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Abstract 

There is a rising concern about energy and environment for future. Transition from 

current fossil fuels to green fuels and building of cleaner environment to lead sustainable 

life is at enormous task. Hydrogen gas is recognized as a clean fuel and may be a 

sustainable solution. Hydrogen can be directly used as clean fuel in fuel cells with no 

harmful by-products. Chemical hydrides with high hydrogen storage capacity in terms of 

gravimetric and volumetric efficiencies are the most promising candidates to supply pure 

hydrogen at room temperature. Among them, Ammonia Borane (NH3BH3, AB) and 

Sodium borohydride (NaBH4, SBH) have drawn a lot of interest as they are stable, non-

flammable, and nontoxic. Large amount of pure hydrogen gas is released during the 

hydrolysis of these hydrides in presence of certain catalysts and the by-products are non-

toxic, environmentally safe and can be recycled. Co based catalysts are considered as 

good candidates for catalyzed hydrolysis owing to their good catalytic activity, low cost 

and effortless synthesis. In favor of environmental concern, especially the air pollution 

(conversion of CO to CO2) and water pollutions (organic pollutants) are vital problems 

and there is a serious need to mitigate these problems. Cobalt (Co) based materials are 

with high catalytic activity for hydrolysis, organic pollutants degradation and CO 

oxidation. So, a single Co based catalysts as powders and as immobilized coatings 

prepared by chemical reduction method and pulsed laser deposition (PLD) were studied 

for hydrogen production by hydrolysis of AB and SBH and thin film coatings Co3O4 

were studied for CO oxidation and organic pollutants degradation. On the basis of 

characterization results, the role of catalyst to enhance catalytic activity is discussed in 

hydrolysis, CO oxidation and pollutants degradation reactions. The stability and 

reusability of these catalysts have also been investigated.   
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Overview of the Thesis 
 

In the chapter 1, we have discussed the need for clean energy and environment for the 

future. How hydrogen can be a promising solution as a clean fuel, especially for vehicular 

applications and portable devices. Hydrogen can be produced by catalytic hydrolysis of 

chemical hydrides using appropriate catalyst. This hydrogen can then be supplied to fuel 

cell to produce electricity. The aim of this thesis is to present catalysts that are 

economical, easy to synthesize and also have a high hydrogen production rate. Chapter 2 

describes the techniques used for catalysts preparation and the experimental setup that 

was used to carry out the hydrogen generation measurement. In Chapter 3, we see that 

Co-B powder supported over various mesoporous silica particles such as MCM-41, FSM- 

16 and SBA-15 for hydrolysis of NH3BH3 and Co3O4 nano particles assembled coatings 

for hydrolysis ofNaBH4. We discuss the enhanced catalytic activity by studying the effect 

of the various supports and the catalyst as immobilized form. In Chapter 4, we will 

discuss how the Co3O4 nano particles assembled coatings catalyst, operates the methylene 

blue dye degradation by photo catalysis. After that the Co3O4 coatings prepared by 

physical and chemical methods in the form of 3-D urchin structures for methylene blue 

dye degradation and a detailed comparative study of the catalyst coatings were discussed. 

We study and discuss the role of particle size and morphology for enhanced catalytic 

activity, Later, we also test these catalyst coatings for stability, to check if these catalysts 

can conserve their enhanced properties for longer times and reuse. In Chapter 5, we 

discuss CO oxidation system design, optimization and for the first time how the Co3O4 

nano particles assembled coatings prepared by PLD show catalytic activity towards CO 

oxidation measurements in terms of conversion temperature and stability.  
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Chapter 1 

 

Energy and Environment 

 

Everything is energy and that’s all there is to it. Match the frequency of the reality 

you want and you cannot help but get that reality. It can be no other way. This is not 

philosophy. This is physics. 

 

 

1.1 Introduction 

1.1.1 Energy 

The world around us has changed significantly over the past few years. Technology has 

become one of the main drivers of economic and social development. The rapid 

advancement of Information Technology (IT) all over the world has transformed not only 

the way we think, but also the way we act. All aspects of human life have been affected 

by various technologies [1]. Needless to say that practically all the technologies run on 

electricity and therefore the use and share of electricity is increasing very rapidly time by 

time, faster than total primary energy supply (TPES). The electricity is generated by 

various sources of Energy. Energy is one of the major issues which highly affect the 

economy of a country in the world and the energy requirements for most of the countries 

are growing at very rapid rate. The major sources for the energy in the world are fossil 

fuels (Oil, Coal, Nuclear, and Natural Gas).  We continue to consume fossil fuels without 
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regard for the consequences. We assume our inherited good fortune of coal, oil and 

natural gas will go on forever. But are there limits to growth? Yes. The depletion of our 

resources is not a phenomenon that will happen sometime in the distant future. It is 

happening now. It has already altered the objectives and alliances of international 

diplomacy, empowered the political aspirations of producer nations, restructured how 

world markets work, and changed the economics of fossil fuel exploration, production, 

transportation and consumption. It is also increasing the price of gasoline, diesel, 

propane, jet, and heating oil fuels, along with electricity, fertilizer, soil amendments, and 

thousands of every other products.  

 

 
 

Figure 1.1- World energy consumption by fuel type 1990-2040 (Quadrillion Btu) [2] 

From fig. 1.1 it can be seen that the use of the energy sources increasing over the time 

and the fossil fuels continue to supply most of the world's energy. Natural gas and coal 
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still supply more than three-fourths of total world energy consumption. Petroleum and 

other liquid fuels remain the largest source of energy, but their share of world marketed 

energy consumption seems to decline by 2040 [2, 3]. 

 

These forms of energy are rapidly depleting, i.e., in the next 40-50 years we will run out 

of both oil and natural gas respectively, while coal will last only for the next 129 years. If 

countries do not increasingly diversify their reliance upon fossil fuels, there will be 

economic tragedies in the near future.  

 

1.1.2 Environment 

With a growing population and technology around the world, the need for more energy 

causing dramatic increase of worldwide consumption of fossil fuels thus creating greater 

consequences on the environment through release of Green House Gas (GHG) emissions. 

This causes air pollution and effect on human and aquatic life. The Gases that trap heat in 

the atmosphere thereby increase the global temperature.  

 

Global carbon emissions from fossil fuels have significantly increased since 1900. 

Emissions increased by over 16 times between 1900 and 2008. The GHC emissions by 

human activities and from source of energy are shown in fig. 1.2, clearly indicating that 

fossil fuels are the primary source for CO2 gas emissions of 56.6 % (Fig. 1.2b). Energy 

supply means burning of coal, natural gas, and oil for electricity and heat is the largest 

single source of global GHC emissions (25.9 %), industry and forestry also contributes to 

a great extent for GHC emissions[4]. 

 



 4 

 
 

Figure  1.2- (a) Global annual green house gas emissions. (b) Global emissions by 

human activities, (c) Global emissions by various source of production [4]. 

The release of GHCs into the environment is causing changes to the earth surface 

temperature. The global average surface temperature rose 0.6 to 0.9 °C between 1906 and 

2005 [5] as shown in fig. 1.3. The rate of temperature increase has nearly doubled in the 

last 50 years and certainly the temperatures are going to increase further.  

 

 
 

Figure 1.3- Effect of GHG emissions on Global surface mean temperature with time[5]. 
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1.2 Motivation in the search of clean fuels 

By looking at the above studied data it is clearly visible that use of the conventional 

energies such as fossil fuels (coal, natural gas and petroleum), results both in scarcity of 

energy and environmental impact, e.g. global warming, acid rains, climate change, water 

pollution and air pollution in future.  At final, a very poor quality of human life on this 

planet will result indicating that today’s world is facing urgency to switch for an 

alternative fuels. Concerns about energy security, the impact of fossil fuel emissions on 

the environment, and sustained high world oil prices support expanded use of nuclear 

power and renewable energy. At the same time awareness in society, government 

policies for energy, technology developments for cleaner environment and incentives 

should be provided to improve the prospects for non-fossil forms of energy in many 

countries around the world. Among the various alternatives sources available, “Hydrogen 

(H2)” is an ideal fuel to replace the fossil fuels. Regarding pollution, we need to find 

technological solutions to mitigate the present existing scenario by CO2 capture and 

storage[6, 7], converting CO2 into useful fuels by various methods[8, 9]. Carbon 

Monoxide (CO) is also one of the main air pollutant that has to be taken care off [10].  In 

the similar way other emissions [11, 12] have to be mitigated to make better future.  

 

1.3 Hydrogen  

Hydrogen (H2) is the lightest element, most abundant, but less than 1% in molecular 

form[13], non polluting, i.e. by product is only water and can be produced from a large 

variety of sources mainly from hydrocarbons [13, 14], water splitting by electrolysis[15, 

16], thermolysis or hydrolysis reaction of chemical hydrides[17, 18], or reversibly storing 

it in chemical hydrides [19, 20] and processes driven from solar light[21-23]. Use of H2 

as a fuel will not only reduce our dependence on fossil fuels but also enable energy 
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security, at the same time will take care of the climate change issues. H2 has a density of 

only 0.0899 kg/m3 at normal temperature  and pressure, which states that storing H2 as 

gas at larger volumes requires very high pressures and safety issues [13]. Liquid 

hydrogen also has a low density of 70.8 kg/m3 i.e. 7 % of that of water. The liquid 

hydrogen has a very low boiling point (20.3 K) and thus requires fairly sophisticated 

technology to prepare and maintain it in this state[13, 24]. By virtue of exceptionally low 

density, hydrogen has the best gravimetric energy density of any fuel, but its volumetric 

energy density is poor. The energy content of H2 is 141.78 MJ per kg of H2, 3 times 

higher than conventional fuel [25].  

 

For a transition to a hydrogen economy to occur through the operation of market forces, 

H2 technologies must compete effectively with fossil fuels and other alternatives to them. 

In particular, devices that use hydrogen such as “fuel cells” must compete successfully 

with devices that use competing fuels (e.g. hybrid propulsion systems) and H2 must 

compete successfully with electricity and secondary fuels (e.g. gasoline, diesel fuel and 

methanol) [26]. If we look at the H2 cycle from production to end use and compare with 

carbon cycle, it results the superiority of the H2 [19] fuel as shown in figure 1.4. H2 is a 

sustainable form of energy coming from water and various types of renewable energy 

filling our surrounding environment with no pollution. 
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Figure 1.4- Comparative illustration of Hydrogen cycle vs Carbon cycle[19]. 

 

1.4  Hydrogen Production 

Hydrogen (H2) has been identified as a most efficient energy carrier which when used in 

fuel cell produces almost zero emission of greenhouse gases. However, the current 

production of H2 is mostly based on steam reforming of natural gas where the final 

products contain greenhouse gases (CO2 and CO) [13, 25]. Thus, it is necessary to 

implement cleaner routes to produce H2 using least amount of energy to make the 

hydrogen energy cycle environmentally green. A brief discussion on various H2 

production technologies can give a better understanding idea about need and necessity of 

alternative technologies to access H2. 

 

H2 can be produced from various sources such as, nuclear, natural gas and coal, biomass, 

and other renewable sources (solar, wind, hydroelectric, or geothermal energy). This 

diversity of sources makes hydrogen a promising energy carrier and important for energy 

security. The production of H2 can be achieved via various process technologies, 
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including thermal (natural gas reforming, renewable liquid and bio-oil processing, 

biomass, and coal gasification), electrolytic (water splitting using a variety of energy 

resources), and photolytic (splitting of water using sunlight through biological and 

electrochemical materials) [27, 28]. 

 

 
 

Figure 1.5-  Hydrogen production pathways from various sources[29] 

 

The annual production of H2 is estimated to be about 55 million tons with its 

consumption increasing by approximately 6% per year. Nowadays, H2 is mainly 

produced by the steam reforming of natural gas, a process which leads to massive 

emissions of greenhouse gases. Close to 50% of the global demand for H2 is currently 

generated via steam reforming of natural gas, about 30% from of reforming 

refinery/chemical industrial off-gases, and 18% from coal gasification, 3.9% from water 

electrolysis, and 0.1% from other sources [27, 30]. Electrolytic and plasma processes 

demonstrate a high efficiency for hydrogen production, but unfortunately they are 

considered as high energy intensive processes [31]. Figure 1.5 shows  the existing 
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technologies for H2 production worldwide and table 3.1 gives information on  cost and 

performances analysis of various techniques for H2 production [32]. Data from table 1.1 

clearly indicating that still H2 production from fossil fuels is very intensive and most of 

the other technologies are under research and development stage.  

 

Table 1.1-  Cost and performance characteristics of various hydrogen productions [32] 

 

 
 

Although H2 is often presented as the near future fuel, the deployment of a hydrogen-

based fuel is rather difficult. H2 has to be produced, stored, distributed, and used, but 

each of these steps is hindered. Intense research focuses on solving the scientific and 

technological issues on each of them.  
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H2 storage is a particularly difficult problem[13, 33]. It is a key issue to be addressed with 

regard to vehicular applications. It is necessary to store H2 safely, easily, reversibly, and 

at high gravimetric/ volumetric capacities. Several solutions have been proposed. These 

are categorized into two groups: 

1. Physical storage of H2 (high pressure, low temperature, and adsorption) and  

2. Chemical storage of H2 (for example, hydrides, amine–borane adducts, and 

amides/imides). [13, 25, 34].  

 

Adsorption is a borderline situation between physical and chemical storage. However, 

because most of the adsorbents discussed in the literature only have relatively weak 

interactions with H2 and the H2 is molecularly adsorbed and not dissociated, it is mostly 

categorized as a physical storage technology. At room temperature and atmospheric 

pressure, none of the currently-known adsorbents has storage capacity as required. H2 

forms metal hydrides with some metals and alloys leading to solid-state storage under 

moderate temperature and pressure that gives them the important safety advantage over 

the gas and liquid storage methods. Metal hydrides have higher H2-storage density than 

H2 gas or liquid H2 [35]. Hence, metal hydride storage is a safe, volume-efficient storage 

method for on-board vehicle applications [13, 17-19, 28, 34].  

 

1.5 Fuel cell 

There are many advantages with the fuel cells as compared to other power generators like 

for example high efficiency. A typical combustion-based fossil fuel power plant operates 

at about 35% efficiency, while a fuel cell operates at about 40 to 60% efficiency to 

produce electricity [36], noiseless operation, virtually no moving part, by product 

emission is only water vapor[37]. All these advantages make it as most appropriate and 

ideal engine or device for greener future. A fuel cell is a device that converts chemical 

http://en.wikipedia.org/wiki/Chemical_energy
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energy from H2 fuel into electricity through a chemical reaction between hydrogen and 

oxygen or another oxidizing agent [37]. A simple fuel cell is made of several sections 

with different materials[36, 38] as shown in figure 1.6.  

 

The chemical reaction sequence in fuel cell is expressed in eq. 1.1 and eq. 1.2 as half cell 

reactions at Anode and Cathode respectively. Three key sectors in fuel cell are the anode, 

cathode, and electrolyte. The electrodes are porous and normally made of carbon cloth or 

carbon fiber [38]. A polymer membrane is sandwiched between the two electrodes. At 

the interface between the electrode and the polymer membrane there is a layer with 

catalyst particles (typically platinum supported on carbon) [38].  

 

 

𝐴𝑛𝑜𝑑𝑒:                𝐻2 → 2𝐻+ +  2𝑒−    (1.1) 

 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒:              
1

2
𝑂2  + 2𝐻+ + 2𝑒−  → 𝐻2𝑂  (1.2) 

 

There are several types of fuel cells currently under development, each with its own 

advantages, limitations, and potential applications. They are differentiated by the kind of 

electrolyte, chemical reaction, fuel, catalyst and temperature required for its functioning. 

Comparative activity of various fuel cells with efficiency can be found elsewhere in 

literature [36, 37]. 

http://en.wikipedia.org/wiki/Chemical_energy
http://en.wikipedia.org/wiki/Fuel
http://en.wikipedia.org/wiki/Electricity
http://en.wikipedia.org/wiki/Oxygen
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Figure 1.6- A schematics shows an operation of Polymer electrolyte membrane(PEM) 

fuel cell[36, 38] 

Applications of fuel cell devices are vast and can be used from small mobile applications 

in daily life, stationary applications to transport and industrial applications [39] as 

depicted in the figure 1.7. Most of the applications are at prototype stage especially for 

transport and industrial applications because of draw backs associated with durability, 

stability and cost [39, 40]. 

 

The current performances of the fuel cells in various applications are still impressive, 

reflecting the past few years of enormous research work to improve their performances 

[40]. But to move towards a genuinely practical technology that can be mass-produced 

cost-effectively with durability and cost-effectively so that could be viable commercially. 
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Figure 1.7- Fuel cell technology, possible fuels and application (PEM = Proton 

Exchange Membrane Fuel Cell; AFC = Alkaline Fuel Cells; DMFC = Direct Methanol 

Fuel Cell; PAFC = Phosphoric Acid Fuel Cell; MCFC = Molten Carbonate Fuel Cell; 

SOFC = Solid Oxide Fuel Cell 
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Chapter 2  

 

Experimental Techniques and Catalysts synthesis 

 

“Infancy is irretrievable. Its memories live underground. To what extent 

they return by stealth are triggered by various catalysts remains an ongoing 

question.” 

       

 

2.1 Introduction 

A catalyst is a substance that changes the rate of a chemical reaction. Unlike other 

reagents that participate in the chemical reaction, a catalyst is not consumed by the 

reaction itself.  A catalyst may participate in multiple chemical transformations. Catalytic 

reactions have a lower rate-limiting free energy of activation than the corresponding un-

catalyzed reaction, resulting in higher reaction rate at the same conditions.  

Catalysts come in one of two types; homogeneous (reactants and catalyst are in the same 

phase normally liquid) or heterogeneous (where the reactants and catalysts are in separate 

phases normally gas or liquids over solids). Heterogeneous catalysts act in a different 

phase than the reactants. Most heterogeneous catalysts are solids that act on substrates in 

a liquid or gaseous reaction mixture. The economic contribution from catalysis is very 

remarkable. Estimates are that catalysis contributes to greater than 35 percent of global 

gross domestic product (GDP); the biggest part of this contribution comes from the 

generation of high energy fuels (i.e., gasoline, diesel, hydrogen) which depend critically 
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on the use of small amounts of catalysts in our world's petroleum refineries. As a 

business, the catalyst market itself is growing, so that catalysis costs are much less than 

0.1 percent of the sales revenue from the products which they create.  

Catalysis is a key enabling technology in energy conversion, fuel production, and 

environmental mitigation. Nanomaterials with controlled morphology and electronic 

structure provide the best platform to catalyze desirable chemical transformations and 

bring the materials science perspective into catalyst discovery, leading to many 

opportunities in synthesis, characterization and applications in, for example, 

electrolyzers, solar cells, fuel cells and metal-air batteries. Today’s needs for clean 

energy and better environment call for new advanced nanomaterials to catalyze water 

splitting into hydrogen and oxygen, water purification, CO oxidation, CO2 reduction into 

organic fuels, O2 reduction and efficient fuel conversion. In parallel, there is an ever-

increasing need to understand the chemistry happening on the surface of nanomaterials 

by advanced characterization techniques and modeling. We aimed at improving catalyst 

synthesis and performance for energy production and environmental clean-up. This 

chapter explains the experimental methodology adopted to achieve sustainable catalysts 

in various forms (powers and thin film coatings). 

2.2 Synthesis of Powder catalysts 

2.2.1 Synthesis of Co-B powder catalysts 

Cobalt Boride (Co-B) powder catalyst is synthesized by chemical reduction method. In a 

typical procedure, an appropriate amount of cobalt chloride, CoCl2 (Sigma-Aldrich) is 

reduced by using Sodium Borohydride (NaBH4, SB) at room temperature (see eq. 2.1). 

The molar ratio of SB and CoCl2 was kept larger than 2 to ensure complete reduction of 
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CoCl2. SB solution was added drop wise in a glass beaker containing the aqueous 

solution of CoCl2. The mixture is stirred using a magnetic stirrer until hydrogen liberation 

stops from the solution. 

 

2𝐶𝑜𝐶𝑙2 + 𝑁𝑎𝐵𝐻4 → 𝐶𝑜𝑥𝐵 +  𝑁𝑎𝐶𝑙 + 2 𝐻2 ↑ (𝑔)    2.1 

 

The resulting black powder of Co-B is separated from the solution by using a filtration 

process. The powder is extensively washed with distilled water in order to remove Cl- 

and Na+ ions (presence of these ions may degrade the catalytic activity of Co). The 

powder is finally washed with ethanol (99:9%) and then dried in continuous nitrogen 

flow at around 323 K. 

2.2.2 Impregnation of Co-B nanoparticles in various porous materials 

Firstly, various mesoporous silica particles (MSPs) were synthesized by well studied 

methods in the literature, and then impregnation of the Co-B nanoparticles in the various 

MSPs such as Mobil composition of matter no. 41(MCM-41), Folded Sheets Mesoporous 

Materials (FSM-16), Santa Barbara Amorphous (SBA-15) and the non-porous silica 

particles (NPSs) was carried out. 

 

MCM-41: This type of mesoporous silica particles (MSPs) was synthesized by following 

procedure described in Lai et al. [41], by using n-cetyltrimethylammonium bromide 

(CTAB) as the surfactant template to assemble mesopores on the surface. CTAB (0.25 g) 

was first dissolved in 120 ml of deionized water and stirred for 30 min. NaOH (2 M, 

0.875 ml), as a catalyst, was added to the above mixture, followed by adjusting the 

temperature at 353 K. Drop wise addition of tetraethylorthosilicate (TEOS, 99.999%) 

(1.25 ml) was carried out to the surfactant solution and resulting mixture was stirred at 

353K for 2 h to obtain white silica precipitate. The solid powder obtained by centrifuging 
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was washed thoroughly with distilled water and dried in vacuum at ambient temperature. 

After drying, silica powder (0.7 g) was refluxed in solution of 70 ml of methanol and 

3.5 ml of HCl (35%) for 24 h in order to remove surfactant template (CTAB) over the 

surface. The white powder was separated by centrifuging the solution and later washed 

with distilled water and methanol followed by drying in vacuum. The obtained powder 

was treated at 398 K for 2 h to remove the OH− group from the pore surface. 

 

FSM-16: Kanemite (NaHSi2O5) and CTAB were used as precursor and template, 

respectively, to synthesize FSM-16 type MSP followed the method described in literature 

[42]. To synthesize kanemite, NaOH of 100 ml (0.528 M) was added to 50 g of sodium 

silicate solution (SiO2/Na2O = 2.21) to adjust SiO2/Na2O = 2. The mixture was stirred for 

3 h at ambient temperatures. The excess water was removed by drying the solution at 

393K for 15 h. After crushing, the dried sodium silicate powder was calcinated at 973K 

for 6 h in air to obtain white kanemite foam. Crushed kanemite powder (2 g) was 

dispersed in 20 ml of distilled water and stirred for 3 h. The resulting suspension was 

filtered out to obtain wet kanemite paste. This paste was mixed into 32 ml of CTAB 

(0.125 M) solution and then stirred for 3 h at 343 K. The pH of the dispersion was 

adjusted to 8.5 by adding HCl solution (2 M). The resulting mixture was stirred for 

another 3 h at 343 K. After cooling, filtered solid powder was washed with distilled water 

and then dried in air at ambient temperature. The as-synthesized silica powder was 

calcinated at 873 K for 6 h to remove the surfactant from the silica material to obtain 

FSM-16 MSP. 

 

SBA-15: Pluronic (P123) was used as the surfactant template to fabricate SBA type MSP. 

The synthesis was carried out without hydrothermal conditions using the procedure 
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described in Brahmkhatri et al.[43]. P123 (4 g) was first dissolved in 150 ml of HCl 

solution (2 M) under constant stirring at 308 K for 2 h. Later TEOS (8.5 g) was added to 

the above mixture and stirred for 20 h at 308 K. The resulting solution mixture was aged 

at 353 K for 48 h. The solid powder was separated by filtration and followed by washing 

with distilled water and ethanol. After drying at room temperature, the white powder was 

calcinated at 773 K for 6 h to burnout template molecules from the silica material. 

 

Non-Porous Silica particles (NPSs) were also prepared by Stober method [44] by 

hydrolysis and condensation of TEOS in ethanol, and in the presence of ammonia (NH3) 

as catalyst. The molar ratio of TEOS: NH3: H2O: Ethanol was kept about 1:1:10:30. 

 

The Co-B catalyst was loaded on NPSs and on three different types of MSPs (MCM-41, 

SBA-15 and FSM-16) by impregnation–reduction method. 300 mg of all types of silica 

particles were immersed in the 4.5 ml of aqueous cobalt chloride solution (0.5 M). To 

have better particle dispersion the mixture was ultra-sonicated for 10 min and later left 

undisturbed for 24 h. After impregnation the samples were filtered to remove the excess 

CoCl2 solution and dried in vacuum condition. The dried mixture was reduced by 

addition of 4.5 ml of aqueous NaBH4 solution (1 M) and later stirred until the bubbles 

generation was ceased. The gray powder formed during the reaction was separated from 

the solution by sedimentation and filtration and later washed several times with distilled 

water and ethanol. In the end the catalyst was dried in vacuum under ambient condition.  

 

2.2.3 Synthesis of Co3O4 Powder catalyst 

Co3O4 Powder was prepared by the co-precipitation (CP) method  as reported in the 

literature[45]. Diluted ammonia solution (25%) was added as a precipitator to the 

homogeneous 0.04 M aqueous solution of CoCl2 under continuous stirring. After stirring 



 19 

at room temperature, the obtained cobalt hydroxide (Co(OH)2) precipitate was filtered 

and subsequently washed with distilled water and ethanol. Finally, the Co(OH)2 

precipitated was vacuum dried and thermally decomposed at 400 °C for 2 h to obtain the 

Co3O4 powder. 

 

2.2.4 Synthesis of 3D-Hierarchical Co3O4 urchins  

3D-Hierarchial Co3O4 urchin-like nano structures were prepared by hydrothermal 

synthesis adapted from literature [46]. Typically, 1 mmol of Co(NO3)2·6H2O, 3 mmol of 

NH4F and 5 mmol of Co(NH2)2 were dissolved in 35 ml of deionized water and sealed in 

a custom-built Teflon-lined aluminum autoclave with a 50 ml capacity (see figure 2.1).  

 

 
 

Figure 2.1- Schematic of custom-built Teflon-lined aluminum autoclave with a 50 ml 

capacity 

 

The reactor was heated at 120°C for 5 h and allowed to cool down at room temperature. 

A pink precipitate was then collected by filtering on a sintered glass buchner funnel, 

washed several times with water and isopropanol and dried in air at 70°C for 45 min. The 

same procedure was followed to obtain thin films on glass, Si and fused silica substrates 

by placing them inside the reactor during the process. The obtained pink powders were 

annealed at temperatures 400 °C, 500 °C and 600 °C for 4 hr in a tubular furnace. 
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2.3 Synthesis of thin film catalysts  

Two dimensional materials created by the process of condensation of atoms, molecules or 

ions, are called thin films. They have unique properties significantly different from the 

corresponding bulk materials as a result of their physical dimensions, geometry, and non-

equilibrium microstructure. These characteristic features of thin films can be modified 

and tailored to obtain desired properties. The special properties of the thin films are that 

they are not fully dense, under stress and with defects. These features are the best 

qualities to design required supplies for science and technology. There are vast 

applications, starts from familiar household mirrors to optical coatings, very large scale 

integrated (VLSI) circuits, quantum engineering, integrated optics, energy and 

environment applications. The thin films could be of any type as metallic, oxides, alloys 

or mixed oxides depending on their specific application in various fields. 

 

Progress in each of these areas depends upon the ability to selectively and controllably 

deposit thin films - thickness ranging from tens of nanometers to micrometers. It requires 

control often at the atomic level of film microstructure and microchemistry. There are a 

vast number of deposition methods available and in use today. All methods have their 

specific limitations and involve compromises with respect to process specifics, substrate 

material limitations, expected film properties, and cost. This makes it difficult to select 

the best technique for any specific application. Figure 2.2 explains the important 

parameters required, optimized or controlled to have the thin films of interest for 

applications.  

The basic steps for the formation of a thin film are; emission of particles from the target 

material, transport and condensation on the substrate, each step is important to have the 

required properties of the film. The growth of the film on the substrate is very important 
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and it involves the steps as nucleation, island formation and growth, coalescence of the 

islands and continued growth leads to have the final form. The nucleation and growth 

occur at defects or where the sites have high bonding energy [47]. 

 

 

 

Figure 2.2- Important aspects of technology for the evolution of thin film materials of 

interest. 

 

Deposition techniques fall into two broad categories, depending on whether the process is 

primarily chemical or physical. 

 

2.3.1 Chemical deposition techniques: 

Chemical vapor deposition (CVD) processes are widely used in industry due to their 

versatility for depositing a very large variety of elements and compounds. Here, a fluid 

precursor undergoes a chemical change at a solid surface, leaving a solid layer. Thin 

films from chemical deposition techniques tend to be conformal, rather than directional. 

http://en.wikipedia.org/wiki/Chemistry
http://en.wikipedia.org/wiki/Physics
http://en.wiktionary.org/wiki/Precursor
http://en.wikipedia.org/wiki/Conformal_film
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Chemical deposition is further categorized by the phase of the precursor as; Plating, 

Chemical solution deposition (CSD) or Chemical bath deposition (CBD), sol-gel, 

Chemical vapor deposition (CVD) ,MOCVD, Plasma enhanced CVD (PECVD), and 

Atomic layer deposition (ALD) [48]. 

 

 

Advantages: 

 

 Uniform distribution over large areas. 

 No compositional gradients across substrate. 

 No need to break vacuum for source changes. 

 More selective area deposition because of higher Activation energy for 

reaction with foreign substances. 

 

Disadvantages: 

 

 Mostly involve safety and contamination. 

 Hydrides and carbonyls are poisonous (especially arsine). 

 Metal organics are pyrophoric (ignite in contact with air). 

 High cost for compounds with sufficient purity. 

 

2.3.2 Physical vapor deposition techniques: 

Physical deposition uses mechanical, electromechanical or thermodynamic means to 

produce a thin film of solid. Since most engineering materials are held together by 

relatively high energies, and chemical reactions are not used to store these energies, 

commercial physical deposition systems tend to require a low-pressure vapor 

environment to function properly; most can be classified as physical vapor deposition 

(PVD). The whole system is kept in a vacuum deposition chamber, to allow the particles 

to travel as freely as possible. Since particles tend to follow a straight path, films 

http://en.wikipedia.org/wiki/Plating
http://en.wikipedia.org/wiki/Sol-gel
http://en.wikipedia.org/wiki/Chemical_bath_deposition
http://en.wikipedia.org/wiki/Sol-gel
http://en.wikipedia.org/wiki/Chemical_vapor_deposition
http://en.wikipedia.org/wiki/Metalorganic_vapour_phase_epitaxy
http://en.wikipedia.org/wiki/Plasma_Enhanced_Chemical_Vapor_Deposition
http://en.wikipedia.org/wiki/Atomic_layer_deposition
http://en.wikipedia.org/wiki/Physical_vapor_deposition


 23 

deposited by physical means are commonly directional, rather than conformal, the 

various deposition techniques are listed as Thermal evaporation techniques (Electron 

beam evaporation, Molecular beam epitaxy), Sputtering (DC, RF,), electro-hydrodynamic 

deposition (electro spray deposition), cathode arc deposition (Arc-PVD), Pulsed laser 

deposition (PLD) [48]. 

 

Advantages: 

 

 Directional deposition. 

 No need of chemicals as in chemical deposition techniques and extensive 

cleanups (are not environmentally friendly).  

 Safer than those methods. 

 Can be used on almost any type of inorganic material. 

 

Disadvantages:  

 

 Higher costs. 

 The process requires complex machines that need skilled operators. Also, 

the rate at which coating is relatively slow. 

 However, PVD coating is still one of the most effective methods of 

improving a surface’s strength and durability. 

 

Pulsed laser deposition (PLD) technique: PLD especially used in this work is a 

physical method of thin film deposition where a pulsed laser beam, of wavelength 

generally in the UV range, is employed to ablate a target composed of the desired thin 

film material. PLD attracted much attention over the last 20 years, as it enables 

fabrication of multi-component stoichiometric films from a single target. The decoupling 

of the vacuum hardware and the evaporation power source makes this technique so 

flexible that it is easily adaptable to different operational modes without the constraints 
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imposed by the use of internally powered evaporation sources. Applications of the 

technique range from the production of superconducting and insulating circuit 

components to improved wear and biocompatibility for medical applications. It is also 

used to deposit wide range of diamond-like carbon (DLC), ferroelectrics and wide band-

gap semiconductors. 

 

Basic Principle: In the deposition process a pulsed laser beam is focused on a piece of 

source material, in general referred to as the target (figure 2.3). The focusing of the laser 

beam results in a locally very high energy density (fluency) on the target surface. Upon 

absorption from a solid surface, the electromagnetic energy of the laser beam is converted 

first in electronic excitation and then in thermal, chemical and mechanical energy, that 

causes evaporation. The vaporized material, containing neutrals, ions, electrons etc., is 

known as a laser-produced plasma plume and expands rapidly away from the target 

surface (velocities typically ~106cms-1 in vacuum).  

 

 
 

Figure 2.3- Schematic diagram of Pulsed Laser Deposition  
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Film growth occurs on a substrate upon which some of the plume material re-condenses. 

In practice, however, the situation is not so simple, with a large number of variables 

affecting the properties of the film, such as laser fluence, background gas pressure and 

substrate temperature. These variables allow the film properties to be manipulated 

somewhat, to suit specific applications. 

 

Deposition Parameters: In a pulsed laser deposition system the adjustable parameters 

are: energy per laser pulse, pulses frequency, target to substrate distance, substrate 

temperature, and background gas pressure. The control of such parameters can be more 

or less critical for the quality of the film. 

 

Experimental set-up: The experimental set-up [49] is schematically represented in 

Figure 2.4. The energy source used in the experiments is a KrF (λ = 248nm) excimer 

laser (LPX220i Lambda Physik) capable of operating at frequencies between 1 − 200 Hz. 

The pulse width is about 20 ns (FWHM) and the maximum pulse energy is 450mJ, 

having a maximum average power of 80W. The pulse energy can be lowered by dropping 

the pumping high voltage. The beam dimensions are 8mm 23mm (vertical x 

horizontal), with the beam divergence of 1 mrad 3 mrad (V x H). The beam is deflected 

by 90 º using a dielectric mirror. The beam can be focused by a 30 cm focal length lens 

mounted on a slide permitting it to be moved along the beam direction. The slide is used 

to change the energy fluence on the target. The focused beam finally enters the chamber 

through a fused silica window and impinges on the target at 45°. Prior to the deposition 

PLD chamber was evacuated up to a base pressure of 10−6 mbar. 
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Figure 2.4- 3D view of our PLD apparatus [40] 

 

Advantages: The technique of PLD was found to have significant benefits over other 

film deposition methods, including: 

 

 The capability for stoichiometric transfer of material from target to substrate 

 Control in thickness with energy and time of ablation 

 Thus deposition can occur in both inert and reactive background gases. 

 The use of a carousel, housing a number of target materials, enables multilayer 

films to be deposited without the need to break vacuum  

 Different morphological and structural films can be obtained by changing the 

deposition parameters. 

 Deposition of very small amounts as required (important for costly materials) 

 

Disadvantages: In spite of these significant advantages (mentioned above), industrial 

uptake of PLD has been slow and to date most applications have been confined to the 

research environment. 
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 The plasma plume created during the laser ablation process is highly forward 

directed therefore the thickness of material collected on a substrate is highly non-

uniform.  

 The area of deposited material is also quite small. 

 The ablated material may contain macroscopic globules of molten material, up to 

~10μm diameter. The arrival of these particulates at the substrate is obviously 

detrimental to the properties of the film being deposited. 

 The fundamental processes, occurring within the laser-produced plasmas, are not 

fully understood; thus deposition of novel materials usually involves a period of 

empirical optimization of deposition parameters. 

 

2.3.4 Synthesis of nano particles (NPs) assembled Co3O4 and Co-B coatings 

This section covers the preparation of nanoparticles (NPs) assembled Co3O4 and Co-B 

coatings with optimized parameters to achieve high catalytic results. To prepare catalyst 

films of Co-B, the catalyst powder was first synthesized by using the above mentioned 

chemical procedure (section 2.2.1). The powder is then cold pressed to cylindrical disks 

in on a stainless steel holder and is used as a target.  PLD is performed at a repetition rate 

of 20 Hz, in vacuum and reactive oxygen atmosphere (4.5 ×10−2 mbar). Cobalt oxide 

films (Co3O4) are deposited by using a pure Co target under oxygen gas atmosphere 

(4.5 ×10−2 mbar) at various laser fluences with substrate temperature room temperature 

and 150 °C. The films are deposited on silicon substrates for the characterization and on 

glass substrates for testing their catalytic activity. The target to sample distance is 

maintained at 4.5 and 5.5cm for Co-B and Co3O4 respectively. Weight of the catalyst 

films is evaluated by measuring the weight of the glass before and after deposition, and 
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kept approximately constant for all laser fluences by varying the number of laser pulses 

during deposition. 

2.4  Hydrogen Measurement Set up 

2.4.1 Experimental setup 

The apparatus for hydrogen production is schematically divided in two main parts: 

reaction chamber (reactor) and measurement system.  

 

Reaction chamber: The reactor is composed of a cylindrical flat flange vessel with off-

centre bottom outlet valve and a stirrer guide at the bottom (see figure 2.5). It is 

surrounded by a jacket connected to a heating circulator bath for temperature control. The 

temperature is controlled within ±0:1K by a water bath with a digital temperature 

controller. The reactor is closed by a flat flange lid with five necks (a central socket, two 

angular side sockets and two parallel side sockets). There is a catalyst holder inside the 

reactor which is used to hold powder and thin films for the hydrolysis reaction.  

 

Gas-volumetric (GV) measurements: In figure 2.5, a schematic diagram of the 

experimental apparatus for GV measurements of H2 evolved from the catalyzed 

hydrolysis reaction is shown. The reactor is coupled through a gas tube with an 

Erlenmeyer flask containing water; the latter, in turn, is connected to a graduated cylinder 

placed on an electronic precision balance positioned lower with respect to the reactor and 

flask. The reaction chamber and the Erlenmeyer flask are assembled in a closed system. 

The decoupling between the flask and the cylinder is guaranteed by a stop cock. When 

the system is closed and the stop cock opened, the altitude difference between the flask 

and cylinder permits us to maintain a differential pressure between the two vessels.  
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Figure 2.5 – Schematic diagram of the experimental apparatus for GV analysis: (A) 

thermostatic water bath system, (B) reaction chamber, (C) Erlenmeyer flask with water 

reserve and elevator, (D) stopcock, (E) graduated cylinder and electronic balance, (F) 

external pressure sensor, (G) input-output board and acquisition software, (H) stepper 

motor controller. The height-difference Δh between the water level contained in the 

chamber-flask system and that in the cylinder is also indicated [50]. 

 

This configuration ensures an air-tight seal of the whole system with a maximum inlet 

pressure up to 105 Pa relative to the ambient pressure. A typical experiment consists in 

the addition of 200 ml of reaction solution in the reactor. The catalyst (in the form of a 

film, powder or liquid) will be placed on the catalyst holder and inserted into solution and 

The H2 production measurements will be done [50]. All electronic devices are controlled 

via a PC through data acquisition, it reads inlet and outlet pressure with two analogue 

inputs controls the stepper motor drive module and collects the experimental data. 
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2.5 Characterization of the catalysts 

The surface morphology and composition of catalysts was studied by field emission gun 

scanning electron microscope (FEG-SEM, JSM 7001F, JEOL) equipped with energy-

dispersive spectroscopy (EDS, INCA PentaFET-x3).  Phase identification of the samples 

were studied recording Raman spectra with HORIBA JobinYvon Lab RAM Aramis 

Raman spectrometer with diode pumped solid state laser at 634 nm. Structural 

characterization of the samples in small-angle and wide-angle was performed by 

conventional X-ray diffraction (XRD) using the Cu Kα radiation (λ = 1.5414 Å) in 

Bragg–Brentano (θ–2θ) configuration. The Brunauer, Emmett and Teller (BET) surface 

area of the silica particles and Co-B supported over silica was determined by nitrogen 

absorption at 77 K using Quanta-chrome instrument (Quadra-Sorb 5.04) after degassing 

at 473 K for 2 h.  Pore size, pore wall thickness of MSP, and pore structure, particle size 

and planes identification  were examined by high resolution transmission electron 

microscope (HR-TEM) with a field emission FEI TECNAI F20 Super Twin FEG (S) 

TEM microscope operating at 200 kV   
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Chapter 3  

 
 

Hydrolysis of Chemical Hydrides in presence of incorporated Co-B 

nano particles in Porous materials and Co3O4 Coatings  

 

"The amount of sunshine energy that hits the surface of the Earth every minute is 

greater than the total amount of energy that the world's human population consumes in a 

year! 

 

3.1 Introduction 

H2 from the chemical hydrides can be produced by either thermal decomposition [18] 

(thermolysis), or by hydrolysis [33]. Ammonia borane (NH3BH3, AB) and Sodium 

Borohydride (NaBH4, SB) with high gravimetric and volumetric hydrogen storage ability 

are the most prospective candidates to supply pure H2 for portable and on-board 

application at room temperature. 

   

Ammonia borane (NH3BH3, AB) has come to the forefront in the 21st century. Though it 

has been known since 1955 when its synthesis was reported [51], it was only recently that 

this molecule attracted a considerable attention because of its H2 storage capability [52]. 

AB has many attractive attributes, such as low molecular weight (30.7 gmol-1), high H2 

densities (19.6 wt% H2 and 0.145 kgH2 L
-1), relatively safe storage (relatively stable), and 

low-temperature dehydrogenation behavior. However, it also has drawbacks, and the 

most significant and problematic is storage irreversibility. Consequently, if sustainability 

is targeted, hydrogen must be regenerated off board.  
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H2 can be produced either thermal decomposition of AB, or hydrolytic decomposition. 

The first is a three-step process, The first step commences at approximately 100 °C and 

releases 1 equiv. of H2 (6.5 wt %). The second step occurs at a broad temperature range 

centered at approximately 150°C. The final step, which requires high temperatures 

(>1200°C), provides the third equivalent of H2. Unwanted gaseous byproducts, such as 

borazine (B3N3H6), are also liberated [53]-[54]. Alternative way to produce pure H2 is 

Hydrolysis. It is safe and there is no observance of any unwanted products, and this 

reaction happens at room temperature very efficiently. 

 

3.2 Hydrolysis of Chemical hydrides: NH3BH3 and NaBH4 

Hydrolysis is the second route for AB dehydrogenation [33, 55]. An aqueous solution of 

AB at pH 7 is stable for more than 80 days[56] The hydrolysis reactions AB is shown in 

equations 5 and 6 respectively[20]. 

 

𝑁𝐻3𝐵𝐻3 +  2𝐻2𝑂 → 𝐵𝑂2
− + 𝑁𝐻4

− + 3𝐻2(𝑔)   3.1 

 

Therefore, H2 release has to be catalyzed, and so far several metal-based catalysts have 

been studied and end product after hydrolysis is non toxic and environmentally safe. The 

hydrolysis reaction rate can be effectively increased by using several inorganic and 

organic acids but the reaction usually becomes uncontrollable. On the other hand, solid 

state catalysts such as precious and transition metals and their salts are found to be very 

efficient in accelerating the hydrolysis reaction in a controllable manner.  

 

Noble catalysts like Pt, Rh, and Pd [57], Nano-clusters of noble metals Ru, Rh, Pd, Pt and 

Au supported on γ-Al2O3, C and SiO2 [56], recyclable Au@Co core shell nanoparticles 

[58], Ni-Pt hollow nano spheres [59] have been utilized to enhance the H2 production 

rate. However, these catalysts do not seem to be viable for industrial application by 
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considering their cost and availability. Transition metals such as Co, Fe and Ni, when 

fabricated on nano scale with high surface area, can exhibit catalytic performance 

comparable to that of noble metals. Therefore a wide attention has been given to the non 

noble metals. Co, Fe, and Ni nano particles [60, 61], and Ni- supported on SiO2 Al2O3, 

CeO2 [62] and  Co, Cu and Ni supported on γ-Al2O3, SiO2 and C [63, 64].  

 

Among the low cost materials, Cobalt Boride (Co-B) showed an exceptional catalytic 

activity mainly owing to its unique properties with high concentration of coordinative 

unsaturated sites, and its chemical stability [65, 66].  In addition, Co-B can be produced 

by simple chemical reduction of cobalt salt. However, due to the exothermic nature of the 

reduction reaction and ferromagnetic nature of the material, the produced Co-B NPs 

agglomerate to reduce the effective surface area which in turn hampers the catalytic 

activity considerably.  Several routes were adopted in the past to avoid the agglomeration 

such as by doping with transition metals[67-69], by using organic templates [70] or by 

supporting the catalyst on high surface area materials such as rough carbon [71, 72]. 

However, the preparation of catalyst NPs of desired size, which allows tuning of catalytic 

activity, still remains a challenge. Thus, it is of paramount importance in developing a 

system that can provide a degree of freedom to control the size of the catalyst NPs during 

preparation as well as to maintain this size during the catalytic reaction and also at 

elevated temperatures. Thus, due to all these reasons, catalyst particles supported over 

porous materials such as alumina, silica, carbon, and zeolites seems to be a better option 

to deliver sustainable solution with improved catalytic activity for hydrolysis of AB. 

 

Sodium tetrahydroborate (NaBH4), shortly called sodium Borohydride (SB), is widely 

used as a reducing agent in industrial and laboratory applications. Due to its large 
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volumetric (0.115 kg H2 L
-1) and gravimetric (10.7 wt %) H2 storage capacity, it has a 

high potential to be used as a synthetic fuel either in a direct Borohydride fuel cell or as a 

hydrogen storage material for mobile application [73]. Alkaline solution of SB is quite 

stable, non-flammable and non-toxic in nature and can produce H2 on demand in 

presence of appropriate catalyst under ambient condition [68, 74]. For the commercial 

success of SB based H2 generation system, the cost of SB must be substantially reduced. 

Recycling of sodium borate reaction product back to SB starting material is presently 

being studied. SB decomposes thermally to liberate H2 [75], but the decomposition 

temperatures are above5 500 °C, so the thermolysis of SB is not give much attention. SB 

hydrolysis is most studied reaction because it generates H2 at room temperature in 

presence of appropriate catalyst. The hydrolysis reaction of SB is shown in eqn. 6. 

 

𝑁𝑎𝐵𝐻4 +  2𝐻2𝑂 → 𝑁𝑎𝐵𝑂2. 2𝐻2𝑂 + 4𝐻2(𝑔) ↑    3.2 
 

The amount of H2 produced and its generation rate to a great extent depends on the 

quality of the used catalyst. Traditionally, in the past, various noble metals were studied 

extensively like Pt, Pd, Ru [68] as solid-state catalysts to enhance the H2 production rate. 

However, high cost and scarcity of these precious metals make it necessary to explore 

new routes to either minimize the usage of these metals or replace them with non-noble 

catalysts having comparable catalytic properties.  

 

Overall, SB conversion is >90%. The most efficient catalyst reported so far is 10 wt% 

PtRu–LiCoO2 [76, 77]. A H2 generation rate of 560 LH2 min−1 gPtRu
−1 was measured at 

25°C for an aqueous solution with an effective capacity of 2.5 wt% [78]. However Pt is a 

noble metal. Hence cheaper metals have been investigated. The most attractive non-noble 

metal is cobalt [77]. For example, a 10 wt% Co–C catalyst showed a H2 generation rate 

javascript:popupOBO('CHEBI:35223','B900595A','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=35223')
http://www.chemspider.com/Chemical-Structure.762.html
http://www.chemspider.com/Chemical-Structure.94547.html
javascript:popupOBO('CHEBI:35223','B900595A','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=35223')
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of about 130 LH2 min−1 gCo
−1 at 20 °C [79]. The methodology for highly active and stable 

catalysts is making supported nano particles to avoid agglomeration  

 

3.3 Catalysts for Hydrolysis of Ammonia Borane (NH3BH3, AB) 

Catalyst in the form of Co-B nanoparticles supported on various mesoporous silica 

particles (MSPs) such as Mobil composition of matter no. 41(MCM-41), Folded Sheets 

Mesoporous Materials (FSM-16), Santa Barbara Amorphous (SBA-15) and the non-

porous silica particles (NSPs) was synthesized by chemical impregnation-reduction 

method as discussed in Chapter 2. After successful synthesis the catalyst powders were 

studied by various characterization techniques then employed for H2 production by 

hydrolysis of AB, and compared with bare Co-B catalyst powder. 

3.3.1 Morphological analysis of the catalysts 

Scanning Electron microscope (SEM) image (fig. 3.1) of bare Co-B powder shows 

particle-like morphology having spherical shape and size in the range of 30-40 nm. 

Nevertheless all these particles are mostly present in agglomerated state.  

 

 

Figure 3.1- SEM image of bare Co-B powder 
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Agglomeration of the bare Co-B catalyst particles is due to the exothermic nature of the 

reduction reaction of CoCl2 in presence of NaBH4 and the high surface energy involved, 

these particles are mostly present in agglomerated state to acquire low specific surface 

area. In addition, ferromagnetic nature of the Co-B particles can also assist in 

agglomeration of NPs. 

 

Transmission Electron microscope (TEM) images of unsupported NSPs and Co-

B@NSPs are shown in fig. 3.2a and fig.3.2b. The unsupported NSPs particles are 

perfectly spherical and smooth surface with narrow size distribution in the range of 150–

160 nm. The size of Co-B particles (30-40 nm) (dark spheres in fig. 3.2b) supported on 

the NSPs is similar to that of bare Co-B powder but slightly less agglomeration is 

observed on the support surface (see fig. 3.1 and fig 3.2b).  

 

 
 

Figure 3.2- Bright field TEM micrograph of bare (a) NPS, (b) Co-B@NPS 

 

(b) (a) 
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MCM-41 silica particles mainly acquire irregular spherical shape with size in the range of 

80–120 nm (fig. 3.3a). It is composed of regular hexagonal arrays of mesopores with 

uniform pore size as shown in the TEM image (Inset of fig. 3.3a). The distance that is 

repeated between the pores is measured around 4.5 nm, which is in perfect agreement 

with the spacing value (ao) (table 3.1) obtained from the peak in the Small Angle X-ray 

Diffraction (SAXRD) pattern (discussed in the next section). The pore size and wall 

thickness were measured around 3.2–3.5 nm and 1–1.3 nm, respectively. These values 

are consistent to those obtained by SAXRD and Brunauer, Emmett and Teller (BET 

measurement (table 3.1).  

 

 
 

Figure 3.3- Bright field TEM micrograph of bare (a) MCM-41, (b) Co-B@MCM-41 

Co-B particles supported on MCM-41 are much smaller in size with high degree of 

dispersion (fig. 3.3b). The particle size is distributed in range from 3 to 30 nm with 

maximum amount of particles (~ 90%) having size lower than 10 nm. Due to the irregular 

shape of particles and large thickness of the support, the determination of the exact 

particle size is hindered. However, a rough estimation indicates an average particle size 

of about ~8 nm which is larger than the pore sizes (in the range of 2-6 nm with average 

(a) (b) 
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size of 3.5 nm) of MCM-41. This shows that most Co-B nanoparticles are located on the 

surface, with some portion of the particle anchored into the pores. 

 

Crumpled paper like structure was observed for FSM-16 (fig 3.4a). TEM viewed down in 

the direction of the pore axis reveals a hexagonally ordered mesoporous structure with 

regular arrangement of pores of uniform size. The pores are seen to be arranged in the 

patches composed of regular rows on the silica sheet with the spacing of 4 nm between 

them. This value along with pore size (2.3–2.5 nm) and pore wall (1.2–1.4 nm) measured 

by TEM is in good agreement with that obtained by SAXRD and BET measurements 

(table 3.2 and table 3.3).     

 

 
 

Figure 3.4- Bright field TEM micrograph of bare (a) FSM-16, (b) Co-B@FSM-16 

 

In case of FSM-16 also, the Co-B particles are well dispersed on the surface having broad 

distribution of size in the range from 3 to 30 nm (fig 3.4b). However, most of them (90%) 

have size lower than 15 nm. Due to the irregular shape of particles and large thickness of 

the support, the determination of the exact particle size is hindered. Roughly calculated 

average particle size is about 12 nm. Particle size is greater than the pore size thus 

confirming that Co-B particles are located on the surface of with some portion of the 

(b)

) 

 
(a) 

(a) 

http://www.sciencedirect.com/science/article/pii/S0926337313002051#tbl0005
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particle anchored into the pores. SAED pattern for Co-B particles supported on MCM-41 

and FSM-16 exhibits diffuse diffraction rings thereby confirming the amorphous nature 

of Co-B particle (further confirmed by XRD spectra in the next section). 

 

SBA-15 shows well ordered hexagonal arrays of 2D mesoporous channels, especially 

along the direction of the pore axis (fig 3.5a) or in the direction perpendicular to the pore 

axis (fig 3.5c). However, the pores here are well distinct with bigger size (6.2 nm) and 

walls are much thicker (3.5 nm) than the MCM-41, SBA-15 (table 3.1 and 3.2).  

 

 
 

Figure 3.5- Bright field TEM micrographs of bare (a) and (c) SBA-15, (b) and (d) Co-

B@SBA-15 
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Even though all the three MSPs have the similar pore structures, they accommodate Co-B 

particles in a quite different manner. As observed by the TEM micrographs, the Co-B 

particles are located on the outer surface of MCM-41 (fig 3.3b) and FSM-16 (fig 3.4b), 

while the Co-B catalyst particles are well placed inside the channel of the SBA-15 type 

silica (fig 3.5b). This was concluded on the basis that the porous structure of FSM-16 and 

MCM-41 is not visible, while for SBA-15, the hexagonal array structure is well 

maintained after Co-B loading. The Co-B particles are well confined in the pores of 

SBA-15 acquiring the size of pores (6 nm) (fig 3.5b). Along the channel, the size of Co-B 

slightly increases to around 10 nm (fig 3.5d). 

 

SAED pattern for Co-B@SBA-15 (inset of fig. 3.5b) diffuse diffraction rings thereby 

confirming the amorphous nature of Co-B particle as observed in the XRD pattern. The 

morphological analysis clearly shows that the Co-B particles do not directly acquire the 

size of the support pores and depending on the texture of the mesopores the Co-B 

particles are positioned in or on the pores. The different morphologies obtained on 

different mesoporous silica are attributed to the impregnation–reduction process.  

 

During impregnation, CoCl2 solution fills most of the pores by capillary action and 

additionally it is adsorbed on the surface of the supports, but less as compared to NPSs. 

Generally, during the reduction process by NaBH4, the Co-B particles are formed by 

release of H2 gas. Thus, in case of SBA-15, due to the interconnected pore assembly 

H2 can leave the interior of the SBA-15 easily. In FSM-16 and MCM-41, the pores are 

not interconnected and thus, in this case, H2 can be released only from the pore face 

which is blocked by the Co-B particles. Thus, due to the pressure exerted by the H2 gas, 

the Co-B particles are pushed out on the external surface of MCM-41 and FSM-16. The 
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other possibility is that due to the limitation of the preparation method, Co-B particle size 

cannot be reduced lower than the size of mesopores of MCM-41 and FSM-16 to 

accommodate it. However, the average size of Co-B particles is around 10–12 nm for 

MCM-41 and FSM-16 silica with a size distribution from 3 to 30 nm.  

 

In summary, when CoCl2 in the pores is reduced by NaBH4 solution, it forms Co-B 

particles with size as of the pores. For Co-B particles formed on the support surface the 

agglomeration of the particles is avoided as compared to the bare and Co-B @NSPs. 

High degree of dispersion of these nanoparticles is obtained due to the large number of 

nucleation sites in form of mesopores in the MCM-41 and FSM-16. Large pore size, 

more spacing between the two regular arrays of pore channels (table. 3.1 and 3.2), 

interconnectivity of the pores facilitated more confinement and dispersion of Co-B nano 

particles in the SBA-15 (fig. 3.5d) than the MCM-41 (fig. 3.3b) and FSM-16 (fig. 3.4b). 

Elemental analysis performed by EDS also confirms that mesopores permit high Co 

loading of 10~20 wt. % in the MSPs as compared to NSPs which accommodate only ~7 

wt. % of Co.  

 

The structural nature of the Co-B, MCM-41, FSM-16 and SBA-15 with and without 

support of Co-B and surface area, pore size and pore wall thick parameters of the MSPs 

are further studied by XRD, SAXRD and BET surface area measurements.   The analysis 

was done to make solid understanding for the physic-chemical properties of the Co-B 

loading in the MSPs and effect on the hydrogen production enhancement. 

3.3.2 Structural characterization 

Wide angle X-Ray diffraction (XRD) pattern in wide-range for bare Co-B catalyst and 

Co-B@NPSs, MCM-41, FSM-16 and SBA-15 silica particles are reported in fig 3.6. The 
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broad peak at around 2θ = 45° assigned to the amorphous state of Co-B alloy is observed 

for bare and Co-B@NPSs. On the contrary, no peak of Co-B is observed for the Co-B 

supported over all the three MSPs, thus indicating that the catalyst species were highly 

dispersed in the pores of the support material. The diffraction pattern clearly indicates 

short-range order and of Co-B alloy and these features are highly appropriate to enhance 

the catalytic activity [65].  

 

Figure 3.6- Wide-angle XRD pattern of bare Co-B powder, Co-B@ NPS, MCM-41, 

FSM-16, and SBA-15. 

 

SAXRD patterns of NPSs, MCM-41, FSM-16 and SBA-15 is shown in fig.3.7. No 

evidence of any peak in the pattern of NPSs clearly indicates the absence of porosity. 

While a single peak is observed at 2θ values of 2.23° and  2.61° for MCM-41 and FSM-

16, respectively, which is indexed as (100) reflection. On the other hand, SBA-15 

diffraction peaks at 1.05°, 1.68°, and 1.92° which can be indexed as (100), (110) and 

(200) reflections associated with p6mm hexagonal symmetry [80]. All these peaks in the 
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SBA-15 are assigned to the regular array of hexagonal pore structure. The presence of 

higher order reflections demonstrate that SBA-15 silica acquire highly ordered hexagonal 

array of pores with uniform pore size as compared to MCM-41 and FSM-16, which is 

also confirmed by TEM results (as described above).  

 

 
 

Figure 3.7- Small-angle XRD pattern of NPS, MCM-41, FSM-16 and SBA 

The intensity of the characteristic reflection peaks decreases in XRD patterns after Co-B 

loading. Thus catalyst introduction probably plugs the pores and disturbs the local 

symmetry of the channel packing. In addition, X-ray mass absorption coefficient of 

cobalt is much higher than those of silicon and oxygen constituting the SiO2 structure as 

reported in the literature [81]. 

3.3.3 Surface area measurements 

Nitrogen adsorption–desorption isotherms of all the three MSPs before and after Co-B 

loading are presented in fig.3.8 (for MCM-41), fig. 3.9 (for FSM-16) and fig. 3.10 (for 

SBA-15) respectively. The inset of these figures shows the pore size distributions of the 

MSPs calculated using (Barret-Joyner-Halenda) BJH method. 

0 2 4 6 8 10

(100)

(100)

 NPS

 FSM

 MCM

 SBA

2 (Degree)

In
te

n
s
it
y
 (

A
b
r.

 U
n
it
s
)

 

 

(100)



 44 

 

 
 

Figure 3.8- Nitrogen adsorption–desorption isotherms of MCM-41 before and after  

Co-B loading and Inset of the figure shows the pore size distribution curves  

 

 
 

Figure 3.9- Nitrogen adsorption–desorption isotherms of FSM-16 before and after  

Co-B loading and Inset of the figure shows the pore size distribution curves  
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Figure 3.10- Nitrogen adsorption–desorption isotherms of SBA-15 before and after  

Co-B loading (Inset of the figure shows the pore size distribution curves)  

 

All these MSPs (MCM-41: fig 3.8, FSM-16: fig3.9 and SBA-15: fig 3.10) showed type 

IV adsorption–desorption isotherm according to the IUPAC classification [82]. This kind 

of shape is typical characteristic of mesoporous material with tubular pores [83].  

 

The type IV isotherm generally signals three regions. Initially at low P/P0, the flat region 

is related to the monolayer formation on the silica outer surface and on the pore walls. As 

the P/P0 increases, due to the spontaneous filling of the mesopores by the capillary 

condensation a certain step or inflection is observed in the volume of gas adsorbed. Later 

volume increases gradually with the P/P0 and is mainly attributed to the multilayer 

adsorption on the outer surface of the particle. Finally, significant rise in N2 adsorption 

at P/P0 > 0.9 is caused by the filling of macropores formed by the gaps between the silica 

particles. The sharpness of the inflection indicates the uniformity of the mesopores size 
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distribution. Thus, the fig. 3.9 and 3.10 shows that the mesopores of FSM-16 and SBA-

15 attain narrow size distribution as compared to MCM-41 (fig. 3.8). The inflection 

region is extended in P/P0 range from 0.05 to 0.30 (fig. 3.8) for MCM-41 with the pore 

size distribution in the range of 2–8 nm (inset of fig. 3.8).  

 

Another important characteristic of the mesopores can be obtained from the shape of 

adsorption–desorption hysteresis loop of the isotherm which are correlated with the 

texture of the adsorbent. SBA-15 (fig. 3.10) showed H1 type hysteresis loop 

corresponding to ordered porous material with cylindrical pores open at both ends and 

interconnected pore structure [36]. H4 type hysteresis loop is observed for the FSM-16 

(fig. 3.9) indicating the mixture of micro porous (pore size less than 2 nm) and 

mesoporous structure [82]. On the contrary, distinct hysteresis loop is not observed in 

case of MCM-41 (fig. 3.8).  

 

The physic-chemical parameters such as BET surface area, average pore diameter, and 

pore volume obtained from the isotherms are summarized in table 3.2. Though the pore 

volume of all the MSPs is nearly same, the average pore size decreases in order of SBA-

15 (6.1 nm) > MCM-41 (3.4 nm) > FSM-16 (2.5 nm).  

 

Pore wall thickness (table 3.3) was calculated by subtracting the pore diameter from the 

spacing between the regular array of pores (ao) (obtained from the formula 

{ao = 1.154 x d100}, where d100 is estimated from the first peak in SAXRD (fig. 3.7). The 

wall thickness of SBA-15 is two times thicker than that of MCM-41 and FSM-16, thus 

showing the strength and the robustness of pore structure of SBA-15.  

 

 

http://www.sciencedirect.com/science/article/pii/S0926337313002051#bib0180
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Table 3.1: Physico-chemical properties of Co-B NPs and the three different MSPs 

supports (MCM-41, FSM-16, and SBA-15) with and without Co-B catalyst loading 

 

Samples BET surface area 

(m2/g) 

Pore Diameter  

(nm) 

Pore Volume 

(cm3/g) 

Co-B powder 20 -- -- 

NPS 31.5 -- -- 

Co-B@NPS 11 -- -- 

MCM-41 970 3.4 0.86 

Co-B@MCM-41 335 3.1 0.35 

FSM-16 958 2.52 0.85 

CoB@FSM-16 630 2.50 0.62 

SBA-15 627 6.15 0.83 

CoB@SBA-15 455 6.14 0.64 

 

Table 3.2:  Pore wall thickness and spacing between the two regular arrays of pore 

channel of mesoporous silica supports calculated from the SAXRD and N2 absorption-

desorption isotherms.  

 

Samples d(100) (nm) ao (nm) Pore Wall Thickness(nm) 

MCM-41 4.03 4.65 1.25  

FSM-16 3.38 3.91 1.40 

SBA-15 8.40 9.70 3.55 

 

The BET surface area of SBA-15 is lower than that of MCM-41 and FSM-16 type due to 

larger pore size and pore wall thickness (table 3.2). Incorporation of Co-B catalyst to 
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SBA-15 (fig. 3.10) did not influence the shape of the isotherm. In contrast, incorporation 

of Co-B into MCM-41(fig. 3.8) caused significant variation in the isotherms, where 

inflection characteristic completely disappeared. While in case of FSM-16 (fig. 3.9), the 

inflection is still present after loading Co-B but the sharpness of the step is decreased 

along with fading of hysteresis loop. The average pore diameter remains more or less 

intact for all the three mesoporous materials even after incorporation of Co-B (table 3.2). 

However, the pore volume and BET surface area decreases on Co-B loading with more 

prominent effect in MCM-41 as compared to SBA-15 and FSM-16 (table 3.2).  

 

The above results clearly suggests that Co-B particles are located inside the pores of 

SBA-15 silica by keeping the pore structure intact while for MCM-41 Co-B particles 

either completely fill the pores or lie outside on the face of pores thus making the pores 

inaccessible to nitrogen. In case of FSM-16, the micro pores are completely blocked by 

the Co-B as indicated by the disappearance of the hysteresis loop.  

3.3.4 Co-B supported over MCM-41, FSM-16 and SBA-15 for hydrolysis 

Hydrogen generation yield was measured as a function of time as described in 

experimental techniques of the chapter 2. Hydrolysis of AB solution (0.025 M) in 

presence of Co-B catalyst loaded on MCM 41, FSM-16, SBA-15,  NPSs, and bare Co-B 

powder at 298 K (fig. 3.11) was done. The amount of Co (10 mg) was kept same in all 

forms of catalyst during each experiment. Active nature of all the catalyst powders was 

confirmed by the fact that H2 is instantaneously produced as soon as they come in contact 

with the AB solution. Among all the mesoporous materials, Co-B @SBA-15 type silica 

(15 min, fig. 3.11) was the fastest to complete the reaction: the time taken was two times 

lesser than that observed for Co-B@MCM-41 (29 min) and Co-B@FSM-16 (30 min) 

supported Co-B catalyst, while 5 times lesser than Co-B@NSPs (73 min) and bare Co-B 
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catalyst (75 min). Co-B catalyst supported on the various MSPs was able to produce 

expected amount of H2 (H2/NH3BH3 = 3.0) by hydrolysis of AB. On the contrary, bare 

Co-B catalyst and that supported on NSPs were able to produce only ~85 % of H2 yield 

(H2/NH3BH3 = 2.55).  

 

The H2 generation yield values for the bare and Co-B @NPSs catalyst powders reported 

in fig. 3.12 were perfectly fitted by using a single exponential function [84] indicating 

that hydrolysis reaction is first order reaction (eq. 3.4) with respect to AB concentration. 

 

 
 

Figure 3.11- H2 generation yield as a function of reaction time obtained by hydrolysis of 

AB (0.025 M) with bare Co-B catalyst and Co-B/NPS, MCM-41, FSM-16, SBA-15. 

 

On the contrary, the H2 generation data produced by the Co-B catalyst supported on the 

MSPs was fitted with a linear function thus proving zero order reaction (eq. 3.3) with 

respect to AB concentration. The maximum value of H2 generation rate (Rmax) (table 3.3) 

achieved by the Co-B@SBA-15, ~1900 ml/min/g Co-B metal, is about 5 times higher 
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than that obtained with bare Co-B powder catalyst (~360 ml/min/g Co-B metal).  The 

obtained H2 generation rate value with SBA-15 supported Co-B catalyst is definitely 

better than that of Co-B nanospindles (1293 ml/min/g of catalyst) [85], and amorphous 

Co-B catalyst used under ultrasonic hydrolysis reaction (395 ml/min/g of catalyst)[86], 

and comparable to transition metal doped Co-B [67].  

 

The kinetic models for NH3BH3 hydrolysis reaction are briefly described here below [87-

89]. Zero order kinetic reaction is independent of any reactant concentration (eq. 3.3), 

and H2 generation rate increases initially to a maximum value, and then decreases with 

time as the NH3BH3 concentration decreases this suggests the first order of the reaction 

kinetics (eq. 3.4).  

 

−
𝑑𝐶𝑁𝐻3𝐵𝐻3

𝑑𝑡
= 𝑟0𝐶𝑁𝐻3𝐵𝐻3

= 𝑘0                                                         3.3 

Where 𝐶𝑁𝐻3𝐵𝐻3
 is the concentration of NH3BH3, 𝑟0 is the rate of reaction, and 𝑘0 is the 

reaction rate constant for zero order reaction 
 

−
𝑑𝐶𝑁𝐻3𝐵𝐻3

𝑑𝑡
= 𝑟1𝐶𝑁𝐻3𝐵𝐻3

= 𝑘1. 𝐶𝑁𝐻3𝐵𝐻3
                                          3.4 

Where 𝐶𝑁𝐻3𝐵𝐻3
the concentration of NH3BH3 is, 𝑟1 is the rate of reaction, and 𝑘1 is the 

reaction rate constant for first order reaction. 

 

Since every mole of 𝑁𝐻3𝐵𝐻3 produces 3 mol of H2 (eq. 3.1), the rate of H2 production is 

thus given for modified zero order reaction (eq. 3.5) and for first order reaction (eq. 3.6) 

as shown below: 
 

𝑑[𝐻2]

𝑑𝑡
= 3𝑘0                                                                                              3.5 
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𝑑[𝐶𝑁𝐻3𝐵𝐻3
]

𝑑𝑡
= 3𝑘1. 𝐶𝑁𝐻3𝐵𝐻3

                                                                           3.6 

By fitting the curve of H2 production yield as a function of time by using eq. 3.5 or eq. 

3.6 both reaction order and rate constant can be evaluated. 

 

The table 3.3 clearly shows that the catalytic performance of Co-B@NPSs is almost 

similar to that of bare Co-B catalyst. This is attributed to the similar kind of morphology 

obtained for Co-B catalyst in both the cases.   

 

Table 3.3 H2 generation rate of bare Co-B, supported over NPSs and MSPs.   

Samples H2 generation rate  

(ml/min/g of Co-B) 

Co-B powder ~ 360 

Co-B@NPSs 

 

~ 450 

Co-B@MCM-41 ~ 1150 

Co-B@FSM-16 ~1200 

Co-B@SBA-15 ~1900 

 

Co-B@SBA-15 showed the best catalytic activity, which is mainly attributed to the Co-B 

particle confinement in the mesopores. Due to the confinement, Co-B particles acquires 

the size of the pores (~6 nm) which is smaller than the size of Co-B particles supported 

over MCM-41 (~10 nm) and FSM-16 (~12 nm) silica. As observed from the TEM image 

(described below), the pore size of SBA-15 is highly uniform. Thus, the Co-B particles 

also acquire a very narrow size distribution, unlike MCM-41 and FSM-16 supported Co-

B particles having size distribution in the range of 3–30 nm. The pores in SBA-15 are 

open from both ends with internal interconnectivity to provide easy passage for reactant 
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and product solutions as well as for the produced H2 gas. Confinement of Co-B particle in 

the pores also eliminates any possibility of agglomeration during the reaction course. 

This shows that not only the size of the pores but also its texturing affects the location, 

size and dispersion of the Co-B catalyst particle. The H2 production rate obtained with 

the catalyst supported over MCM-41 and FSM-16 is same, mostly due to the similar size 

(~10 to 12 nm) and location of the Co-B particles on support surface anchored with the 

pores. 

 

In the MSPs-supported catalyst, Co-B particles are much smaller in size (less than 10 nm) 

and well dispersed in the pores and on the surface, providing large number of under-

coordinated Co active atoms for the interaction with the reactant to produce expected 

amount of H2 with high generation rate. Zero order reaction (eq. 3.4) with respect to AB 

concentration is obtained with the Co-B supported-MSPs catalyst and it is attributed to 

the high available effective surface area that permits immediate H2 generation through 

surface reaction. In addition, the H2 generation rate is constant throughout the reaction 

course which can be explained by the fact that mesopores anchor the Co-B particle on the 

MSPs surface to avoid agglomeration during reaction. On the contrary,  first order 

reaction (eq. 3.5) kinetics involving diffusion of BH3
- on the catalyst is observed in the 

case of unsupported and the Co-B supported-NSPs. 

 

Effect of AB solution temperature (Activation energy barrier): In order to confirm 

the effectiveness of Co-B@SBA-15, activation energy barrier was evaluated by varying 

AB solution temperature. The H2 generation yield, as a function of time, was measured at 

different solution temperatures by hydrolysis of AB (0.025 M) solution using Co-

B@MCM-41, FSM-16 and SBA-15 as reported in fig. 3.12.  

 

http://www.sciencedirect.com/science/article/pii/S0926337313002051#fig0030
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Figure 3.12- H2 generation yield, as a function of reaction time, by hydrolysis of AB 

(0.025 M) at 4 different solution temperatures in the presence of Co-B@ MCM-41, FSM-

16, and SBA-15. Inset shows the Arrhenius plot of the H2 generation rates for each 

support. 

 

The evaluation of activation energies (eq. 3.6) of rate limiting step is carried out from 

Arrhenius plot (insets of fig. 3.12) of the H2 generation rate. Co-B@SBA-15 

(43 ± 2 kJmol−1) displays significantly lower energy barrier value in comparison to Co-

B@MCM-41 (51 ± 3 kJmol−1) and Co-B@FSM-16 (58 ± 3 kJmol−1). The activation 

energy is calculated from Arrhenius plot as shown below: 

 

𝑙𝑛𝑘 = 𝑙𝑛𝑘0 −   
𝐸𝑎

𝑅𝑇 
                                                                                  3.6 
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Where 𝑘 is the hydrogen generation rate and 𝑘0 is the reaction rate constant, R is the gas 

constant (8.314Jmol-1K-1) and T (K) is the temperature of the NH3BH3 solution. 

 

The favorable activation energy value again provides evidence that confinement of Co-B 

NPs in the pores with interconnectivity is well suited for the catalytic hydrolysis reaction. 

In general, the obtained activation energies are lower than that obtained with Rh 

(67 kJmol−1) nanoclusters [90, 91], Ru/C(76 kJmol−1) [92], K2PtCl6 (86 kJ mol−1) [93], 

Ni-Ag (51.5 kJmol−1) [94], Co/α-Al2O3 (62 kJmol−1) [63], and comparable to Pd metal 

(44 kJmol−1) [95], Co-Mo-B/Ni foam (44 kJmol−1) [96], Ru (47 kJmol−1) [97], and Co (0) 

nanoclusters (46 kJmol−1) [63].  

 

Annealing effect over Co-B@SBA-15 for H2 production: Generally, bare Co-B 

particles agglomerate when heated at elevated temperatures in anaerobic conditions to 

form big crystallites [98]. This agglomeration initiates above the treatment temperature of 

473 K and the related kinetics reach maximum at 773 K to form micron sized crystals of 

metallic Co [99]. This modification strongly hinders the catalytic activity of the Co-B 

catalyst. The heat treatment at 873 K completely deteriorates the catalytic efficiency of 

the Co-B catalyst [68].  

The stability of Co-B particles confined in the pores and robustness of the pore structure 

was tested by heat treating the Co-B @SBA-15 at elevated temperatures (673, 773, and 

873 K) in Ar atmosphere for 2 hours.  The H2 generation yield, as a function of time, 

obtained by hydrolysis of AB (0.025 M) solution using these heat treated Co-B@SBA-15 

catalysts are reported in fig. 3.13.  

 

http://www.sciencedirect.com/science/article/pii/S0926337313002051#fig0035
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Figure 3.13- H2 generation yield, as a function of reaction time, obtained by hydrolysis 

of AB (0.025 M) in the presence of untreated Co-B@SBA-15 and that heat treated in Ar 

atmosphere for 2 h at 673, 773, and 873 K. 

 

It can be seen that H2 generation rate increased when SBA-15 supported catalyst was 

treated at 673 K and only 10 minutes are required to complete the reaction. However, 

further increase in temperature to 773 K causes a slight decrement in the catalytic activity 

but it is still higher than the untreated catalyst. At 873 K, the initial induction time was 

increased slightly to 2 min but later, the H2 generation rate increases and the reaction is 

completed in same time as that of untreated sample. 

This result indicates that, while bare Co-B NPs get completely deteriorated by heat 

treating at 873 K, when confined in the pores of SBA-15 they maintain their catalytic 

activity similar to that of untreated catalyst. 

  

Bare amorphous Co-B powder undergoes crystallization when heated above 473 K in 

anaerobic condition to form Co2B phase which is very active phase for hydrolysis of 

chemical hydrides [94]. But above 673 K the agglomeration of Co-B particles increases 
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to form big clusters which decompose to form metallic Co crystallites of micron size. 

This process, especially the decomposition of Co-B to Co metal crystallite, mainly due to 

the high degree of agglomeration, strongly decreases the catalytic activity of the Co-B 

alloy catalyst. For SBA-15 supported Co-B, the particles lie within the pores where Co2B 

active phase is formed in the temperature range of 473–673 K which is responsible for 

the improvement of the catalytic performance. At higher temperatures the confinement of 

Co-B particles in the pores possibly avoids the agglomeration of the neighboring particles 

thus hindering the decomposition of Co2B phase to form inactive metallic Co phase. 

Thus, even at 873 K, high H2 generation rate is maintained with very slight induction 

time (2 min). This is clearly demonstrating the effect of the porous substrate physico-

chemical properties on the enhancement of H2 production from hydrolysis of AB. The 

confirmation of the supported Co-B NPs on the various MSPs was analyzed by SEM and 

TEM analysis.  

 

3.4 Catalysts Hydrolysis of Sodium Borohydride (NaBH4, SBH) 

High catalytic activity of cobalt oxide (Co3O4) [100], Cobalt borate (Co-O-B [101], 

lithium cobalt oxide (LiCoO2), Pt-Ru-CoO2[102] ) for NaBH4 hydrolysis were studied. It 

was also reported that Co3O4 could hydrolyze the NH3BH3 and NaBH4 [103], and effect 

of crystallinity and morphology of Co3O4 was reported by Pfeil. et al[104] with a 

maximum H2 generation rate of about 1240 ml min-1gcat
-1. The superior H2 generation 

rate obtained by Co3O4 was explained due to the formation of active Co-B phase from the 

Co3O4 precursor in presence of NaBH4 or NH3BH3.  

 

All the reported catalysts were in the form of powder phase, since exothermic nature of 

the hydrolysis reaction, agglomeration and deactivation of the catalysts was reported [71, 

105]. Capping agents were employed to avoid these problems however the presence of 
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capping agents resulted blocking of some of the active sites responsible for the catalytic 

activity [105]. Mostly the active Co-B phase was synthesized by reduction of cobalt 

chlorides by reduction process in presence of NaBH4. Reduction of Co3O4 to the active 

Co-B phase does not need any chemical processes, just by simply reducing the Co3O4 to 

NaBH4 solution results formation of the active Co-B phase.  

 

The catalyst in the form nanoparticles (NPs) assembled coatings on a substrate has 

considered as most efficient and active way to avoid the mentioned drawbacks [106-109]. 

Catalyst in the form of NPs assembled coatings will serve as an environmentally friendly 

“green catalyst” for easy recovery, reuse, and could be a suitable tool for ON/OFF 

switch applications. Catalytic activity is mainly a surface phenomenon and forming a 

catalyst with high surface area and stability is a critical step for most of the applications. 

Among various synthesis techniques Pulsed laser deposition (PLD) has emerged as viable 

method for the production of NPs assembled coatings with desired properties [49, 108, 

110]. By simply altering the deposition parameters in PLD can lead to tune the surface of 

the catalyst coating. 

The present work is mainly focused on synthesis of inexpensive Co3O4 catalyst powders 

and NPs assembled coatings on glass substrates by using chemical and PLD technique 

respectively. The Co3O4 NPs assembled coatings were studied for hydrolysis of NaBH4 

and compared with bulk Co3O4 powder. The possible reasons for improved catalytic 

activity were discussed on the bases of the characterization results.  

 

3.4.1 Structural and morphological analysis 

Surface morphology obtained by SEM of Co3O4 coating deposited by PLD using laser 

fluence of 3J/cm2 and Co3O4 powder catalyst (see chapter 2, section 2.2.3 and 2.3.4) 

obtained my co-precipitation method are reported in fig 3.14. The SEM image of Co3O4 
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powder (fig.3.14a) shows particle like morphology with irregular shape and estimated 

average particle size of about 45 nm along with very high degree of agglomeration. 

However, PLD deposited Co3O4 NPs assembled coating (fig. 3.14b) is composed of well 

arranged spherical particles with narrow size distribution (5-10nm) and the average 

particle size is less than 10 nm.  

 

 
 

Figure 3.14- SEM micrographs of the Co3O4 catalyst in form of: (a) powder synthesized 

by chemical method, and (b) NPs assembled coating synthesized by PLD with laser 

fluence of 3J/cm2. 

 

These particles are well distributed and densely arranged on the substrate surface with 

very low degree of agglomeration. These NPs are formed by high laser fluence induced 

phase explosion phenomena [29]. Here, the irradiated target material reaches temperature 

of ∼0.9Tc (Tc is thermodynamic critical temperature) causing a very high homogeneous 

nucleation of vapor bubbles below the target surface. The target surface then makes a 

rapid transition from superheated liquid to a matrix of vapor and liquid nano-droplets, 

which leave the target surface. Later these liquid nano-droplets collide with oxygen 

atoms and oxidation occurs along with re-solidification during the flight to form solid 

NPs [33] onto the substrate. In case of big droplets, only a few top layers get oxidized 
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during the flight to form core–shell structure with Co3O4 as shell and Co as core as 

confirmed by TEM analysis [33].  

 

Figure 3.15 represents the HR-TEM image of the PLD deposited Co3O4 coating with size 

distribution analysis. From the fig. 3.15 it is clearly visible that the coating with the 

presence of small NPs of Co3O4, uniformly dispersed and having a mean diameter of 

about 6 nm with standard deviation value of 1.6 nm. The spacing between the lattice 

planes confirms that NPs are composed of Co3O4 phase. 

 

 
 

Figure 3.15- HR-TEM image of Co3O4 NPs assembled coating prepared by PLD with 

laser fluence of 3J/cm2. 

 

Raman spectra are presented in fig. 3.16 for the Co3O4 catalysts prepared by co-

precipitation method and PLD. Powder Co3O4 catalyst (fig. 3.16b) clearly display the five 

Raman bands of A1g at 693 cm−1, Eg at 485 cm−1, 3F2g at 195, 522, and 620 cm−1.  



 60 

 
 

Figure 3.16- Raman spectra of (a) Co3O4 NPs assembled coating prepared by PLD with 

laser fluence of 3J/cm2, and (b) Co3O4 powder prepared by chemical method 

 

The band at the position 693 cm−1 (A1g) signals the octahedral site and the band at 

195 cm−1 signals the tetrahedral site [34, 35]. This suggests complete crystallization of 

the Co3O4 phase. The physically deposited Co3O4 coating by PLD (fig. 3.16a) shows only 

three bands at 485, 525, and 694 cm−1 with low intensity and broad feature as compared 

to chemically prepared Co3O4 powder catalyst. This shows that Co3O4 coating prepared 

by PLD is nanocrystalline in nature, and due to small particle size only few Raman bands 

with broad nature are visible. No vibrational modes of any other impurities were detected 

in the Co3O4 coating and powder catalyst.  

 

Figure 3.17 represents XRD patterns of the Co3O4 NPs assembled coating prepared by 

PLD and Co3O4 powder obtained by co-precipitation method. The XRD pattern of Co3O4 
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coating prepared by PLD (fig. 3.17a) with laser fluence 3J/cm2 shows most intense 

diffraction peak at 36.5° with broad nature indicating prevailing nanocrystalline nature. 

The XRD pattern of Co3O4 powder (fig. 3.17b) prepared by co-precipitation method 

shows diffraction peaks at 19.0°, 31.2°, 36.5°, 38.4°, 44.8°, 55.6°, 59.0° and 65.2°, these 

are perfectly assigned to the spinel type cubic structure of Co3O4 with Fd3m space group 

[30]. These diffraction peaks correspond to the reflections (111), (200), (311), (222), 

(400), (422), (511) and (440), respectively. The crystallite size of the Co3O4 powder 

catalyst is around 45 nm as depicted from Scherrer equation from the most intense (311) 

peak. This value is in perfect agreement with that observed by SEM. 

   

 
 

Figure 3.17- XRD patter of (a) Co3O4 NPs assembled coating prepared by PLD with 

laser fluence of 3J/cm2, and (b) Co3O4 powder prepared by chemical method, and (c) 

represents slandered JCPDS pattern of Co3O4 
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Figure 3.18 represents the XPS spectra of the Co3O4 NPs assembled coating prepared by 

PLD with 3J/cm2 and Co3O4 powder obtained by co-precipitation method. In Co2p core 

level (fig. 3.18a), two distinct peaks assigned to cobalt oxide of Co2p3/2 and Co2p1/2 state 

are clearly visible in both powder and NPs assembled coating synthesized by chemical 

route and PLD respectively. The prominent peak of Co2p3/2 level is de-convoluted into 

two peaks centered at 779.4 and 780.9eV attributed to Co3+-2p3/2 and Co2+-p3/2 

configurations. This confirms the presence of Co3O4 spinel structure in both the samples. 

Shake-up peaks of Co3O4 phase are also observed at 789 eV and 804 eV.  

 

 
 

Figure 3.18- XPS spectra of:  (a) Co2p and (b) O1s core levels of Co3O4 powder catalyst 

(black line) prepared by chemical method and NPs assembled coating (blue line) 

synthesized by PLD with laser fluence of 3J/cm2 

 

However, the amount of Co3+ is higher than Co2+ species for the NPs assembled coating 

as compared to chemically prepared powder where both the species are present in equal 

amount. In O1s core level (fig. 3.18b), the peak at about 529.4 eV with a shoulder close to 

531.5 eV corresponds to oxygen in the Co3O4 crystal lattice and to OH (hydroxyl) group 

attached to Co, respectively. These peak positions are in well agreement with that 
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reported for Co3O4 network. The presence of hydroxyl group on the catalyst surface is 

due to our ex situ experimental conditions and its content is higher for film than powder.  

3.4.2 Co3O4 NPs assembled coatings for hydrolysis 

Prior to the hydrolysis measurements, the Co3O4 NPs assembled coatings deposited by 

PLD and Co3O4 powder prepared by chemical method were activated in presence of 

NaBH4. In this process, catalysts were kept in the NaBH4 aqueous solution (1M) for 15 

min and later after removing form the solution all samples were washed with distilled 

water and ethanol several times before dying in vacuum condition.  

 

For catalytic activity measurements, a solution of NaBH4 (0.025 ± 0.001 M) (Sigma 

Aldrich) was prepared. Gas volumetric method (as described chapter 2, section 2.4) was 

used to measure H2 volume generated by hydrolysis reaction. In the present experiment, 

150 ml of the above NaBH4 solution was used at the desired temperature and then 

catalyst was added to this solution. H2 production rate was calculated by measuring the 

weight of the water displaced, which can be easily converted into cumulative H2 

production yield (%) and plotted against the reaction time. 

 

Activated Co3O4 coating prepared by PLD was able to produce hydrogen instantaneously 

as soon as come in contact with the NaBH4 solution as shown in fig. 3.19a, while the 

activated powder displayed small induction period to initiate hydrolysis reaction. 

However, the Co3O4 coating prepared by PLD exhibits much higher catalytic activity as 

compared to the Co3O4 powder and it is able to complete the reaction within 210 min 

while the Co3O4 powder catalyst was able to produce only 30 % of H2.  
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Figure 3.19- (a) Hydrogen yield measurements as function of reaction time of by the 

activated NPs assembled coating Co3O4 coating (black line) and Co3O4 powder (red line) 

prepared by PLD with laser fluence of 3J/cm2, chemical method respectively, and (b) H2 

generation rate (ml/min/gcat) between the activated NPs assembled Co3O4 coating (black 

line) and Co3O4 powder (red line). 

 

A number of films synthesized by using the same parameters of PLD showed almost 

identical (±5%) hydrogen generation rate in all experiments, thus establishing the 

reproducibility of the Co3O4 coatings by PLD technique. During the reaction, the catalyst 
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films were quite stable in terms of hydrogen production. The H2 generation rate values of 

both the Co3O4 coating and powder with time are shown in the fig. 3.19b. Maximum H2 

generation rate obtained by PLD Co3O4 coating is 4840 ml min−1 gcat
−1, which is 4.8 

times higher than obtained by Co3O4 powder (1000 ml min−1 gcat
−1). The generation rate 

with time as expected for a first order reaction (eq. 3.4) with respect to NaBH4 

concentration [26] which decreases with the reaction time. The H2 generation rate 

reported here is incredibly higher than the reported values of other catalysts in the 

literature. Ru on IRA (378 min−1gcat
−1) [8], Ni–B (233 min−1gcat

−1) [36], Pt-LiCoO2 (1387 

min−1gcat
−1) [37]. Co3O4 nano foam powder with was able to produce 1240 ml min−1 gcat

−1 

and 430 ml min−1 gcat
−1 for commercially available Co3O4 [22]. Co-B NPs assembled 

coatings prepared by PLD showed H2 generation rate of about 3500 mlmin−1gcat
−1[26].  

 

The achieved high H2 generation rate could be explained in terms of the existing surface 

morphology and importantly the NPs size distribution (5-10 nm) in coating (fig. 3.16 and 

fig. 3.21). NPs with small size and narrow size distribution provide high surface area. 

These oxides NPs transforms into active Co-B phase in presence of NaBH4 for the NPs 

assembled coatings and they are thought to be highly active sites for the hydrolysis 

reaction. In case of the Co3O4 powder the active phase Co-B formation could be less 

favorable due to bigger particle size and due to the powder form the agglomeration of the 

catalyst NPs at the time of hydrolysis reaction was observed.  So, thereby it is clearly 

revealing that catalyst NPs as coating form offers a finest solution in increasing the 

activity and stability. 

 

Further H2 generation rate was measured for the coatings deposited by PLD using 

different laser fluencies (5-13J/cm2) to study the effect of surface features such as particle 
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size and number density of the particles. The H2 generation profiles for the Co3O4 

coatings obtained with various laser fluences are shown in fig. 3.20a.  

 

 

 
 

Figure 3.20- (a) Hydrogen generation yield as a function of reaction time by hydrolysis 

of NH3BH3 (0.025 M) solution, with activated NPs assembled Co3O4 coatings prepared 

with different laser fluencies, and (b) H2 generation rate (ml/[min/gcat) of the activated 

NPs assembled Co3O4 coatings prepared with different laser fluencies 

 

The coatings deposited with 5 and 7J/cm2 fluences [26] showed little improvement in the 

H2 generation, but at higher laser fluencies of 10 and 13J/cm2 the H2 generation rate is 
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similar to that observed with for the Co3O4 coating  prepared with 3J/cm2 laser fluence. 

The observed increments in H2 generation rates are small with increasing laser fluence 

and on average within the error range (±5%) all the coatings are with similar H2 

generation rate. The corresponding H2 generation rate profiles for the Co3O4 coatings 

prepared with different laser fluencies are shown in fig.320b. To understand underlying 

reasons for similar H2 generation values for all the PLD deposited Co3O4 coatings SEM 

and micro-raman analysis was carried out. 

 

From the SEM images (fig. 3.21) it is clearly observed that with increasing laser fluences 

there is not major change in size of NPs was observed  and it was identified that for all 

the coatings the particle size distribution is around 5-10 nm. However, increment in 

particle packing density was observed with increasing laser fluence (fig.3.21a-fig.21d). 

With increase in laser fluence, appearance of big droplets on the surface of the coatings 

was also observed which could be possibly explained by the target stress confinement 

[28].  From the micro-raman measurements (fig. 3.22) no appreciable changes were seen 

in the Raman bands for the coatings deposited with laser fluences from 5 to 13J/cm2. This 

is clearly indicating that the surface morphology, particle size distribution and Co3O4 

phase in all the coatings are with more or less same analogous characteristics. These 

characteristics reflect for the same H2 generation rate for all the coatings prepared by 

PLD. In future a specific work is being considered to gain more insights into the PLD 

deposited Co3O4 coatings. 
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Figure 3.21- SEM images of NPs assembled Co3O4 coatings prepared by PLD with laser 

fluences of (a) 5J/cm2, (b) 7J/cm2, (c) 10J/cm2, and (d) 13J/cm2 

 

 
 

Figure 3.22- Raman spectra of NPs assembled Co3O4 coatings prepared by PLD with 

laser fluencies of (a) 5 J/cm2, (b) 7 J/cm2, (c) 10 J/cm2, and (d) 13 J/cm2 
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3.5 Conclusions 

The H2 production by hydrolysis of AB was studied by using Co-B NPs catalyst 

supported by impregnation–reduction method over the three kinds of MSPs (MCM-41, 

FSM-16, and SBA-15) of different pore size and texture. XRD data, TEM images and 

N2 adsorption–desorption isotherm revealed the structural properties, size, dispersion 

degree, and location of Co-B NPs, and  are affected by the pore texturing of the support. 

Co-B@SBA-15 silica was found to be most active catalyst that produces the expected 

amount of H2 gas (1900 ml/min/g of Co-B catalyst), a value that is higher than that 

measured with Co-B@MCM-41 (∼1150 ml/min/g of Co-B catalyst) and Co-B@FSM-16 

(∼1200 ml/min/g of Co-B catalyst). The higher efficiency of Co-B@SBA-15 is explained 

on the basis of the geometrical confinement of Co-B particles within the pores with the 

Co-B NPs have average size of about 6 nm and uniform size distribution while exhibiting 

higher degree of dispersion. The effective activation energy by Co-B@SBA-15 results 

lower than that established with Co-B@MCM-41 and Co-B@FSM-16. Finally, the 

thicker pore walls of SBA-15 avoids agglomeration of the Co-B NPs thus providing high 

stability at elevated temperatures (873 K) as opposed to what occurs with bare Co-B NPs 

catalyst. 

 

Co3O4 NPs assembled coatings on a glass substrate were deposited using PLD by taking 

an advantage of phase explosion process. These coatings were prepared using different 

laser fluencies (3-13 J/cm2) in order to tune the size of the NPs. Further the coatings were 

chemically reduced in NaBH4 solution to obtain active Co-B alloy and then tested for the 

hydrolysis of NaBH4. The activity measured by using the activated NPs assembled 

coating (H2 generation rate 4800ml min-1gcat
-1) was significantly higher than activated 

powder Co3O4 catalyst (1000 ml min-1gcat
-1). The achieved high H2 generation rate could 
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be explained in terms of the existing surface morphology and importantly the NPs size 

distribution (5-10 nm) in coating and NPs with small size and narrow size distribution 

provide high surface area. These oxide NPs transform into active Co-B phase in presence 

of NaBH4 for the NPs assembled coatings prepared by PLD and they are thought to be 

highly active sites for the hydrolysis reaction. In case of the Co3O4 powder the active Co-

B phase formation could be less favorable due to bigger particle size and also 

agglomeration of the powder catalyst during hydrolysis. 
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Chapter 4:   

Methylene Blue Dye degradation by Nano Particles Assembled Co3O4 

coatings and 3-D hierarchical urchin like Co3O4 coatings 

 

“Man is a complex thing: He makes desert bloom and- lakes die” 

         

4.1  Introduction 

4.1.1 Water pollution 

The growth of the world’s population and industry has increased the demand for water 

supply. At the same time the domestic use and industrial activity all over the world produces 

large amount of wastewater which leads to a high pollution risk to society. Water activities:  

 

 Water can dissolve many chemicals. 

 Water can leach out toxic materials. 

 Water can transport pesticides, fungicides. 

 Water takes mud with all its materials. 

 Water can erode creek and river beds. 

Water pollution today is a big issue. The cause of water pollution is vast and the penalty 

to the life on the earth is uncountable.  

 

4.1.2 Evolution of dyes and consequences 

Since the dawn of civilization, humans have been fascinated by color. In the primitive 

era, humans explored the natural resources of dyes available in flora and fauna for the 

coloration of textile fibers, marking the beginning of colorful life style and what followed 

next was the invention of the first synthetic dye Mauve (Mauveine) by Perkin in 
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1856[111]. This event created renaissance and is often associated with the pioneering 

times of the British chemical industry. As a consequence of all the developments, at 

present, there are more than 100,000 dyes available commercially (of which azo dyes 

represent about 70% on weight basis), and over 1 million tons dyes are produced per 

year, of which 50% are textile dyes[112]. In India alone, dyestuff industry produces 

around 60,000 metric tons of dyes, which is approximately 6.6% of total colorants used 

worldwide. The largest consumer of the dyes is the textile industry accounting for two 

third of the total production of dyes[113] 

 

Among them, textile dyes, being constituents of the wastewaters from textile, 

pharmaceutical, food-stuff, cosmetic, paper, leather industries, etc., should be outlined. 

Most of the dyes cause water colorization at very low concentrations (even at 1mgL-1), 

and as a result, their uncontrolled discharge in the natural water resources creates serious 

ecological problems. In addition, the textile dyes negatively affect the development of 

aqueous organisms as well as the photosynthesis activity of the marine flora [114]. Their 

high chemical and photo resistance creates potential risk of bioaccumulation for human 

health through the food chain transport. For those reasons, the treatment of wastewaters 

containing dyes prior their disposal in the water resources is obligatory, but at the same 

time a complicated process. 

 

4.1.3 Technical solutions to neutralize the dyes 

A wide range of physical, chemical and biological methods[115] have been developed for 

the purification of wastewater containing dyes. Adsorption is regarded as one of the most 

effective and relatively low-cost process, which has found practical application for 

removal of textile dyes from wastewaters. Active carbon [116, 117], clays [118-120], bio-

sorbents [121], zeolites[122], and many others[113, 123] adsorbents are used for water 
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treatment. However, it should be noted that adsorption methods lead only to the 

accumulation of the dyes on the adsorbents surfaces, not their neutralization, which in 

turn requires their further degradation to non-toxic products by means of effective 

degradation methods. Chemical oxidation methods using chlorine, hydrogen and ozone as 

oxidants can overcome these disadvantages. However, the chemical methods do not 

result in the complete mineralization of the organic pollutants[124]. Catalytic wet air 

oxidation processes with the usage of air or pure oxygen as oxidants have been used for 

removal of dissolved toxic organic pollutants from wastewaters. However, high pressures 

(20–200 bar) and temperatures (200– 320 oC) are needed, thus increasing the treatment 

cost [125]. An effective and economically feasible process for the destruction of a variety 

of hazardous pollutants in wastewater is based on heterogeneous photocatalytic reactions 

providing complete oxidation. Using suitable catalytic systems and reaction conditions, a 

high selectivity towards environmentally harmless end products (such as CO2, H2O, etc) 

can be achieved at mild conditions (room temperature and atmospheric pressure).  

 

4.2 Heterogeneous photocatalysis (HPC) 

Oxidation is defined as the transfer of one or more electrons from an electron donor 

(reductant) to an electron acceptor (oxidant), which has a higher affinity for electrons. 

These electron transfers result in the chemical transformation of both the oxidant and the 

reductant, in some cases producing chemical species with an odd number of valence 

electrons. These species, known as radicals, tend to be highly unstable and, therefore, 

highly reactive because one of their electrons is unpaired. Oxidation reactions that 

produce radicals tend to be followed by additional oxidation reactions between the radical 

oxidants and other reactants (both organic and inorganic) until thermodynamically stable 

oxidation products are formed. The ability of an oxidant to initiate chemical reactions is 
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measured in terms of its oxidation potential. The most powerful oxidants are fluorine, 

hydroxyl radicals (OH•), ozone, and chlorine with oxidation potentials of 2.85, 2.70, 2.07 

and 1.49V, respectively [126, 127]. The end products of complete oxidation (i.e., 

mineralization) of organic compounds such as dyes are generally carbon dioxide (CO2) 

and water (H2O) as shown in fig 4.1. The process which involves the generation of highly 

active radicals or species (OH•) is termed as advanced oxidation process (AOP) [127]. 

 

Heterogeneous photocatalysis (HPC) is a discipline which includes a large variety of 

reactions: mild or total oxidations of reactants, dehydrogenation, hydrogen transfer, metal 

deposition, water detoxification, gaseous pollutants removal, etc.   

 

 
 

Figure 4.1- Schematic diagram illustrating the principle of heterogeneous photocatalysis 

[126]. 
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HPC can be carried out in various media: gas phase, pure organic liquid phases or 

aqueous solutions in presence of a solid catalyst as powder form or an immobilized 

coating form.  

As for heterogeneous catalysis, the overall process can be decomposed into five 

independent steps: 

 

1. Transfer of the reactants in the fluid phase to the surface 

2. Adsorption of the reactants 

3. Reaction in the adsorbed phase 

4. Desorption of the product(s) 

5. Removal of the products from the interface region 

 

The highly active OH• generation in the AOP technology occurs by processes such as 

direct photolysis of H2O2, photo-excitation of TiO2 and Photo-Fenton reaction in 

presence of H2O2 with metal cations [128, 129]. However, the first two methods require 

high intensity UV light, while the Photo-Fenton reaction proceeds by absorption of 

visible light hence showing significantly higher efficiency. Photo-Fenton reaction is very 

complex type of photocatalytic reaction which employs a mixture of H2O2 and ferrous 

ions (Fe2+ and Fe3+) in acidic medium to generate the OH• in presence of light [130]. Due 

to the requirement of acidic medium with low pH (pH 3) the process results in large 

sludge residues. Other transition metal ions like Co2+ ions are found to be active even in 

neutral pH for generating hydroxyl radicals via Photo-Fenton process and this is a clear 

advantage over Fe2+ [131]. 

 

Among various metal oxides, the cobalt oxide (Co3O4) based materials are of great 

interest as a Photo-Fenton catalyst due to their low cost, natural abundance, operating in 
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visible light region and most importantly works at neutral pH to efficiently degrade the 

organic compounds [110, 129].  Homogeneous catalyst in form of cobalt salt solution 

along with an oxidant is generally used [45] . However, during homogeneous reaction the 

dissolved cobalt in the water can create further health concerns such as asthma, 

pneumonia and other lung problems and has been recognized as a priority pollutant in 

water with the highest allowable concentration of 1 mg L−1 in the potable water. It is 

anticipated to decrease the use of dissolved Co2+ by developing heterogeneous catalysts. 

 

In heterogeneous route of this reaction, spinel Co3O4 containing Co2+ and Co3+ ions, has 

been used in AOP as photocatalyst for dye degradation through photo-Fenton reaction. 

Co3O4 [132](nanoparticles, nanorods, nanowires, etc.) displays outstanding activity and 

selectivity during the catalytic processes as compared to the corresponding bulk 

counterpart. The enhanced performance is mainly due to their large surface-to-volume 

atomic number ratio, size- and shape-dependent properties, and high concentration of 

low-coordinated active surface sites [133, 134]. In past, Co3O4 nanoparticles (NPs) have 

been synthesized primarily in powder form for the catalysis reactions. However, in this 

case the major drawbacks of the catalyst are the separation after catalytic reaction, NPs 

aggregation, and inability to use continuous flow processes. The separation of powder 

NPs catalyst from the reaction solution is so difficult that even by centrifugation these 

particles remain in the solution in form of colloids. Also, an excessive amount of cobalt 

leaching as high as 0.73 mg L−1 was still observed in such systems[135]. 

 

To enhance the catalytic performance and reduce cobalt leaching in Co3O4, it was 

immobilized on various metal oxide supports such as TiO2, SiO2, MgO, zeolite, activated 

carbon and carbon aerogel. It was also reported that mixed metal oxide as CoFe2O4 was 
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able to reduce the leaching of cobalt [135]. Development of a catalyst with desirable 

morphology, dimensions and stability is becoming more interesting and challenging 

owing to their improved catalytic activity and increasing applications in various 

fields[110]. Thus, Co3O4 NPs deposited on suitable substrates as fully immobilized photo 

catalyst (IPC) on glass substrates are the best solution as green catalyst. 

 

IPC in the form of coating with desired properties supported over substrate is of great 

interest in avoiding the above mentioned problems with cobalt. There are many methods 

by which IPC can be produced like electron-beam deposition (EBD), atomic layer 

deposition (ALD), plasma-enhanced chemical vapor deposition (PECVD), and sol–gel 

method by dip coating [45, 136-140]. Among the various techniques Pulsed Laser 

Deposition (PLD) technique has gained more attention in the last decade as a viable 

means of producing high-quality and highly stable coatings [107]. It is ideally suited for 

the deposition of wide variety of materials in minute amounts on various substrates and 

laser process allows the production of NPs with desired morphology with particle size as 

small as 10 nm in the form of NPs-assembled coatings by just tuning the experimental 

parameters with high stability due to the high energetic processes involved in the coating 

formation[141].  

 

4.3 Co3O4 nano structures for Photocatalysis 

The aim of the current section involves the study of NPs assembled coatings of 

Co3O4 catalyst synthesized by PLD (as in chapter 2, section 2.3.4) at various laser 

fluencies for photo catalysis. The effect of size distribution of NPs (effect of laser 

fluence) was studied by examining the degradation of Methylene blue (MB) dye in 

presence of photo-Fenton reaction.  
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4.3.1 Structural and Morphological analysis 

To understand the obtained catalytic activity of the Co3O4 coatings, analysis was done in 

terms of morphological and structural variations of NPs with change in laser fluence. 

SEM images of the Co3O4 NPs assembled coatings prepared at different laser fluences (3, 

5, and 7J/cm2) are shown in fig 4.2.  The surface of the Co3O4 coating deposited at 3J/cm2 

is composed of well circular shaped NPs with an average size of 10 nm and narrow size 

distribution (fig 4.3b). These particles are well distributed and densely arranged on the 

substrate surface with a very low degree of agglomeration (fig 4.2a). 

 

 
 

Figure 4.2- SEM micrographs of Co3O4 NPs assembled coatings prepared by PLD at 

substrate temperature of 150 °C with different laser fluences (a) 3J/cm2, (b) 5J/cm2, and 

(c) 7J/cm2. 

 

But, with increasing the laser fluence, particle size of the Co3O4 (above ~ 30nm) 

increases with the occurrence of big droplets with size in the range of  200-500 nm as 

seen in the fig 4.2b and c. No major differences in morphology were observed for the 

coatings with higher laser fluence of 5 and 7J/cm2. The NPs are formed by high laser 

fluence induced phase explosion phenomena [49]. Here, the irradiated material target 

reaches to a temperature of ~ 0.9Tc (Tc is critical temperature) causing a very high 

homogeneous nucleation of vapor bubbles below the target surface. The target surface 

then makes a rapid transition from superheated liquid to a matrix of vapor and liquid 

nano-droplets, which leave the target surface. Later these liquid nano-droplets collide 
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with oxygen atoms and oxidation occurs along with re-solidification during the flight to 

form solid NPs onto the substrate. In case of big droplets, only a few top layers get 

oxidized during the flight to form core-shell structure with Co3O4 as shell and Co as core, 

and these feature were confirmed by TEM analysis [142]. At high laser fluencies (small 

laser beam spot) the number of NPs decreases, while large droplets formation increases. 

This could be possibly explained by the target stress confinement at these high laser 

fluencies [143, 144].  

 

To understand the phase of the Co3O4 coatings HR-TEM and micro-raman analysis was 

carried out. Fig 4.3a and b shows the HR-TEM image and particle size distribution 

respectively, of the Co3O4 NPs prepared by using fluence of 3 J/cm2. It reveals the 

presence of small NPs of Co3O4, uniformly dispersed and having a mean diameter of 

about 6 nm with standard deviation values of 1.5 nm. The spacing between the lattice 

planes confirms that NPs are composed of Co3O4 phase only. 

 

 
 

Figure 4.3- (a) HR-TEM images, (b) particles size distribution of Co3O4 NPs assembled 

coating prepared by PLD at substrate temperature of 150 °C with laser fluences of 

3J/cm2. 
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Fig 4.4 shows the micro-Raman spectra of the Co3O4 coatings deposited at 150 °C with 

different laser fluences (3, 5, and 7J/cm2). The acquired spectra show the appearance of 

the respective modes as predicted by group theory for (space group (F3dm)) Co3O4. It is 

clearly seen that the active 5 Raman modes of A1g at 665 cm−1, Eg at 466 cm−1, 3F2g at 

190, 507, and 602 cm−1 are present. 

 

 
 

Figure 4.4- Raman spectra of Co3O4 NPs assembled coatings prepared by PLD at 

substrate temperature of 150 °C with different laser fluences (a) 3J/cm2, (b) 5J/cm2, and 

(c) 7J/cm2. 

 

The band at the position 665 cm−1 (A1g) signals the octahedral site and the band at 

190 cm−1 signals the tetrahedral site [142, 145, 146]. Broad nature of the peaks with low 

intensity indicates the formation of mixed phase with nanocrystalline Co3O4. 

 

4.3.2 NPs assembled Co3O4 coating for photocatalysis 

The photo catalytic activity of the Co3O4 NPs assembled coatings deposited at various 

laser fluences (3, 5, and 7J/cm2) was tested by examining the degradation of MB dye 

(2 ppm, 50ml solution) as a function of time. The decrease in relative concentration of the 
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MB dye was estimated by measuring the relative intensity of the peak at 664 nm from the 

optical absorbance spectra. The degree of discoloration was expressed in the form of 

degradation ratio (1 − [A/A0]) where A0 is the absorbance at t = 0 and A is the absorbance 

at given reaction time. 

Fig 4.5 shows the percentage degradation of MB dye in presence of visible light and 1ml 

of 100 mM H2O2 solution using the Co3O4 coating with weight of 1.2 mg in all 

experiments. The photocatalytic reaction of MB dye with light and H2O2, without catalyst 

was also tested as presented in fig 4.5. 

 

\ 

 

Figure 4.5- Time dependant photocatalytic activity of Co3O4 NPs assembled coatings 

synthesized by PLD using different laser fluences and powder in presence of H2O2 and 

visible light for degradation of MB Dye (2 ppm, 50ml solution). 

 

Co3O4 NPs catalyst synthesized at 3 J/cm2 shows 100% degradation after 4 h, but the 

coatings deposited at higher fluences, 5 J/cm2 and 7 J/cm2, display reduction in amount of 

degradation of MB dye to 80% and 75% respectively. There was no significant change in 

the discoloration of MB dye for the powder Co3O4 catalyst after reaching 24% in 1h. This 
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behavior is mainly attributed to the Co3O4 NPs agglomeration during the reaction course 

for the powder form, which further reduces the number of OH• radical generation needed 

for the degradation of the dye. The high activity for the PLD coatings is mainly attributed 

to the presence of spherical NPs on the catalyst surface which are well dispersed with 

size distribution in a narrow range. Due to the small average size (6 nm: fig. 4.3), the 

assembled NPs provide large number of under-coordinated catalytically active sites on 

the surface. In addition, nanocrystalline nature of the catalyst offers high amount of grain 

boundaries which are linear defects with highly active sites with basic, acidic or redox 

functionality for catalysis. Most importantly, the NPs are partially embedded on the 

coating surface thus avoiding the particle agglomeration during the reaction time.  

 

All these reasons are mainly responsible to produce higher catalytic activity in MB dye 

degradation, for the Co3O4 coatings as compared to the powder. The decrease in catalytic 

activity with coatings synthesized at higher laser fluence is mainly attributed to the 

presence of bigger NPs (above 30 nm size) and large droplets (200–500 nm), which 

decrease the surface area to volume ratio thus reducing the number of catalytic active 

sites on the surface of these coatings. The almost same values of catalytic activity 

produced by catalyst coatings deposited at laser fluence of 5 and 7J/cm2 is mainly 

assigned to analogous morphology obtained at these high fluences. The IPC form of 

Co3O4 on the glass substrate is clearly demonstrating the advantage over the powder 

Co3O4 catalyst in terms of stability and activity.  

4.3.3 3-D Hierarchical urchin Co3O4 micro/nanostructures  

3-D Hierarchical urchin-like nanostructures are becoming more promising because these 

structures establish high surface area to facilitate catalysis reaction by providing a larger 

solid–liquid reaction interface area. Hierarchical flower-like Co3xFexO4 structures [147], 
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hierarchical assemblies of Au and AgI nano-crystals in the Fe3O4–SiO2–Au–Ag–AgI 

composite particles [148] and three-dimensional semiconductor nano networks of TiO2 

and ZnO with controlled band gap energies are highly efficient in degrading the MB 

dye[149]. Urchin-shaped Fe3O4@Bi2S3 core-shell hierarchical structure with enhanced  

photo catalytic efficiency for degradation of Rhoda mine B (RhB) dye [150] was studied 

recently. In addition urchin-like iron oxyhydroxide (α-FeOOH) and (α-Fe2O3) oxide 

nanostructures exhibit very good ability to remove organic pollutants [151]. Finally 3D 

hierarchical rose-like Bi2O2CO3 microspheres show an enhanced photo catalytic activity 

toward the degradation of RhB dye, MB dye and Methyl Orange (MO) dye mixed 

solutions [152] under visible light conditions.  

 

Recently there has been a great interest towards the synthesis of the Co3O4 based 

hierarchical 3D nano structures by chemical methods and application of them in the field 

of energy and environment. It was reported that Co3O4 hierarchical urchins structure were 

highly efficient in degrading reactive black dye [153]. The enhanced photocatalytic 

activity was explained on the basis of the higher crystallinity, increased surface area, 

specific surface exposed planes and much enhanced solid-liquid interaction of the nano 

structures for adsorption and further catalytic reaction in presence of light. However, all 

these catalysts are produced primarily in form of powders, which have problems for 

sustainable photocatalytic process as we discussed in the previous section. 

 

Here we developed the Co3O4 urchin like structures as coating form on glass substrates 

by thermal oxidation  of the Co-B NPs assembled coatings prepared in vacuum and O2 

atmosphere by PLD (chapter 2, section 2.3.2). Thermal oxidation of all the Co-B coatings 

were carried out in air at three different temperatures (400, 500, and 600 oC) for 4 hrs in 
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order to obtain the urchin structures. The Co-B coatings prepared in vacuum only shows 

urchin Co3O4 structure and the one prepared in O2 atmosphere shows porous urchin 

Co3O4 structure after thermal annealing. The same kind of structures was also produced 

by chemical synthesis with optimized conditions through hydrothermal method (chapter 

2, section 2.2.3). Photocatalytic activity of these structures was systematically 

investigated in presence of MB dye by varying experimental parameters with detailed 

mechanism.  

4.3.4 Morphological and structural analysis 

SEM image of as-deposited Co-B coating deposited in vacuum and O2 atmosphere is 

presented in fig. 4.6a and fig 4.6b. Spherical particles with wide size distribution in the 

range of few nanometers to 1-3 micrometers were observed on the coating surface. Such 

morphology can be explained by the laser-induced phase explosion process as previously 

discussed (fig. 4.3).  

 

 
 

Figure 4.6- SEM images of (a) as-deposited Co-B coating prepared in O2 atmosphere and 

(b) as-deposited Co-B coating prepared in vacuum by PLD. 

 

SEM-EDS analysis confirmed the presence of cobalt and boron atoms along with oxygen 

on the spherical particulates in the Co-B coating deposited in O2 atmosphere (fig 4.7a). 
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The Co-B coating deposited in vacuum (fig 4.7b) showed mainly the presence of cobalt 

and boron and with very low oxygen content due to the native oxide.  

 

Bright field TEM image (fig. 4.7a) reveal that each particle attained a core-shell type of 

structure, where core is composed of heavy element while shell with lighter element as 

suggested by the color contrast. For elemental composition EDS spectra were acquired by 

focusing the electron beam (with diameter of about 5nm) on different parts of the sample 

(fig. 4.7a). The EDS analysis performed on shell and core, signifies that mostly cobalt 

metal forms the core (red circle 2) while the shell (red circle 3) is a mixture of Co, B and 

O with last two in the dominating amounts. The background (red circle 1) shows that 

more than 50% is boron and remaining are cobalt and oxygen 

 

 
 

Figure 4.7- Bright field TEM images of (a) as-deposited Co-B coating prepared in O2 

atmosphere and (b) EDS spectra acquired on the core, with quantification of elements (in 

at %). 
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As an example, the EDS spectra of the core (red circle 2) are shown in fig 4.7b and the 

representative figures of elements content is also shown (Note: EDS quantitative analysis 

of light elements (Boron and Oxygen) is very difficult and error-prone due to the 

selective absorption of their emitted X-rays by Cu grid on which the carbon film is 

deposited). In the shell an atomic ratio of O/Co is 1.3±0.5 and is compatible with the 

presence of Co3O4 phase. Annealing in air at 600 oC for 4 hrs induces 

structural/morphological alteration in both the coatings (Co-B deposited in vacuum and 

Co-B deposited in O2 atmosphere) forming Urchin-like structures with growth of 

nanowires from the surface of the Co-B particles (fig.4.8).  

 

 
 

Figure 4.8- SEM images of (a) Co-B coating deposited in vacuum and (b) Co-B coating 

deposited in O2 atmosphere, (c) single particle with well defined urchin structure, and (d) 

transformation of smaller particle into bunch of nano wires: after annealing at 600 °C for 

4hr. 
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In addition to urchin, porous structure is also formed in the Co-B coating deposited in the 

oxygen atmosphere (fig. 4.8b), while vacuum deposited Co-B coating only shows urchin-

like particles (fig 4.8a). Well-defined sea-like urchin structure comprise of spherical core 

with radially grown nanowires (NWs) on the surface (fig. 4.8c) are found on larger 

particulates of size above 500 nm while smaller particles transform into the bunch of 

small NWs (fig. 4.8d).  

 

Higher magnification image of the NWs shows the extrusion marks on the surface 

suggesting the stress induced growth of the NWs (fig. 4.9a and fig. 4.9b). The proposed 

mechanism of the growth of these structures is explained later (section 4.3.5). 

 

 
 

Figure 4.9- SEM images of (a) Nanowires with extrusion marks over urchin, (b) High 

magnification of nanowires showing the clear extrusion marks on the surface.  

 

Further investigation by HR-TEM indicates that the NWs are polycrystalline with Co3O4 

phase as shown in the fig 4.10. Fast Fourier transform (FFT) pattern (fig. 410a) of the 

indicated region (red color square) consists of bright spots due to the crystalline structure 

and the values of inter-planar spacing obtained by FFT of the HR-TEM image are in 

good agreement with the values of Co3O4 phase (fcc-phase Fd3m a=8.085Å)) as 



 88 

identified with the d-spacing and corresponding planes (table 4.1). Selected area EDS 

spectra (fig. 410b) establish that only oxygen and cobalt are present on the NW with 

atomic ratio of O to Co of about 1.4, which is compatible to Co3O4 phase. This clearly 

indicates the formation of Co3O4 phase after annealing at 600 °C. 

 

 
 

Figure 4.10- (a) HR-TEM image of NW and corresponding Fast Fourier transform 

(FFT)) and (b) the corresponding EDS of the NW. 

 

Table 4.1. Inter-planar spacing values obtained by FFT from HRTEM image of NWs in 

urchin-like structure synthesized by PLD. 

 

FFT-HR-TEM  

d(Å)  

Co3O4  

d(Å) (hkl)  

CoO 

d(Å) (hkl) 

Co2O3  

d(Å) (hkl)  

4.65±0.07  4.668 (111)    

2.83±0.05  2.858 (220)   2.870 (002)  

2.44±0.05  2.438 (311)  2.461 (111)   

Co3O4 phase formation is further confirmed by analyzing the micro-raman and XRD 

spectra with respect to the temperature. Micro-raman spectra of these samples are 

presented in fig. 4.11. The Co-B coating deposited in vacuum  shows only two Raman 
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bands at 192 cm-1 and 485 cm-1 (fig. 4.11a) due to surface oxidation of Cobalt. After 

annealing in air, the distinct peaks at 192, 485, 525, 626 and 694 cm-1 corresponding to 

F2g, Eg, F2g, F2g and A1g modes of vibration respectively (fig. 4.11b, fig. 4.11c and fig. 

4.11d) [145, 146], signal crystalline Co3O4 phase. These raman bands appear to be broad 

for Co-B annealed at 400 oC (fig 4.11b) and 500 oC (fig 4.11c) indicating partial 

crystallization of Co3O4 which is completed after heat treatment at 600 oC (fig 4.11d) as 

indicated by the sharp peaks with shift in peaks. 

 

 
 

Figure 4.11- Raman Spectra of Co-B coating deposited by PLD under (a) vacuum 

condition and heat treated in air for 4 hrs at three different temperatures of (b) 400 oC, (c) 

500 oC and (d) 600 oC.  
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The broadening and peak shift in the spectra indicate nano crystalline behavior (phonon 

confinement) along with presence of large defects and induced stresses (growth of NWs) 

due to high temperature oxidation [145, 154-156]. The signal in Raman spectroscopy is 

basically acquired from the surface or just below the surface by the inelastic scattering 

thus providing information only from the surface. Thus it is necessary to obtain the 

structural information of bulk by XRD that was carried out for all the coatings and 

reported in fig 4.12. 

 

 
 

Figure 4.12- XRD pattern of Co-B coating deposited by PLD under vacuum condition 

and heat treated in air for 4 hrs at three different temperatures of 400 oC, 500 oC and 600 
oC.  

 

It is clearly seen from the fig 4.12 that, as deposited as well as Co-B coating heat treated 

at 400 oC display complete amorphous nature. XRD peaks centered at 19.0, 31.2, 36.9, 

38.6, 44.8, 54.5, 59.4 and 65.2  assigned to face-centered spinel type cubic structure 
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of Co3O4 are observed for the Co-B coating annealed at 600 oC [157, 158]. These 

diffraction peaks correspond to the reflections (111), (200), (311), (222), (400), (422), 

(511) and (440) respectively as acquired from JCPDS data file 009-0418. Calculated 

crystal size, of 18 ± 5 nm, is smaller than the average diameter (45 nm) of NWs measured 

by SEM and TEM indicating that the NWs are composed of several grains with average 

size of 18 nm. Among the measured peaks very few diffraction peaks are observed for 

Co-B coating annealed at 500 oC indicating that complete crystallization of 3D urchin-

like nanostructures occurs after heat treatment at 600 oC. No diffraction peaks due to 

metallic cobalt, other cobalt oxides and boron oxides phase are detected in XRD pattern. 

4.3.5 Understanding the formation mechanism of the 3-D urchin structures 

In general, the growth of 1D nano structures like nanorods, nanoneedles etc, involves a 

catalytic-assisted vapor-liquid-solid (VLS) mechanism or vapor-solid (VS) mechanism 

[159]. For VLS growth, the growth temperature has to be higher than the eutectic 

temperature of two elements so that these elements form an alloy as liquid droplet. From 

the phase diagram of Cobalt and Boron, the eutectic temperature of Co and Boron is 

around 1100 C. In our work, annealing temperature was well below 1100 C and the 

melting points of Co (1495 °C), B (2076 °C), and Co3O4 (900°C). Thus VLS and VS 

mechanisms are not responsible for the growth of the urchin nano structures.  

 

Very recently Hsu et al. [160] developed α-Fe2O3 urchin-like structures by thermal 

oxidation of Fe powder in air in temperature range of 300-400 °C. Here the growth 

mechanism of nanoflakes is suggested to be selective directional growth via inter-

diffusion of oxygen and iron atoms.  
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Figure 4.13- SEM image of annealed, (a) commercial Co powder, and (b) Co coating and 

(c) Co-B coating synthesized by PLD, in air at 600 oC for 4 hrs 

 

In order to verify this type of growth mechanism, Co powder with particle size of 10 µm  

and Co coatings prepared by PLD, having  morphology like Co-B coating, were annealed 

in air under similar condition (600 °C for 4hrs). The respective SEM images after 

annealing in air are shown in fig.4.13a (Co powder), fig. 4.13b (Co coating) and fig. 

4.13c (Co-B coating). No sign of urchin or NWs was observed (fig 4.13a and b) thus 

discarding the mechanism reported by Hsu. et al [151]. This shows that boron certainly 

plays a huge role in the urchin formation. To investigate the growth mechanism of urchin 

structure formation, annealing of the Co-B coating deposited in vacuum was done at 

various temperatures. SEM images of the Co-B coatings annealed at 400, 500 and 600 oC 

for 4 hrs and the Co-B coating as deposited in vacuum are shown in fig. 4.14 

respectively.  

 

Co-B particles obtained by PLD are in perfect spherical shape with smooth surface (fig. 

4.14a). After annealing at 400 oC the particulates appear to disintegrate to form small 

nanoparticles of size 30-60 nm on the surface (fig. 4.14b). Further increase in temperature 

at 500 oC initiates the evolution of NWs from the surface of the particulates (fig. 4.14c). 
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However, complete urchin-like structure with well-developed NWs is obtained only after 

heat treatment at 600 oC (fig. 4.14d). 

 

 
 

Figure 4.14- SEM images of Co-B coating deposited by PLD (a) under vacuum 

condition and heat treated in air for 4 hrs at three different temperatures of (b) 400 oC, (c) 

500 oC and (d) 600 oC.  

 

On the basis of obtained results a plausible mechanism is proposed here. In as deposited 

Co-B coating the particulates are of core-shell structure, where cobalt core is covered 

with the shell composed of Co, B and O (as evidenced from HR-TEM; fig. 4.7). Thus 

during oxidation at 400 oC the phase separation might occur in the shell between boron 

oxide and cobalt oxide forming nanoparticles (NPs) of later. These NPs are under stress 

condition, created by large difference in the thermal expansion coefficients of boron 

oxide (0.5 × 10-6 K-1) and cobalt oxide (13 × 10-6 K-1). Increasing temperature (500 to 
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600 °C) will further increase the stress level which is released by forming NWs. The NPs 

found in the initial stage act as the nucleating sites for the growth of NWs. Cobalt is 

provided from the core for further growth of NWs by diffusing toward outward direction. 

The stress induced growth of NWs is completely evident from the extrusion marks on the 

surface of the NWs (fig. 4.9). Further extensive studies are under way to exactly 

understand the mechanism of the NWs growth in the forthcoming work. 

4.3.6 3-D urchin like Co3O4 structures for photocatalysis 

Photocatalytic activity of the urchin structures prepared from both thermal oxidation of 

the Co-B coatings and the chemical method was carried out as for the NPs assembled 

Co3O4 coatings. Here, the effects of MB dye concentration (2 ppm, 5ppm and 10 ppm), 

H2O2 concentration as well as re-usability test for longer times were also studied. Since it 

is known that adsorption of dye (solid-liquid interaction) on the catalyst is a major 

prerequisite condition for any heterogeneous catalytic reaction. The catalyst coatings 

were kept in the dye solution in dark for 30 min and adsorption of dye was seen to be 3-

5% for the urchin and porous/urchin Co3O4. Co3O4 NPs assembled coating was able to 

adsorb only 1-2 % revealing higher solid-liquid interaction between the catalyst and dye 

molecules for porous urchin structure. The better adsorption of dye on the urchin catalyst 

is due to high surface area provided by 3-D urchin structure in presence of the porous 

structure in background. Initially the degradation of the MB dye was investigated under 

different conditions such as presence of only a) light, b) H2O2 with light, and c) Co3O4 

catalyst coating in presence of light. In all these cases maximum degradation of 10-15 % 

(fig. 4.5) was measured even after prolonged period of 6-8 hrs. The dye was completely 

degraded only when catalyst is exposed to visible light in presence H2O2 (as external 
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oxidant), thus indicating that dye is decolorized by Photo-Fenton reaction mechanism 

only.  This mechanism is further established in later section (fig. 4.24). 

 

Fig. 4.15  represents the rate of degradation of MB dye (10 ppm, 30ml)  in presence of 

light and H2O2 (0.5 M, 1ml) using Co3O4 NPs assembled coating, urchin Co3O4 coating 

and porous urchin Co3O4 coatings. In all experiments the weight of the catalyst and 

projected area was maintained around 1mg and 2.5 × 7.5 cm2 (glass slide) respectively.  

 

 
 

Figure 4.15- Time dependent photocatalytic degradation ratio of MB solution (10 ppm, 

30 ml) in presence of 1 ml of H2O2 (0.5 M) and visible light using different 

nanostructures (NPs assembled, Urchin and porous urchin) of Co3O4 catalyst coatings. 

Even after 10 hrs the NPs assembled coating was not able to completely degrade MB dye 

while porous urchin structure required only 2.5 hrs to reach 100 % degradation. On other 

hand, coating with only Co3O4 urchin structure produces colorless solution after 4.5 hrs. 

These results show that the urchins with porous structure are more effective than only 
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urchin Co3O4, but the difference is small so the presence of urchin structure is mainly 

responsible for the high photocatalytic activity. 

 

To better understanding this point, Co-B coating deposited in vacuum atmosphere was 

annealed at different temperatures and photocatalyst activity was tested. Degradation of 

MB dye solution (10 ppm) using Co-B coating annealed at 400, 500 and 600 oC, in 

presence of H2O2 (0.5 M, 1 ml) and visible light is presented in fig. 4.16. No change in 

degradation rate was observed for the samples annealed at 400 and 500 oC in comparison 

to as-deposited Co-B coating. All three samples degrade only 40 % of the dye in 4 hrs 

while complete colorless solution is achieved in 4.5 hrs for urchin Co3O4 structure 

obtained at 600 oC annealing (urchin fully crystallized). 

 

 
 

Figure 4.16- Time dependent photocatalytic degradation ratio of MB solution (10 ppm, 

30 ml) in presence of 1 ml of H2O2 (0.5 M) and visible light using Co-B coating 

deposited by PLD under vacuum condition and heat treated in air for 4 hrs at three 

different temperatures of 400 oC, 500 oC and 600 oC.  
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It is clearly noticeable that urchin Co3O4 is highly active for the degradation of dye. The 

presence of porous structure is also showing a positive effect by facilitating more 

adsorption of dye molecules on the catalyst. 

4.3.7 Chemical Co3O4 3-D urchin structures   

In past, urchin structure of Co3O4 was mainly prepared by the hydrothermal method or 

other chemical techniques [153]. To best of our knowledge, the Co3O4 urchin structure 

developed by physical technique such as PLD and successive thermal oxidation was 

reported here for the first time. Thus it is necessary to have a comparison of the 

photocatalytic performance of the urchin structures prepared by both methods (physical 

and chemical) for future applications. Chemical Co3O4 urchin in form of coating over 

glass substrate and powder was synthesized by hydrothermal method (chapter 2, section 

2.2.3) and tested for MB dye (10 ppm) degradation in presence of H2O2 (0.5 M, 1 ml) and 

visible light. Catalyst amount of 5 mg was required to completely cover the glass slide 

(2.5 × 7.5 cm2) and thus the amount of Co3O4 urchin powder used for degradation test 

was also kept about 5 mg. 

4.3.8 Morphological and structural analysis  

Surface morphology of the chemical Co3O4 urchin coating was investigated to see the 

difference between the PLD urchin and chemically prepared urchins. Uniformly 

distributed 3-D urchin-like spheres with size in the range of 8-12 µm were evidently 

visible in SEM image of as prepared samples (fig. 4.17a). High magnification SEM 

suggest that NWs are tapered with length around 4-6 µm and width at bottom around 

150-200 nm and at the tip of about 50-80 nm (fig. 4.17b). The surface of NWs is highly 

smooth without any major defects. Heat treatment at 600 oC in air for 4hrs did not cause 

any change in the primary urchin-like structure, but the shape and surface of NWs 
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completely changed as in fig 4.17c. The length of NWs is not affected but the shape has 

transformed from tapered to uniform rod-like having nearly uniform width from top to 

bottom. The diameter of these nano-rods varied from 40 to 150 nm as examined through 

SEM image (fig. 4.17c).  

The building blocks of NWs are now collection of irregular shaped nanoparticles of size 

10-30 nm as confirmed by HR-TEM (fig. 4.17d). Set of crystalline planes in each NPs are 

clearly distinguished in HR-TEM image (fig. 4.17e). The distance between the lattice 

fringes was measured by FFT of HR-TEM image and it matches well with the Co3O4 

phase (as indicated by arrow in the fig 4.17e). 

 

 
 

Figure 4.17- SEM images of chemically (a) as prepared 3-D Urchin-like particles by 

hydrothermal method, (b) magnified image of (a): showing tapered NWs  and (c) NWs 

obtained after heat treatment of the chemical urchin at 600 oC for 4 hrs in air. (d) Bright     

field TEM image showing NWs obtained after heat treatment is composed of NPs, (e) 

HR-TEM of these corresponding NPs with the corresponding d spacing vales. 
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However, core in this chemical urchin-like structure is hollow thus the complete structure 

assembly is held by the radially oriented NWs (fig. 4.18a). This is clearly indicating that 

the chemical urchins are of free standing NWs arranged in 3-D manner, while the urchins 

obtained by PLD are strongly supported by the core (fig. 4.18b).  

 

 
 

Figure 4.18- SEM images of (a) Chemical urchin with hollow structure, (b) PLD urchin 

with solid core. 

 

SEM and HR-TEM results provided the morphological and structural information of the 

chemical urchins. To gain more evidence on the chemical urchins, XRD and micro-

Raman analysis were carried out. XRD pattern (fig. 4.19a) of as deposited chemical 

urchin indicates orthorhombic cobalt hydroxide carbonate hydrate (Co (CO3)0.5 (OH) 0.11 

H2O phase and after annealing at 600 oC in air these are peaks corresponding to spinel 

type cubic structure of Co3O4 with the Fd3m space group (fig. 4.19b). The crystal size of 

24 ± 4 nm is in good agreement with the size of nanoparticles in the nano-rod as observed 

by TEM (fig 4.17e).  
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Figure 4.19- XRD pattern of (a) as-prepared chemical urchin coating and (b) after heat 

treatment at 600 oC for 4 hrs in air. 

Additionally, micro-Raman measurements for the chemical urchin structures after 

annealing represent only Co3O4 phase as shown in fig. 4.20. The similar results were also 

observed for urchins prepared by PLD after thermal oxidation (fig 4.11).  

 

 
 

Figure 4.20- Raman spectra of heat treated chemical urchin Co3O4 catalyst at 600 oC for 

4 hrs in air.  



 101 

The mechanism involved in formation of this urchin was well explained by Riu et al. [46] 

on the bases of experimental evidence. In brief, the process involves formation of micro 

particles over which one dimensional NWs grown by dissolution of cores through 

Ostwald ripening. These NWs at high temperatures disintegrate forming nano-rods 

assembled with nanoparticles.  

 

4.3.9 Chemical Co3O4 urchins for photocatalysis 

The degradation activity of the chemical urchin coatings and powder of the same are 

shown in fig 4.21, and compared to the PLD porous urchin Co3O4 coating (1 mg), 

 

 
 

Figure 4.21- Time dependent photocatalytic degradation ratio of MB solution (10 ppm, 

30 ml) in presence of 1 ml of H2O2 (0.5 M) and visible light using urchin Co3O4 coatings 

prepared by PLD and chemical urchin coating over glass substrate and urchin powder 

prepared by hydrothermal method.  
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The chemical Co3O4 urchin coating display nearly five times lower degradation rate for 

MB dye and was able to degrade only 80 % in 8 hrs. However, the chemical urchin in 

form of coating was better than in powder form where later degrads only 57 % in 8 hrs 

(fig 4.21). Agglomeration of urchin like particles in the dye solution during the reaction 

course may be the prime reason for reduced catalytic activity because for first 2 hrs the 

degradation rate for coating and powder of chemical Co3O4 urchin was similar but with 

time the rate falls drastically due to agglomeration in powder catalyst. 

 

In order to understand the obtained lower catalytic activity, SEM analysis of the urchins 

prepared by PLD and chemical method after the degradation experiments is shown in 

figure 4.22. SEM image in fig 4.22a shows that urchin structure completely collapsed and 

the broken NWs aggregate to form large particles of size 8-10 µm. Since the urchin 

structure was held by the NWs without core particle thus during the constant stirring the 

friction caused by the aqueous dye solution can disintegrate the urchin structure. Another 

important factor is that the NWs are built by the NPs which are loosely bound to each 

other as observed in TEM images (fig. 4.17). These NPs can be easily separated to cause 

fragmentation of NWs in urchin structure, while in case of PLD prepared Co3O4 urchin 

the structure is well maintained even after the reaction cycle shown in fig. 4.22b. Thus 

the stability of urchin structure is established by the core from which NWs not only 

grows but are also strongly held over by their surface to keep the original structure intact 

even after reaction cycle.  
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Figure 4.22- Morphology obtained by SEM of (a) chemical Co3O4 urchin and (b) PLD 

synthesized Co3O4 porous/urchin coatings after MB dye degradation reaction. 

 

Now, it is highly desirable to look at the re-usability test of the urchins by PLD. The 

stability of the PLD prepared Co3O4 urchin structure was investigated by recycling the 

coating 5 times for degradation of MB dye (10 ppm) in presence of H2O2 (0.5M, 1 ml) 

and visible light. After 5th cycles (fig. 4.23a), 90 % degradation was achieved after 2.5 

hrs by PLD synthesized porous/urchin Co3O4 coating. This shows that urchin structure is 

highly stable on the surface of the coating and strongly attached to the substrate. The 

minor decrease in the activity is explained in terms of negligible loss of catalyst (0.1 mg) 

during constant stirring and washing after each run. On the other hand, for NPs 

assembled Co3O4 coating prepared by PLD the degradation decreases to 63 % after 5th 

cycle because of the mechanical detachment of the NPs (fig 4.23b). Chemical Co3O4 

urchin coating cannot be reused again for dye degradation due to major loss of the 

catalyst from the substrate.  
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 Figure 4.23- (a) Recycling behavior of porous/urchin Co3O4 coating prepared by PLD 

and thermal oxidation in air for 4 hrs at 600 oC, (b), Recycling behavior of Co3O4 NPs 

assembled coating, prepared by PLD, for MB dye degradation. 

 

Finally the enhanced catalytic activity of Co3O4 urchin synthesized by PLD and thermal 

oxidation treatment is mainly attributed to the following features established from the 

above results: 

 Urchin-like structure with NWs in narrow range of 30-60 nm and length of 1-2 

µm provides very high surface area for interaction with dye molecules  

 The core in urchin structure strongly held the NWs on the surface to provide high 

stability against agglomeration of the NWs during reaction course not like as in 

case of chemically prepared urchin coating.  

 NWs are polycrystalline in nature possessing large amount of grain boundaries 

with width 0.5-1 nm on the surface which can be considered as linear defect 

containing atoms with low coordination number as compared to atoms in the ideal 

bulk crystallites. Thus, these grain boundaries regions are highly catalytic active 

sites with basic, acidic or redox functionality.  
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 Porous structure formed on the coating surface not only improve the surface area 

but also allow the dye molecule to penetrate to the inner surface of the coating to 

offer higher absorption and degradation of dye molecules.  

 Good adhesion property of urchin does not cause any aggregation during the 

reaction course and remain attached to the surface for further reuse.  

 In addition to these promoting features, the catalyst coating may be easily 

recovered and reused, thus can be used as ON/OFF switch for photocatalysis 

reaction as well as in continuous flow reactor.  

4.4 Mechanism for MB Dye degradation 

The degradation of MB dye can occur through mechanisms depending on the route of 

OHº radical generation,  

1. OHº generation by direct photolysis of H2O2: this happens only in presence of UV 

light,   

2. OHº generation by photo excitation of the Co3O4: this cannot be seen here because 

the standard redox potential of Co+3/Co+2 (+1.82 V) is lower than that of 

OHº/OH− (+1.99 V),  

3. OHº generation by Photo-Fenton reaction: the Co+2 ions on the surface of the 

catalyst react with H2O2 and generate OHº radicals (eq. 4.1) to degrade the dye 

[128, 129]  

 

𝐶𝑜+2 + 𝐻2𝑂2 → 𝐶𝑜+3 + 𝑂𝐻− + 𝑂𝐻°                                 4.1 

 

𝐶𝑜+3 − 𝐿 + ℎ𝑣 => [𝐶𝑜+3 − 𝐿]∗ → 𝐶𝑜+2 +  𝐿 ∙                  4.2 

4. Excited Co+3 complex (𝐶𝑜+3 − 𝐿) undergo ligand-to-metal charge transfer in 

presence of light (eq. 4.2). The by Co2+ ions are regenerated by reduction of the 
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Co3+ with the ligands present in the solution (possible ligands are: OH−, HO2
−, 

carboxylates, etc.).  

To prove the Photo-Fenton reaction the effect of H2O2 concentration was studied on the 

dye degradation and the respective results are shown in fig 4.24.  

 

 
 

Figure 4.24- Effect of H2O2 concentration on the time dependant MB dye degradation  

 

The degradation efficiency of MB Dye (10 ppm, 30ml) is enhanced with increase in the 

H2O2 concentration as seen in the fig 4.24, at 0.5 M H2O2 100% degradation was seen 

after 2.5 hrs. In Photo-Fenton reaction, the oxidant concentration is directly proportional 

to the number of hydroxyl radicals generated and thus increase with the H2O2 

concentration. Saturation was attained at 1M H2O2: this proves that present urchin 

coating follows Photo-Fenton reaction for dye degradation.  
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4.5 Conclusion 

Hierarchical 3D Co3O4 urchin-like particles have been synthesized in two ways: 1) PLD 

followed by thermal oxidation, and 2) wet-chemistry hydrothermal procedure.  

 

XRD, Raman, and HR-TEM analysis show that PLD urchin-like particles are developed 

by NWs (diameter: 30-60 nm and length 1-3 µm) growing radially from the surface of as 

deposited particulates, after heat treatment at 600 oC in air. These NWs are composed of 

pure Co3O4 phase. Mechanisms governing PLD urchin are tentatively attributed to stress 

induced growth process caused by difference in the thermal expansion coefficient in the 

core-shell structure of the particulates. NPs of cobalt oxide formed during initial stage of 

phase separation act as nucleating sites for the NWs growth and Co provided by the core 

sustains growth of NWs by outward diffusion-oxidation process. The stress induced 

growth of NWs is evident from the extrusion marks on the surface of the NW. In case of 

wet-chemistry hydrothermal synthesis, the urchin-like particles are hollow and the 

structure is held together by the radially oriented nanorods (40-150 nm, made by 

assembled Co3O4 NPs of size 10-30 nm).  The efficiency of these urchin-like 

nanostructures in photocatalysis was examined and compared by degradation of 

methylene blue dye via a photo-Fenton reaction in presence of H2O2 and visible light.  

PLD nanostructures displayed significantly higher (~5 times) degradation rates when 

compared to chemically synthesized urchins:  the former requires only 2.5 hrs for 

complete dye degradation as compared to the latter degrading 80 % of dye in 8 hrs. High 

surface area, enhanced stability against agglomeration, polycrystalline nature of the NWs, 

porous surface, and superior adhesion, are responsible for the enhanced photocatalytic 

activity of Co3O4  PLD urchins. Reusability tests also proved the robust nature of the 

PLD urchins. 
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Chapter 5 

 

Carbon Monoxide (CO) Oxidation by Co3O4 Nano Particles Assembled 

Thin films prepared by Pulsed Laser Deposition 

 
“No problem can be solved from the same level of consciousness that created it.” 

"Technological progress is like an axe in the hands of a pathological criminal." 

Albert Einstein… 

 

 

5.1 Introduction 

Air pollution occurs in many forms but can generally be thought of as gaseous and 

particulate contaminants that are present in the earth's atmosphere. Gaseous pollutants 

include sulfur dioxide (SO2), nitrogen oxides (NOx), ozone (O3), carbon monoxide (CO), 

volatile organic compounds (VOC), hydrogen sulfide (H2S), hydrogen fluoride (HF), and 

various gaseous forms of metals. These pollutants are emitted from large stationary 

sources such as fossil fuel fired power plants, smelters, industrial boilers, petroleum 

refineries, and manufacturing facilities. They are corrosive to various materials which 

causes damage to cultural resources, can cause injury to ecosystems and organisms, 

aggravate respiratory diseases, and reduce visibility. In this chapter we will discuss about 

one of the pollutants “CO”. 

 

Toxic character of CO, which is produced in large amounts from various sources, 

prompted early research into strategies to oxidize it at low temperatures with reactive 

forms of oxygen. The development of catalytic converters led to an extraordinary high 

number of publications on metal catalysts during the last fifty years. Due to the 

increasing price of noble metals and to remarkable progresses in oxide catalyst syntheses, 
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catalytic oxidation of CO over the oxide catalysts has recently gained an interest, and 

some oxides are known to present remarkable catalytic activity in comparison with noble 

metal catalysts. The present chapter covers the basic introduction of CO, properties, 

oxidation mechanisms of CO and literature over heterogeneous catalyst materials 

regarding noble metals and oxides. We stated here use of Cobalt oxide (Co3O4) nano 

particles (NPs) assembled coatings prepared by Pulsed laser deposition (PLD) as 

economical, efficient and stable heterogeneous catalyst for CO oxidation with an 

indigenous CO oxidation setup built in our lab.  

 

5.1.1 Carbon Monoxide (CO) 

CO is a colorless, odorless gas with a melting point of ­205.02 °C and boiling point of 

­191.5 8 °C[161]. Due to its high affinity with hemoglobin, it becomes a very toxic gas to 

humans and animals. Long-term exposure should not exceed 25 ppm in 8 h or 50 ppm in 

4 h, whereas more and more pronounced detrimental effects are observed above this limit 

up to the lethal concentration of around 650–700 ppm [162]. 

 

Huge amounts of carbon monoxide are emitted in the world (1.09 billion tons in 2000), 

mainly from transportation, power plants, and industrial and domestic activities [100].  

Carbon monoxide is also a precursor of ground-level ozone, which can trigger serious 

respiratory problems. It is not very soluble in water (23mg L­1H2O), which limits its 

elimination from air by aqueous treatments. All of these reasons render oxidation into 

CO2 is a major solution to CO reduction in air de-pollution treatments.  

 

Carbon monoxide is also a highly flammable gas; its combustion in air can occur between 

12 and 75 vol %[163]. However in most cases, CO concentration in polluted air is much 

lower, typically in the 50–50000ppm range, which means that homogeneous CO 
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combustion is virtually impossible. To achieve CO elimination, it is necessary to catalyze 

its oxidation. One of the roles of the catalyst is to concentrate the pollutant at its surface, 

which allows the oxidation reaction to proceed at a sufficient rate.  

5.1.2 CO oxidation 

The development of catalytic converters in the 1970s in the United States and in the 

1990s in Europe highlighted the exceptional activity of noble metals (Pt, Pd, Rh) for CO 

oxidation[164-167] and the specific role of oxides with a high oxygen storage capacity 

(OSC) to allow the metal to continue to work in cycled conditions[164, 168]. However, 

due to the increasing price of noble metals and to remarkable progresses in oxide 

syntheses, catalytic oxidation of carbon monoxide over oxide catalysts has recently 

gained in interest. In addition, CO oxidation can be considered an interesting probe 

reaction for oxide surface characterization. 

  

5.1.3 CO oxidation over Noble metals and Transition Metal oxides 

CO is a molecule with three resonance structures that can explain the exceptional 

adsorption properties and reactivity of this molecule on oxide and metal surfaces: 

 

 
 

Carbon and oxygen together have a total of 10 valence electrons in carbon monoxide. To 

satisfy the octet rule for the carbon, the two atoms form a triple bond, with six shared 

electrons in three bonding molecular orbitals. Since four of the shared electrons come 

from the oxygen atom and only two from carbon, one bonding orbital is occupied by two 

electrons from oxygen, forming a dative or dipolar bond. This causes a C←O 

polarization of the molecule, with a small negative charge on carbon and a small positive 

http://en.wikipedia.org/wiki/Valence_electron
http://en.wikipedia.org/wiki/Octet_rule
http://en.wikipedia.org/wiki/Triple_bond
http://en.wikipedia.org/wiki/Dipolar_bond
http://en.wikipedia.org/wiki/Chemical_polarity
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charge on oxygen (left). The other two bonding orbitals are each occupied by one 

electron from carbon and one from oxygen, forming (polar) covalent bonds with a reverse 

C→O polarization, since oxygen is more electronegative than carbon. If carbon 

monoxide acts as a ligand, the polarity of the dipole may reverse with a net negative 

charge on the oxygen end (right) [100, 169]. 

 

CO acts as a electron donor, through the 5 s orbital mainly localized on C, and as a π 

acceptor, through the anti-bonding 2π* orbital. CO can be coordinated to one (linear 

species) or several metal atoms (bridged species). According to Sheppard and Nguyen, 

five spectral ranges of CO adsorption bands can be detected[170, 171]. 

 

 νCO =1700–1800 cm_1; CO bonded to 4 metal atoms 

 νCO =1800–1920 cm_1; CO bonded to 3 metal atoms 

 νCO =1860–2000 cm_1; CO bonded to 2 metal atoms 

 νCO =2000–2130 cm_1; linear (or atop) adsorbed species 

 νCO =2130–2200 cm_1; CO bonded to ionic species of metal 

For given material, the exact position of the IR bonds depends on the nature of the metal 

site and on the particle size and morphology and also on the support [169, 171]. 

 

Catalytic oxidation of carbon monoxide (CO) to carbon dioxide (CO2) is of great 

importance in many applications such as air purification, automotive, industrial emission 

control, close cycle CO2 lasers and CO gas sensors [172-176]. Removing trace amounts 

of CO from H2 powered polymer electrolyte membrane fuel cells (PEMFCs), is of high 

importance in on-board and portable applications. CO is highly poisonous to Pt anodes 

and reduces the performance of the PEMFCs [177]. To achieve all these requirements, 

http://en.wikipedia.org/wiki/Electronegativity
http://en.wikipedia.org/wiki/Metal_carbonyl


 112 

highly active, stable and low temperature CO oxidation catalyst is an important research 

topic.  

 

Low-temperature oxidation of CO is perhaps the most extensively studied reaction in the 

history of heterogeneous catalysis. Hopcalite catalysts (mixtures of manganese and 

copper oxides) were originally developed for purifying air in submarines, but they were 

not especially active at ambient temperatures and are also deactivated by the presence of 

moisture [175, 176]. Noble metal catalysts, on the other hand, are water tolerant but 

usually require temperatures above 100 °C for efficient operation [178, 179]. Gold 

exhibits high activity at low temperatures and superior stability under moisture, but only 

when deposited in nanoparticulate form on base transition-metal oxides[171]. Other 

precious metals such as Palladium, Ruthenium, Rhodium [180, 181] were also active for 

CO oxidation. Supported noble metal catalysts on different substrate materials like Au, 

Pd, and Pt are well known for catalytic CO oxidation with high activity and stability 

[177, 180-183]. Moreover, high cost and high sensitivity of these materials has provoked 

researchers to reduce the using of the noble metals or even to replace them by alternative 

substitutes. 

 

The developments of active and stable catalysts without noble metals for low-temperature 

CO oxidation under moderate conditions remain a significant challenge. Transition metal 

oxide catalysts and mixed metal oxides have gained much attention in recent years as 

good candidates, because these are less expensive and highly active [184-190]. Among 

all transitional metal oxides, copper oxide (CuO), nickel oxide (NiO) and cobalt oxide 

(Co3O4) catalysts are active for low temperature CO oxidation [191]. Sometimes these 

materials exhibit relatively low specific activity. In particular Co3O4 has received 
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increasing attention towards CO oxidation at low temperatures [171, 187, 191, 192]. 

Depending on the preparation routes, and reaction conditions, various morphological 

Co3O4 nano structures showed various activities for CO oxidation also [110, 171, 191, 

192]. 

 

The aim of this chapter involves the synthesis of NPs assembled coatings of Co3O4 

catalysts by PLD, with detailed characterization and oxidation of CO at various 

temperatures in an indigenously built apparatus for CO oxidation. First, design, 

calibration of the CO oxidation set up discussed and then Co3O4 catalyst coatings were 

studied for CO oxidation.  

5.1.4 CO oxidation mechanism over Co3O4  

Co3O4 has a spinel structure containing Co3+ in an octahedral coordination and Co2+ in a 

tetrahedral coordination (fig 5.1a). The former is regarded as the active site for CO 

oxidation (fig 5.1 b-d, clearly visible), whereas the latter is almost inactive [171], because 

CO binds to the Co3+ site and then glides toward oxygen forming a surface CO complex 

with final formation of CO2 (fig 5.1e). The oxygen vacancy is restored by gas phase 

oxygen [171] and [193].  The catalytic activity for CO oxidation on Co3O4 is related to 

the number of the active sites on the surface and it was reported that different exposed 

planes with different shapes show variation in number of active sites and stability 

conditions for the oxidation [171]. More available active sites, small particle size and the 

high surface to volume atomic ratio, may be fundamental reasons for the enhanced 

catalytic activity for CO oxidation. 

 

 



 114 

 
 

Figure 5.1- (a), Spinel structure of Co3O4 crystal, surface atomic configurations in the 

planes (b), {001}, (c), {111} and (d), {110},  (e), A ball-and-stick model for CO 

adsorption and oxidation on the active Co3+ site[171]. 

 

5.2  Co3O4 NPs coatings prepared by PLD for CO oxidation 

The Co3O4 coatings were prepared by PLD using laser fluence 3J/cm2 at substrate 

temperature of 150 °C as described in the previous chapter (Co3O4 NPs assembled 

coatings used for MB dye degradation).  

 

 
 

Figure 5.2- SEM micrographs of Co3O4 NPs assembled coatings prepared by PLD at 

substrate temperature of 150 °C with laser fluence of 3J/cm2 
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The Co3O4 coating deposited at 3 J/cm2 is composed with well circular-shaped NPs with 

an average size of 10 nm (fig. 5.2). These particles are well distributed and densely 

arranged on the substrate surface with very low degree of agglomeration. HR-TEM 

analysis (fig. 4.3) and micron Raman measurements clearly indicated the presence of 

Co3O4 phase (fig. 4.4) as described in the chapter 4. 

5.2.1 CO oxidation set up 

An experimental apparatus is designed and optimized to study catalytic conversion of CO 

to CO2 using thin films of Co3O4 coated on glass substrates. In this set-up, an isothermal 

plug-flow cylindrical reactor was used with a catalyst having ten stainless steel holders to 

accommodate planar substrates coated with catalyst film. This reactor allows the gas 

streams to flow perpendicular to the catalyst surface in order to utilize the entire area of 

the thin film catalyst with minimal pressure drop. 

 

Fig 5.3 a, and b shows the schematic diagram and actual set-up of the CO oxidation 

apparatus, respectively. The system is mainly made of the stainless steel reaction 

chamber (reactor) with sample holder, gas cylinders, mass flow controllers, and safety 

valves for CO gas, tubular furnace, gas chromatographer (GC), on–off valves, stainless 

steel tubing and a computer to quantify the measured gases. 

 

Gas inlet system: Ar, O2 and CO gases with specific compositions can be introduced in 

the reactor by controlling the flow rate of these gases using separate mass flow 

controllers from MKS. Mass flow controller 1179 B connected to single channel PR 

4000B-S read out–set point control with a scale of 200sccm is used for the Ar gas carrier, 

while two mass flow controllers 1179 B connected to a dual-channel PR 4000B-F read 
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out–set point control with a scale of 20sccm are used for O2 and CO. Swagelok 6 mm 

connectors are used at the input and output end of MKS MFC.  

 

 
 

 
 

Figure 5.3- (a) Schematic diagram and (b) actual set-up of the CO oxidation apparatus. 
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A special safety valve is connected between the principle valve of the CO cylinder and 

MKS mass flow controller to ensure the safety conditions during the handling of CO. 

This valve only functions when sufficient argon gas flow is introduced into the reactor. 

The set gas composition is verified by the GC before introducing in the reactor. 

 

Reaction chamber: The reactor chamber (reactor) was designed and built in a unique 

way in our laboratory. It is designed in such a way to hold set of some planar samples of 

size 21 mm × 26 mm. The reactor is cylindrical in shape with a height of 4 cm and a 

cross-sectional area of 9 cm2. Within this chamber, a circular sample holder with ten 

compartments for the samples is stacked one above the other. The glass slides of 

dimensions 21 mm × 26 mm can be loaded in the reactor as shown in fig 5. 4a, and the 

gas flow in the reactor is as shown in fig 5.4b. This design of the sample holder and the 

gas flow mechanism allow the entire surface of the catalyst to be utilized for the CO 

oxidation reaction. The gas is introduced from the top of the reactor perpendicular to the 

first glass slide loaded in the reactor. The all-metal sealing of the reaction chamber is 

ensured by a Cu gasket.  

 

To maintain the temperature during the measurement, the reactor is introduced in the 

vertically positioned Gerotherm furnace (fig 5.3a) with the help of a pulley system. The 

heating module consists of oval CrFeAl heating coils which are embedded in a ceramic 

fiber module. The heating tube of the furnace consists of a 100 mm diameter ceramic 

tube with a total length of 355 mm with a heating zone 200 mm wide. The temperature 

program of the furnace is configured using a Eurotherm 3216 temperature controller. A 

stainless steel plate attached above the reactor is exactly on the top of the furnace to 

ensure that there is no heat dissipation. This stainless steel plate is constructed with water 

http://iopscience.iop.org/0957-0233/24/12/125901/article#mst481931f2
http://iopscience.iop.org/0957-0233/24/12/125901/article#mst481931f2
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cooling provision so that there is no heat conduction process in the remaining stainless 

steel tubing of the system outside the reactor. 

 

 
 

Figure 5.4- (a) 3D view and (b) side view of the reaction chamber with gaseous flow. 

 

Gas outlet and analysis set-up: The gas coming out of the reactor is connected to the 

exhaust and micro-GC using a T connector (fig 5.4a). The micro-GC (3000 Agilent) uses 

self-contained GC modules, each consisting of a heated injector, sample column, 

reference column, flow control valve and a thermal conductivity detector. The 

chromatograph equipped with a TDX-01 carbon sieve column, was operated with a 

column temperature of 110 °C. Gas mixtures are introduced through a 1/16 inch 
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Swagelok connection to the inlet on the front panel. Ar is used as a carrier gas for micro-

GC 3000. A separate Ar cylinder is used in order to connect it as carrier gas to the GC. 

The instrument is first calibrated for 5% CO, 5% O2 and 5% CO2 in Ar. The micro-GC is 

connected by a standard LAN cable to a computer. The Agilent 3000 control software 

handles all experimental settings, data collection and data analysis. In order to protect the 

GC, a safety valve (SS-6C-MM-1/3) is connected between the outlet and the GC with a T 

connector. This valve opens automatically if the pressure of gas at the outlet increases 

over 20 mbar above atmospheric pressure. The outlet of this safety valve is directly 

connected to the exhaust. 

The entire system of CO oxidation is enclosed in a hood with appropriate aspiratory 

conditions. The complete system is interlocked such that all the electrical devices (flow 

controller, furnace, safety valves, GC etc) will be operational only when the aspiration 

hood is functioning. 

5.2.2 CO oxidation measurements 

This apparatus was tested for CO to CO2 conversion in the presence of Co3O4 NPs 

coating at various temperatures. The Co3O4 catalyst was synthesized by PLD (chapter 2, 

section 2.3.2) in the form of thin films over a glass substrate of size 21 mm × 25 mm. 10 

such films were prepared and loaded in the slots of the sample holder in the reactor. The 

total weight of the catalyst was around 3 mg. After sealing with the Cu gasket, the reactor 

was lowered in the furnace with the pulley. Ar gas was flushed through the reactor for 1 h 

to remove ambient gas. This was verified by measuring the O2 gas signal in the micro-

GC. Later, the furnace was heated up to 150 °C with a heating rate of 4 °C min−1 and 

maintained for 30 min in order to remove any moisture adsorbed on the surface and the 

furnace was cooled to room temperature. 
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5.2.3 Effect of temperature on CO conversion 

A gas mixture of 1 vol. % CO (0.3 ml min−1), 20 vol. % O2 (6 ml min−1) and 79 vol. % of 

Ar (27.3 ml min−1) with a total flow rate of 30 ml min−1 was introduced into the reactor 

using the mass flow controllers: the flow rate corresponds to a high gas hourly space 

velocity of 692 L g−1 cat−1 h−1. Once the established values of CO and O2 were reached, 

the temperature was set to the required value and then catalytic activity was tested by 

measuring the inlet (CO, O2) and out let (CO, O2, and CO2) with micro-GC. The 

quantitative analysis is performed by numerically calculating the area under the micro-

GC peaks, to determine the concentration of gases with respect to the calibration curve 

created before the start of the measurement with known concentration gases.  

 

 
 

Figure 5.5- Percentage of CO conversion measured at various temperatures for 

Co3O4 thin films prepared by PLD. 

 

The amount of CO conversion was studied by decreasing, step-wise, the isothermal 

conditions starting from 300 to 75 °C with a step of 25 °C (fig 5.5) and collecting each 

http://iopscience.iop.org/0957-0233/24/12/125901/article#mst481931f3
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data 30 min after the set temperature was stabilized. This clearly shows that at 300 °C 

complete oxidation of CO is obtained on the catalyst thin film. At 250 °C the catalytic 

activity was tested for longer times of operation and is reported in fig 5.6.  

 

 
 

Figure 5.6- CO conversion catalytic activity, at 250 °C, of Co3O4 thin films prepared by 

PLD 

 

It can be seen that at 250 °C, above 90% of CO conversion is achieved and this efficiency 

is maintained for a long period of time (testing made up to 100 h). This proves a good 

stability with the present NPs assembled Co3O4 coatings. Most importantly, the catalytic 

activity remains unchanged for three runs of reaction. The effect of decreasing 

temperature (from 250 °C to 175 °C) on CO conversion was also investigated and the 

respective percentage conversion values are reported in table 5.1. From the table it is 

clearly visible that CO conversion is proportional to the temperature. Since it is well 

known that the experimental parameters, such as pre-heating treatment, amount of 

catalyst, CO concentration, and flow rate are crucial for CO conversion, thus representing 
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the conversion of CO in terms of specific rate (μmol/s/gcat) [185] and [194] offers a more 

appropriate means to compare the catalytic activity of different catalysts. It is observed 

that the specific rate of CO conversion is proportional to temperature of the reaction. At 

250 °C, the specific rate of reaction is about 79.83 μmol/gcat/s and the corresponding 

specific rates for different temperatures are shown in the table 5.1.  

 

Table 5.1- Percentage conversion and specific rates (μmol/gcat/s) for CO oxidation 

performed at different temperatures in presence of Co3O4NPs assembled coating (2.6 mg) 

prepared by PLD (3 J/cm2). 

 

S. No. Temp. (°C) Conversion (%) Specific rate (μmol/g
cat

/s) 

1 250 93 79.83 

2 225 63 54.08 

3 200 30 25.75 

4 175 06 5.15 

 

5.3 Conclusions 

This PLD coating of Co3O4 showed above 90% conversion efficiency of CO to CO2 at 

250 °C with very high specific rate. Small average size (5–20 nm), narrow size 

distribution, perfect spherical shape, low degree of agglomeration and nanocrystalline 

phase are the main factors responsible for the enhanced catalytic activity of the Co3O4 

NPs assembled coating synthesized by PLD. The total conversion of CO to CO2 occurs in 

the range of 250-300 °C. In spite of little higher temperature of CO conversion, the 

proposed PLD coatings shows very high stability towards the activity for very longer 

times. This is very appreciable and our further immediate step will be to reduce the 

temperature of CO oxidation maintaining the catalytic for longer times. Finally this will 

be good step to achieve better designs and materials towards sustainable CO oxidation.    

 

 

http://www.sciencedirect.com/science/article/pii/S0169433213020436#tbl0005
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Chapter 6 

 

Conclusion and future work 

 

 

6.1 Conclusions  

H2 production from NH3BH3 and NaBH4 was studied through the hydrolysis reaction. 

Hydrolysis was carried with the use of highly active, low cost Co–B powder to generate 

H2 from NH3BH3. With Co-B nanoparticles supported over various mesoporous silica 

particles MCM-41, FSM-16 and SBA-15, the catalytic activity was highly enhanced with 

respect to unsupported Co-B. The role of each porous material in the enhanced catalytic 

activity was investigated with various characterization techniques. After that, Co3O4 nano 

particles assembled coating (NPAC) prepared by pulsed laser deposition (PLD) as 

immobilized catalyst was tested for hydrolysis of NaBH4. Co-B@SBA-15 silica was 

found to be most active catalyst that produces the expected amount of H2 gas 

(1900 ml/min/g of Co-B catalyst), a value that is higher than that measured with Co-

B@MCM-41 (∼1150 ml/min/g of Co-B catalyst), Co-B@FSM-16 (∼1200 ml/min/g of 

Co-B catalyst) and bare Co-B powder catalyst (~360 ml/min/g of Co-B catalyst).   

 

Spinel cobalt oxide (Co3O4) coatings prepared by PLD were studied for heterogeneous 

catalysis in organic pollutants degradation and CO oxidation measurements. The Co3O4 

coatings in the form of NPs with various sizes were tested for methylene blue dye 

degradation and showed that with smaller NPs the photocatalytic activity is higher. Then 

we have developed a new morphological coatings like 3-D hierarchical urchin structures 
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by PLD, followed by thermal oxidation. These structures showed a very excellent activity 

in methylene blue dye degradation as compared to the nano particle assembled coatings 

(NPACs) and the same kind of structures prepared by chemical method. The 

photocatalytic activity of the new form of Co3O4 is 5-6 times higher than the Co3O4 

NPACS and chemically prepared structures of the same. Importantly, the new form of 

Co3O4 is highly stable and reusable for at least 10 times. 

 

The Co3O4 NPACs were also used to study the CO oxidation reaction. For that, we have 

developed an indigenous CO oxidation set up in our lab and the set up was calibrated and 

optimized. The results obtained here are quite impressive in terms of stability and activity 

as compared to the powder catalyst reported in the literature.  

The highlights of the whole activity is as, 

 

1. Power catalysts are less stable, shows deactivation with time and it is not easy to 

recover or reuse them. To avoid these problems we have chosen PLD as the best 

technique to prepare the catalysts in the form of coatings and we proved that this 

method gives relevant results in various applications as compared to other 

deposition techniques. 

2. The catalyst coatings prepared by PLD are very active, stable and, interestingly, 

by this method we use only very less amounts of catalyst as compared to all other 

techniques. Here we can modify the catalyst properties as we require and this 

technique helps to prepare other morphology structures when combined with 

simple thermal oxidation process. 
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6.2 Future work 

Most of the efforts in the future can be devoted to improvement and development of new 

catalyst materials. The results in this thesis provide several lines of research which should 

be pursued. 

 

 3-D hierarchical urchin structures prepared by PLD and thermal oxidation will be 

studied by in-situ and ex-situ X-ray absorption spectroscopy (XAS) analysis 

combined with imaging techniques to understand the growth mechanism. 

 3-D hierarchical structures of other metal oxides will be studied with doping or 

without doping. Chemical methods will also be used to prepare the urchin 

structures and simultaneously search for methodologies to make them stable and 

active for longer times. 

 The 3-D hierarchical structures will be studied for hydrolysis reactions of 

NH3BH3 and NaBH4, for organic pollutants degradation and CO oxidation. 

 Since we have seen that the Co3O4 coatings exhibit efficient results for hydrolysis, 

water purification and CO oxidation, now look for the Co3O4 NPACs and 3-D 

urchin structures prepared by PLD for stable and efficient water oxidation 

measurements.  
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