR by hybrid pathway near to 4electron. This
could be confirm the LSV results.

The kinetics of charge transfer over-potentials was
described by Tafel analysis based on Bulter-Volmer
equation. At an electrode at equilibrium, the exchange
current density (jo) is a crucial parameter in the rate of
electro-reduction or electro-oxidation of chemical spe-
cies (Eq. 1) [27]. For cathodic reaction:

loglj| = log |jo| — a.(nF/2.303RT) m

where j is the total current density, o is the cathodic Tafel
slope and n is the over-potential. j, can be determined
over the linear region of the Tafel plots (over-potential
from 50 to 125 mV) as shown in Fig. 3a. The exchange cur-
rent densities of 1.001 and 1.039 A m~2 were calculated for
CC and LM/CC, respectively. At equilibrium, j, represents
the rate of exchange between the product and reactant.
A higher value of j, means a faster reaction rate. There-
fore, the higher exchange current density of the fabricated
LM/CC indicates a faster reaction rate at the electrode in
comparison with the CC electrode. Thereby the LM can
be considered as the suitable cathode catalyst in MFCs
[22]. Gasteiger et al. [24] have reported the highest ORR
activity of perovskite oxide catalysts correlate to g occu-
pation of transition metals in B site. Moderate ey filling in
LM (Mn, eg:1) can lead to high activity of ORR. The high
current reduction peak and high value of j, of LM/CC can
be resulted from rate-limiting step in proposed ORR mech-
anism [28].

Owing to the superiority of the prepared LM cata-
lyst, the EIS analysis was used to investigate the effect
of internal resistance (R;,) on the MFC performance in
the presence of LM/CC cathode in comparison with the
pristine cathode. The Nyquist plots are shown in Fig. 4.

The Randles equivalent circuit (Fig. 5) consists of Rg
(an electrolyte solution resistance) in series with the par-
allel circuit of a Cy, (double-layer capacitance) and an
impedance of a faradaic charge-transfer reaction (includ-
ing an active charge transfer resistance R, and the War-
burg element) [29]. The Nyquist plots of both LM coated
and bare cathodes represent a charge transfer resistance
(R at the electrode/electrolyte interface (diameter of
the semicircle) [30]. As can be observed in Fig. 6, the R,
of the LM/CC was remarkably smaller than that of the
CC, which shows the faster electron transfer rate of the
modified coated cathode in comparison with the pristine
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Fig.6 Potential-time curves of MFC utilizing LM perovskite elec-
trode and bare carbon cloth as a cathode versus Ag/AgCl reference
electrode
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electrode [30]. These results are in agreement with the
Tafel results.

Figure 6 shows the cathode electrode potential versus an
Ag/AgCl reference electrode (RE) plotted against discharge
time. The higher potential in the plot represents the cata-
lytic performance of the LM perovskite catalyst. According
to Fig. 6, the more potential 147.7 V versus RE of the LM/CC
cathode compared to 117.5 V versus RE of the bare cath-
ode demonstrates an acceptable electro-catalytic activity
of the modified LM perovskite cathode, which is in accord-
ance with the LSV results. According to the electro-chemical
results, it seems that the low-cost La-based perovskite-type
nanocatalysts, especially LM ones, are suitable to be used as
cathode catalysts in MFCs [22].

3.3 Performance in MFCs

The maximum power density of the pristine electrode was
improved by the perovskite oxide catalysts. The power den-
sity curve of the different catalysts as a function of current
density is shown in Fig. 7a. The high power density observed
for the perovskite oxide catalysts is indicative of their excel-
lent catalytic activities. As expected, the maximum power
densities were achieved by MFC with the catalysts in the
order of LM (13.91 mW m™2, 120% compare to CC), LMC
(8.78 mW m™2, 39% compare to CC), LC (6.99 mW m2, 11%
compare to CC) and the pristine cathode (CC) (6.30 mW m™).
The maximum power density of the LM perovskite oxide-
based MFC was about two times higher than that of the
carbon cloth-based MFC. Table 2 shows the comparative
results obtained from MFCs. The voltages measured during
the current generation are plotted in Fig. 7b.

The order of the internal resistance for the fabricated MFCs
with different cathode electrodes is CC>LC>LMC>LM.The
decrease of the internal resistance may be due to the fact
that the La-based perovskites, especially LM, have a great
effect on the decrease of the activation energy of ORR at
neutral medium, which improves the perovskite catalyst
reaction [22]. Moreover, the electro-catalytic activity of the
perovskites is definitely correlated with the charge of the
transition metal cation and its valence state during the ORR
[24]. The performance of the studied La-based perovskite
catalysts are compared in Fig. 8. Accordingly, the modifica-
tion of the cathode leads to the increase of the maximum
power density of the MFC by 10% and 120% for the LC and
LM, respectively. Also, the current density output increases
by 14% and 134% for the LC and LM, respectively, while the
internal resistance decreases by 29% and 54%.
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Table 2 Internal resistances, maximum power densities, maximum
current densities and open circuit voltages (OCVs) at steady state
(SS) condition of the MFCs

Perovskite cc LC/CC LMC/CC  LMm/CC Pt/CC

MPDP (mW m™?) 6.30 6.99 8.78 13.91 14.63
MCD¢ (mA m™2) 47.25 53.85 80.46 110.79 117.18
MVE (mV) 592.15 613.84 63430 656.24 689.31
IR (Qm™2) 11.69 8.23 6.78 539 4.52
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Fig.8 An column/bar diagram of the obtained results of the MFC
with La-based perovskite catalyst in comparison with bare and Pt-
coated carbon cloth cathode

4 Conclusion

The La-based perovskite-type oxide nanoparticles were
synthesized and examined for their catalytic behavior in
a dual-chambered MFC as cathode catalysts. The struc-
ture and morphology of the synthesized La-based per-
ovskite catalysts were studied by XRD and FESEM. Also,
their electrochemical properties were investigated by
LSV, EIS and Tafel plots in the phosphate buffer solu-
tion at pH=6.8 and 28 £ 2 °C. According to the obtained
results, the electrocatalytic activity of the carbon cloth
coated La-based perovskite oxides towards the ORR
increased and a higher power production was observed.
Furthermore, it was shown that the LM/CC as an efficient
cathode catalyst for the ORR in a dual-chamber MFCs,
exhibits a maximum power density of 13.91 mW m~2,
120% higher than CC.

It has been estimated that the cost of LaXO; (X=[Co,
Mn, Co,sMn,]) is in average 0.05 $g™' in compare
to~18 $g~' Pt. Thereby MPDs of LaXO; compared to Pt
is speculated to be 4.1 mWm™2$7" to 0.16 mWm=2 $7".
Therefore, it can be concluded that due to the low-cost,
easier preparation method and excellent electrocatalytic
activity, La-based perovskite catalysts, especially the pre-
pared LM nanoparticles, can be considered as a cathode
catalyst in MFCs.

The future Studies will include the investigation of
ORR activity of La-based perovskite catalyst with different
transmition metals in B site.
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