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ABSTRACT

The study uses linear sweep voltametry (LSV) to observe the efficiency of oxygen reduction
on some oxides and their mixtures in 6 M KOH at 25 °C. The investigated materials are
Ag,0, MnO,, Sm,03, Dy,03 and NdO,. The electrocatalytic oxygen reduction reactions (ORR)
on Teflon-bonded, oxide + graphite electrodes are studied. The oxygen reduction potentials
for electrodes containing these materials as catalyst are seen as —60.67, —270.31, —111,
—159.58 and —130.24 mV, respectively. Mixture combinations of these oxides give a higher
ORR peak current thereby showing evidence of synergetic effect. Air-MH cells using some
of the above investigated oxides as catalyst for air electrode are constructed and studied.
Best performance is obtained with silver oxide. The LSV findings are in accordance with
air-MH cell charge/discharge experiments and for best performance prefer shift of the ORR
onset potential to more positive positions.

© 2008 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights
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1. Introduction

Several metallic oxides are known to exhibit superior elec-
trochemical activity for at least one of the electrolysis, energy
storage and/or fuel cell reactions. The ORR is involved in
a number of electrochemical processes, such as metal corro-
sion, water electrolysis, and energy conversion/storage [1-3]
and has been in limelight in recent decades [4]. Several
materials are attracting interest in this regard. For example,
the ORR on carbon-based electrodes has been extensively
studied with different types of carbon materials like carbon
black composites [5], highly oriented pyrolytic graphite
(HOPQ) [6], glassy carbon (GC) [7], boron-doped diamond (BDD)
[8], reticulated vitreous carbon (RVC) [9] carbon nanotubes
(CNT) [10], carbon nanofibers [11] and Ordered mesoporous
carbon (OMC) [12] etc.

Renewable energy sources are attracting current interest
for future energy requirements and for reducing carbon
dioxide emission [13,14]. Polymer electrolyte membrane fuel
cell (PEMFC) is a promising technology to convert stored
renewable energy sources like hydrogen into electricity. One
of the main factors which limit the widespread commercial-
ization of PEMFC’s is the cost of the cathode catalyst. The high
cost is mainly due to the use of Pt as the catalyst for ORR.
Great efforts have been made to reduce the amount of
required Pt loading or even to replace Pt by non-noble metal
catalysts [15-20].

Direct methanol fuel cell (DMFC) is one of the most prom-
ising options for mobile power source because of its high
energy conversion efficiency and low pollutant emission
[21,22]. Slow kinetics of ORR at the cathode of DMFCs is
a serious problem [23,24]. Correspondingly a large number of
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investigations are being made to increase the ORR perfor-
mance by using highly active electrocatalysts. It is, therefore,
worthwhile to investigate at replacement of Pt by more
abundant transition metals such as Fe, Co, Cu, Mn, Mo for
multielectron transfer catalysis [25]. Development of suitable
ethanol tolerant oxygen reduction electrocatalysts for direct
ethanol fuel cells is also receiving interest [26].

Secondary metal-air batteries are promising power sour-
ces for portable electric devices or electric vehicles due to their
high theoretical (e.g., 1085 Whkg ! for a Zn-air battery) as
well as practical (60-150 Wh kg~? for a Zn-air battery) specific
energies, and also due to the low cost and low toxicity of the
materials involved [27]. The development of this type of
battery is, however, delayed for viable bifunctional air elec-
trode in alkaline electrolytes.

In recent years, air-metal hydride system has attracted
substantial attention [28-30] with initiations in metal hydride
fuel cells [31]. The end of the battery life is determined by the
cycle life of the air electrode. The use of bifunctional air
electrodes that are less sensitive to corrosion is, therefore,
demanded for a necessary increase of the cycle lifetime. The
materials used as the bifunctional catalyst and the carbon
support material greatly influence the lifetime of the air-
electrode. Various types of electrocatalysts, e.g., Pt and Pt-Ru
alloys have been investigated as a key component of the
electrodes, but they are expensive. Significant progress has
been made in recent years in the development of less expen-
sive electrocatalysts such as perovskite, spinels, pyrochlores,
other oxides, pyrolyzed macrocycles, etc. Among the alter-
natives for platinum catalysts, MnO, shows some promise of
success due to its low cost and its high catalytic activity for the
oxygen reduction [32]. The performance of air electrode
composed of KMnO, catalyst for oxygen reduction reaction
has also been examined [33]. Some studies have appeared in
literature on its oxygen reduction characteristics [34,35].
Burchardt has evaluated the electrocatalytic activity and
stability for air electrodes [36]. Linear sweep voltametry has
been used to characterize oxygen reduction kinetics in alka-
line solution on catalysts like platinum electrodes [37]. All that
mentioned above point towards the importance of oxygen
reduction catalysts Table 1. Thus, many efforts are addressed
for the improvement in oxygen reduction kinetics in such
catalysts. Several materials inclusive of rare earth based
oxides [38] are available for such use. However, detailed
studies are required to identify the best catalytic materials

Table 1 - LSV parameters of investigated oxygen
reduction catalysts.

Catalyst Purging Details Oxygen Reduction
Potentials (mV)

Ag,0 0, - 15 min —60.67

MnO, 0, - 15 min —270.31

Sm,05 0, - 15 min ~111.00, —515.05

NdO, 0, - 15 min -130.24

Dy,0; 0, - 15 min —158.58, —536.50

Ag,0-MnO, 05 — 15 min —126

Ag,0-Sm,0; 0, - 15 min 156.8, —56.86

Ag,0-Dy,03 0, - 15 min 122.42, —164.82

with thorough characterisation of oxygen reduction reaction.
Hence, this work is intended to investigate the efficiency of
oxygen electroreduction on potential materials — Ag,0, MnO,,
Sm,03, Dy,05; and NdO, - and some of their combinations
with linear sweep voltametry in 6 M KOH solution along with
some for use in bifunctional air electrodes.

2. Experimental

The catalyst (0.1 g) was mixed with an equal amount of KS44
graphite powder and sufficient quantity of PTFE and com-
pacted over nickel foam at 5 x 10° kg cm 2 for 3 min followed
by heat treatment at 120 °C for 1 h under normal conditions
for LSV measurements. To measure the ORR onset potentials
of different catalytic samples LSV was performed with EG & G
PAR Electrochemical system model 273 A in a standard three
compartment cell in 6 M KOH under oxygen bubbling. A
platinum clump was used as the counter electrode and an Hg/
HgO reference electrode was used for all measurements. All
the potentials were reported versus this reference electrode.
Electrochemical cycling was done prior to LSV measurements
at a scan rate of 100 mV/sec. All chemicals were Merck G. R.
reagents. All measurements were made at 25°C (with an
accuracy of 0.05°C) using a water thermostat. To make the
results reproducible and reliable, a fresh electrolyte solution
was used in every measurement.

Air electrodes for performance evaluation were produced
in two layers: the catalyst layer on the electrolyte side and
a hydrophobic diffusion layer on the gas side. The active
layer contained a catalyst (typically 40 wt%), KS44 graphite
powder (45 wt%) and PTFE (15 wt%). In this part we used
different types of oxide catalysts namely Ag,0, MnO,, Sm,03,
Dy,0; and NdO,. All the investigated materials were of
commercial AR grade variety. The graphite powder and the
binder were ground and mixed together using isopropyl
alcohol as dispersing agent and dough was obtained by
adding PTFE. This dough was coated on one of the sides, and
similarly another dough was prepared containing graphite
and the active material and were ground and mixed together
using isopropyl alcohol and a dough was obtained by adding
PTFE and this was coated on the other side. Then the elec-
trode was compacted at a pressure of 5x 10°kgcm 2 for
3 min followed by heat treatment at 120°C for 1h under
normal conditions. The geometric area of the positive elec-
trode was 2 x 2.5 x 2.5 cm?,

The composition of the alloy used for Air-MH cell assembly
was Mm Ni3A4gCOQ_73Mn0_34A10A23F80A02M00.01. The alloy was
produced at DMRL, Hyderabad in collaboration with CECRI,
Karaikudi. It was prepared by arc melting followed by neces-
sary treatments and after annealing crushed mechanically
into powder (<75 pm). A total of 8 g of MH alloy was mixed
with 20% KS44 graphite powder, 10% carbonyl nickel and 10%
silver oxide. PTFE was used as binder and the active material
paste was applied over the foam substrate. Subsequently
compaction was done at 5 x 10°kgcm 2 for 3 min to obtain
the metal hydride electrode followed by heat treatment at
120 °C for 1 h under normal conditions. The geometric area of
the negative electrode was 2 x 2.5 x 2.5 cm? and the thickness
was 1.5 mm.

Please cite this article in press as: Ananth MV, et al., Linear sweep voltametry studies on oxygen reduction of some oxides in
alkaline electrolytes, International Journal of Hydrogen Energy (2008), doi:10.1016/j.ijjhydene.2008.11.002




INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (2008) I-7 3

54
4
—~ 3
< .
é i 60.67 mV
- 2
1 4
04
T T T T T T
0 -200 -400 -600 -800 -1000
E (mV)

Fig. 1 - Linear sweep voltammogram with Ag,0 as catalyst.

The air electrode (cathode) and the metal hydride electrode
(anode) were assembled and sealed in a prismatic container as
reported previously [39]. Subsequently, the cell was subjected
to formation cycles after soaking in 30% KOH solution. After
the completion of formation cycles, the cells were charged at
500 mA for 6 h and discharged at 10 mA after a rest for 10 min
in the case of engaging Ag,0 as electrocatalyst. In other cases,
the cells were charged at 25mA for 6h and discharged at
10 mA after a rest for 10 min. The life cycling of the cells were
studied using a ‘Bitrode’ LCN Battery Testing System at room
temperature.

3. Results and discussions
3.1. LSV measurements

LSV measurements were made on the investigated materials
for oxygen reduction reaction and the results are summarized
in Table 1. The detailed discussions on the results are
presented in the following sections.

3.1.1. LSV measurements on silver oxide
Silver based catalysts are well known and have an extensive
history for use in alkaline electrolytes [40,41]. LSV curves for
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Fig. 2 - Linear sweep voltammogram with MnO, as
catalyst.
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Fig. 3 - Linear sweep voltammogram with Dy,0; as
catalyst.

Ag,0 are givenin Fig. 1. The oxygen reduction potentials for the
Ag,0 electrode are observed around —61 mV. Even though
oxygen reduction is known to proceed through at least two
pathways [42], the two-electron pathway which involves an
initial reduction reaction to produce H,0,, and the H,0, further
reduce to OH™ or the decomposition of peroxide is applicable to
metal oxides [43]. The improved activity could partly be
attributed to relatively high activity for the O, reduction and
the occurrence of an ORR mechanism via 4 electrons with Ag
[44]. The pathway of oxygenreduction is strongly dependent on
the electrode material. The optimum surface chemistry and
bulk crystal structure is responsible for the observed superior
oxygen reduction capabilities. This is in agreement with the
observations of Zheng et al [45] who have reported that pres-
ervation of crystalline structures and existence of the extra
surface oxygen-containing groups improve the ORR.

From curves in Figs. 1-8, one can see the ORR onset
reduction potential of Ag,O to be more positive than that of
the other investigated samples. It is believed that the different
ORR onset reduction potentials are caused by the differences
in the surface activation and the more positive ORR onset
reduction potential of Ag,O reveals it to be more active
amongst the studied samples. This may be partly aided by the
fact that due to electrochemical operation the chemical
composition is changed as reported by Wagner et al [41].
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Fig. 4 - Linear sweep voltammogram with NdO, as catalyst.
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Fig. 5 - Linear sweep voltammogram with Sm,03 as
catalyst.

3.1.2. LSV measurements on manganese dioxide

Manganese oxides have been extensively studied and it has
been stated that the activity of these catalysts is dependent on
the kind of oxides [40]. LSV curves for MnO, are given in Fig. 2.
The oxygen reduction potential for the MnO, electrode is seen
at —270.31 mV. One of the functions of this oxide is to perform
the decomposition of hydrogen peroxide, which is formed
during the electrochemical reduction of oxygen by a dispro-
portionation mechanism conducting the ORR to follow the
complete reduction pathway, where a 4e~ transfer per oxygen
molecule is obtained [33]. However, the inference is that due
to these high negative values of oxygen reduction potentials,
MnO, may not be a suitable material for use in air electrode.
Results indicate that the reaction proceeds through the
peroxide route and that the adjoining graphite matrix may
also contribute to the catalysis of the ORR. However, the
activity and mechanism by which the ORR takes place in
MnO; is yet to be fully explored [46].

3.1.3. LSV measurements on dysporium oxide

LSV curves for Dy,05 are given in Fig. 3. The oxygen reduction
potentials are seen around —159 and —536 mV. The inference
is that due to these high negative values of oxygen reduction
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I (mA)

T T T T T T T T T T T T T
300 200 100 0 -100 -200 -300
E (mV)

Fig. 6 — Linear sweep voltammogram with Ag,0-MnO,
mixture as catalyst.
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Fig. 7 - Linear sweep voltammogram with Ag,0-Sm,03
mixture as catalyst.

potentials, Dy,0; may not be a suitable material for use in air
electrode. The observed highly negative oxygen reduction
potentials could be due to inhibition of oxygen reduction by
the presence of hydrous oxides on the surface as is the case
seen earlier with Pt based catalysts [47]. Moreover, the
increase of over potential on cathodic side is not desirable for
the intended application.

3.1.4. LSV measurements on neodymium oxide electrode
LSV curves for NdO, are given in Fig. 4. The oxygen reduction
potentials are seen around —130 mV. The inference is that due
to these high negative values of oxygen reduction potentials,
NdO, also may not be a suitable material for use in air
electrode.

3.1.5. LSV measurements on samarium oxide electrode

LSV curves for Sm,05 are given in Fig. 5. The oxygen reduction
potentials are seen around -111 and -515mV, etc. The
inference is that due to these high negative values of oxygen
reduction potentials, Sm,0; also may not be a suitable
material for use in air electrode.

3.1.6. LSV measurements on oxide mixtures

LSV curves for some mixture combinations of some of the
above investigated materials were done. Ag,0-MnO,, Ag,0-
Sm,05, and Ag,0-Dy,05; were explored for oxygen reduction
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Fig. 8 - Linear sweep voltammogram with Ag,0-Dy,0;
mixture as catalyst.
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Fig. 9 - XRD pattern of the promising Ag,O catalyst.

reaction. The results are presented in Figs. 6-8. The oxygen
reduction potentials are seen around —126 mV for Ag,0-
MnO,. The oxygen reduction potentials are seen around 157
and —57 mV for Ag,0-Sm,05. The oxygen reduction potentials
are seen around 122 and —164 mV for Ag,0-Dy,0s. The onset
potential and the magnitude of the current for oxygen
reduction differ from sample to sample. Obviously, the
mechanism of oxygen reduction on different samples is
different. The inference is that due some shift towards posi-
tive values of oxygen reduction potentials, these mixture
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combinations show some promise as materials for use in air
electrode. It might be that formation of some solid-state redox
couple contributes to the improvement obtained with such
mixtures. It is also seen that occurrence of oxygen reduction
potential at the minimally negative voltage values results in
superior oxygen reduction. Some reports indicate that elec-
trocatalytic activity of the oxide towards ORR greatly increases
when it is used in the form of composite electrode rather than
in the form of a non-composite electrode [38]. The observed
improvement could also be due to increased Ag reactivity or
Ag d-band for producing stronger Ag-O interactions, leading
to easier O-O bond breaking and, consequently, enhancing the
ORR kinetics [44]. In addition, it is worthwhile to note that
whereas Ag oxides are inactive for the ORR, Ag hydroxides are
active [40]. Hence prudence in the identification of appropriate
mixture combinations is required.

3.1.7. ORR peak potential and current

Different surface processes may lead to different ORR peak
potentials and ORR peak currents. The appearance of the ORR
peak is caused by the deficiency of the reactant on the elec-
trode surface. When the potential decreases the electron
transfer ability of the electrode increases and the current
increases accordingly. However, the current will not increase
further because of the shortage of the reactant on the elec-
trode surface, i.e., limitation by transfer. Since the oxygen
concentration remains constant in all the experiments, the
ORR peak potential is determined by the relative rate of
diffusion and surface reaction. The more positive ORR peak
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Fig. 10 - (a) Discharge curve of air-MH cell with Ag,0 as catalyst in air electrode. (b) Discharge curve of air-MH cell with MnO,
as catalyst in air electrode. (c) Discharge curve of air-MH cell with Dy,0; as catalyst in air electrode. (d) Discharge curve of

Air-MH cell with Sm,0; as catalyst in air electrode.
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potential of Ag,O can be attributed to its higher catalytic
activity of oxygen reduction than those of the other samples.

3.2.  XRD investigations

In addition to the electrochemical experiments, the XRD
pattern of the promising Ag,0O catalyst was measured and is
given in Fig. 9. It is seen that the observed peaks are charac-
teristic of Ag,0.

3.3. Charge/discharge experiments

The discharge curves of the assembled air-MH cells are shown
in Fig. 10(a—d). Reasonably good performance is seen in only in
Ag,0. It is found that the other investigated materials are not
useful, as they give only dismal capacity output. Particularly
the undesirable crystalline structure in the engaged MnO,
could be responsible for the observed dismal performance.

4, Conclusions

LSV investigations are performed on some oxides/mixtures to
observe the efficiency of oxygen reduction. The oxygen
reduction potential for the best performing Ag,O electrode
occurs at —60.67 mV. The oxygen reduction potentials for
MnO,, Sm,03, NdO, and Dy,03 electrodes are —270.31, —111,
—158.58 and —130.24 mV, respectively. Evaluation of Air-MH
cells using some of the above investigated oxides as catalyst
for air electrode indicate that the performance is the
maximum with Ag,O as electrocatalyst amongst the studied
materials. Ag,0-MnO, (oxygen reduction peaks at —126 mV),
Ag,0-Sm,05 (oxygen reduction peaks at 156.8, —56.86 mV)
and Ag,0:Dy,0; (oxygen reduction peaks at 12242,
—164.82 mV) equal mixtures show some promise by showing
shift in occurrence of ORR at comparatively more positive
potentials and increased peak currents. Improvement and
optimization are envisioned in such oxide mixtures. The LSV
findings are in accordance with air-MH cell performance.
Silver oxide-based materials are identified as suitable elec-
trocatalysts for air electrode by virtue of their occurrence of
ORR potentials.
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