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Abstract

The oxygen reduction reaction at a manganese dioxide cathode in alkaline medium is studied using cyclic voltammetry and by measurin
volume of oxygen consumed at the cathode. The performance of the manganese dioxide cathode is also determined in the presence of fi
and an alkali mixture with a standard Pt/Ni anode in a flowing alkaline-electrolyte fuel cell. The fuels tested are methanol, ethanol and sodium
borohydride (1 M), while 3M KOH is used as the electrolyte. The performance of the fuel cell is measured in terms of open-circuit voltage
and current—potential characteristics. A single peak in the cyclic voltammogram suggests that a four-electron pathway mechanism prevail
during oxygen reduction. This is substantiated by calculating the number of electrons involved per molecule of oxygen that are reacted at th
MnO, cathode from the oxygen consumption data for different fuels. The results show that the power density of the fuel cell increases with
increase in Mn@loading to a certain limit but then decreases with further loading. The maximum power density is obtained at-3 mig cm
MnO, for each of the three different fuels.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction a major concern for commercial applicatigd. It is well
known that the kinetics of oxygen reduction are superior in

There has been a reawakening of interest in the alkalinean alkaline solution compared with those in acidic media
fuel cell[1]. Although this fuel cell suffers from a disadvan- [5]. Manganese dioxide has been found to be an alternative
tage related to the formation of carbonate in the presence ofelectrocatalyst for oxygen reduction in alkali medium. This
COy, the problem may be tackled by using a flowing alkaline- reaction generally proceeds by either of two pathwidys
electrolyte desigi,3]. The electrolyte flowing from the fuel  namely:
cell can be retreated and recycled, and will also allow heat
recovery from the system. In the present investigation, the
use of manganese dioxide as a cathode catalyst in flowing
electrolyte design of alkaline fuel cell is systematically stud-
ied.

Noble metals such as platinum have played a key role as Oz + 2H,0 + 46 — 40H™ Q)
catalysts for the anodic and cathodic reactions in fuel cells.
While they offer the advantages of high catalytic activity, high
electronic conductivity and good stability, their high costs are

direct oxygen reduction to OHions, i.e., a four-electron
pathway:

or an oxygen reduction to HO ions, i.e., two-electron
pathway:
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with subsequent reduction of peroxide ion to Oldns, i.e., Ptloading, Electro-Chem-Technic, UK) acted as the standard
two-electron pathway: electrode throughout the study.
HO,™ + H,O + 26" — 30H" ©)) 2.2. Electrode preparation
Egs.(2) and (3)are collectively said to be a 2+2 electron  Manganese dioxide was first dispersed ultrasonically in
mechanisnj6]. the required quantity of Nafi¢hsolution for 30 min to ob-

Normally, manganese dioxide consists of manganese intain a cathodic slurry. The cathodic slurry was spread on the
lower valence states such as Mn(ll1ll), together with the carbon-paper in the form of continuous wet film, and then
dominant Mn(IV) state. Mao et d7], who represented itas  dried in an oven for 30 min at 8. The catalyzed carbon-
MnOy, studied many forms of manganese dioxide and found paper was pressed on to the nickel mesh with the Teflon dis-
thaty-MnOOH is highly catalytically active compared with  persion as a binder. The other surface of the nickel mesh
the other varieties, e.gy-Mn203, Mn30O4, MnsOg. Cyclic was covered with carbon paper, pressed at 60 kgfcamd
voltammetric investigations of different forms of MR@n 120°C for 10 min, and then sintered at 280 for 2 h. Finally,
the presence of oxygen and argon saturated in 0.1 M KOH 3 Teflon film was pressed on the uncatalyzed side of the car-
medium showed two reduction peaks. These were assignethon paper to form the cathode electrode. The Teflon-coated
[7] to the 2+2 electron mechanism discussed above. Yangside of the electrode was exposed to the air-side in alkaline
and Xu[4] synthesized non-porous, amorphous manganesefyel cell, and thereby prevented leakage of electrolyte to the
dioxide by means of an aqueous redox sol-gel route andair-side and allowed oxygen to permeate. The morphology of

studied its activity in the presence of oxygen- or nitrogen- the cathode was examined by scanning electron microscopy.
saturated KOH solution through cyclic voltammetry. Only

one reduction peak was observed and the workers pointed? 3. Experimental set-up and procedure
out[4] that a second peak could not be obtained because of
the limitation in the range of potentials that was adopted. The 2.3.1. Cyclic voltammetry
study also investigated the suitability of the prepared man-  The reduction of oxygen from air was studied in a sim-
ganese dioxide as an electrocatalyst for oxygen reductionple three-electrode cell that contained a platinum counter-
in 1M KOH. A current density of more than 100 mA crh electrode, an Ag/AgCl/saturated KClI reference electrode and
was achieved by a half cell when using a catalyst loading of the MnQ, cathode as a working electrode. The electrolyte
0.85 mg cnT2. To date, the influence of the fuel on the per- was 3M KOH solution. Cyclic voltammograms were con-
formance of manganese dioxide as a cathode has not beegucted with a PGSTAT 30, Autolab potentiostat. The exper-
examined. iments were performed in either nitrogen- or air-saturated
In the present study, the oxygen reduction reaction haselectrolyte over the potential ranged.8 to 0.0V at a scan
been studied at an Mnf@athode by means of cyclic voltam-  rate of 5mV s?i.
metry in presence of KOH solution saturated with air or nitro-
gengas. The Mngxathode is also used in a flowing alkaline-  2.3.2. Fuel cell experiments
electrolyte fuel cell and its performance is monitored with The manganese dioxide cathode was tested against a
air in the cathode side and fuel (methanol, ethanol or sodium standard anode in flowing alkaline-electrolyte fuel cell. A
borohydride) in the anode side. schematic diagram of the fuel cell is showrFiig. 1 A hol-
low cylinder containing the cathode attached to one side was
placed inside a beaker. The standard anode, Pt/Ni (Electro-

2. Experimental Chem-Technic, UK), was placed at the bottom of the beaker.
The space between anode and cathode was filled with the
2.1. Materials mixture of electrolyte (3 M KOH) and fuel (1 M). The solu-

tion was continuously agitated with a magnetic stirrer, which

A Nafion® (SE-5112, DuPont, USA) dispersion and was located on the perforated anode shield. The fresh fuel
Teflor® solutions (Dupont, USA) were used to prepare the and electrolyte mixture was continuously supplied and with-
cathode slurry and fixed it to Ni-mesh, respectively. Man- drawn from the cell at 1 mimint, and was maintained up
ganese(lV) oxide (Merck-Schuchardt, Germany) was usedto a certain level such that one side of the cathode was in
as the electrocatalyst for cathode. The mean particle sizecontact with fuel while the other side was exposed to air. The
of the manganese dioxide was [, as determined by  oxygen presentin the air acted as the oxidant and the fuel was
a particle-size analyzer (CILAS 120). Potassium hydrox- methanol, ethanol or sodium borohydride. The performance
ide pallets (Qualigen fine chemicals, India) were used for of the cathode was evaluated in terms of open-circuit voltage,
the preparation of electrolyte. Carbon-paper (Lydall 486C-1, short-circuit current and current—voltage-Y) characteris-
USA) was employed as the cathode substrate to support theics. The oxygen consumption at the cathode was measured
electrocatalyst. A perforated nickel sheet of 0.4 mm thickness by a gas-displacement method to provide information on the
served as the current-collector. A Pt/Ni anode (1.2mg€m  reaction mechanism.
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Fig. 1. Schematic diagram of flowing alkaline-electrolyte fuel cell: (1) Fig. 3. Cyclic voltammetric curves for MnCcathode (3 mg cr?) in 3M
fuel-electrolyte mixture storage; (2) exhausted-fuel-electrolyte mixture KOH saturated with air or nitrogen gas. Scan rate= 5m¥y/ s

storage; (3, 4) peristaltic pumps; (5) load; (6) anode terminal; (7) cathode

terminal; (8) air; (9) cathode electrode; (10) anode electrode; (11) fuel and

electrolyte mixture; (12) magnetic stirrer; (13) anode shield. 3.2. Cyclic voltammetry

Cyclic voltammograms for the Mngxathode in nitrogen-

3. Results and discussion or air-saturated electrolyte are showrFiiy. 3. The current
peak observed at0.175 V corresponds to the oxygen reduc-
3.1. Electrode morphology tion reaction. The single reduction potential peak supports

the four-electron pathway mechanism (Et)). The cyclic
A scanning electron micrograph of the Mp@athode is  yoltammograms were repeated 40 times for a wide range of
presented irFig. 2 The electrode is composed of fine par- potential sweeps. The reduction peak clearly indicates thatthe
ticles of MnQ,, relatively larger particles of carbon, pores manganese dioxide is electroactive. A higher peak current
(black spots) and rod-like carbon fibres. The compressed car4s observed for the oxygen-saturated than for the nitrogen-
bon particles in the form of a sheet are also visible. saturated alkaline medium. This suggests that the presence

PHOTO= {5201

Fig. 2. Scanning electron micrograph of catalyzed cathode with 3 g emanganese dioxide.
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Fig. 4. Voltage—current curves for flowing alkaline-electrolyte (3M KOH)  Fig. 6. Voltage—current curves for flowing alkaline electrolyte (3 M KOH)
direct methanol (1 M) fuel cell with different loadings of manganese dioxide direct sodium borohydride (1 M) fuel cell with different loadings of man-
as cathode catalyst. ganese dioxide as cathode catalyst.

of air increases the cathodic current and expands the voltam-Table 1 , _
metric curve. The other peaks a0.58 and—0.61V may Xygen consumption at cathode for different fuels

indicate redox cycling of manganese species. Fuel Average  Oxygen Calculated electrons
current consumed reacted per oxygen
o (mA) (mlh=1) molecule
3.3. Polarization curve
Methanol 318 5} 4.63
. Ethanol 39.46 % 4.26
Current-voltage curves are presentedFigs. 4-6for Sodium 43.25 15 4.54

three different fuels and with different loadings of man-  borohydride
ganese dioxide as the cathode catalyst. With methanol as the
fuel (Fig. 4), the cell performance increases with increase ) .
in catalyst loading up to a certain MaQoading, but then ode from 1to3mg cm% and then decrease; vylth further in-
decreases. This may be due to a decrease in the numbefr€ase in catalyst loading. Frafgs. 4 and 5it is seen that

of active site per unit mass with increase in catalyst load- the performance of ethanol is better than methanol. In case
ing as a result of decrease in porosity when accommodating®f €thanol Fig. 5), the maximum power density obtained
large amounts of catalyst in the same volume. The perfor- 1S 14.6mW cm? at 34mAcnt?, whereas for methanol
mance in the presence of 3M KO- 1M ethanol and 3M  (Fig. 4), itis 9.2mW cnT? at 28.5mAcm® A maximum
KOH +1 M sodium borohydride is shown figs. 5 and 6~ Power density of 19mW cn? is obtained at 39 mAcr?
respectively. The trends of the plots are similar to those ob- for sodium borohydride, as shown fig. 6.

tained for methanol. To be specific, the performance of the

fuel cellincreases with increase in Mp@ading atthe cath-  3.4. Oxygen consumption

16 Oxygen consumption at the cathode in the flowing
alkaline-electrolyte fuel cell was measured by gas-
displacement method and the electrons per molecule of
oxygen reacted were calculated. The number of electrons is
the same as that theoretically estimated, i.e., four electrons
(Eq.(2)). The typical calculated values of electrons involved
in the cathode reaction for different fuels are giveiaible 1

This confirms that oxygen reduction at the Mn€@athode
follows the four-electron mechanism and is the same for the
different fuels (methanol, ethanol, Nag@Hested.
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4. Conclusions
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Fig. 5. Woltage—current curves for flowing alkaline electrolyte (3M KOH) CyC“C VOItammetry and Oxyg_en consumption experi-
direct ethanol (1 M) fuel cell with different loadings of manganese dioxide Ments reveal that oxygen reduction at the Mn€athode
as cathode catalyst. follows a four-electron mechanism. In a flowing-alkaline
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