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CHAPTER ONE 

LITERATURE SURVEY 

INTRODUCTION 

Any country's economy reflects the amount of energy consumed by that country 

or we can say that the standard of living of a given country is directly related to per capita 

income energy consumption. Man has needed and used energy at an increasing rate for 

his sustenance and well being ever since he came to earth a few million years ago [1]. 

Today man draws its energy needs from a variety of sources, which can broadly 

be categorized as renewable and non-renewable sources. In the non - renewable sources 

we have wood, Coal, fossil fuels, hydroelectric power and nuclear power. While the 

renewable sources include fuel cells, solar energy, tidal energy, sea, wind energy, 

geothermal energy, biomass etc. Wood was main source of energy in the pre-

industrialization era. Once oil was introduced the coal and coke were replaced by it as a 

major source of energy. Nuclear energy looks to be attractive but there are some 

limitations in the use of nuclear energy such as difficulties associated with disposal of 

radioactive waste. Renewable sources such as wind energy can be utilized where the high 

wind velocity is available. Geothermal energy can be derived from the heat in the center 

of the earth. Biomass, which is in the form of wood, agricultural residues may prove as 

an important fuel source for rural areas [2]. 

Solar energy which has the greatest potential of all the sources of renewable 

energy if used in proper way can find number of applications, where sunlight is available 

in abundance [3]. 
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In the past few years it has become obvious that the fossil resources are fast 

depleting and the fossil fuel era is gradually coming to an end. Even though the large 

scale use of commercial energy has led to better quality of life, it has created many 

problems. 

The most serious of these is harmful effect on the environment. The combustion 

of the fossil fuel has caused several problems in many areas because of the localized 

release of large amounts of the waste heat from a power plant that has caused thermal 

pollution in lakes and rivers leading to the destruction of many forms of plants and 

animal life. It will be conflict between energy and environment to supply more energy to 

a burgeoning industrialized world. Without increasing the adverse environment effects of 

energy production. The global economy will be affected by the production and 

distribution of energy in all sectors. More and more industrialization of world requires 

sustainable and highly efficient energy production. One such energy source which can 

satisfy all these needs and also provide high thermodynamic efficiency, very low 

emission noise levels, excellent part load characteristics, rapid response times low 

pollution emission behavior, simplicity of mechanical engineering, good power/weight 

ratio, modularity of construction, is the FUEL CELL which can be an ideally flexible 

power provision. The application of fuel cell technology may be the most important 

technological advancement of the next decade [4]. 
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1.1 HISTORY OF FUEL CELL 

The fuel cell, invented in 1839 by Sir William Grove [5], had hydrogen and 

oxygen as reactant gases with sulfuric acid as an electrolyte. This device was not a proper 

fuel cell but a prototype of a chemical power source with gaseous electrodes. The 

research on Grove's fuel cell (Fig. 1.1) got the further boost after W. Oswald [6] 

published a paper on this. 

In 1889, Ludwig Mond and Charles Langer repeated the earlier work of Grove 

and tried to make the fuel cell more practical by using air instead of oxygen and impure 

industrial gas, obtained from coal, instead of pure hydrogen. The first fuel cell 

development project, that led to a successful device, was started in 1932 by Francis T. 

Bacon [7]. He realized that expensive platinum catalyst must be replaced by a cheaper 

catalyst in the acid cell to make the fuel cell commercially viable. He switched from acid 

to less corrosive alkaline electrolyte and was able to use porous nickel metal as the 

electrode material. He also realized that it is necessary to use porous gas diffusion 

electrodes in order to get sufficiently large active electrode surface areas with three-phase 

contact. In 1959, after more than a quarter of a century of research, Bacon was able to 

announce that he and his co-workers had developed, built and demonstrated a 5KW fuel 

cell unit. Later it was used in NASA space program, as one of the important units which 

enabled man to fly to the moon in 1968. 

In 1955, K. Kordesch developed prototype of low temperature 02-H2 fuel cell 

with carbon electrodes containing small amounts of oxides and platinum catalyst [8]. E. 

Justi and his coworkers [9] developed non - platinum catalysts namely raney nickel and 
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silver, for H2 and 02 fuel cell. This was a further step in the development of fuel cell 

electrodes. 

It was soon discovered that the fuel cell was suitable as an electrical power 

source on the aerospace flights. A fuel cell with solid polymer electrolyte was used on the 

Gemini space flights. Later, this was changed to alkaline electrolyte, such as potassium 

hydroxide, in Apollo space flights, since solid polymer electrolyte had some limitations. 

One important or major advantage of fuel cell for the generation of electrical power on 

space flights is that the reaction product in this cell, water, could be used by the crew for 

drinking purpose [10,11]. 

Mid 1970's showed an interesting change in the direction of fuel cell technology. 

An alkaline fuel cell that had gained importance in space program was replaced in 

worldwide research by Phosphoric Acid Fuel Cell (PAFC). Which was better suited for 

the power plants [12]. 

During 1980's, the thrust in the research was on the Molten Carbonate Fuel Cell 

(MCFC), since it has the advantage of better overall efficiency together with the heat 

from a high temperature. Similarly, during 1990's the research and development in Solid 

Oxide Fuel Cell (SOFC) got the prime place and the membrane fuel system was found to 

be interesting and as such focus was on its development work [13]. Inspite of all research 

and development in membrane fuel cell for so many years, its drawbacks such as the high 

cost of membrane, and the expensive auxiliary system for heat and water still remains. 
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Fig. 1.1 The Grove's fuel cell. 
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1.1.1 OPERATING PRINCIPLE OF FUEL CELL 

A fuel cell is an electrochemical cell, which can continuously convert the 

chemical energy of a fuel and an oxidant to electrical energy by using an electrode — 

electrolyte system [14]. The oxidant is fed to the cathode and the fuel to anode and the 

two electrodes are separated by the electrolyte. The simplest type of fuel cell, typical one 

for example, an alkaline H2 - 02 fuel cell is shown schematically in Fig. 1.2. It is possible 

to drive a fuel cell based on any chemical reaction that has negative free energy. The 

maximum voltage obtained from such a cell is given by the equation (1.1) 

E = —AG/nF, 	 1.1 

Where 'n' is the number of electrons involved in each half-cell reaction, and F = 96500 

C mo1-1 is the faraday. Fig 1.2 shows the mode of operation of an alkaline fuel cell [15]. 

The electrolyte used is potassium hydroxide. The cell consists of two electrodes, the 

cathode and the anode. Hydrogen is oxidized to water at the anode by the reaction, 

H2 (g) + 20H" —■ 2H20 + 2e- 	 1.2 

And oxygen (or air) is reduced to hydroxide ions at the cathode, thus 

I/202(g) + H20 + 2e —■ 20H- 
	

1.3 

The net chemical reaction, the sum of the cathode and the anode reactions, is given by 

H2 ± /202 -00'. H20 
	

1.4 
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1/2 02(g) + H20 + 2 e - --> 
	

H2(g) + 2 OH - --> 
--> 2 OH- 	 --> 2 H20 + 2 e - 

Fig 1.2 operating principle for an alkaline fuel cell. 
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1.1.2 CURRENT VOLTAGE CHARACTERISTIC OF FUEL CELL 

The characteristic of the current voltage of a fuel cell during its operation can be 

shown by a typical current-voltage curve as shown in Fig 1.3 which shows the variation 

of cell potential with current density and also conversion efficiency of fuel to electrical 

power. 

Depending on the type of the fuel cell, the electrode processes that occur, the 

temperature at which the cell operates and the thermodynamic reversible cell potential 

(E) is found to be in the range of 1-1.5V and determines the intrinsic maximum 

efficiency, which is usually equal to 80% [16]. 

As is seen from the Fig 1.3, the cell potential V decreases as the current drawn 

from the cell increases and deviates from the ideal cell potential - current relationship and 

maximum efficiency. 

The region, where the cell potential decreases with increase in current density, the 

decrease is due to activation overpotential. The region where the cell potential is almost 

linear to the current density is attributed to the ohmic losses. 

The region, where there is rapid decrease in cell potential at high current density 

represents the mass transport of fuel, oxygen and the reactant product in the cell [17]. 

Presence of an electrocatalyst in the electrode material plays a significant role in 

determining current-voltage relationship, especially in the initial stages of the cell voltage 

curve where voltage loss due to activation overpotential results in a dominating impact of 

cell performance. 
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1.1.3 CHARACTERISTICS OF FUEL CELL SYSTEMS 

One of the important characteristics of fuel cell is the direct conversion of 

chemical energy to electrical energy intrinsically, which makes its efficiency free from 

Camot's theorem. Other advantages shown by fuel cell are efficiency, reliability, 

economy, cleanliness, unique operating channel, planning flexibility and future 

development potential [18]. 

** 	High efficiency and reliability: Ideal fuel cell is capable of converting 90% of 

the energy present in the fuel into usable electric power and heat. Phosphoric acid fuel 

cell gives 42% electrical conversion efficiency. Fuel cell efficiency is independent of its 

size and can operate at half of its rated capacity and still maintain high fuel use 

efficiency. 

** 	The cost of the transmission lines can be reduced for the fuel cells, which can be 

located near the loads. Hence saving transmission losses [19]. 

** 	Another important characteristic of the fuel cell is its ability to co-generate, i.e. it 

can simultaneously produce hot water and low temperature steam with generation of 

electricity. Its ratio of electric to thermal output is approximately 1.0, while for the gas 

turbine the ratio is 0.5. 

** Fuel cell power plants emissions are 10 times lesser than specified by most stringent 

environment regulations. 

** Since water is one of the by products of the electrochemical reaction of fuel cell, 

very less water is required for plant usage. The low water usages of fuel cell have 

advantage over conventional power plants, which require large quantity of water 

for cooling. 
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** 	The other advantages of fuel cells are simple, clean, and quiet operation; site 

adaptability, due to their modular nature; can operate over any desired temperature range; 

and multi fuel capability: fuel cells can run on almost any fuel like naptha, methanol, 

natural gas, or any hydrogen rich fuel. 

A- 
	 ** 	Fuel cells produce D. C. electricity and hence find applications in chlor alkali and 

aluminium industry. 

** Fuel cells have excellent part load heat rate and can immediately react to transient 

loads [20]. 

* * 	Since the fuel cell power plant can be built within two years and since it is 

independent of plant size, utility system capacity can be increased slowly step-by-step 

with respect to customers satisfaction. 

1.2 DIFFERENT TYPES OF FUEL CELLS 

4•C' 	

Fuel cells are classified into direct, indirect and regenerative fuel cell. Reformer 

and the biochemical cells are classified under indirect fuel cells. The direct types have 

been further classified according to the working temperature: high, medium and low 

(ambient) temperature systems, or referring to the pressure of operation: high, medium 

and low (atmospheric) pressure systems. They can be further classified on the basis of 

fuels intake and / the oxidants they use [21,22]. 

(1) Gaseous reactants (such as hydrogen, ammonia, air and oxygen). 

(2) Liquid fuels (alcohols, hydrazine, hydrocarbons) 

(3) Solid fuels (e.g. coal, hydrides). 
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Fuel cells are also classified based on the types of electrolyte used. The 

electrolytes used may be acid (phosphoric acid). alkali (potassium hydroxide). molten 

carbonates (Li+. IC. Nal. CO3-2.). solid oxides Y,03 /Zr0-) YSZ (Yttria stabilized 

zirconia). solid polymers (RSO3F1). 

1.2.1 PHOSPHORIC ACID FUEL CELL (PAFC) 

.I.n acidic fuel cells. hydrogen ion conducts through the electrolyte. Platinum or 

platinum alloys are employed as electrocatalysts with- carbon or (graphite) based 

.eleetrodes [231 Phosphoric acid at room temperature is slightly dissociated showing 

ver■,, low co.nductivity in concentrated solution. These cells fincl wide application in 

large power units (10KW). The working temperature is found to be between 463-473K. 

Reactions involved in the PAFC are as follows. 

At cathode. 	/-)0-) + 21-1' +2e--o. 	 1.5 

At anode. 1.6 

The important factor. which limits the performance of fuel cell for oxygen 

reduction reaction. is the slow kinetics of this reaction [241. Workability at high 

temperatures and tolerance to carbon dioxide are some of the advantag.es offered b ■,/ 

PAFC. Air can also be used as an oxidant and the other hydrocarbon products can be 

used as fuel 1251. The support that is commonly used in phosphoric acid fuel cell is 

Cabot Corporation's Vulcan XC-72R. This material is a conductive furnace black. and 

has very high conductivity and high specific surface area 250 rn-2!2. 
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1.2.2 SOLID OXIDE FUEL CELL (SOFC) 

The electrolyte used in the Solid Oxide Fuel Cell or SOFC is the ceramic material 

based on zirconium dioxide with the composition Zr02.0.17 'or Zr02.0.11Y203. The 

conductivity of the first electrolyte is 0.02 ohm-I cm-I. And that of the second is about 

0.12 ohm-I cm-I at 1273K. If the temperature is decreased, the conductivity decreases 

very sharply. The current carriers in the oxide electrolyte are oxygen ions (02 ). Anodes 

can be made from platinum as well as from the iron group metals. Nb-Zr-Y-0 has been 

synthesized [26] from metals and some oxide compositions with semiconductor 

properties and used as anode material. Cathodes are made of platinum, silver or semi 

conducting oxides (based on oxides of zinc and zirconium). SOFC have many advantages 

over aqueous fuel cells, as this does not employ any liquid and hence the problems 

associated with flooding of porous electrodes and maintenance of three phase interface do 

not arise. The composition of the fuel and oxidant is the only factor to be taken into 

consideration. Also since the cell operates at high temperature, losses due to activation 

overpotential are lessened and hence the use of noble metal catalysts is avoided. The 

disadvantages are associated with high temperature of operation and several material 

problems imposed at these temperatures [27]. 

Reactions involved in SOFC are 

At cathode, /202 	+ e I /202- 1.7 --01. 

At Anode H2 + 	1/202- H20 + e- 1.8 -00" 
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1.2.3 MOLTEN CARBONATE FUEL CELL (MCFC) 

Extensive research has been carried out in Molten Carbonate Fuel Cell (MCFC) 

for the last decade as a second-generation fuel cell system. Still substantial development 

work is required to be carried out for the commercialization of the cell. It operates 

between 873- 923K. In MCFC, with molten electrolyte, the anodic process consumes 

carbonate ions: 

H2 + CO32- 	H20 + CO2 + 2e- 
	

1.9 

'Whereas carbon dioxide from the exhaust gas added to the oxygen for cathodic 

reaction and carbonate ions are regenerated in the reaction. Thus, transfer of an additional 

CO2 molecule for each two electrons accompany the current producing reaction. CO2 is 

transferred through the electrolyte from the cathodic space to anodic space, which returns 

to the cathodic space via gaseous phase. The slower cathodic process and the formation 

of oxides is explained by, [28.29]. 

1/2 02 + CO2 + 2e- -■ CO32- 	 1.10 

Silver, lithium containing (lithiated) nickel oxide and some other oxides constitute 

the oxygen electrode. The fuel electrode can be made from platinum, palladium, silver, 

nickel or palladium coated graphite. The main disadvantages observed in MCFC are the 

instability of electrolyte carriers, corrosion of the electrodes and structural materials and 

also sealing problems. Scientists have designed a cell which has oxygen electrode made 

from lithiated nickel oxide. The hydrogen electrode has been made from a nickel cobalt 
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alloy and the electrolyte has been prepared from electrolyte immobilized with lithium 

aluminates. 

1.2.4 SOLID POLYMER FUEL CELLS (SPFC) 

Grubbs was first to introduce the cation exchange membrane in fiiel cell 

technology [30]. The electrolyte used is an ion exchange membrane is of the type 

RSO3H. The cation exchange resins are used because they offer higher conductivity and 

stability as compared to anion exchange resins. Solid Polymer Fuel Cell (SPFC) found 

its first major application in Gemini space flights. The main advantages of SPFC in the 

space applications are (a)high power and energy densities with respect to weight and 

volume, (b)high efficiency, (c)few moving parts, (d)minirnum noise and vibration and 

(e)reliability. 

The general electric solid polymer electrolyte fuel cell system with power of 

1KW, was used as an auxiliary power source in the space vehicles. The byproduct in this 

fiiel cell reactions, namely, pure water, could be used for drinking purpose by the 

astronauts. 

Eventhough the fiiel cell performed well for space missions for 1-2 weeks, there 

were some problems associated with the cell such as the power densities attained were 

not high enough (<50mW cm-2). In addition, the polystyrene sulfonate ion exchange 

membrane was not stable under the electrochemical environments in the SPFC and the 

platinum loading was quite high. It is for these reasons that the alkaline fuel cell was 

chosen for the later Apollo programs and the space shuttle flights. 
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The General Electric Company continued the development of solid polymer 

electrolyte fuel cell even after the problem faced bv Gemini space flights. The major 

breakthrough came when they discovered perfluorinated sulfonic acid polymer. Nafion. 

produced by Dupont. as the electrolyte. 

The cell reactions are. 

At the cathode 1/,0, + 	+ 	H,0 

At the anode 	 "?Ht + .)e 

Even the Ballard power system pursued the research on SPEFC and they were 

successfUl in reduciru.4 the cost of the SPEFC. by lowering the platinum loading [31]. 

Also they were successful in discovering a new sulfonated fluorocarbon ion conducting 

polymer membrane [32]. 

SPEFC finds major application for traction due to its higher power density. 

Ballard have recently designed and constructed a, bus that uses compressed hydrogen in 

cylinders as the fuel 133.35]. 

1.2.5 DIRECT METHANOL FUEL CELL (DMFC) 

Hydrogen has been the common fuel used in all the above mentioned types of 

fuel cell. But for traction use. as is in the case of Ballard bus. it requires tanks for the 

transport of' fuel. which increases the weight of the bus. Hence an alternative for 

hydrogen is considered in form of methanol. The fuel cell. that can oxidize methanol 

directly at the anode and also maintain high power/weight ratio. is preferred. 

The reactions occurring in the DMFC are: 
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And at the cathode, 3/202  + 6H+  + 6e--■ 3H20 	 1.13 

At the anode 	CH3OH + H20 —÷ CO2  + 6H+  + 6e-  1.14 

Different alloys, such as Pt/Sn [36], Pt/Pd [37], Pt/Ru [38,40] have been 

developed as electrode materials. The problem associated with this cell is, poor electrode 

kinetics observed at the anode. Inspite of these difficulties the DMFC-SPE can be looked 

upon as a promising fuel cell for transport applications as it is cheap and potentially very 

competitive with the internal combustion engine, and can give high efficiency at low load 

and the most important feature of this cell is that it is pollution free. 

1.2.6 ALKALINE FUEL CELL (AFC) 

The cell which was developed by T. Bacon and which was used in Apollo space 

shuttle was alkaline fuel cell. The electrolyte used in the alkaline fuel cell was potassium 

hydroxide, and the cell operated at 523K. Hydroxyl ion provides ion conduction in AFC. 

Usually the concentration of KOH used in this fuel cell is 35-45% [41,42]. 

The half-cell reactions occurring in the cell are: 

1.15 At the cathode, 02 + 2H20 + 4e-  40H-  

1.16 At the anode 	2H2 + 40H-  4H20 + 4e-  

The net cell reaction is; 

1.17 02 + 2H2 2H20 	(1.23V) 

Among several advantages offered by the AFC's their ability to operate at room 

temperature, to yield the highest voltage (at comparable current densities) of all the fuel 
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cell systems. And AFC's can achieve a long operating life (i. e. 15000h), have been 

demonstrated [43]. 

For alkaline fuel cell, wide choices of electrocatalysts are available compared to 

acid fuel cell. It is not restricted only to platinum group metal and tungsten carbide. The 

important electrocatalysts used in AFC's are platinum, silver [44] nickel [45] and raney 

nickel alloy [46,47]. The platinum group metals as well as cheaper catalyst can be used in 

the alkaline electrolyte, both for the hydrogen electrode (raney nickel) and the oxygen 

electrode (activated carbon promoted with various additives). In the Bacon cell, the 

electrodes were manufactured from nickel powder. The material was subjected to a 

special oxidation treatment and lithium oxide was added to it. The electrodes of the low 

temperature cells contained platinum group metals, in which the attempts were made to 

decrease the amount of these metals to 0.1-1mg/cm 2 . The level of 0.1mg/cm 2  corresponds 

to platinum consumption of about 1.5g per 1KW of the rated power, which is quite 

acceptable economically [48]. 

The rated working current density of the alkaline oxygen-hydrogen cells is 50- 

200mA/cm2  for voltages of 0.8-0.9V. The electrodes with platinum catalyst make it 

possible for the cell to operate at higher current densities up to 0.4-0.8A/cm 2 . 

Oxygen reduction kinetics is more rapid in alkaline electrolytes than in acid 

electrolytes. The alkaline fuel cell is the simplest Grove's fuel cell and actually a low 

temperature fuel cell in concept and operation and is shown schematically in Fig. 1.1 and 

1.2 two types of the construction have been developed and used for oxygen hydrogen 

cells with alkaline electrolyte, namely, one with free (circulating) electrolyte solution and 
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other with matrix electrolyte. In matrix electrolyte, the electrolyte is held in 0.2-0.6mm 

sheets of asbestos or synthetic fibers (of potassium titanate) [49,50]. 

When exposed to CO2, the life of the alkaline fuel cell is reduced since alkali 

reacts with carbon dioxide to form carbonate which blocks electrolyte pathways: 

CO2 + 20H- 	CO32" + H20 	 1.18 

This difficulty can be overcome if pure hydrogen is used as a fuel. And scrubbers 

are used for removing the CO2. 

1.2.6.1 COMMERCIALLY AVAILABLE ALKALINE FUEL CELLS 

Various multinational companies have been marketing alkaline fuel cells [51,52]. 

(1) The unit commercialized by Union Carbide Batteries (USA) has catalytically 

active layers of the electrodes which consist of activated carbon with the addition of 

oxide catalyst (spinels) for the oxygen electrode and small amount of platinum (less than 

1 mg/cm2) for the hydrogen electrode. The current densities observed are 50 and 

100mA/cm2 for operation with aerial oxygen and pure oxygen and voltage observed is 

0.80-0.85V. At the beginning of the seventies, Union Carbide ceased research 

development work in the field of fuel cells. 

(2) The Allis Chalmers Batteries (USA) unit has a single cell consisting asbestos 

matrix impregnated with 30% KOH solution on both sides, on which highly porous 

(85%) nickel plates coated with platinum-silver catalyst are pressed. 

(3) Pratt and Whitney Battery (USA) acquired the patent rights to the medium 

temperature Bacon cell in 1959 and begun further development. In 1962, work was 
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started on the development of the power source for the Apollo spacecraft. The cells 

employed had two layer nickel electrodes with platinum catalysts. The electrolyte used 

was potassium hydroxide solution, which is solid crystal hydrate at room temperature and 

melts at 423K. 

(4) VARTA (West Germany) developed fuel cell with bilaterally operating gas 

diffusion electrodes. 

(5) The Elenco fuel cell system has a circulating 6.6 N aqueous KOH electrolyte, 

which is also used as a coolant. The anodes and cathodes are multilayer gas diffusion 

electrodes. They consist of a PTFE powder carbon catalyst mixture, which is rolled 

extensively to cross link the PTFE. 

(6) India and Sweden were involved in joint development of bio-fuels power plant 

AFC generator. 

(7) Bipolar AFC concept was developed by the Technical University of Graz in 

1985, where low cost PTFE bonded carbon fuel cells were operated with air and 

hydrogen. 

1.2.6.2 OXYGEN REDUCTION IN ALKALINE FUEL CELL 

The commonly used oxidant in alkaline fuel cell is oxygen or air. Since oxygen is 

cheaper and easily available, it is preferred over other oxidants. If ambient air is used as 

an oxidant then the cost of the fuel cell is reduced. Moreover, eliminating the use of 

storage tanks, it reduces the weight and volume of the cell. In alkaline fuel cell the 

reduction reaction occurs at cathode in the presence of oxygen. Whether oxygen is 

reduced by two e -  process to peroxide or by four e -  process to water, the reduction 

020 



depends on the catalyst used and not on the electrode substrate. The substrate should be 

electronically conductive. With the help of simple methods, such as chemical or 

electrochemical methods [53], it is possible to pinpoint the peroxide formation in the 

intermediate. 

Depending on the electrolyte used in fuel cell, the ORR occurring in the cell is 

represented as follows. 

In acid, 02 + 4H+ + 4e- -■ 2H20 	AE° = +1.229V 	1.19 

In base, 02 ± 2H20 ± 4e- -• 40H- 	AE° = + 0.401V 	1.20 

Due to the complexities and difficulties associated in the formation and breaking 

of the 0=0 bond in oxygen, almost all catalysts show very poor electrocatalytic activity 

in oxygen reduction reaction. 

Pk, 	 1. In acid and alkali solutions most of the metals and alloys have instability 

problem in the region where reaction occurs. 

2. Reaction rates are slow Go of the order of 10-1° mA/cm-2) with respect to other 

electrode reactions. 

3. The formation of the oxide on the electrode blocks the progress of the ORR. 

4. Also, the formation of H202 as an intermediate slows down the reaction. 

Oxygen reduction reaction has been assumed to proceed by the following 

pathways [54,55]. 

DIRECT 4-ELECTRON PATHWAY 

(a) In alkaline solution, 
02 ± 2H20 ± 4e- ------■ 40H- 	E = 0.401V 	 1.21 
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(b) In acid solution, 

02 ± 4H++ 4e- 	 2H20 
	

E = 1.229V 	 1.22 

PEROXIDE PATHWAY 

(a) In alkaline solution, 
02 ± H20 ± 2e- 	H02- + OH- E = -0.065V 	 1.23 

Further followed by either the reduction reaction, 

H02 + H20 + 2e- -----• 30H- E = +0.867V 	 1.24 

Or the decomposition reaction 

2H02- 	----00. 02 ± 20H 	 1.25 

02 ± 2H++ 2e --■ H202 	E = 0.67V 	 1.26 

Followed by, either 

H202 + 2H++ 2e---■ 2H20 	E= 1.77V 	 1.28 

Or, 

2H202 	 2H20 ± 02 	 1 .29 

(The potentials correspond to the standard state values vs. the Normal Hydrogen 

Electrode (NHE) at 298K.) 

All the electrocatalysts do not support the peroxide pathway. In fact, some of 

them facilitate the 4-electron pathway. Some electrode surfaces are capable of breaking 

the 0=0 bond in molecular dioxygen in reaction sequence by 4 electron pathway. 

Platinum in the form of Pt/C electrodes, with platinum loading as low as few 

mg/cml, remains the most practicable electrocatalyst in alkaline fuel cell [56]. Lot of 

(b) In acid solutions 
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work has been reported [57,67] in recent times for metal oxide catalysts and transition 

macrocycles (e.g. Fe or Co phthalocyanines and porphyrins [68,70]. 

The following parallel series represents the path for the electroreduction of 

molecular oxygen. 

The scheme was proposed for metal electrodes [71], which can also be applied to 

metal oxide. According to this scheme, the electrochemical reaction, occurring either by 

H202 or 4 e- pathway, depends on how the 0=0 bond is adsorbed, whether by splitting 

before adsorption or absorbed without splitting, in such case the electrochemical 

reduction of oxygen yield water directly (with a rate constant ki) or hydrogen peroxide 

(with rate constant k2). The hydrogen peroxide formed in the process will get reduced 

either to water (k3), or may be oxidized (ki/2), or may undergo catalytic decomposition on 

the surface (1c4) or may be released in the bulk of the solution. 

There had been two viewpoints on the path of the electro-reduction of oxygen on 

oxide catalysts. According to some workers [72,73] it is said that the oxygen reduction 

occurs only via intermediate formation of H202, and further, the decomposition of the 
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H202 is accelerated. Another viewpoint is that the electroreduction may occur on metal 

oxide directly by 4-e pathway to water [74]. 

The ring electrode method has confirmed the formation of H202 as an 

intermediate on simple oxides for the electro-reduction of oxygen [75,76]. Whereas, on 

It- 
spinel type oxides, the electro-reduction of oxygen occurs either by the formation of 

H202 or a parallel reaction of direct reduction to water. The cobaltite spinels deposited on 

carbon black shows the presence of only one oxygen reduction current plateau 

corresponding to the addition of the four e- as shown in Fig. 1.4. 

For electro-reduction of molecular oxygen, the rate constants for different steps 

occurring in the proposed reaction scheme are shown in Table 1.1. Since the 0-0 bond 

breaks in both the cases, certain relationship is observed for the fractions of reaction of 

reduction to water and the rate constant of reduction of hydrogen peroxide to water. 

Similar results are observed for the spinel synthesized by thermal oxidation of cobalt or 

cobalt alloyed with nickel [77,79]. 

It is found that in the potential range 0.8-0.9 V, the H202 formed is 15% of the 

total process with Co304, and is found to be 10% with NiCo204 electrocatalyst. If the 

potential is shifted in negative direction than the H202 formation increases to 30-40% at 

Er = 0.5V for Co304, and 50-60% at Er = 0.3V for NiCo204.The electrochemical activity 

for different spinels studied under shnilar conditions have been in the following order 

MnCO204 > MgCO 204 > CdCO204 > C00O204 

This order differs for the activity of homomolecular oxygen exchange and is 

given in the following manner 

CoCo204 > ZnCo204 > NiCo204 > MgCo204 > MnCo204 
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Fig. 1.4 Polarisation curves of oxygen 
reduction on carbon black promoted by 

various spinel oxide in 0.1 mol dm-3 KOH. 
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Table 1.1 Kinetic Parameters of Electroreduction of Oxygen on various Cobaltites 

Spinel ki /k2 103 x k3/cm s-1 

Co304 4.0 0.20 

CdCo204 5.2 0.55 

Mg Co204 • 	5.9 0.75 

Mn Co204 7.0 0.96 

Ni Co204 10.0 
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The influence of the surface states of Co304 and NiCo204 on the cathodic 

reduction . of oxygen has been studied. The electrodes in this were subjected to 

electrochemical oxidation at E r  = 1.2-1.6 V [77,78], or to reduction at 0.0V. It is reported 

that the electrochemical oxidation did not have any influence on the electrode reaction of 

spinels but the reduction at 0.0V changed the reaction route. Further, it resulted in a sharp 

reduction in fraction of direct reduction to water and in a concurrent increase in the rate 

of further conversion of H202. These changes are ascribed to the decomposition of spinel 

catalyst to simple oxides like NiO, CoO, Co 203 . 

In order to explain the mechanism of oxygen reduction reaction, wherein the 

nature of adsorption is the criterion, the reaction mechanism depends on how reacting 

molecule is adsorbed i.e. whether in the end or in the side position, since oxygen is 

paramagnetic in nature, contains two unpaired electrons. If the 0-0 bond is broken then 

4, the two electrons will get adsorbed on two adsorption centers on the side position [79]. 

Some authors believe that the adsorption of molecules occur in the end position with the 

formation of sigma bond between the Tc*-orbital of the metal and e g  orbital of oxygen. 

Oxygen reduction reaction proceeds by peroxide pathway on most of the carbon 

substrate, and the resulting electrode potential to be equivalent to 2 e - . Ring disk 

electrode (RRDE) studies on platinwn and platinum alloys show that oxygen reduction of 

these materials precedes via 4 e -  and peroxide, with 4-electron being predominant. 

Oxygen reduction kinetics is higher in alkaline electrolyte than in acid medium. Different 

)tt. oxides with spinel, perovskite and pyrochlore structure show high catalytic activity for 

oxygen reduction [80]. Activated carbon itself is a good electrocatalyst for oxygen 

reduction reaction in alkaline media. Various kinds of carbon have been studied as 
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oxygen reducing electrode. Coconut shell carbon is found to reduce dioxygen to water 

without peroxide formation [81]. 

The electrochemical reduction of oxygen at thin platinum film prepared on 

titanium substrate has been studied in alkaline solution. The Tafel plots with two different 

slope region were observed for oxygen reduction in 0.1M KOH. At low current densities 

the slope is around —60mV/dec, whereas at higher current densities the slope was varying 

between —260 - 490mv/dec [82]. 

In alkaline solution, the gas activated carbon acts as a catalyst for oxygen 

reduction reaction and it is found that there is no formation of H202 as an intermediate 

[83]. 

Lanthanum manganates [84] were used to correlate the solid-state 

physicochemical character and the heterogeneous electrocatalytic activity for oxygen 

reduction reaction in alkaline fuel cell and both bulk and surface properties were 

evaluated. 

The oxygen reduction reaction was studied for cobalt/iron tetraphenyl porphyrin 

or silver on carbon and the electrodes showed the potential of —186mV vs. Hg/Hg0 at 

1 Acm-2 at 40°C for 5 M KOH [85]. 

The electrocatalytic activity of Ni0 doped with different % of lithium [86] has 

been studied. It is reported [87] that surface state of carbon plays an important role in 

determining the catalytic activity of oxygen reduction reaction. 

Electrodes made from LaNiO3 have been tried as an oxygen electrode [88] and it 

is found that these electrodes can withstand load current density of 30mAcm-2 with a 
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polarization of < 0.2V. Mn02. Manganese oxyhydroxide has been synthesised [89] and 

fOr its electrocatalysis on ORR. 

Some transition metal oxides such as LaTiO3, SrFe03, SrV03, SrRu02, 

Vo2Tii 803, and La1_,,SrxM03 having metallic conductivity were investigated for their 

catalytic activities. The conclusion drawn from the study is it must have sigma a band 

and,band must contain electrons [90]. 

Several authors have reported methods of preparation of spinel (metal oxides) and 

electrodes. Lot of work has been reported for oxygen evolution reaction in alkaline 

solution for spinels like NiCo204 and Co304 [91]. But not much work has been reported 

for Co304 in oxygen reduction reaction in alkaline solution. It is reported that oxygen 

reduction with spinels and mixed metal oxides as electrocatalysts, decrease with time and 

this is proved for Co304spinels in 1-1.2 M KOH [92]. And it is found that the decrease in 

catalytic activity is due to the changes in crystal structure of the surface layer of the 

electrodes. Inspite of several attempts to develop a suitable catalyst, platinum dispersed 

on carbon with platinum loading of 0.5mg/cm2 remains to be the most practical catalyst 

[93]. 

1.2.6.3 DIFFERENT COMPONENTS IN ALKALINE FUEL CELL 

Electrodes, electrolyte, electrocatalyst are the important components in Alkaline 

Fuel Cell. 
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1.2.6.3.1 ELECTRODES IN AFCs 

In fuel cells, electrodes are the active centers for the energy conversion reaction 

i.e. for fuel, the oxidation occurring at the anode and for oxygen reduction occurring at 

the cathode. The important criterion which should be satisfied by the electrodes is that it 

should be porous and should have higher surface area, since the reaction involves gases. 

The main function of the porous gas diffusion electrode is to give a large reaction zone 

area and provide very small amount of mass transport hindrance for the reactants and also 

for the removal of products. Increasing electrode area increases the electrode potential 

and the current density per unit area. Thus affecting the cell performance [94]. 

Adding fillers to the electrode can enhance the porosity of the electrodes. The 

surface of electrodes can be said to be hydrophobic or hydrophilic based on the basic 

structure and added binder [95]. Hydrophobic carbon electrodes are made from the 

carbon powder bonded with plastic materials such as poly tetrafluoro ethylene (PTFE). 

Carbon powder used as a support is light and has higher surface area. Electrode 

comprises of three-layer design as baking layer, gas diffusion layer and the active layer. 

The backing layer is wire screen, which is a good conductor and is used as a current 

collector; the backing layer should be highly permeable to gases, and in addition, it 

should be corrosion resistant, and highly conducting. The different materials, which are 

used as a backing layer, are metal screen, teflonized metal plaques, carbon cloth and 

carbon paper [96]. The diffusion layer is highly hydrophobic and contains gas feed 

channels, which supply reactants. Due to the hydrophobic nature of the diffusion layer, 

the electrolyte is prevented from penetrating deeper inside the electrode, thus keeping the 

pores free and allowing the free passage of gas to the reaction sites. The active layer is 
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less wet proofed than the diffusion layer (5-25%), thus ensuring the partially wetting of 

the carbon and electrocatalyst. In the catalyst layer three-phase zone is created where 

fuel, electrolyte and carbon supported electrocatalyst meet and the electrochemical 

reaction occurs at this interface where the active catalyst is present. The successful 

operation of a fuel cell needs a proper gas/electrolyte/solid three-phase interphase. 'The 

diffusion electrode with three-phase zone is shown in Fig.1.5. The following materials 

are used in the electrode preparation. 

(a)POLYTETRAFLUORO ETHYLENE (PTFE) 

It is a hydrophobic and chemically stables plastic material, which can be used as a 

binder for different types of carbon, to create a porous electrode structure [97]. In 1955, 

Du Pont de Nemours made PTFE conunercially available under the trademark 

"TEFLON." Its use as a hydrophobic binder was first patented in 1960 for use in high 

temperature cells employing molten alkaline electrolyte. Electrodes can be made from 
it( 

two types of PTFE: as an aqueous suspension or a dry powder. 

(b)CARBON MATERIALS 

Variety of different carbons can be used in gas diffusion electrodes. These are 

Graphite, Carbon black, Acetylene black, Vulcan XC-72R, and Black Pearls 2000. 

Methods for comparing electrochemically active areas of different carbon powders have 

been developed [98]. 

The different criteria which should be satisfied by a reaction layer are: (a) feeding 

gas reactant to all catalyst sites to and from the current collector and (b) holding the 

electrolyte in reaction layer where active catalyst sites are present. The reactant gas 

dissolves at gas — liquid interfaces and these dissolved reactants are transferred to the 
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Fig. 1.5 Hydrophobic gas diffusion electrode. a) gas; b) carbon particle; 
c)wet proofing agent and d) electrolyte. 
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catalyst site and are reacted by diffusion [99]. The most popular catalyst support used in 

phosphoric acid fuel cell is Cabot Corporation's Vulcan XC-72R. This material is a 

conductive furnace black, and has very high conductivity and high specific surface area 

250m2/g. The gas diffusion electrodes, prepared by using different electrocatalyst, can be 

characterized by using techniques, which helps to determine the relationship between the 

structural parameters and electrochemical performance [100]. The different techniques 

used are intrusion porosimetry, surface area analysis, scanning (SEM) and transmission 

(TEM) electron microscopy in conjuction with X-ray energy spectroscopy (XES). It is 

reported [101] that the surface area of support, which was used as graphite in preparation 

of electrodes, could be varied by grinding in a ball mill for varied grinding time. The 

influence of diffusion resistances on gas diffusion electrodes has been studied [102]. 

1.2.6.3.2 ELECTROLYTE IN ALKALINE FUEL CELL 

The electrolyte used in fuel cell should have high specific conductivity, as it helps 

lowering the ohmic drop in solution between cathode and anode. The ionic current that is 

observed in the electrochemical reaction is due to the transport of the ions. The 

transference number close to unity helps to lower the polarization due to concentration 

changes of these ions. 

Solutions of strong alkalis like potassium hydroxide or sodium hydroxides can be 

used as electrolyte in room temperature alkaline fuel cell. Potassium hydroxide is 

preferred over sodium hydroxide because its conductivity and carbonate ion solubility are 

higher. The conduction in these electrolytes is due to OH -  ions. Concentrated solution of 

potassium hydroxide allows operating temperature above the boiling point of water. And 

it has been used up to 300 °C. Special modifications are to be made in the designing of the 
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cell to remove the reaction products, which are capable of diluting the electrolyte, 

especially the formation of water in the hydrogen- oxygen fuel cell, which dilutes the 

electrolyte. In many aqueous alkaline fuel cell systems with non circulating electrolyte, or 

with a circulating electrolyte, a matrix or a diaphragm is inserted in the electrolyte to 

separate anode fi-om cathode [103]. The diaphragm is mostly made from chrysolite and 

matrices are made fi-om potassium titanate. 

1.2.6.3.3 ELECTROCATALYST IN ALKALINE FUEL CELL 

Electrocatalysis in fuel cell can be defined as the heterogeneous catalysis of a 

charge transfer reaction across an electrode-electrolyte interface. Catalyst helps in 

increasing the rate of reaction by decreasing the activation energy barrier by making 

available an alternate reaction path. Based on Tafel equation the activation energy barrier 

can be lowered, by increasing the electric field strength across electrode-electrolyte 

interface and it is possible to increase the reaction rate in the forward direction by more 

than an order of magnitude by changing electric potential difference by 100mV. 

For a material, to be a good fuel cell electocatalyst, it should satisfy the 

following conditions. 

* It should possess electronic conductivity. The electocatalyst on its support should 

be an electronic conductor. If the electrocatalyst is poor conductor or a semi-

conductor it must be supported on or dispersed within a conducting materials such as 

carbon or graphite. 

* It should not degrade in the fuel cell environment, especially under the difficult 

conditions at cathode, and should show suitable adsorption characteristics for 
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reactants and or reaction intermediate [104]. Surface of an electrocatalyst must be 

active for chemisorption compared to surface of simple oxide on an inert electrode. 

1.2.6.4 CONSTRUCTION OF AN ALKALINE FUEL CELL 

The following five basic needs are to be satisfied for successful construction of 

the fuel cell, which can be competitive power source in the market. 

(a) Losses due to polarization and internal resistance should be small. 

(b) Electrodes should be resistant to corrosion. 

(c) The electrolyte should be invariant. 

(d) Electrocatalyst used in the fuel cell should not be costly. 

(e) Fuels used in fuel cell should be cheap. 

The hydrogen-oxygen fuel cell with an aqueous electrolyte and the electrocatalyst 

such as platinum metals (Pt, Tr, Rh, Pd, Ru) or binary alloys [105] of platinum metals or 

restricted number of binary alloys of platinum metal with another metal, fulfill the 

conditions (a) and (b). But the price of a fuel cell with these electrocatalyst is high. Hence 

the applications of the fuel cells are restricted only to special projects where high price of 

fuel cell batteries with good reliability is required. In alkaline electrolytes, nickel can be 

considered to be the catalyst for anode and lithiated nickel oxide or silver for oxygen 

electrode. Efficiency, comparable to that in acid cells, with platinum has been achieved. 

Hence, it is expected that the alkaline fuel cell will find numerous applications as soon as 

the problem of hydrogen as fuel is solved. Electrochemical characterization has been 

74, reported by using various [106,108] types of half-cell assemblies. The different types of 

setup used are: (a) electrochemical cell used by Kaman, (b) electrochemical set up used 

by Kiros and Kroenberg, and (c) floating half cell used by Fielder. 
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1.3 CATALYTIC ACTIVITY 

Since oxygen reduction reaction is said to proceed by a peroxide pathway, a good 

electrocatalyst should be available, which is capable of decomposing the peroxide formed 

in oxygen reduction reaction. The catalytic activity of catalyst can be evaluated by 

studying the decomposition of H202, wherein the volume of oxygen liberated is 

monitored as a function of time from which catalytic activity of the electrocatalyst is 

determined. Activation energy is calculated from the obtained data by using Arrehenius 

equation. 

Catalytic activity of a catalyst can be studied by using a conventional gasometric 

technique. The apparatus used for experimental study of the decomposition reaction was 

suggested by Cota et al [109]. 

Various transition metal oxides have been studied for the kinetics and mechanistic 

study of oxygen reduction reaction. These experiments have confirmed the formation of 

peroxide, which is decomposed heterogeneously on the catalyst surface, and the reaction 

is found to be first order [110]. A number of methods are used to study the decomposition 

of H202 such as gasometric, open circuit potential decay method, steady state polarization 

method, etc. Gasometric method has been used commonly by many workers. Catalytic 

decomposition on co-precipitated Mn ferrospinels has been studied [111] to define the 

composition and microstructural factors influencing the catalytic activity. Promotion of 

catalytic activity of Mn02 by decomposition of H202 has been reported [112]. It is 

found that lot of work has been reported for decomposition of H202 for Mn02 samples. 

Kinetic and decomposition of H202 for Mn0 2  samples are also studied [113] and 

suggested that the catalytic decomposition rate increases as the particle size decreases 
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emphasizing the importance of real surface area rather than B.E.T. surface area. 

Decomposition of concentrated H202 on silver has been studied [114] as a function of 

bulk temperature. The catalytic decomposition of Mn02 of various crystal modification 

has been studied [115] and found that the order of the reaction is one. Topochemical 

aspects of the surface reactivity of the cobalt ferrites have been studied by some workers 

[116]. The intrinsic and microstructural factors influencing the catalytic activity for 

cobalt ferrites is studied by Goldstein et al [117] by using H202 decomposition reaction. 

The heterogeneous rate constant for peroxide decomposition on the platinum-

ruthenium catalyst has been determined by studying the slope of the log it vs time where 

is the diffusion limiting current corresponding to the concentration of the peroxide at a 

given time [118]. 

The decomposition of hydrogen peroxide on Co304 is found to be a first order 

reaction. But Tseung et al [119] have studied this reaction on Co304 and have reported 

the order of the reaction to be 1.2 and not one [120]. 

1.4 ELECTOCATALYTIC ACTIVITY 

It is very important that the activity of a newly prepared catalyst be assessed 

before its use in any electrochemical application. This is usually done by evaluating 

polarization curve (electrode polarization vs. logarithm of the current density to give a 

tafel plot) for the oxygen reduction reaction. Many reports are available on the reduction 

of oxygen on platinum in alkaline media [121]. Electrochemical irreversibility of the 

oxygen reduction reaction for conventional catalyst can be attributed to their inability to 

absorb oxygen in a single dissociative step. Single dissociative step involves the presence 
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of two electrons [122]. The conunon feature of many of the best electrocatalyst in 

alkaline electrolyte has been the presence of high paramagnetic susceptibility, which can 

be related to the presence of unpaired d-bands electrons per atom in noble metals. 

L. Genes [123] studied the effect of the particle size on the catalytic activity for 

oxygen reduction reaction in alkaline solution. For effective oxygen reduction reaction to 

occur the paramagnetic electrons in the oxygen molecules should couple with those in the 

electrocatalyst to facilitate side on adsorption [124, 126]. When oxygen molecules absorb 

in this manner, the 0-0 bond will split on a surface with neighboring OH and -0 groups 

via mechanism involving a chain of hydrogen bond. This is called pseudo-splitting 

mechanism suggested by U. R. Evans [127]. Although the oxygen reduction reaction on 

noble metals catalyst, such as platinum, usually occurs on the bare metal surface but it 

can also take place on an oxide-covered surface [128]. Of the various perovskites oxides 

investigated as oxygen reduction catalyst, strontium—doped lanthanum cobaltite, such as 

Lao 5Sro5Co03 and LaNiO3 have shown that on this material, oxygen reduces completely 

to hydroxyl with no peroxide formation [129]. Studies of oxygen reduction on 

Ndo 5Sro5Co03 in 45% KOH indicate that rate determining step of the reduction reaction 

is the absorption of oxygen [130]. 

In addition to the above mixed oxides, BaFei.,,CO303_,, also has been reported to 

be useful as an oxygen reduction catalyst in alkaline fuel cell. For ferrites, such as 

La1_,,Fe03.3,, it has been found that the catalytic activity for oxygen reduction reaction in 

alkaline media is related to the fraction of vacancies and that the ferrites themselves 

undergo reduction concurrently with the reduction of oxygen [131]. The low temperature 

performance of perovskites for oxygen reduction reaction, for catalyst such as strontium 
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doped lanthanum cobaltite, is far lower than that obtained for platinum catalysts. At 

temperature above 170 °C their performance start approaching that of platinum. 

In addition to the perovskites another group of metal oxides namely the spinels 

has shown some promise as oxygen reduction catalysts in alkaline solution. As observed 

for perovskites, the crystals having spinel structure also show special conductivity and 

magnetic characteristic that helps in enhancing the activity of spinels in oxygen reduction 

reaction. Some of the cobalt, magnesium, iron, copper and aluminium spinels have been 

evaluated for the catalytic activity for oxygen reduction electrodes in concentrated KOH 

solution [132]. NiCo204 is stable in 5M KOH at potentials greater than 0.7V, but at 0.5V 

the spinel structure is completely destroyed by forming compounds such as Co203, NiO, 

CoO, CoO.H20, and Ni0OH, none of which is active for oxygen reduction reaction 

[133]. It is observed that the electrochemical reduction of oxygen on cobalt, magnesium, 

cerium, and manganese cobaltite spinels in KOH solution proceeds by the intermediate 

formation of peroxide, before four-electron reduction to water [134]. The properties of 

the spinel type oxides have been elaborately reviewed by some workers [135]. The role 

of conductive transition metal oxides in the oxygen reduction reaction is studied by [136]. 

Studies on MnCo3,04 for its electrocatalytic activity have indicated the 

dependence of the reduction reaction in alkaline media on manganese content [137]. The 

electrochemical reduction of oxygen on NixCo3, 04 using a double channel electrode 

flow cell (DCEFC) has been reported by [138]. S. K. Tiwari [139] has studied the 

electrochemical reduction of oxygen in KOH for LaNiO 3  electrode, which is prepared 

through maleic acid precursor route, and has found the apparent electrocatalytic activity 
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of these electrodes to be 10 times higher than those reported for same electrodes obtained 

from other methods. 

1.5 COBALT OXIDE SPINEL AS AN ELECTROCATALYST 

The spinel comprises the class of hard, variously colored minerals consisting 

chiefly of mixed oxides of metals such as aluminium, magnesium, zinc and iron. Some 

translucent varieties such as the so-called ruby spinel are used as gemstones. Spinels can 

be classified as normal, inverse, and intermediate, depending on the A and B ions in the 

8a and 16d positions. The formula for the typical spinel can be represented as XY204 

(where X and Y are metals). The spinel unit lattice contains 8 XY204 units arranged in a 

fairly complex configuration in which the oxygen ions form face centered cubic 

structures containing tetragonal oxygen cages that are partly occupied by the metals X 

and Y. The crystalline lattice of the spinels is shown in Fig. Lg. It has close packing of 

the 02-  anions, 64 tetrahedral and 32 octahedral vacant lattice sites forming a unit cell. 

The bivalent and trivalent cations occupy eight tetrahedral positions 8a and 16 octahedral 

positions (16d), which are located in vacant lattice sites. The normal spinel—type 

compounds can be classified by their ionic packing factor defined as the ratio between 

the cation radius to the anion interstitial radius. The electronic conductivity and magnetic 

ordering of the spinel can be correlated with these parameters. 

Examples of the normal spinels are MgAl 204, Fe Al204, CoAl204, ZnV204 

[140] Co304  [141]. Another type of spinel structure is the inverse spinel. This can be 

represented by the formula X(YX)04, in which the X position in the normal spinel are 

occupied by half the Y's of the inverse structure, with the remainder of the Y's and all 
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the X of the inverse structure occupying the Y position in the normal structure. 

Examples of the inverse spinel are Feiii(FeTiFeiii)04, Fell (TiFeii)04, Cr(FeiiCr)04 and 

Zn(SnZn)04 

Mixed valency spinel oxide exhibit electrical conductivity or semi conductivity, 

which helps them to be used directly as electrode material with electronic transfers taking 

place with very low activation energy between the cation of different valences by 

hopping process. If spinels have poor electrical conductivity, then they have to be mixed 

with high surface area carbon or graphite to increase the electrode conductivity. Spinel 

exhibit very low specific surface areas when synthesized by ceramic method at high 

temperature. They may achieve high surface areas when prepared at low temperatures, by 

using thermal decomposition of suitable precursors, reactive nebulization (spraying), 

freeze drying, or sol-gel type processes. The added advantage offered by spinel when 

prepared from aqueous solution at lower temperature is that they are more likely to retain 

the H20 molecules and OH groups in the 'structure. Hence it is necessary to control this 

bulk and surface cationic properties, determining the electronic factor and real surface 

area which determines the geometric factor, which is necessary to get better intrinsic 

electrocatalytic activity. 

1.5.1 COBALT OXIDE SPINEL 

A typical unit cell for an ideal spinel structure [142] is shown in Fig 1.6(a). In this 

ideal cubic structure, the anions form cubic close packing in which the cations occupy 

partly the tetrahedral and partly octahedral voids. The unit cell contains 32 anions 

forming 64 tetrahedral and 32 octahedral interstices are taken by cations. Thus the unit 
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cell contains 8 formula units. The unit cell with perfect cubic close packing array 

corresponds to the formula X8Y 16-32. In the normal spinel structure the 8X ions occupy 

tetrahedral sites in the face centered cubic oxide lattice and the 16Y ions occupy 

octahedral site as indicated in Fig. 1.6(b) the tetrahedral and octahedral sites are generally 

referred to X and Y sites respectively. The spinel structure is fairly empty because only I/8 

have the tetrahedral and Y2 of the octahedral sites are occupied. 

The spinel possesses interesting electrical properties ranging from insulators to 

metallic conductors. Due to ordering and orientation of the spin in the lattices spinal 

exhibit ,interesting variation in their magnetic properties. This kind of ordering of spin 

results in antiferromagnetic, ferromagnetic and ferrimagnetic spinels. 

Cobalt oxide spinel is expected to be a nomial spinel (Co2+[Co2±Co3+104 because 

(low spin) Co3+ gains more stabilization energy in octahedral site that Co2+ losses by 

going into the tetrahedral site[143]. It is said that Co304 and NiCo204 can be intrinsically 

semiconductors but the low temperature of decomposition and the hydrothermal 

condition of the spraying process produces heavily doped very conductive samples [144]. 

1.5.2 SYNTHESIS OF Co304 SPINEL 

Several methods are known for the preparation of spinels, but the common 

procedure used is the ceramic technique [145]. In this method, the oxides of metals are 

used as the starting compounds. In order to homogenize the oxide mixtures and thereby 

promote the diffusions of ions during the spinel formation process, the initial compounds 

are pulverized and then subjected to prolong high temperature calcinations at 1273- 

1473K. Due to high temperature calcinations the suiface area of the specimen is 
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considerably reduced, and consequently it is difficult and in certain cases altogether 

impossible to use them as catalysts. 

The second method [146] consists in evaporating the solutions of nitrates of the 

corresponding metals and then decomposing the mixture thus obtained. In this method 

the calcinations temperature can be reduced to 573-673K. 

The third method lies in the co-precipitation of hydroxides, oxalates of the 

corresponding metals followed by thermal decomposition of the precipitates. The main 

merit of this method is that the hydroxide or salts are mixed homogeneously in the coarse 

of precipitation. In this method the Co304 catalyst is prepared by precipitating Co(OH)2 

from mixed solution of CoC12.H20 and KOH then sintered at 573K for 5firs [147]. 

Above two methods can be used [148] for preparing deposited catalyst, NiCo204, 

MnCo204 on carbon support. 

Cryochemical synthesis of Ni-Co spinels [149] consists of spraying aqueous salt 

solution in liquid nitrogen evacuation and final decomposition in air or oxygen, which 

leads to a uniform mixture of the components. 

Since the spinels are used in electrocatalysis, methods have been developed to 

synthesize them on carriers, on highly dispersed materials. Investigation of the formation 

of the spinel type oxides on carbon [150], graphite, carbon black has shown that this 

process is complicated. It depends both on the oxide to carrier ratio and to thermal 

synthesis condition. The main obstacle in the preparation of the deposited catalysts is that 

the carbon carrier exerts considerable influence on the oxide composition [151] in the 

course of thermal treatment, which in turn affects the combustion of the carrier. 

Specimens were found to burn during thermal synthesis of cobaltite on various carbon 
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supports in air at spinel formation temperature, i.e. 623-773K. When spinels are 

supported onto carbon materials, their specific surface area increases and electric 

resistance decreases. The surface of the cobaltite deposited on carbon black was found to 

increase from 14m 2g-1  to about 150m2g-1  [152], while electric resistance decreased by 

about 104-105  times. 

Several methods have been reported in the literature for the synthesis of Co304. 

Co304 has been prepared [153] by thermal decomposition of cobalt nitrate at 

523K for 20 hours [154]. The method used by Tseung et al [155] for preparation of 

Co304 involves co-precipitation of hydroxides. The precipitate obtained was filtered and 

dried at 573K for 5 hours. The Co 304  obtained from this method is used for comparison 

purpose and they also synthesized Co3O4 by oxidizing and precipitating the dissolved 

Co2+  ions in 5NKOH solution using 20 w/o H202 solution as oxidizing agent [156,157]. 

The Co304 is synthesized from hydroxides, obtained at room temperature by precipitation 

of the corresponding metal nitrates, with ammonia at pH = 9.Then the hydroxides are 

decomposed in air at 1273 K for 20 hr.[158]. 

The Co304 can also be prepared from its nitrate solutions (0.1M) by conventional 

aqueous precipitation with ammonia water. The pH was kept constant at 10.5, the 

precipitate was filtered, dried at 373K overnight, ground into fine powder, and air 

calcined at 773K for 4h. [159]. 

Thin films of Co30 4  on Ti support has been prepared by thennal decomposition 

[160], and also by spray pyrolysis technique between the temperature range 573-673 K 

[161]. 
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1.5.3 CHARACTERIZATION AND PROPERTIES OF CO304 

(a) ELECTROPHYSICAL PARAMETERS 

The main electrophysical parameters of the oxides semiconducting systems are 

the electrical conductivity, electron work function, quantity and mobility of current 

carriers and the forbidden band width. And these parameters are quite sensitive to the 

chemical and structural composition of the oxide system and hence depend on the method 

and condition of oxide synthesis. The oxides of the transition element at the beginning of 

long periods have the n-type semiconductivity and those at the end have p-type 

semiconductivity. The oxides of CoO, NiO, NiCO204, Co304 and MnCo204 are p-type 

semiconductors [162]. 

The electrochemical and electrophysical characteristic of the large group of 

different oxides have been reported [163]. This oxide shows high electrical resistance. 

The electrical conductivity of simple oxides such as MnO, NiO, Co203 is of the order 

10-6-10-4
M

-1 . The electrical conductivity of the spinel type cobaltite is somewhat higher. 

The conductivity of the Co304 is found to be 10-4ohrn cm-1 and that of NiCo204 is 

-1 
10

-2 
ohm cm . One method of reducing the electrical resistance is to deposit them on a 

conducting carrier such as carbon, carbon black, graphite or nickel [164]. 

On passing from simple oxides to spinel it is found that there is increase in the 

electrical conductivity, carrier concentration and carrier mobility and the electrochemical 

activity. The electrical conductivity and carrier concentration is found to change by 2-3 

orders of magnitude in passing from oxides to spinel. 
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(b) CHEMICAL AND ELECTROCHEMICAL PROPERTIES 

Chemical and electrochemical stability (change in the surface composition) plays 

an important role in practical application and in understanding the mechanism of 

electrochemical reactions occun-ing in spinel. Spinel type oxides [165] are comparatively 

stable in alkaline medium. 

The chemical stability of the low temperature synthesis of Co304, the time 

variation of the structure and the composition of this spinel in KOH solution have been 

studied [166] with the aid of the operator technique. 

The I.R. spectra of the initial (curve I Fig 1-7) have two characteristic absorption 

at 570-670cm-1, which may be possibly attributed to the vibrations of the Co11106 and 

ConO4 polyhedra [167]. When Co304 comes in contact with alkaline solution, an 

absorption band appears in the region 400-500cm-1 and the intensities of the bands at 

570-670cm changes (curve This is related with the formation of simple cobalt oxide 

[168] Co203 and Co0 due to partial decomposition of the spinel in the surface layer. 

From this data it follows that the amount of Co304 spinels in the surface layer of 

the solid phase decreases with the increasing amount of cobalt ions in the electrolyte. The 

maximum variation of the catalyst surface composition takes place in the initial period. 

Thereafter the catalyst undergoes slight changes, and the amount of cobalt, which passes 

into the solution decreases. Higher electrolyte temperature accelerates the destruction of 

Co304; increase alkali concentration also leads to the decrease in the spinel stability. 
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Fig. 1.7 The IR spectra of the initial curvel and curve 2 of Co 304 . 
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1.6 SCOPE OF THE PRESENT INVESTIGATION 

To make it possible to use the fuel cells for the tenestrial applications it is necessary 

to improve the performance of the air electrode by using non expensive catalyst. Platinum 

till date finds wide application as the electrocatalyst in fuel cell, lot of efforts are being 

made to replace the noble metal with metal oxide such as perovskites, spinels, etc. though 

synthesis of mixed metal fenites has been exhaustively studied, comparatively not much 

work has been reported in the use of cobalt oxide spinel in the fuel cell studies. 

It was thought interesting to develop a novel precursor method for the synthesis of 

Co304 spinel. Such a synthesis, especially involving low temperature decomposition, 

which could be expected to yield oxide product with better surface area. Further, since 

there are reports indicating usefulness of Co304 spinel as electrocatalyst in fuel cell 

applications, it would be interesting to explore the possible use of these cobalt oxide 

samples as electrocatalyst in alkaline fuel cell as electrode material. 
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CHAPTER II 

EXPERIMENTAL 

INTRODUCTION 

Transition metal oxides, especially the spinel type of oxides, represent an 

important class of versatile materials for electrocatalysis. They provide a unique 

oppoitunity to investigate the contribution of solid state chemistry to electrocatalytical 

reactivity. The usual method for the preparation of spinel involves ceramic technique in 

which oxides, hydroxides, nitrates, carbonates, oxalates are used as starting materials. 

Besides, spinels can also be prepared by combustion method, sol gel method, freeze-

drying, spray drying method etc. [1]. 

In the present study, the precursor method was used in the synthesis of some samples 

of Co304 by using different routes. A brief description of the methods of the synthesis of 

these samples as well as the analytical procedures and the instrumental techniques 

employed in their characterization is presented in this chapter. 

2.1 MATERIALS 

The commercially available chemicals (Analar or equivalent grade) were used as 

such without purification. The chemicals that were used include hydrazine hydrate 

(N21-14-1120), nitrilotriacetic acid (N(C1-12C0011)3), ammonium carbonate ((NH4)2CO3), 

cobaltous carbonate (CoCO3), cobalt nitrate hex.ahydrate Co(NO3).6H20, cobalt chloride 

hexahydrate (CoC12.61-120), zinc sulphate heptahydrate (ZnSO4.7 H2 0 ), ethylene diamine 
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tetracetic acid-disodium salt, (EDTA), hydrochloric acid (HC1), potassium iodate (KI03), 

carbon tetrachloride (CC14) etc. 

2.2 ANALYTICAL METHODS 

The analytical methods used include the quantitative estimation of cobalt in the 

samples (combustion residues) and precursors, and hydrazine in precursors. 

2.2.1 ESTIMATION OF COBALT 

The cobalt content of the complexes and the combustion product was estimated 

by EDTA complexometric titrations, after decomposing the complex or dissolving the 

residue in 1:1 HC1 (or HNO3). A standard solution of 0.01M EDTA was prepared by 

directly weighing the disodium salt of EDTA (3.7225g in one liter of the solution) and 

dissolving it in the water. The solution was standardized by titrating it with standard zinc 

sulphate solution using Eriochrome Black T as an indicator [2]. 

A known weight of sample was separately heated with acid to dryness. The 

product was extracted with water (50 mL) and taken in a titration flask. The pH of the 

solution was adjusted (pH = 6) by adding hexamethyl tetramine, which acts as a buffer. A 

few drops of xylenol orange were added as an indicator and the resultant solution was 

titrated with 0.01M EDTA solutions until the colour changed from red to yellow [3]. 

lmL of 0.01M EDTA = .7]0.0005893g of Co 

2.2.2 ESTIMATION OF HYDRAZINE 

The conventional method of estimating hydrazine under Andrews's conditions [2] 

was used. About 40 mg of the sample was accurately weighed into a 250mL reagent 
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bottle. A mixture of 30mL of conc. HCI and 20mL of water was added to it followed by 

the addition of 5mL of chloroform or carbon tetrachloride. The solution was titrated with 

0.025M KI03 slowly from the burette, with constant shaking of the stopper bottle 

between the additions, until the organic layer was just decolorized. 

Hydrazine reacts with potassium iodate under the Andrews condition as follows: 

I03-1+ N2H4 + 2H+ + 	= ICI + N2 + 31420 

Thus, 

1 ml of 0.025M KI03 == 0.0008313g N2I-14 

2.3 PHYSICO CHEMICAL TECHNIQUES 

The materials in the form of combustion residues, prepared by the precursor 

method were characterized by employing Fourier Infra Red Spectroscopy, Simultaneous 

TGA — DTA, X-ray diffraction technique, B.E.T. liquid nitrogen adsorption and 

desorption method and Scanning Electron Microscopy. 

2.3.1 INFRA RED SPECTROSCOPY 

Infrared spectroscopy is a valuable tool for analyzing samples. The spectrum can 

be interpreted for the functional group present. Infra red instrumentation can be divided 

into two classes, namely, dispersive and non-dispersive. The dispersive type of 

spectrometer is similar to the UV-visible spectrophotometer. While the non-dispersive 

type has an inferometer in the place of a monochromator, which is then called as Fourier 

Infra-red spectrophotometer. The different components of the infrared instrument are 
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radiation source, optical system, detector, etc. The spectrum can be interpreted for the 

functional group present by matching the corresponding group frequency [4]. 

One of the instrumental methods used in the characterization of the Co304 sample 

was FTIR. Infrared spectroscopy is based on the fact that a molecule will have a number 

of fundamental rotational frequencies and each fundamental may be associated with the 

absoiption of radiation of its own frequency. These absorption frequencies are obtained 

from the spectrum. FTIR provides simultaneous and instantaneous recording of the whole 

spectrum in the microwave and Infrared region of the electromagnetic radiation [5]. 

The infrared spectra of solid samples were recorded in the range of 4000 -400cm-I 

by using Shimadzu DR 8031 instrument (Fig. 2.1). The spectra of the samples were 

obtained by dispersing them in KBr pellet. The observed infrared bands were analyzed by 

comparing with data reported by other workers [6]. 

2.3.2 X-RAY DIFFRACTION TECHNIQUE 

For determination of crystal structure, the diffraction of X-rays by crystals is the 

most powerful method available at present. It is capable of providing accurate structural 

parameters of molecules present in the crystal structure. 

The principle involved in the XRD technique is the one in which two parallel X-

ray waves of particular wavelength strike parallel lattice planes of crystal. One of the 

waves is reflected by surface plane of the crystal in such a way that the angle of reflection 

is equal to the angle of incidence. The second wave penetrates the crystal and is reflected 

by lattice plane immediately below the surface plane [7]. If the two waves are in phase 

before reflection, they will continue to be in this phase after reflection. The extra distance 
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Fig. 2.1 Fourier Infra red spectrophotometer 
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(2dsin0) that the second wave has to traverse is an integral multiple of the wave length. 

Hence one can say that the condition for constructive interference is 

nX = 2dsin0 	  (I). 

Where n' is an integer and `d' is the spacing between successive planes, equation (1) is 

a Bragg condition for diffraction. The different components of the X-ray 

spectrophotometer are tube, collimator, and photographic plate on which radiation 

strikes. 

The experimental method involves shining a monochromatic beam of X-rays at a 

lcnown angle 0 on one of the faces of crystal, and rotating the crystal about an axis 

parallel to the face and perpendicular to the beam. 

Co304 samples prepared by precursor method were characterized by analyzing the 

powder by using CuKa radiation, as per the requirements, filtered through the nickel or 

chromium X-ray diffractograms. The diffraction patterns were recorded on a Philips 

make diffractometer PW 3710 model available at Common Facility Center, Shivaji 

University, Kolhapur. The compounds were identified by comparing the observed 

interplanar d-spacing and relative peak intensities with those reported in the jCPDS data 

[8] file. Using d-values and relative intensities in the peaks did indexing for the sample. 

After obtaining the data, the different parameters such as a, and V as also the structures of 

the Co304 samples were determined. 
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2.3.9 SURFACE PROPERTIES 

Surface characteristics of the catalyst samples were studied by measuring the 

surface area and porosity. The surface propeities were measured by using an instrument 

of Quantachrome, NOVA 1200, in Catalysis Division, at NCL, Pune. 

2.3.3.1. BET METHOD 

The B.E.T. method is most widely used procedure for the determination of 

surface area of solid materials and involves the use of BET equation [9]. 

 

1 

  

(C-1) 
	 X 

WM C 

   

(2) 
WRPo-P)-1] WM C Po 

 

Where `W' is the weight of the gas adsorbed at a relative pressure P/P0 , `P' is the 

equilibrium pressure, 'Po' the saturated vapor pressure of the gas at the temperature of the 

adsorption, 'Wm' is the weight of the adsorbed gas at STP, 'C' is a constant related to the 

energy of adsorption in first adsorbed layer and its value is an indication lof the magnitude 

of the adsorbent-adsorbate interactions. Vil, the volume of gas at STP required to form 

monolayer in adsorption. Various quantities from the above equation like P, Po, and V 

could be determined experimentally. W„, and C can be obtained by plotting P/W(Po-P) 

versus P/Po , which is a straight line with slope S, = C-1 /W„, C. The specific surface area 

S in trn211 of the solid can be calculated from the total surface area, S, and the sample 

weight W. 

S = St/W  	.(3) 
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2.3.3.2 POROSITY BY GAS ADSORPTION METHOD 

The pores in the solid samples are normally characterized according to their sizes 

[10]. 

a) Pores with the opening exceeding 500A° in diameter are called 

"macropores". 

b) The term "micropores" describes a pores with diameter not exceeding 

20A°. 

c) Pores of intermediate sizes are called "mesopores" 

Porosity of powders and other porous solids can be characterized by gas adsorption 

studies. The two common factors necessary for describing porosity are the determination 

of total pore volume and the pore size distribution. For evaluation of the porosity of most 

solid materials, nitrogen at 77K is used as a suitable adsorbate. 

(A) TOTAL PORE VOLUME AND AVERAGE PORE RADIUS 

The total pore volume is derived from the amount of vapor adsorbed at a relative 

pressure close to unity by assuming that the pores are then filled with liquid adsorbate. 

PaVads-Vm 

	(4) 
RT 

in which Pa and T are ambient pressure and temperature, and V,„ is the molar volume of 

liquid adsorbate. 

Assuming cylindrical pore geometry the average pore radius is given by the equation 
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Av. pore radius — 

S is BET surface area. 

(B) PORE SIZE DISTRIBUTION (MESOPORE) 

The distribution of the pore volume with respect to pore size is known as "pore 

size distribution". It is established, that the desorption isotherm is more appropriate than 

the adsorption isotherm for evaluating pore size distribution of an adsorbent. 

— 2yV,„ 
rk 

   

(6) 

   

RT ln (P/130) 

y—Surface tension of the of the adsorbate at its boiling point(8.85ergs/cm2 at 77K) 

V„, is the molar volume of the adsorbate (34.7cm3/mole), R=gas constant, rk - Kelvin 

radius of the pore. 

Surface area was also measured by conventional Zinc Ion Adsorption method 

developed by Kozawa [11]. 

2.3.4 THER1VIAL ANALYSIS 

Thermal analysis is a group technique in which a physical property of a substance 

is measured as a function of temperature, whilst the substance is subjected to a controlled 

temperature (heating or cooling). This includes Differential Thermal Analysis (DTA), 

1". Thermogravimetry, (TGA), Derivative Thermogravimetric Analysis (DTG). Both TGA 

and DTA curves are effected by many factors like nature and shape of the material used 

as container, the sample weight and its history, the particle size, packing density of the 

2V]jci 

(5) 
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sample, sensitivity of the thermocouple and its, location, the heating rate employed, the 

surrounding atmosphere etc [12]. 

2.3.4.1 DIFFERENTIAL THERIVIAL ANALYSIS (DTA) 

The sample and the inert material are heated at a controlled heating rate and the 

temperature difference between them is continuously recorded as a function of furnace 

temperature. Substances undergoing a reaction are accompanied by change in enthalpy. 

This change brings in either increase in temperature of the sample (exothermic) with 

respect to the furnace temperature or decrease in temperature of the sample (endothermic) 

with respect to furnace temperature. This difference in temperature between sample and 

furnace temperature (also temperature of reference sample) appears either as positive 

difference (exothermic) or negative (endothermic). In the course of this study, all the 

experiments were carried out in nitrogen atmosphere and the heating rate employed was 

10 °C/min. 

2.3.4.2 THERIVIOGRAVIMETRIC ANALYSIS (TGA) 

Here, the mass of a substance under consideration is measured as a function of 

temperature or time, whilst the substance is subjected to a controlled temperature (heating 

or cooling). Solid-state reaction occurring during the heating, involves loss in weight 

when gaseous products are formed or gain in weight during oxidation. Thus, the sample 

records loss in weight or gain in weight during heating. 
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2.3.4.3 DERIVATIVE THERMOGRAVIMETRY (DTG) 

Derivative Thermogravimetry is an extension of thermogravimetry wherein the 

first differential of weight loss with respect to temperature is obtained. The peak 

temperature denotes the temperature at which the particular reaction has occurred. Area 

of this peak, is proportional to the total weight loss, which can be used to calculate 

important kinetic parameters. 

Simultaneous DTA, TGA and DTG data for the samples was obtained by using 

Seiko instrument in sm Division, National Chemical Laboratory, Pune. The samples 

were heated in nitrogen atmosphere (10mUrnin) and the heating rate employed was 

1 0°C/min. 

2.3.5 MICROSCOPY 

The low energy (<50ev) secondary electrons emitted from the surface of the 

specimen, is the basis for different type of imaging. The beam is concentrated to small 

probe (20 A °  diameter), which is deflected across the specimen in a faster fashion using 

scanning coils. The secondary electrons can be detected above the specimen and an 

image, showing the intensity of the secondary electrons emitted from different parts of 

the specimen, can be displayed on CRT. This scanning image is useful for examining the 

morphology of a crystal suiface. The particle size and surface morphology was 

determined by obtaining SEM data. The instrument used was JEOL JSM 5800 model 

from Instrumentation Centre, National Institute of Oceanography, Dona-Paula Goa. The 

instrument is shown in the Fig.2.2. 
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JSM-580OLV (including optional attachments) 

r 

.. 

Fig. 2.2 Scanning microscope 580OLV 

-1r. 
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2.4 CATALYTIC AND ELECTROCATALYTIC ACTIVITY 

The catalytic and the electrocatalytic properties (activity) of the catalyst samples 

were studied, separately by the conventional H202 decomposition method and 

electrochemical measurements respectively. 

2.4.1 STUDY OF GENERAL CATALYTIC ACTIVITY 

One of the simplest methods of assessing the catalytic activity of solid samples is 

the experimental study of decomposition of hydrogen peroxide on the catalyst surface. 

The catalytic studies were carried out by using a gasometric set-up, as proposed by Cota 

et al [13], for the decomposition of hydrogen peroxide in the presence of a catalyst. The 

set up consists of stirrer, a two-neck flask, a burette, and a reservoir. In a typical 

experiment, accurately weighed sample of catalyst was taken into two-neck flask and to it 

50mL of 6M KOH was added, followed by the addition of 5mL of 30 w/w H202 into the 

flask. The volume of the oxygen gas liberated was monitored as a function of time, from 

the displacement of water in the burette [14]. The volume displaced is measured as a 

function of time using a stopwatch. The experimental set up is shown in Fig. 2.3. 

2.4.2 ELECTROCHEMICAL METHODS 

The electrochemical measurements were made by using a steady state 

galvanostatic technique. A schematic diagram of the cell used for the measurement of 

4,r" electrochemical perfomance parameter is shown in Fig. 2.4. The set-up is made up of 

plexiglass, since it does not react with acid and alkalis and at the same time it is 

transparent, The cell consists of rectangular plexiglass container with a lid that has 
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Water from 
thermostat bath 

Fig 2.3 Apparatus used 
for the study of decomposition 

of H202 on CO304 catalyst. 

11) IZeservoir: c) Magnetic pellet: g) Burette: M) Magnetic stirrer: 0) Syringe: 
R) Thermostat bath: S) Stop cock: T) Thermometer. 
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Fig. 2.4 The electrochemical cell assembly : a) working electrode; b) current collector; 
c) gas inlet; d) thermometer; e) reference electrode and lugin capillary; f) counter electrode; 

, g) magnetic stirrer and h) plexiglass container. 
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provision to hold a reference electrode, a lugin capillary, a high surface area flat bed 

counter electrode made from sintered nickel, and a thermometer [15]. 

The electrochemical cell assembly is made up of a) working electrode b) teflon 

screw c) gas inlet d) thermometer e) luggin capillary f) counter electrode g) plexiglass 

container and h) magnetic stirrer. 

2.4.3 CYCLIC VOLTAMMETRY STUDIES 

Cyclic voltammetry involves the measurement of current as a function of 

potential. The potential applied to an electrode (by means of potentiostat) is changed 

linearly with time in a repetitive manner. From cyclic voltammogram (i. e. a plot of 

current vs. potential) a typical current peak at a potential where reaction occurs is 

obtained. 

The important parameters which can be obtained from cyclic voltammogram are 

anodic peak current (ip)a, The cathodic peak current (ip)c, the anodic peak potential 

(Ep)a, The cathodic peak potential (Ep)c, and half peak potential (Ep/2)c- 

The number of electron transferred in the electrode reactions for a reversible couple can 

be determined from the separation between the peak potentials [16]. 

(Ep)a - (Ep)e = 0.057/n 

Cyclic voltammetry studies were performed for the working electrodes using the 

instrument EG and G Princeston model connected to an X-Y plotter at TEFR Bombay. 

The reference electrode used was Hg/Hg0, 0}1- and the counter electrode used was 
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sintered nickel plaque. The studies were carried out using 6M KOH using oxygen as a 

feed gas, and the scan rate used was between 20-350 mV/s [17]. 
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CHAPTER III 

SYNTHESIS AND CHARACTERISATION OF CO304 

INTRODUCTION 

Transition metal oxides comprise a very important clast of versatile materials for 

catalysis in general and electrocatalysis in particular. The widest class of non-metal 

substances investigated in electrocatalysis is the oxide systems. Among the transition 

metal oxides, those with the spinel structure are of great interest [1]. The binary systems 

of metal oxides having the composition AB204 are called spinels. Spinels are classified as 

normal, inverted and intermediate depending on the location of A and B ions. 

The different advantages offered by these systems are: their easy preparation and 

availability, high activity, low cost, and satisfactory thermodynamic stability. Due to 

these advantages offered by the spinels, they find applications in various electrochemical 

systems. These compounds can be used as cathode or anode material in fuel cells, chlor-

alkali and water electrolysis cells, air electrodes, generator and electro-synthesis 

electrodes, sensors or detectors. However these systems suffer from some drawbacks 

such as low specific surface area, and relatively high electrical resistance. Attempts are 

made to overcome these drawbacks by creating some new routes of synthesis for oxide 

electrocatalyst. 

Several methods are known [2] for the preparation of spinels. Most commonly 

used is the ceramic technique, which involves the heating of their salts at very high 

079 



temperature (1000-1200°C). However, due to calcinations of the starting material at high 

temperature, the surface area of the sample is considerably reduced. 

Another method used for the synthesis is the co-precipitation method wherein the 

precipitation of the hydroxides, oxalates etc. of the desired constituent metals is obtained, 

and then, it is followed by the thermal decomposition of the precipitates. 

Among the different spinels, Co304 is considered as the most promising 

electrocatalyst in alkaline solutions because of its larger availability and lower cost 

compared to Ru02 and also because of its good corrosion stability [3]. 

In the present investigation, a few novel methods for synthesis of Co304 were 

tried. The products obtained by these methods were characterized by conventional 

chemical and instrumental methods. 

3.1 SYNTHESIS OF CO304 

The spinel cobalt oxide (Co304) samples, investigated as electrocatalyst in this 

study, were synthesized by the precursor method. All the precursors used in the study 

were hydrazine based compounds. The advantages of hydrazine based precursors over the 

other precursors are [4,5]: 

(i) very low ignition/decomposition temperatures (120-350°C), 

(ii) auto catalytic decomposition/combustion, once ignited, 

(iii) evolution of large amounts of gases such as NI-13, H20, CO2 and N23 

(iv) formation of ultrafine oxide materials having large surface area, 

The Co304 samples were synthesized by different precursor routes as described below. 
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3.1.1 FROM COBALTOUS CARBONATE. 

Stoichiometric quantity (5.947 g; 0.05m) of pink coloured the cobaltous carbonate 

of (A. R. grade) quality was taken and mixed with hydrazine hydrate (22.5mL; 0.15m). 

The mixture was thoroughly homogenized into a thick paste and kept overnight by 

closing the mouth of the beaker by using a paraffin film. The orange cream-colored 

precursor so obtained was dried in a desiccator. The precursor was characterized by 

chemical analysis for the cobalt and hydrazine content as explained in Chapter II. 

Dry precursor was then decomposed in the following manner: 

(I) A weighed quantity of the precursor was decomposed in a preheated silica 

a 

crucible, (CC-I). 

(II) A weighed quantity of the precursor was decomposed in a preheated 

platinum crucible, (CC-II). 

(III) A weighed quantity of the precursor was photo catalytically decomposed (solar 

induced), in a platinum crucible, (CC-III). 

(IV) A weighed quantity of the precursor was photo catalytically decomposed (solar 

induced), in a silica crucible, (CC-IV). 

The decomposition residues so obtained were then used as such for characterization as 

described in Section 3.2. 

3.1.2 FROM COBALT HYDRAZIDO CARBOXYLATE 

11- 

	 The synthesis of hydrazido carboxylate was carried out by a known method [6-a]. It 

involves two steps as follows: 

(N/--14)2CO3 (S) + 2N2H4.H20 (L) 	(N2H5)2CO3 + 2H20 + 2NI-13t 
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(a) To a weighed quantity of ammonium carbonate (9.2 g; 0.1m), hydrazine hydrate 

(11.0 inL; 0.2m) was added. The solution was initially stirred with a glass rod and then 

on a stirrer for 24 hours, keeping the mouth of the beaker partly open for NI-13 to escape, 

under this condition ammonium carbonate reacts with hydrazine hydrate to form a highly 

viscous colorless flowing liquid. The solution was stored in a tightly corked bottle. 

(N2H5)2CO3 -0" N2H3COON2H5 + H20. 

Aqueous cobalt chloride solution containing stoichiometric CoC12.6H20 (11.89g; 

0.05m) was added to the syrupy liquid to obtain the cobalt hydrazido complex. 

CoC12 + 2N21-13COON2H5-10- Co(N2H3C00)2.2.N2114+ N2H5C1 + HC1 

The amount of the ligand was maintained little high. The beaker was covered with 

watch glass and then placed in a water bath at 373K. After about 9 hours, a crystalline 

product separated out from the solution. This solution was then cooled and filtered to 

remove highly soluble N2H5C1 through the filtrate. Crystalline product was washed with 

minimum quantity of cold water and then ethanol. Dried product was then used for 

characterization to determine the Co and N2H4 contents (Chapter II). 

The precursor was then decomposed in four different manners as given in 3.1.1 

above and coded as CH-I, CH-II, CH-III and CH-IV. 

3.1.3 FROM COBALT NITRILOTRIACETATE 

Cobalt hydraziniurn nitrilotriacetate salt was prepared by using the method 
-4r 

described else where [6-b ]. Aqueous suspension of cobaltous carbonate (5.947 g; 0.05m) 

was added to a weighed quantity of nitrilotriacetic acid (9.55 g; 0.05m) with constant 
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stirring for the desolution of the acid and to eliminate carbon dioxide it was then heated 

in a water bath for about 3 hours at 80°C. A known quantity of hydrazine hydrate (5.3 

mL; 0.1m) was then gradually added to the mixture. The red crystals obtained were 

filtered in buckner funnel and weighed to find out the yield. 

Reactions 

CoCO3 + N(CH2COOH) 3 —10". CoH (CH2C00) 3 ± CO24120 

CoH (CH2C00) 3 + 2N2H4 H20 	N2H5) CO (CH2C00) 3.N2114 2H20 

The crystals were then powdered and decomposed in the same manner as 

described above (Section 3.1.1). The samples obtained on decomposition were coded as 

CT-I, CT-II, CT-III and CT-IV and used for characterization (Section 3.2). 

3.1.4 FROM COBALT NITRATE 

A lcnown quantity of liquid hydrazine hydrate (10.5mL; 0.2m) and solid NTA 

(19.1g; 0.1m) were mixed until viscous liquid was formed. To this mixture an aqueous 

cobalt nitrate solution (18.3 g; 0.1m + 20m1 of water) was added with constant stirring. 

And then the mixture was strongly heated in a porcelain dish on a burner (Budkuley et al 

– unpublished work), by covering the evaporating dish with an inverted funnel. The solid 

residue so obtained was weighed for yield and then used for characterization (Section 

3.2). The sample obtained on decomposition was coded as CIS. 
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3.2 CHARACTERIZATION OF COMBUSTION RESIDUES 

Residues obtained after decomposition of various precursors and solution, as 

described in the earlier section were characterized by chemical and instrumental methods. 

A particular phase formation in the residue is necessary for its use as catalyst or 

electrocatalyst. 

3.2.1. CHEMICAL ANALYSIS OF COMBUSTION RESIDUES 

The cobalt oxide samples obtained as combustion residues from various methods, 

listed in the previous section, were characterized for their cobalt content by using EDTA 

complexometric method, which is discussed in detail in Chapter II. From the volume of 

the titrant EDTA solution, the percentage of cobalt in known amount of sample was 

determined [7]. Thus, 

1.0m1 of 0.01N EDTA = 0.0005893 g of cobalt 

The theoretical percentage of cobalt in the product is given as: 

g of Co 
% Co — 	  x 100 

g of combustion residue 

Percentage content of Co in different samples is given in Table 3.1. This data was used to 

fix the composition of the combustion residues. 

3.2.2 SPECTRAL ANALYSIS OF COMBUSTION RESIDUE 

Infra red spectra of N2H4 based compounds have been characterized by typical N-

N and N-H stretching frequency and hence used to determine the nature of the hydrazine 

moiety in the precursor. Thus N-N of monodcntate N2H4 occurs at 930 cm-i, whereas 
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Table - 3.1 % yield on decomposition, Cobalt content, and 
metal-oxygen absorption frequencies in the residues 
obtained after decomposition of precursor by different methods 

1 

1 Sample 
' 	code 

1 

1 
1 °A yield 
1 	Expt. 

t-- 

°A 
1 Cobalt 

Expt. 

_ 

% Cobalt 
Calc. 

M-0 	' 
absorption 
frequencies 

cm -1 

CC-I 98.2 73.06 73.4% 570, 655 

CC-II 98.52 73.60 73.4 % 575, 650 

CC-III 98.62 73.66 73.4 % 560, 660 

CC-IV 99.23 73.60 73.4 % 560, 670 

CH-I 98.40 73.50 73.4 % 575, 620 

CH-II 96.32 73.20 73.4 % 575, 660 	, 

CH-III 97.23 72.80 73.4 % 570;660 	. 

CH-IV 99.30 73.0 73.4 % 575, 660 

CN 1 98.0 73.8 73.4 % 560, 660 

CT-I 98.53 73.60 - 73.4 % 560, 660 

s 
CT-II 96.55 72.50 73.4 % 560, 650 

CT-III 98.30 73.0 73.4 % 560, 660 

CT-IV 98.99 

' 	 

72.90 73.4 % 560, 660 
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bridged N2H4 occur at 960 cm-1 N-N of ionic N2H5 965 cm-1 and coordinated N2H5' 990 

cm and finally N-N of N2H3COOH is seen at 990-1005 cm-I [8]. 

Metal oxygen bond frequency in the infrared absorption spectrum for cobalt oxide 

samples (Fig. 3.3 to 3.5) was used to characterize the combustion residues [9]. 

3.2.3 THER1VIAL ANALYSIS OF COMBUSTION RESIDUES 

Thermal analysis [10-a] of combustion residues was carried out by employing 

Seiko instrument and heating the samples in nitrogen atmosphere at 10°/min. Initial loss 

of about 1.5% was seen in the TGA, whereas no peaks in the DTA was observed for this 

loss seen in the TGA [10-b]. The next step in TGA was observed in temperature range of 

770-810 °C (Table 3.2) for most of the sample with about 6.5% loss in weight. A 

complementary exothermic peak (Fig. 3.9 to 3.11) was observed in the DTA in this 

temperature range identical patterns were observed for most of the samples [11]. 

3.2.4 X-RAY DIFFRACTION OF COMBUSTION RESIDUES 

Table 3.3 gives the X-ray powder diffraction data (Fig. 3.6 to 3.8) of the 

combustion residues obtained from various precursors after decomposing in different 

methods. The d-values obtained for these samples were calculated from the diffraction 

patterns [12]. Indexing for the sample was done by using programmed method, 

PowdMult-an Interactive Powder Diffraction Interpretation and Indexing Programme 

version 2.3 developed by E. Wu, School of Physical Sciences Flinders University of 

South Australia, Bedford Park, S.A. 5042, Australia. The different parameters such as 'a' 
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Fig. 3.3 	Infra red spectra of Co3 04 samples 
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Table 3.2 DTA -TG data of Co304 sam les 

Sample 
code 

Temp 
Range 

°C Step 
"/0 loss in TGA 

DTA 
peak 
temp 
°C Reaction Theor. Obsd. 

CC-1 50-150 1 ?.-) 1.11 
750-820 2 6.5 6.48 820 Co30 	3Co0 + 1/20, 

CC-11 50-150 2.2 0.846 
750-820 2 6.5 6.67 815 -I 

Co304 --11.3Co0 +1/2 0 

CC-II1 50-150 1 ?.-) 1.83 
750-820 2 . 6.5 6.38 815 Co304 -111'3Co0 +1/20, 

CC-IV 50-150 1 1.? ?.09 
750-820 2 6.5 6.72 815 Co304 	3Co0 +1/202 

CH-I - - - - - 

CH-II - - - - - 

CH-111 50-150 1 7.-) 0.80? 
750-820 2 6.5 6.9 805 Co30 	3Co0 +1/20, 

CH-IV 50-150 1 -).? 1.14 
750-820 2 6.5 6.53 815 C 30 	--0.3Co0 +1/20, 

CN 50-150 1 ").-) 0.39 
750-820 2 6.5 6.78 815 Co304 --■ 3Co0 +1/202 

CT-1 - - - 

- 

CT-11 50-150 1 -) 1 - 1 

750-820 2 6.5 7.35 810 C 30 	--1.3Co0 +1/20, 

CT-II1 50-150 1.? _ 

750-820 6.5 6.60 795 C 30 ---0' 3Co0 +100, -1 

CT-IV 50-150 1 2.2 2.14 
- ----- - i 

750-820 2 6.5 6.64 820 C 30 	--00. 	Co0+1/20, 	' 
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Table 3.3 X-ray powder diffraction data of different Co304 samples [12] 
with CuKa 
(A) 
Sample code: CC - I 	 i=1.5405A 

d-values Relative 
Intensity 

hid Other parameters 

2.8497 26.1 220 
a = 8.06A 

V = 523 
Structure: Cubic 

2.4320 100 311 
2.1610 7.4 321 
2.0205 11.7 
1.5530 62.4 
1.4275 39.6 

(B) 
Sample code: CC - 11 	 i=1.5405A 

d- 
vales 

Relative 
Intensity 

hid Other parameters 

4.07 19.5 - a = 7.29A 

V = 387.42 

Structure: Cubic 

2.85 32.8 213 
2.43 100 311 
2.11 7.2 222 
2.0 19.5 320 
1.55 24.3 332 
1.43 47.4 510 

(C) 
Sample code: CC - III' 	 i=1.5405A 

d- 
valu 
es 

Relative 
Intensity 

lid Other parameters 

4.66 16.6 - 
a = 8.05A 
V = 523.49 
Structure: Cubic 

2.86 22.2 213 
2.43 100 311 
2.01 16 400 
1.87 42.0 331 
1.65 6.2 422 
1.55 20.1 333 
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Table 33(contd.) 
(D)

 Sample code: CC - IV 	 X=1.5405A 

d-values Relative 
Intensity 

hk1 Other parameters 

2.8497 16.0 220 
a = 8.06 A 

V= 524 
Structure: Cubic 

2.4368 100 311 
2.0173 21.8 400 
1.5534 30.9 333 
1.4283 39.6 440 

(E) 
Sample code: CH - I 	 X=1.5405A 

d-values Relative 
Intensity 

hkl Other parameters 

2.99 35.2 - 
a = 8.04A 

V = 579 
Structure: Cubic 

2.92 83.2 - 
2.81 24.5 - 
2.43 100.0 311 
2.31 25.6 222 
2.07 26.7 400 
1.57 27.8 570 

(F) 
Sample code: CH - II 	 X=1.5405A 

d-values Relative 
Intensity 

hkl Other parameters 

2.85 31.8 211 a = 6.98A 

V = 340 
Structure: Cubic 

2.44 100.0 311 
2.02 34.3 222 
1.69 8.6 420 
1.55 25.7 421 
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Table 3.contd. 	. 
(G) 
Sample code: CH - IV 	 k=1.5405A 

d-values Relative 
Intensity 

hIcl Other parameters 

6.53 14 220 
a = 8.05 A 

V = 523.4 
Structure: Cubic 

5.55 10.6 311 
2.86 20.7 222 
2.43 100.0 
2.31 18.6 
1.56 51.2 
1.42 42.3 

(H) 
Sample code: CN 	 k=1.5405A 

d-values Relative 
Intensity 

hIcl Other parameters 

2.43 100.0 311 
a = 7.29A 

V = 387 
Structure: Cubic 

2.12 56.8 213 
2.10 43.8 222 
1.54 19.9 332 
1.50 18.6 422 
1.42 510 

(I) 
Sample code: CT - I 	 k=1.5405A 

d-values Relative 
Intensity 

hIcl Other parameters 

2.85 34.2 220 
a = 8.06A 

V = 523 
Structure: Cubic 

2.44 100.0 311 
2.13 42.5 321 
1.55 21.1 333 
1.42 28.4 440 
1.27 11.6 
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Table 3.3(contd.) 

(J)
 Sample code: CT - II 	 A=1.5405A 

d-values Relative 
Intensity 

hkl Other parameters 

3.02 40.1 a = 8.059A 

V = 539 
Structure: Cubic 

2.85 21.8 220 
2.43 100 311 
2.02 23.4 400 
1.55 32.1 333 
1.42 40.1 440 

(K) 
Sample code: CT -111 	 X=1.5405A 

d-values Relative 
Intensity 

hkl Other parameters 

a = 8.106A 

V = 532.62 

Structure: Cubic 

2.86 28.7 220 
2.43 100 311 
2.33 19.4 222 
1.55 36.8 333 
1.42 48.0 440 

(L) 
Sample code: CT - IV 	 X=1.5405A 

d-values Relative 
Intensity 

hkl Other parameters 

2.85 27.8 220 a = 8.04A 

V = 579.72 
Structure: Cubic 

2.43 100 311 
2.01 25.0 400 
1.55 23.0 511 
1.42 23.0 440 
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Fig. 3.7 	X-Ray powder diffraction patterns of Co304 samples 
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Fig. 3.8 	X -Ray powder diffraction patterns of Co3 04 samples 

a) CH-I b) CH-11. c) CH --137 d) CN 
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	 Fig. 3.9 	X Ray powder diffraction patterns of Co304 samples 

a ) CT-I b) CT-11 c ) CT-III d) CT-B7 
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and 'V were determined from the d-values and relative intensities. The average crystallite 

diameter was calculated by using Schrerrer's equation [15]. 

d = (0.9 x X,) / x cos 0) 

where; X, = wave length for CuKa radiation, 

f3 = width at half height, in radians, 

0 = diffraction angle. 

3.2.5 SURFACE AREA & POROSITY OF COMBUSTION RESIDUES 

The B.E.T. surface area for different combustion residues is determined by using 

an instrument Nova 1200. All samples were activated around 300°C for 3 hours before 

adsorption was carried out. Nitrogen gas was used as an adsorbent. Pore size distributions 

of some residual samples were carried out. The surface area and pore size distribution of 

Co304 samples is shown in Table 3.4. The pore volume is found to be less than 500, and 

average pore diameter is found in range between 53.95-63.01A°, hence samples are 

found to be mesoporous in nature [16,17]. 

3.2.6. SEM OF THE COMBUSTION RESIDUES 

Scanning Electron Microscopy was used to understand the morphology of the 

combustion residues. Micrographs of some of the samples are illustrated in Figs. 3.12 to 

3.14. Particle size distribution of the samples can be determined from the SEM data. 
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Table - 3.4 Surface area and ore size distribution for different Co3O4 sam les 
Sample 
Code B.E.T. 

surface 	I 
area m2

/g 
' 

- 

Total pore 
volume (cc/g) 

Average 
pore 

dia. (A°) 

Pore volume 
(A°) 
> 500 

, 

CC-I 

, I 
142.9 

CC-II 

I 

30.99 
_ 

1- 

_ 	t- _ --1 

CC-III 37.29 0.05798 62.183 500.592 

CC-IV 
, 

I 

33.23 0.05082 61.18 498.181 

H 

CH-I 

4-- 

102 

I- 

0.1381 

i--- 

53.95 

-- 

478.816 

h - 
CH-II 8.54 0.01346 63.01 457.430 

1 	. 

CH-III 8.13 0.01180 56.35 459.131 

CH-IV 109.47 - • 	- 

CN 8.6 - - 
_ 

,---- 

CT-I 8.793 0.01192 54.21 462.489 

CT-II 15.36 0.0220 57.79 484.725 

1- 	. 

CT-III 

I- +- 

8.13 - - 

-i 

CT-IV 

I_ 

7.13 - 

1- 

I 

- - 
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Fig. 3 16' Scanning micrograph of CO30, sample 

a)CC - I, b)CC - 'land c)CC - III 
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3.3 RESULTS AND DISCUSSION 

Interpretation of the data obtained from the chemical and the instrumental 

analysis of the precursors and their combustion residues are given below. 

3.3.1 PRECURSORS 

Heterogeneous reaction (Section 3.1.1) between cobalt carbonate (solid) and 

hydrazine hydrate (liquid) appears to yield CoCO3.3N,H4 

CoCO3 + 3N2H4. H20 	op. 	CoCO3.3N1114 + 3H-)0 

The results of the chemical analysis of the product (% Co: obsd. 27.3. reqd. 27.42: 

% N?H4 : obsd. 43.08. reqd. 44.66) shows that there is good agreement between the 

observed and calculated values for the cobalt and hydrazine content. confirming the 

proposed formula for the precursor. N)I-14 appears to coordinate to metal carbonate 

resulting in the peroxide linkage between two carbon atoms in the carbonate radical in the 

compound. The infrared spectrum of this compound (Fig.3.13) shows typical —0-0- 

absorption around 860 and 280. _380. 450 cm-I as reported in the literature [181. 

Formation of cobalt hydrazido carboxylate dihydrazinate. which was prepared by 

the method described elsewhere [6-a]. was copfirmed on the basis of chemical analysis as 

well as the IR spectroscopy. 

Similarly. the product obtained. during the synthesis carried out as described in 

Section 3.1.3. was found to be hydrazinium cobalt nitrilotriacetate dihydrazinate. as 

evident from the chemical analysis CY° Co: obsd. 18.10. reqd. 18.89: % N1H4: obsd. 

22.06. reqd. 20.51). Infrared spectrum of the compound is almost superimposable to the 

one reported for the other divalent metals. • 
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Fig. 3.13Infra red spectrum of C0C0i.3N21- 
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In thermal analysis. all the precursors. whether carbonate based or hydrazido 

carboxyl= based or nitrilotriacetate hased. used in this investigation. when decomposed 

by" heating at a constant heating rate of I() degree per minute in nitrogen atmosphere. 

were found to yield Coi()3. 

3.3.2 COMBUSTION RESIDUES 

Irrespective of the method of decomposition (Section 3.1.1) or these precursors. 

mentioned above. the combustion residues were invariabk found to be dark in colour. 

thou2h vary in texture. Percentage of cobalt in the combustion residues was found to be 

very- close (Table 3.1) to the theoretical value 161- C.() in Co2;0.4. thus confirming the 

assigned formula l'or the residues. 

Infrared. spectra of all the samples (residues) are almost superimposable (l'ig.3.1 

to 3.3) with the metal-oxygen stretching frequencies in the samples appearing (Table3.1) 

at around 570 and 66() cm-1 and are in good agreement with the reported values for 

Co30..f. 

Similarly. the X-ray powder patterns (12ii4s. 3.7 to 3.9) of different combustion 

residues are almost identical with the calculated d-values for 100`)/0 relative intensity 

beinL,_. about 2.4 (Table 3.3). Indexinu for the samples. which was done with the help or 

the programme mentioned in Section 3.2.4. indicates that these Co:M.4 samples have 

cubic crystalline structure with 100% relative intensity appearing lot- 311 plane and the 

lattice parameter a = 8.06 (approx.). Structural parameters calculated From the X-rav 

diffraction data are Oven in Table 3.3. 

Average crystallite diameter of the (.:(1301 samples in the combustion residues was 

calculated hy using the Scherrer's equation. The crystallite size determination was based 
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Table 3.5 Average Crystallite diameter of different 
Co304 sample Calculated from X-ray diffraction 

data b usin Scherrer's equation [15]. 

Samples Crystallite diameter 

CC-I 63.02 

CC-II i 65.72 

CC-III 86.64 

CC-IV 49.65 

CN 41.35 

CH-I 41.35 

CH-II 69.35 

CH-III - 

CH4\7 34.07 

CT-I 

. 

49.69 

CT-II 63.02 

CT-III 49.65 

CT-IV 41.35 
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on 311 peak. which exhibited .maximum heiat (Figs 3.7 to 3.9) for all the samples. The 

results are presented in Tab.le 3.5. which indicate the formation of nano size particles for 

Co304 with the crystallite diameter within 1-100 nm. 

71-his was further confirmed with the scanning electron micrographs (Figs 3.10 to 

3.12) of the samples.Though Co,O3 was the final residue obtained in the thermal analysis 

of the precursors. during the decomposition of these precursors, either in a preheated 

crucible or solar induced. it was found that the combustion residue was invariably Co304 

as is evident from the chemical analysis data or the instrumental analysis. namely 

infrared spectroscopy and X ray analysis. 

Thermal analysis of the combustion residues was carried out by heating the 

samples at 10 'C/min in nitrogen atmosphere. Most of the samples were found to show 

about 1.4% weight loss in the TGA with no complementary peak observed in the DTA. 

This step, which was continuous as seen in the TGA. was observed in the temperature 

range 40-150 ()C. This loss in the weight is probably due to the loss of small amount of 

moisture the samples might have absorbed. 

The next step in the thermal analysis is observed in the temperature range of 76°- 

820 °C. for all the samples (combustion residues). And the weight loss of about 6.5 % in 

the TGA in this temperature range, with a complementary peak in the DTA. could be 

assigned to the decomposition of CO304. Thus. 

?Co304---÷ 6Co0 + 

Theoretical percentage weight loss for the reaction. based on calculation. is 6.644%. 

Decomposition of Co304 is known 1112_1 to occur. in this temperature range. to yield Co0. 
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CHAPTER I V 



CHAPTER IV 

CATALYTIC AND ELECTROCATALYTIC ACTIVITY 

INTRODUCTION 

The electrochemical reduction of oxygen is known to follow either of the 

following pathways in alkaline solution. 

1. Direct 4-electron pathway 

02 ± 4e- + 2H20 	40H- 
	

E = 0.401V 	 (1) 

2. Indirect Peroxide pathway 

02 + H20 + 2e- 	H02- + OH- 	E = -0.065V 	 (2) 

Indirect peroxide mechanism involves the intermediate formation of peroxide 

H02-. The efficiency of oxygen reduction therefore depends on the removal of the 

peroxide intermediate as fast as it is formed. Hence it is desirable that the active 

catalyst compound has a high H202 decomposition activity to ensure facile reduction 

kinetics. This chapter is therefore divided into the following subsection. 

4.1 Heterogeneous decomposition of H202 

4.2 Electrocatalytic Activity 

4.3 CV studies 

4.4 Results and Discussion 

(Correlation of electrochemical activity with chemical and structural feature of the 

catalyst.) 
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4.1 DECOMPOSITION OF H202  ON Co304 

 4.1.1 PRINCIPLES 

On metal oxides of variable valences, the catalytic decomposition of hydrogen 

peroxide proceeds by a mechanism where oxidation and reduction of the catalyst 

occurs. 

The reaction mechanism of decomposition of hydrogen peroxide is said to 

proceed through following two pathways [1]. 

(1) A redox pathway where electron transfer occurs on the surface of the catalysts and 

two free radicals 1-1±  and H02-  are formed. 

(2) Chain reaction pathways where the further reaction of free radicals occur. 

Some of the conclusions drawn on the basis of the experiments performed for the 

semiconductive oxides are as follows: 

Metal oxides composites and pure oxides of mixed valences are found to be 

more active catalyst then simple monovalent metal oxides. 

The rate-determining step in decomposition of hydrogen peroxide is the 

removal of electron. 

* The rate of the reaction depends on catalyst surface area. 

* The experimentally obtained activation energy is a very important parameter for 

rate of reaction. 

* For studying the decomposition of H202, gasometry is a preferred method over 

titrimetry. 

The role played by the transition metal oxides in the decomposition of the 

intermediate H202 formed during oxygen reduction reaction as an electrocatalyst is 
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found to be heterogeneous However, it has been found out [2] that this assumption is 

not correct for Co304/graphite electrodes. According to this report the decomposition of 

2+ . H202 formed as an intermediate decomposes by participation of dissolved Co ion in 

the form of the dicobaltite ion HCo02- in concentrated alkaline solution. 

4.1.2 EXPERIMENTAL 

Co304 samples prepared by different methods as explained in chapter BI were 

used for studying their general catalytic and electrocatalytic properties. Decomposition 

of H202 in presence of the catalyst in alkaline (KOH) medium was monitored 

gasometrically. Using these samples with carbon support, similar experiments were 

carried out since the electrocatalytic properties were to be investigated, later on with 

this support. 

The decomposition reaction of H202 on different Co304 samples was monitored 

by conventional gasometric technique proposed by Cota et al [3] and shown in Fig. 4.1 

shows the gasometric apparatus used for the study of H202 decomposition reaction. 

(30% W: W) H202 was used for this purpose. The concentration of H202 was 

determined by titration with standard 0.1N KMn04 solution in acidic media. And is 

found to be 1.3N. 6N KOH was prepared in de-ionized water and taken along with 

0.025g of the catalyst sample in a reaction vessel. 2.5mL of 1.3N H202 was then mixed 

and the volume of oxygen liberated was measured in a burette at room temperature. 

The experiment was repeated for all the samples, each at three different temperatures. 

Different Co3O4 samples, on carbon support, were also used to study the 

catalytic activity in the decomposition of H202. The Co304 samples were mixed with 
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.41 

Fig. 4.1 Gasometric apparatus used for the study of H202 
decomposition reaction 
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Vulcan carbon in two different ways, so as to monitor the changes occurring in the 

activity by changing the mixing conditions of the catalyst with carbon. 

1. By using the precursor in presence of carbon and then decomposing the same. 

2. By manually grinding the catalyst with Vulcan carbon in pestle and mortar. 

Preparative conditions for catalyst samples on carbon support are tabulated in Table 4.1 

4.1.3 OBSERVATION 

Observed values for the volume of water displaced at different time interval in 

the kinetic (gasometric) study of the H202 decomposition were found to fit well in the 

first order formula. The different values obtained for the rate constants of the reaction, 

both by calculation and graphically are given in the Table 4.2 a and b. Comparison of 

catalytic activity of various Co304 catalysts, as illustrated by plotting a graph of (Vmax- 

V) mL vs. t mins at an initial conc. of 0.135N of H202, gives the lcnowledge of the 

influence of catalyst sample on the rate of decomposition. Fig 4.2 shows the plot of 

(Vmax-V) mL vs. t min and Fig 4.3 shows the plot of log [VmaxNmax-V] vs. time 

in mins. The decomposition reactions of H202 on different Co304 samples are studied 

in temperature range between 298-328K. The concentration of peroxide was 

maintained at 0.135M. Fig 4.4 shows the Arrehenius plots using rate constants vs. 1/T. 

The Arrehenius activation energies, Ea values were calculated from the slopes obtained 

from the plot of rate constants vs. 1/T. The different values of Ea obtained for different. 

Co304 samples are shown in the Table- 4.2 
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Table no. 4.1 Method of preparation of different 20% Co304/C & 20% Pt/C 

Sr. no. Sample 
20% 

Method of preparation Decomposition Mode of 
prepn. 

Precursor 1 	ist 
CC-I (P) 
Co304/C 

0.230g of CoCO3 + 
0.620Vc + 0.099g of MI, 
stirred on a stirrer, for 24 
hrs. 

Decomposed in 
preheated silica 
crucible on burner. 

2 CC-I (G) 
Co304/C 

0.0399g of Co3O4 (CC-I) 
+ 0.156g of Vc 

Grinded Grinding 

3 
CC-II (P) 
Co304/C 

0.230g of CoCO3 + 
0.620Vc + 0.099g of HE, 
stirred on a stirrer, for 24 
hrs. 

Decomposed in 
preheated platinum 
Crucible on burner 

Precursor 

4 CC-II (G) 
Co304/C 

0.0399g of CO304 (CC-II) 
+ 0.156g of Vc 

Grinded Grinding 

5 
CC-III (P) 
Co304/C 

0.230g of CoC0 3 + 
0.620Vc + 0.099g of HH, 
stirred on a stirrer, for 24 
hrs. 

Decomposed in 
preheated silica 
crucible in presence 
Of sunlight 

Precursor 

6 CC-III (G) 
Co304/C 

0.0399g Co304(CC-III)+ 
0.156g of Vc 

Grinded Grinding 

7 
CC-W (P) 
Co304/C 

0.230g CoCO3 + 
0.620gVc + 0.099g HI-I, 
stirred on a stirrer, for 24 
hrs. 

Decomposed in 
preheated silica 
crucible in presence 
Of sunlight 

Precursor 

8 CC-TV (G) 
Co304/C 

0.0399g Co304(CC-IV)+ 
0.156g of Vc 

Grinded Grinding 

9 2nd CH-I (G) 
, Co304/C 

0.0399g Co304(CH-I)+ 
0.156g of Vc 

Grinded Grinding 

10 
3rd 

CN (P) 
Co304/C 

0.287gCo&O)2-± water + 
0.0319g VC + 0.100g 
BB + 0.371g NTA 

Mixed in an 
evaporating dish & 
sintered on burner 

Precursor 

11 CN (G) 
Co304/C 

0.0399g Co304(CN) + 
0.156g of Vc 

Grinded Grinding 

12 
4th 

CT-I (P) 
Co304/C 

0.068g Precursor (CT) + 
0.0781gVc the two were 
mixed properly 

Decomposed in 
preheated silica 
crucible on burner 

Precursor 

13 CT-I (G) 
Co304/C 

0.0399g Co3O4 (CT-I) + 
0.156g of Vc 

Grinded Grinding 
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14 CT-II (P) 
Co304/C 

0.068g Precursor (CT) + 
0.0781gVc the two were 
mixed properly 

Decomposed in 
Preheated platinum 
Crucible on burner Precursor 

15 CT-II (G) 
Co304/C 

0.0399g Co304(CT-11) + 

0.156g of Vc 
Grinded Grinding 

16 
CT-1II (P) 
Co304/C 

0.068g Precursor (CT) + 
0.0781gVc the two were 
mixed properly 

Decomposed 
in preheated 
platinum crucible in 
presence of sunlight 

Precursor 

17 CT-1II (G) 
Co304/C 

0.0399g Co304(CT-110 
+ 0.156g of Vc 

Grinded Grinding 

18 CT-IV (P) 
Co304/C 

0.068g Precursor (CT) + 
0.0781gVc the two were 
mixed properly 

Decomposed 
in preheated silica 
crucible in presence 
of sunlight 

Precursor 

19 CT-IV (G) 
Co304/C 

0.0399g Co304(CT-IV) 
+ 0.156g of Vc 

Grinded Grinding 

20 Pt/C Was prepared by using 
Na6P4S03)4 salt and 
vulcan carbon. 

Was reduced with 
formic acid and 
dried in oven at 
80°C. 
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Table 4.2 Different kinetic parameters obtained from decomposition of 
Hydrogen Peroxide reaction 

SAMPLES Kc 
Sec-I 

KG 
Sec-I 

Eac 
Kcal 

EaG 
Kcal 

Ac AG 

0.262 0.343 
CC-I 0.146 0.24 15.74 13.71 1.567 1.603 

?.? ?.07 

0.048 0.042 
CC-I (P) 0.188 0.175 25.62 19.73 1.633 0.9843 

1.38 0.677 

0.095 0.124 . 

CC-I (G) 0.17 0.218 7.18 7.59 0.3133 0.3491 
0.27 0.401 

0.142 0.153 
CC-II 0.501 0.502 8.74 8.46 0.7079 0.7047 

0.507 0.512 

0.077 0.105 
CC-II (P) 0.082 0.112 3.46 5.79 0.1253 0.1462 

0.126 0.146 

0.079 0.119 
CC-II (G) 0.106 0.132 6.95 7.34 0.2153 0.2228 

0.210 0.241 

0.213 0.24 
CC-III 0.353 0.429 4.34 ?.49 0.4395 0.410? 

0.386 0.413 

0.298 0.368 
CC-III (P) 0.757 0.849 3.57 4.49 0.7762 0.111? 

0.510 0.707 

0.128 0.138 
CC-III (G) 0.150 0.354 2.97 3.88 0.1986 0.3126 

0.194 0.238 

0.186 0.173 	. 

CC-IV 0.410 0.384 6.45 7.15 0.5848 0.6266 



0.482 0.524 

0.219 0)00 
CC-1V (13) 0 411 0 446 10 25 8.44 0.9616 0.7691 

0.938 0.646 

0 101 0.108 
CC-1V (G) 0.135 0.218 6.9 7.82 0.3020 0.7, 	36 

0.295 0.338 

0.319 0.331 
CT 0.442 0.334 ' .24 1.07 0.5546 0.3606 

0.516 0.361 

0.118 0.13 
CT-1 (13) 0.214 0.18 9.6 6.6 0.4898 0.3483 

0.442 0.33 

0.12 0.148 
CT-1(G) 0.59 0 59 11.38 10.66 0.9642 0.9817 

0.658 0.658 

0.233 0.311 
CT-11 0.744 0.963 6.65 5.44 0.8519 0.8778 

0.627 0 712 

0 411 0.582 
CT-11 (P) 0 513 0.641 6.89 4.73 1.091 

--i-- 

1 	1 

-- - -- 1.09 1.15 

0 105 0.163 
Cl -11(G) 0.20' 0.253 6.1 6.9 0.3141 0.2897 

0.27 0.261 
1 -1-- 

0.307 0 194 
C1-111 0.536 0.584 2.3 6.94 0.4989 0.7079 -1 

0.425 0.529 
-f- 

CT-III (13) 1.09 1.26 4.57 ,) 0.6486 0.7079 
1.49 2.0 

0.167 0 17 
CT-111 (G) 0 179 0.241 6.29 7 	11 0.3855 0.4966 
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0.401 0.477 I 

0.214 0.214 
CT-IV 0.563 0.434 6.95 	6.52 0.7534 0.5808 

0 586 0.485 

0.125 0.141 
CI -IV (P) 0.134 0 154 	, - ?.45 0.228 0.284 

0.35 0.308 

0.114 0.135 
CT-IV (G) 0.144 0.194 2.88 2.57 0.3327 0.3802 

0.3 0.3')9 

0.135 0.141 
CN 0.335 0.399 9.81 10.35 0.6839 0.7328 

0.568 0.574 

- 0.726 0.784 
CN (P) 1.5 1.46 3.35 -).75 1.409 1.39 	i 

1.16 1.17 

0.099 0.097 
CN (G) 0.116 0.145 2.95 ?.95 0.1995 0.1841 

0.178 0.168 

0.104 0.142 
CH 0.172 0.185 15.1 ! 	15.9 0.7586 0.606 	, 

0.747 0.598 - 1 
-i 

---1 
1 0.13-5 0.141- 

CH-I 0.353 0.396 11.05 10 06 0.6982 0.7396 -i 
0.568 0.574 -- . 
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4.1.4 RESULT AND DISCUSSION 

Peroxide decomposition on Co304 samples appears to follovv first order kinetics. 

It is found that the addition of high surface area Vulcan carbon to different Co-;04 

samples prepared by precursor methods lowers the activation enenly for most of the 

samples. Sample CC-111 (G) and sample CT-IV (P) are found to exhibit loNAiest 

activation energy thus showing high catalytic activity. 

4.2 ELECTROCATALYTIC ACTIVITY 

4.2.1 GENERAL PRINCIPLE AND LITERATURE STATUS 

Electrocatalysis is a science of miniinizing the overpotential terms each given 

by Tafel equation. 

2.303RT 
	 log --- 	 (3) 

anF 

0.0591 

In I =  	log --- 	 (4) 

na 	 io 

Where 	is the current density corresponding to the overpotential 	'io' is 

equilibrium or exchange current density. sa" is transfer coefficient. -ns is the number of 

electrons transferred in the electrode reaction. and 0.059I/na mV/dec is known as Tafel 

slope. In most cases a = 0.5, when one electron process is the rate-determining step. 

and the expected Tafel slope is 120 mV/decade. Hence experimental determination of 

Tafel slopes throws some light on understanding the reaction mechanism. while the 
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magnitude of exchange current density 'i„. 	gives the idea of facility of electrode 

reaction kinetics. 

Different methods are employed for the determination of the electrode kinetic 

parameters. which includes Tafel slopes. exchange current densities and limiting, 

current values from the steady-state potential data. Recently. a new simplified method 

has been presented to determine the kinetic parameter of gas diffusion electrodes for 

Oxygen reduction reaction [4]. 

Accordingly the current potential behavior of gas diffusion electrodes is 

described by 

E = E„,„ + 1 /af 	 (5) 

Where E = observed potential. Eocp = open circuit potential. i„,„= Current corresponding 

to E„c1). i = observed cathodic current. 	= cathodic limiting current; a= cathodic 

transfer coefficient . R„ 	uncompensated resistance. f = F/RT where F = Faraday 

constant. R = gas constant. T = temperature. 

Equation (5) is sigmoidal in shape and possesses an inflection point at which the first 

derivative of potential with respect to the current. i.e. (dE/d1i1). is maximum and, hence 

the second derivative becomes zero. Then differentiating. equation (5) w. r. t current i 

yield: 

dE 
	

I 	I 	1 
	 — R„ 	 (6) 

dlil 
	

aftitc —10 
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On further differentiation. equation (6) becomes 

d2E 

(7) 
a f 	— Ii1 )2 lir 

At the inflection point. i = 	 = 0 and hence: 

 

1 

af 

 

1 

  

(8) 

     

af Ole — mii )2 

or. 

2Iiind 	 (9) 

Thus. the limiting current. can be obtained bv determinint; the value of the 

current at the inflection point which corresponds to the maximum in the plot of dE/dlil 

versus 1/1il. 

•After obtaining limiting current 	the other kinetic parameters are obtained from eqn. 

(6) by recasting it in the following form: 

dE 	1 
	 — Ri, 	 (10) 

(MI 	cif 	— lil ) 

The plot of dE/dlil versus 	— 	leads to a straight line with an intercept 

= - Ri, and a slope = - l/af. The value of 	is obtained by substituting the values of 

Ri,. 	in eqn.(5). The current potential data obtained for Co304/C gas diffusion 

electrodes is plotted using [4]. The above mentioned all parameters are calculated from 

the experimental current potential data. the Fig. 4.5. 4.6 and 4.7 shows. the plots for 

12'5 



determination of inflection point from which limiting current and other parameters are 

determined. 

The following scheme is suggested for the reduction of oxygen on metal oxide 

electrodes [5]. 

Ki 

02 

	

_ 	lir 
lin - * 

	

2 	2e- 	El+ 	 l 1....,2 	2e 	40H- 

	

- I 	K2 
■ 	--■ 

K3 

1(4 

In the first step of the indirect path towards the H02- as an intermediate, the 

chemical bond between the oxygen atoms of the molecule is not broken. The 4e- 

reduction of oxygen in either acid or alkaline solution is of primary concern and are to 

its possible utilization in fuel cell and metal air batteries. On the basis of its high 

theoretical equilibrium potential of 1.23 volt vs. NfIE. The majority of research on this 

reaction is centered in the use of noble metal electrode due to their relative stability in 

acidic and alkaline solution. The major efforts have been centered on the use of noble 

metals distribution as carbon electrodes, since carbon also has high stability both in 

acidic and alkaline solutions. 

In order to develop cheaper catalysts, research has been concentrated on 

transition metal oxides such as pure or Li doped nickel oxides [6,7]. Nickel cobalt 

oxides [8,9] and cobalt iron oxides [10]. Also porphyrins and phthalocyanines showed 

high activity for oxygen reduction, but the activity is found to decrease with time due to 
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the slow dissolution of the transition metal from the complex into the solution [11,12]. 

It has been demonstrated that in cobalt spinels such as Co304 and NiCo204 [13,14] 

oxygen reduction mainly proceeds tluough 4e- pathway while in their lower oxides 

(NiO, CoO, or their solid solutions Co203), it proceeds tluough. 2x2e- pathway, 

involving formation of H02- without breaking the 0-0 bond [15,16]. Jiang et al [17] 

reported high catalytic activity and stability for Teflon bonded Co304/graphite 

electrodes owing to rapid dissociation of the peroxide intermediate through cobaltous 

ions present as dicobaltites HCo02 They proposed following reaction scheme 

	

02 + H20 + 2e- 	H02- + OH- 	 (11) 

Strong alkali 

	

CO304 	 C00 + Co203 	 (12) 

	

Co0 + OH- 	HCo02-0q) 
	 (13) 

6 HCo02-(aco + 4H02.--■ 2Co304(s) + 100H- + 02 
	 (14) 

	

6 HCo02-(aco + 4H02- 	2Co203 + 80H- + 02 
	 (15) 

The H02- is homogeneously decomposed by HCo02-, even at very low 

concentration of HCo02- (-1ppm), while the transfer reaction of HCo02- in solution 

3+ . 
and Co in the oxide lattice sites is heterogeneous. They reported Tafel slopes in the 

range 50-60 mV/decade at low overpotentials and 60-110 mV/decade at high 

overpotentials. Very recently Morales et al [18] have investigated sol-gel prepared pure 

and lead doped cobalt spinel type oxides Co304 and PbCo50„ and found them to posses 
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high activity and good stability for electrocatalytic reduction of oxygen in alkaline 

medium. 

The present investigation reports synthesis of cobalt oxide spinel though several 

new precursor routes and fabrication Teflon bonded carbon electrodes for evaluation of 

their electrocatalytic activity. 

4.2.2 EXPERIMENTAL 

(a) PREPARATION OF ELECTRODES 

The electrode comprises of three layers. The electrodes are composed of nickel 

screen serving as a current collector and structural support for the electrode, the gas 

diffusion layer with its hydrophobic structure as an oxygen /air supplying zone, and an 

active catalyst layer as a reaction zone. PTFE provides hydrophobic and mechanical 

strength to the electrodes and is chemically inert. The materials constituting the 

construction of electrodes are as follows: 

Active (catalyst) Layer 	Catalyst on carbon PTFE 	 10-15% 

Diffusion layer 	 Carbon PTFE 	 30-50% 

Current collector 	 Nickel screen 

Preparation of diffusion layer 

The diffusion layer was prepared by taking 0.090g of Vulcan carbon sonicated 

with little water in ultrasonicator, 15% Teflon was added to the paste and after addition 

of cyclohexane, solution was again ultrasonicated. The diffusion layer was applied on 

the carbon cloth with the help of brush, the carbon cloth was dried in an oven, and 

again the diffusion layer was applied and dried. The procedure was repeated until the 
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required weight was obtained. The carbon cloth with diffusion layer is then sintered in 

furnace at 400°C for half an hour. The gas diffusion layer consists of gas supplying 

channel, it also helps in preventing the penetration of electrolyte and supports the active 

layer [19]. 

The electrode materials i. e. Co304 /C prepared in previous section is used for 

the preparation of electrodes. Table 4.1 shows the preparation of electrode samples. 

The catalyst loading was in the range of 7.45 mgcm -2
. Electrodes were made of carbon, 

binder and some kind of support. The carbon used in this work was Vulcan Carbon XC-

72 (Cabot Corp.), PTFE was used as a binder. And a nickel screen was used as a 

support. 

There are many methods of preparation of electrodes reported in literature such 

as pressing, rolling, screen-printing, spraying and tapecasting. In this work double layer 

Teflon bonded gas diffusion electrodes were prepared by pressing using method [20]. 

The electrodes were prepared by mixing Vulcan carbon with PTFE and catalyst. 

Co304 /C was mixed with 15% PTFE, few drops of water was added the mixture was 

mixed properly and isopropyl alcohol was added to the mixture and the paste is pasted 

on the carbon cloth already containing diffusion layer. The electrodes were then pressed 

at 240 Kg/cm2 and then sintered at 350°C for half an hour in furnace. 

The electrodes were dried, sintered and mounted on the nickel mesh, which was 

spot-welded to the nickel wire. The electrode, which was supported on nickel mesh, 

was then used for testing in half-cell. Fig. 4.8 shows flow sheet diagram for electrode 

preparation. 
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Fig. 4.8 Flow sheet for electrode preparation 
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(B) HALF CELL DESCRIPTION 

The set up used for the electrochemical studies is shown in Fig. 4.9 The half-

cell was used to obtain electrochemical measurements on the gas feed porous cathode 

where the electrodes were placed between the two walls of Plexiglas cell, which is then 

clamped with Teflon screw. The frontal view of the cell was exposed to electrolyte 

solution, and the other side of the electrode air/oxygen flowed to the electrode. 

Arrangements were made to control the flow of the air/oxygen passing towards the 

electrode as shown in the Fig. 4.9 The different parts constituting the half-cell are (a) 

Working electrode (b) Reference electrode (c) luggin capillary (d) counter electrode (e) 

thermometer (f) Teflon screw (g) gasket (h) magnetic pellet. 

(C) POLARISATION 

Steady state current potential curves for the Teflon bonded electrodes were 

obtained by galvanstatic polarization for the Teflon bonded electrodes obtained in 

6MKOH at room temp. without IR correction. The electrode potentials were measured 

by using Hg/Hg0, (KOH, 6mol L-1) reference electrode attached with a lugin capillary 

to the working electrode having an area of 1.2 cm2. The counter electrode was a nickel 

plaque placed in the same electrolyte. A thermorneter was used to monitor the 

temperature. The electrolyte solution is constantly stirred, using a magnetic stirrer. 

4.2.3 OBSERVATION 

After the electrochemical measurements the data obtained is plotted as follows: Fig 

4.10 shows the plot of Current density vs. Potential for CC (P) in presence of oxygen 
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Fig. 4.9 Setup used for the electrochemical studies 
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1-219.. 4.11 shows the plot of Current density vs. Potential tOr CC (13) method in 

presence of .air. Fig 4.12 shows the plot of Current density vs. Potential for CC (G) in 

presence of oxyuen. Fie. 4.13 showis the plot of Current density vs. Potential for CN (P). 

CN (G). and method CH (G ) in presence of oxyuen. Flu 4.14 shows the plot of Current 

density vs. Potential for cr (13) method in presence of oxyuen. Fig 4.15 shows the plot 

of Current density vs. Potential CT (G) method in presence of oxys.,..en. 

(In above all Fi 9..s. Plots the data obtained is compared with Pt/C and Vulcan carbon) 

Fig 4.16 shows the plot of current density vs. CC samples in presence ot 

oxygen. Fig 4.17 shows the plot of current density vs. CN. CH samples in presence of 

oxygen.. Fig 4.18 shows the plot of current density vs. CT samples in presence. of 

oxygen. Fil! 4.1q shows the Tafel plots for CC (P). Fig. 4.20 Shows the Tafel plots for 

CC (G). and Fig.4.21 shows the Tafel plots for CN. CH. 4.22 Shows the Tafel plots 

for CT (P). Fiu.4.23 shows the Tafel plots for CT (G) electrodes. 

Fig 4.24 shows the plot of exchange current density VS. CC  samples. Flu 4.25 

shows the plot of exchange current density vs. CT samples. Fig 4.26 shows the plot of 

Transport hindrance of Co;04 samples. 

Table 4.3 (a) and (b) shows thc different kinetic parameters obtained from 

steady state current potential data. such as exchange current density. Tafel slope. and 

Ru. 
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RESULTS AND DISCUSSION 

4.1 POLARISATION STUDIES: The Various current potential (i-E) curves of the 

samples for oxygen reduction reaction are shown through Fig 4.10 - 4.15 both in 

presence of oxygen as well as air. The corresponding Tafel plots corrected for [4] are 

presented in Fig 4.19-4.23 from which Tafel slopes and exchange current densities 

were evaluated. It is generally recognized a good electrocatalyst should provide a 

current density of —200 mAcm-2 at overpotential of —350 mV from the OCP [24]. 

Therefore as a measure of electrocatalytic activity of various samples the relative 

current densities are measured at an arbitrary potential of 400mV. These values along 

with other kinetic parameters obtained are presented in Table 4.3(a) and (b). The 

electrocatalytic activity in terms of 1400 is discussed in relation to the method of 

preparation of the samples. 

All the i-E curves of the samples sit between the carbon blank and platinum 

electrode. As expected the platinum shows the highest current of 420mA/cm2. 

Nevertheless the all the cobalt oxide samples showed current densities in the acceptable 

range of 200 —350mAicm2, the highest value of 350mA/cm2 being not too much away 

from that of platinum. Also the exchange current densities io of the sample range from 

—10-5 mAcm-2 to —10-8 mA/cm2, which in fact is better than a very recent report of 

Morales et al [18] for the Co304 spinels prepared by sol-gel method and also evaluated 

in alkaline medium. 

Herein, io values are considered as convenient parameters for comparing 

electrocatalytic activity of the various samples in relation to the method of preparation. 
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To begin with, a comparison is made within the CC- group sample i.e. those 

prepared by using CoCO3 under various conditions. (Refer Table 4.1 or Fig 4.21). 

(1) It is clear that the samples obtained by grinding showed generally higher 

catalytic activity than those obtained by precursor method i.e. the precursor deposited 

on the carbon support so that Co304 is produced in situ. This in situ decomposition in 

presence of hydrazine hydrate fuel being autocatalytic and exothermic, could have led 

to sintering of the catalyst particles, with the consequent reduction in surface area, and 

hence electrocatalytic activity. 

(2) Further, comparison between CC-G samples in Fig 4.2g reveal that samples 

CC-I and CC-II has lower activity than CC-III or CC-IV samples. This implies that a 

better quality product is obtained when decomposition is carried out autocatalytically 

under sunlight reaction than obtaining the samples by direct decomposition on the 

burner. 

(ii) Again CC-II(G) showed higher activity than CC-(IG) this implies that the 

decomposition on platinum crucible gives a better product than when obtained by 

decomposing in a silica crucible. As platinum can exeit a catalytic effect during 

decomposition, it appears that catalyzed decomposition-gives better product than non-

catalyzed decomposition. Similar conclusion can be drawn with respect to current 

density values for CC-III(G) and CC-IV(G) samples. 

3(i) Fig 4.2.g) gives the comparison across the CT samples. It is immediately 

interesting to note that the trend observed in CT samples is practically in reverse order 

that seen in CC samples. While the precursor derived samples had lower activity in the 
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CC g.roup. the precursor samples have higher activity in the CT (.2roup as compared to 

the corresponding CT samples obtained by physical mixing/ grinding. 

3(ii) Fig 4.30 shows the comparison of activity of CC- (I)) and c-r- (p) samples both 

precursor methods. It is thus seen that the CT precursor method gives more active 

samples. than the CC precursor method. i.e. nitrilotriaeetate complex produces better 

quality spine' oxide catalysts than the carbonate/hydrazido complex. Which could be 

due to bulk ■,i ligand present in the former precursor. 

4 (i) Further comparison of activity between CT (P) samples. once again. showed that 

sunlight mediated decomposition of precursor gave better activity for samples. 

irrespective of the nature of precursors. 

(5) When comparison is made between the CN (P) and CN (G) samples. e. those 

prepared by nitrate method as shown in Fig. 4.31 like CC method here too the samples 

obtained by urinding shows higher activity than those obtained bv precursor method. It 

may be the in situ preparation of the sample might have led to the sintering of the 

catalyst 'particles. with consequent reduction in the surface area. and hence 

electrocatalytic activity. That the surface areas are indeed reduced is evident from the 

values of the surface area obtained by BET method. and the surface morphology of 

these electrodes is shown in scanning micrographs in Fig. 4.32 (a). (b) .(c) and (d). 

Pt/C = 9-).99 m-/v, 

CN-(13) = 90.96 m2/g 

CN-(G) -= I 90.91m24...! 

CN 9.8 	ni2/g 

Vc 250 	m2/g 
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(6) Thus, by far the best sample is CT-IV (P), showing the highest electrocatalytic 

activity. It also shows the higher exchange current density —10-5mA/cm2' much higher 

than the average value of —10-7mA/cm2 shown by other samples; thus implying 

kinetically facile oxygen reduction on the CT-IV (P) electrode surface. 

(7) In all the cases, the ittoo activity values were lower for 02 reduction from air, than 

when pure 02 is taken for the experiment. It is probably due to the mass transport for 

diffusion of 02 (0 up to the three-phase zone at the interface of the porous gas diffusion 

electrode. The plot for transport hindrance for Co304/C is shown in Fig. 4.26. 

(8) Most of the samples showed Tafel slopes around 60 mVdec-1, suggesting that the 

reduction mechanism generally follow 2e- or the indirect pathway involving 

intermediate peroxide formation. 

(h) The current potential data obtained by varying the concentration from 2%, 10% and 

20% of Co304 for Co304/C gas diffusion electrode shows that there is increase in 

elelctrocatalytic activity from 2cYo to 10% but from 10% to 20% not much increase is 

detected. 

4.3 CYCLIC VOLTAMMETRY 

In cyclic voltammetry, the potential of a small stationary working electrode is 

changed linearly with time starting from a potential where no electrode reaction occur 

and moving to potential where reduction or oxidation of the electroactive species 

occurs. 

The fundamental equations for cyclic voltammetry have been developed by 

Delahay and Shain. The basic feature observed in the voltammogram i.e a plot of 
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current vs. potential during cyclic voltammetry is the appearance of a current peak at a 

potential characteristic of the electrode reaction taking place. The position and the 

given shape of the voltarnmogram depend on the sweep rate, electrode material, 

solution composition and concentrations of the reactants. 

The cyclic voltarnmetry can be used to identify the steps involved in the overall 

reaction, and the new species that are fonned in the solution during electrolysis. 

For a simple cathodic charge transfer process under reversible conditions, where both 

reactant and product are soluble, ip in A cm-2 at 25°C is given by 

lipl = 2.72 x 105 n3/2 D1/2c0 v1/2 	 16 

where `D' is in cm2sec-1, C° in mole cm-3 and V in volts sec-I. 

Under totally irreversible conditions, i.e when the rate of the reverse reaction is 

negligible throughout the potential region studied, the following eqn. applies: 

lipl = 3.01 x 105 n(2.3RT/bF) 1/2D1/2 cO v1/2 	 17 

In aqueous solution the potential window is limited on negative by the reduction of 

H20 to H2 and or the positive by the oxidation of H20 to 02. it is influenced by the 

choice of the working electrode, solvent and supporting electrolyte. The electrolysis of 

the species of interest must occur with this range. Fig 4.33 (a) gives the cyclic 

voltarnmogram (CV) of 0.1M KNO3 with or without oxygen. The two cathodic peaks 

observed are due to the reduction of oxygen to peroxide and peroxide to OH- [21]. If 

the oxide electrode contains a metal ion that can exist in different oxidation states the 

resulting curve will exhibit characteristic peak at the given redox potential. Fig 4.3,3(b) 

gives the CV spectrum of Co304 [22]. However as the potential of the redox couple 

Co2+/Co3+ (E° = +1.92V) would lay outside the potential window it is expected that the 

154 



P R ESEN T 

•••■■■• 

 

  

2 ).1A 

   

o.o 	-o.a 	-1.2 
POTENTIAL, V vs SCE 

Fig. 4.33 (a) Cyclic voltammograms of 1.0 M KNO3 showing affect of 02. 

Oxygen removed by deoxygenating with N2 for 10 minutes. 
Au electrode scan rate = to 50mV/s 

30 

0 

-30 

Fig. 4.33 (b) A Voltammetric "spectra" for 
	

Fig. 4.33 (c) potentiodynamic profiles of 
CO304 in 1 mol/dm3 KOH potential 

	
cobalt oxide electrodes run at 

range : 0 to 0.5 V (SCE). Current range : 
	

0.1 V/sec in 2 M Na0H. 
arbitary units. 

155 



CV spectrum of Co304 would not interefere with the 02 reduction peaks. Fig.4.34 (c) 

gives the CV spectrum of Co304 of spinel electrode in 2M NaOH showing oxygen 

reduction/oxygen evolution peaks [23]. 

4.3-1 CYCLIC VOLTAMMETRY AND GENERAL ACTIVITY 

CORELATION 

Typical C-V profiles of some of the samples are presented through Figs 4.35 

to Fig. 4.43. The CC-(G) samples I and IV, (Fig. 4.35 (b) to Fig. 4.38 (b) show three 

oxygen reduction peaks, which are well resolved only at high scan rates –350 or 

>35 OmV/s. 

1. As mentioned earlier, the indirect oxygen reduction pathway involves two-stage 

reduction of 2e- steps each. 

i) 02 + H2 0 + 2e- K2 	H02 + OH 	• 
ii) HO2- + H20 + 2e- 	 30H- • 

2. However Yeager [25] had first reported that peroxide formation precedes 

formation of adsorbed superoxide ion 02 . Following this suggestion, it seems 

pertinent to suggest here that the indirect reduction pathway involves the following 

three electrochemical steps: 

(a) 02 + e- 	02 	(adsorbed superoxide species) 

(b) 02 + H2 0 + e- --11. H02- + OH- 

(C) H02- + H2 0 + 2e- —■ 3 OH- 

so that the overall mechanism is the 4e- transfer process; 
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0-, + 0 + e 	40H 

The above mechanism thus explains the three oxygen reduction peaks observed 

in the C-V profiles obtained in this work. 

3. As would be seen in the various tigures.• not all the samples show three step 

reduction. The numerical analysis of the CVs is presented in Tables 4.4 (a) and 4.4(b) 

for the CC and CT (2.roup samples. in relation to their corresponding electrochemical 

activity,. expressed as before in terms of the current density parameter i_100. Also included 

in the tables is the activation energy for the H, 0, decomposition reaction. 

4. lt is seen in the previous section of polarization studies that the CC-(G) samples 

had higher electrocatalytic activity than the CC-(P) samples. If now the 0, reduction 

CV data is compared. it is found that the CC-(P) samples uncleruo reduction at less +ve 

values (bv about log millivolts) for both peaks I and 11 indicating delayed reduction or 

less facile electrode kinetics. as compared to the CC-(G) samples. E. u. the value for 

CC-(P) samples —+ 0.45 Volt and for -CC-(G) samples it is — 	0.55Volt for the -first 

reduction peak. This is evident in the Table 4.4 when these reduction peak potentials 

are read in relation to the i400. current density values. Thus CC- (P) has first peak - 

potential 0.45 Volt and i value 218 mA/cm2. While CC-I (G) has first peak potential 

0.52 Volt and hence undergoes reduction more easily at more positive potential: 

therefore has higher activity i = 234mA/cm2. 

5. The comparative CV profiles of .these samples are still more revealing refer Fig. 

4.34 (a) and 4.37 (a). The CC (P) profiles on the reduction side (reverse scan) show the 

rapid decrease from the peak I current. Only two peaks are observed corresponding to 

the Ibrmation of superoxide ion 0, and a small current for the peroxide ion formation. 
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On the other hand the corresponding CC (G) shows a rising profile with all the three 

reduction peaks. It is therefore obvious that the reduction mechanism in the two cases is 

different. One mav therefore conclude that the carbonate precursor derived C0104 

spinel catalyze onlv partial reduction of oxygen up to the peroxide smile. and thus 

aCC011111. 1:01- the observed lower activitv. 

6. Although these samples show very high initial current due to 0-, formation. 

suppression of the subsequent reduction steps would simply increase in charge transfer 

ressistance owing to ohmic drop at the three-phase zone. This is confirmed by the fact 

that the uncompensated resistance Ru is seen to be significantly Inaher for the CC' (P) 

samples than the CC (G) samples. Table 4.3 (a) and (b). 

7. Eventhough the 0-, formation is quite faCile. as evident from the ver ■ 

values of peak I currents. particularly for CC (P) samples. yet these samples show 

overall lower eleetrocatalvtic activity. Theretbre the superoxide ion formation may not 

be the rate-determining step (RDS) of the reduction mechanism. It is therefore 

conceivable that the peroxide ion formation or decomposition could be the RDS. Hence 

the activity of the samples for decomposition of the peroxide is studied separately. It is 

seen from Table 4.4 (a) and (b) or Fig 4.43 that the samples which show high 

electrochemical activity value for i.400. also show- low i.e. favorable activation energy for 

peroxide decomposition reaction. Therefore it is concluded that in. those cases where 

electrochemical reduction occurs through indirect. pathwa ■ . the peroxide decomposition 

to OH- is the RDS. Fig. 4.43 shows • relation between electrocatalytic activity of 

samples and activation eneruv for peroxide decomposition. 
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Fig. 4.43 Plot of showing the relation between 
electrocatalytic activity of the samples and 
activation energy for peroxide decomposition 
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8. Among the CT samples. it is shown in the previous section from the polarization 

studies. that unlike the CC samples the CT (P) samples are more active than the C'T (G) 

samples. But further until the CC group which show different peak potentials for (P) 

and (G) samples the CV peak potentials in CT group were almost the same for the both • 

(P) and (G) samples. Yet they showed significantly different activities. The 'samples 

CVs showing unique characteristics. 

) The low value of CT-I (G) could be due to rapid decay of peak land 11 currents 

in contrast to CT- (P) (refer to Fig,. 4.38). 

ii) A very interesting result is obvious where the CV reduction profiles of CT-III 

(G) and CT-1V (G) are compared with CT-111 (P) and C'T-IV (P) refer Figs 4.40 and Fig 

4.41. While the CT (G) profiles showed the expected three reduction peaks. the CT (P) 

profiles did not show peak I and peak II at 0.44and 0.28Volt respectively as observed 

for other CT samples (P) or (G). The CT (P) III. and IV showed only one final reduction 

peak at — +0.5 Volt that correspond to the OH formation. [Therefore the 0-, reduction 

on CT-111 and IV (P) samples follow the direct one step 4e reduction pathway. This is 

the ultimate aim of the 0-, reduction catalyst search. for an a'Iternate material to 

platinum. Interestingly the CT-IV(P) catalyst showed highest electrocatalvtic activity. 
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Table 4.g (a) Showing the different kinetic parameters obtained from steady state 
current 	otential data 
Sample 
code 

Method of 
prep. 

i 	mik/cm2 
io Tafel 

slopes 
mV/dec 

Ro 

a (oxy) b(air) 

Pt/c Pt/C 420 376 1.6E3 ri6 0.807 

Vc C 200 56 2.0E-9 1 g- 0.535 

CC-I(P) Co304/C(P)/Sib 218 206 7.2E-7 47 0.616 

CC-I(G) Co304/C(G) 234 204 5.4E-9 30 0.581 

CC-II(P) Co304/C(P)/Ptb 211 189 3.7E-8 61 1.55 

CC-11(G) Co304/C(G) 271 209 1.6E-8 60 0.189 

CC-111(P) Co304/C(P)/Ptb 279 203 2.8 E-7 61 2.29 

CC-111(G) Co304/C(G) 288 249 3.1E-6 58 0.267 

CC-W(P) Co304/C(P)/Sib 225 195 4.8E-8 56 2.28 

CC-fV(G) Co 04/C(G) 279 221 3.8E-7 61 3.0 
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Table 4.8 (b) Showing the different kinetic parameters obtained from steady state 
current 	otential data . 
Sample 
code 

Method of 
prep. 

i 	mA/cM2 
io 

Tafel 
slopes 
mV/dec 

Ru 

a (oxy) b(air) 
[ 
Pt/c Pt/C 420 376 1.6E3 75 0.807 

Vc C 200 % 2.2E-9 78 0.535 

CT-I(P) Co304/C(P)/Sib 277 236 1.6E-7 53 1.64 

CT-I(G) Co304/C(G) 210 181 4.9E-7 52 1.18 

CT-11(P) Co304/C(P)/Ptb 308 280 1.8 E-7 53 0.10 

CT-11(G) Co304/C(G) 240 205 3.0E-6 61 3.0 

CT-111(P) Co304/C(P)/Ptb 250 212 2.8E-6 67 0.59 

CT-111(G) Co304/C(G) 266 223 2.9E-6 50 1.3 

CT-W(P) Co304/C(P)/Sib 350 195 1.6 E-5 65.5 0.077 

CT-IV(G) Co304/C(G) 303 260 6.74E-8 52.35 0.60 

CN(P) Co304/C(P) 248 238 1.2E-7 64.41 0.237 

CN(G) Co304/C(G) 293 284 3.5E-7 64 0.107 
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E Vs Hg/Hg0 

Fig. 	4.34 The typical cyclic voltammogram for oxygen reduction 

reaction in 6 M KOH for a) CC-1 (ID) ; b) CC-I (G) 

at scan rate 200 mV/sec (0)1400 mV/sec(b). 
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Fig. 	4.35 The typical cyclic voltammogram for oxygen reduction 

reaction in 6 M KOH for a )CC-II (P) ; b) CC-II (G) 

at scan rate 400 mV/sec (b) 
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0.6 0.5 0.4 	0.3 	0.2 	0.1 

E Vs lig /1-1g0 

Fig. 	4.36 The typical cyclic voitammogram for oxygen reduction 

reaction in 6 M KOH for a ) CC-III (P) 	b) CC-III (G) 

at scan rate 200 mV/sec.(a) ; 400 mV/sec.(b) 
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Fig. 	4.37 The typical cyclic voltammogram for oxygen reductlo 

reaction in 6 M KOH for a) CC -IV (P) ; b) CC -IV (G) 

at scan rate 350..m_V/sec.(a ), 400 mV/sec.(b 
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Fig. 	4.38 The typical cyclic voltammogram for oxygen reductlo.n 

reaction in 6 M KOH for a ) CT-1 (P) ; b) CT-1 (G) 

at scan rate 350 mV/sec. 
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E Vs WHO 

Fig. 	4.39 The typical cyclic voltammogram for oxygen reduction 

reaction in 6 M KOH for a ) CT-II (P) ; b) CT-II (G) 

at scan rate 400 mV/sec.,(0) 300 mV/ sec.(b) 
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Fig. 	4.40 The typical cyclic voltammogram for oxygen reductil 

reaction in 6 VA KOH for a ) 	(P) ; b) CT-III (G) 

at scan rate 200 mV/sec. (a),400 mV /sec. (b) 
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01.5 0 	0/.3 	01.2 01. I 	0 

E Vs Hg/Hg0 

Fig. 	4,41 The typical. cyclic • voltammogram for oxygen reduction 

reaction in entvl KOH for a ) CT-IV (P) b) CT-IV (G) 

at scan rate 300 mV /sec (a), 350 mV/sec.(b ) 
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Fig. 	4.4.t 	The typical . cyclic voltammogram for oxygen reduction 

reaction in 6 M KOH for a )CN -(P) ; b) CN (G) 

ar scan rate 200 mV/sec (a); 300 mV/sec ( b). 
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Table 4.4 (a) Cyclic Voltammogram of samples in 	bubbled KOH solution 

Samples Peak 1 Peak II Peak III i Oxy Ea 

(Volts) mA mA (Volts) mA (Volts) mA/cm2 Kcal/mol 

CC-1(P) 0.45 5.6 0.30 3.2 - ?18 ?5.62 

CC-1(G) 0.52 2.6 0.38 2.5 0.18 1.7 234 7.18 

CC-II(P) 0.43 5.7 0.28 3.0 - - 211 3.46 

CC-II(G) 0.54 2.5 0.38 ?.? O.? ?.4 271 6.95 

CC-III(P) 0.41 7.0 0.28 5.8 - 279 3.57 

CC-III(G) 0.55 2.4 0.37 2.1 0.14 1.3 288 2.97 

CC-IV(P) 0.43 4.3 0.28 3.7 0.06 

C,
1 

rn
 ??.5 ?..5 

CC-IV(G) 0.53 2.0 0.36 1.9 0.17 1.8 279 6.9 
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Table 4.4 (b) Cyclic Voltammo2ram of' samples in 02 bubbled KOH solution. 

Samples Peak 1 Peak II Peak III i Oxv , Ea 

(Volts) mA (Volts) mA (Volts) mA mA/cm2 Kcal/mol 

CT-I(P) 0.44 0.28 3.2 0.5 3.0 277 9.6 

CT-I(G) 0.44 7.3 - - 0.9 4.5 210 11.38 

CT-11(P) 0.44 5.1 0.28 4.0 308 6.89 

CT-II(G) - - 240 6.1 

CT-III(P) - - - 0.5 3.6 250 4.57 

CT-1II(G) 0.43 4.0 0.27 3.5 0.5 

(-`,1 266 6.29 

CT-IV(P) 0.5 0.8 350 2.5 

CT-IV(G) 0.43 2.8 0.27 2.7 0.5 3.1 303 2.88 

CN(P) - - - 0.5 9.0 248 3.35 

CN(G) - - - 0.16 1.6 293 • 2.95 
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CONCLUSIONS 

(1) Carbon supported Co304 spinel electrocatalysts are synthesized by several 

Precursor methods. 

(2) Their electrocatalytic activity depended upon 

(i) The nature of precursor (whether Carbonate, Nitrate, NTA complex, 

hydrazido ---etc) 

(ii) Mode of decomposition: 

Whether by use of direct thermal energy of a burner or by use of sunlight, 

(iii) Whether catalyze by platinum or uncatalysed decomposition method of 

introducing carbon support whether by precursor method or mechanical grinding. 

(3) Highly active samples were obtained when Cobalt (II) NTA complex is 

decomposed, in presence of silica and sunlight. The electrocatalytic activity of such a 

sample (20% Co 304  /C) compared well with that of Platinum. 

(4) It appears that Co30 4  alone prepared as above, could be a substitute electrocatalyst. 

(a) However appropriate mixtures of (C/Co304 + Pt) could give high activities, 

with synergistic effects at the same time reducing the amount of noble metal catalyst 

that can be used. This could be a possible direction for future research - a consequence 

of the present investigation. 

(b) These catalysts could also be tested in acidic electrolytes and for use in such 

fuel cells. 

(c) It would be interesting to investigate doped Co304 with Cu 2+, Ni2+, Pb2+  

prepared by the method of CT-W(P) as literature survey indicate improved 

performance with the above cations. 
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