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Abstract
 Energy conversion and storage are two important components of any energy economy. Among the energy conversion devices fuel cells have received considerable attention. The efficiency of a fuel cell depends on the dispersion of noble metal catalysts in the anode. The methodogies employed for effective dispersion of noble metals on carbon substrates are discussed. Hydrogen storage in carbon materials as well as in alanates is being examined as possible options. The status of these efforts is examined in this presentation.
Part 1. The role of nanotubes and nanorods in energy conversion
1.1. Introduction
There is considerable current interest in developing nanostructured materials [1], as they find potential application in various fields of materials research, mainly in the field of electronics [2], optics [3], catalysis [4] and energy systems [5]. They are also employed in biosensors [6] and in self-assembly of supramolecular structures [7].  Nanotubules, nanorods composed of conductive polymers, metals, semiconductors, and carbons have been prepared by using different methods [1]. Tubular and fibrillar with tube and rod shape morphology nanostructures can be assembled in a variety of architectures, for different applications. The use of nanomaterials in energy conversion and energy storage has been studied extensively in recent times. The preparation of nanomaterials and their application is the state of art in nanotechnology.

Fuel cells, as devices for direct conversion of the chemical energy of a fuel into electricity by electrochemical reactions, are among the key enabling technologies for the transition to a hydrogen-based economy. Among the various types of Fuel cells, Direct methanol fuel cells (DMFCs) are considered to be promising choice to solve the future energy problem because of their high energy conversion efficiency, low pollutant emission, low operating temperature, and simplicity of handling and processing of liquid fuel [8]. Electrocatalysts with higher activity for methanol oxidation at room temperature are critically needed to enhance their performance for commercial device applications. Considerable interest has been devoted in recent years [9] to develop suitable electrode materials for methanol oxidation for the possible application in direct methanol fuel cells (DMFC). One of the major problems for the efficient conversion of methanol fuel to electric current in a DMFC is the slow methanol oxidation kinetics on the anode catalyst. This is mostly due to self-poisoning of the surface by reaction intermediates such as CO, which are formed during stepwise dehydrogenation of methanol [10]. Pt, the standard catalyst for the oxidation of small organic molecules including methanol, is rather active for the dehydrogenation step, but suffers seriously from CO poisoning. Therefore, methanol oxidation on Pt is possible only at potentials where adsorbed CO and other poisoning intermediates are effectively oxidised, leading to a significant overpotential and loss in efficiency. This problem necessitates the search for Pt based catalysts. Therefore number of other catalyst systems has been investigated for their suitability as methanol oxidation catalysts such as PtRu [11], PtSn [12], PtMo [13] or PtCo [14]. The origin of the superior activity of PtRu over other catalysts is the improved CO tolerance of the PtRu catalyst compared to the other systems. So, ternary and higher PtRu based catalysts such as PtRuOs [15] PtRuSn [16] PtRuW [17] PtRuSnW [18] or PtRuOsIr [19] have also been investigated for methanol oxidation. Another slightly different approach involved, is the use of transition metal oxides [20] along with Pt or Pt–Ru as the catalyst which were shown to have enhanced catalytic activity for methanol oxidation compared to that of Pt or Pt–Ru, but still not good enough for commercial applications. It has been proposed that the respective oxides not only increase the dehydrogenation of methanol but also have shown to be active sites for the formation of oxy species [21]. Though, Pt–WO3 catalyst delivers higher performance and stability than pure Pt, the activity for methanol oxidation is still relatively low. The probable reason for this could be the poor utilisation of the catalyst, which is due to the larger particle size (150–200 nm) which form agglomerates [20].

Supported metal catalysts play an important role in many chemical reactions. The support enables the metal particles to be well dispersed for their better utilisation and efficiency. This is particularly important with expensive metal catalysts such as platinum. The most widely used supports are carbon, SiO2, Al2O3, TiO2 and zeolites. Though carbon is the only electronically conducting support that has been widely used for this purpose, polymers like polyaniline, polypyrrole (PPY), poly(3- methyl)thiophene, poly(3-ethylenedioxy)thiophene and composites based on these polymers have also been studied for such applications. In recent years, nanostructured conducting materials like carbon nanotubules, nanofibers and mesoporous carbon have been used as supports for Pt catalysts in a variety of chemical and electrochemical applications. 

The discovery of carbon nanotubes by arc-discharge process (CNT) by Iijima in 1991 [22] created much excitement and stimulated extensive research into the properties of nanometer-scale cylindrical carbon networks. Carbon nanotubes are becoming technologically important materials with proposed uses ranging from nanoelectronic devices [23] to catalytic [24] for reactions such as those important in hydrogen storage materials [25] and in fuel cells [26]. But one of the primary challenges in the synthesis of carbon nanotubes is the control of the size, shape and the purity of the resulting carbon nanostructures. Tubular carbon materials have also been prepared by the catalytic decomposition of organic vapours such as acetylene, ethylene or propylene on catalysts such as Co [27], Ni, LaNi5 [28] in an inert atmosphere and template carbonisation of polymers [29] and hydrocarbon [30] to circumvent some of the difficulties experienced in arc-discharge process. The template aided synthesis of carbon nanotubes and other nanomaterials takes into consideration the above-mentioned factors as the growth of nanotubes or nanoparticles is arrested due to the restricted dimensions imposed by the template. Recently Bessel et al. [31] have reported methanol oxidation of Pt supported on graphite nanofibres and compared with the activity of Pt supported on Vulcan XC72 carbon. It has been shown that the Pt supported on graphite nanofibres not only exhibited higher activity but also better stability.

WO3 act as a support for platinum catalyst in direct methanol fuel cells (DMFC) has been shown to have better electrocatalytic activity for methanol oxidation. Enhanced dehydrogenation of methanol by the tungsten bronzes that are formed from tungsten oxides and oxophilic nature of WO3 are the reasons for using WO3 as a support.  The unique physical properties of one dimensional nanostructure open opportunities for various important catalytic reactions since such nanostructures provide a high surface area.  Hence, recent interest has been focused on the development of new synthetic routes for the preparation of WO3 and WO3-x nanorods. A variety of methods such as electrodeposition, electrochemical etching, vapour deposition, organic or inorganic routes by wet chemical methods are reported for the synthesis of tungsten oxide nanorods [32]. The starting materials used for the synthesis of tungsten nanorods are bulk WO3, some precursor compounds such as W(CO)6, Na2WO4 or the tungsten metal.  For instance, Lou and Zeng have used Na2WO4 as the precursor to form WO2.72 nanorods [33].  Pol et al. adopted the thermal dissociation of WO(OMe)4 at 700(C to give W18O49 nanorods followed by annealing at 500(C to synthesize WO3 nanorods [34].  Gillet et.al. reported the vapour deposition of WO3 thin layer predeposited on SiO2 substrate to form the nanorods [35].

       In order to decrease the Pt loading and to increase the specific surface area of the catalyst, most of these materials are supported on carbon, conducting polymers and oxides. The nature of carbon, their functionalities and the method of preparation of the catalyst on the carbon has pronounced effect on the electrocatalytic activity of methanol oxidation. Nanotubules and nanofibrils of conductive polymers have enhanced electronic conductivity and charge transport properties, compared to the conventionally synthesised polymer. The recent interest has been focused on the development of new synthetic routes for the preparation of WO3 and WO3-x nanorods.
1.2. Objective
In order to maximise the utilization of Pt and to increase the stability of the catalyst for methanol oxidation, the following aspects have been studied.
1. Carbon nanotubes have been synthesised by template method. The sysnthesised nanotubes have been used as the support for Pt–WO3, Pt–Ru and Pt.
2. Pt supported on well aligned array of nanostructures of conducting polymers (polyaniline, polypyrrole, poly (3-methyl) thiophene) with variation in their morphology has been designed and the catalytic activity of these systems has been evaluated.
3. A single step preparation of WO3 nanorods by direct pyrolysis method has been developed and the nanorods are employed as support for Pt.
These synthesized materials have been characterized with various techniques like XRD, SEM, Raman, TEM and HRTEM and used as the electrode material for methanol oxidation and the activity was compared with that of the commercially available E-TEK carbon supported 20% Pt and Pt–Ru and bulk Pt electrodes. 

1.3. Experimental
1.3.1.1. Synthesis of carbon nanotubes

The polypyrrole (PPy) coatings were applied by a reaction coating approach by suspending alumina template membrane in an aqueous pyrrole (0.1 M) solution containing 0.2 M ferric chloride hexahydrate and slowly 0.2 M p-toluene sulphonic acid was added and polymerisation was carried out for 3 h. This leads to the black coating of polypyrrole on the template membrane. The surface layers were removed by polishing with fine alumina powder and ultrasonicated for 20 min to remove the residual alumina used for polishing. The other method with polyphenyl acetylene as carbon precursor, the polyphenyl acetylene was prepared by photoinitiation of phenylacetylene by W(CO)6 (Fluka). The polyphenyl acetylene/alumina composite was prepared by adding 10 mL of 5% w/w polyphenyl acetylene (in dichloro methane) to the alumina membrane (Whatman, 200 nm pore diameter, 60μm thick, 17.34 cm2) and applying vacuum from the bottom. The entire polymer solution penetrates inside the pores of the membrane by the suction applied as shown in Fig 1.1. The solvent was evaporated slowly, and the membrane was dried in a vacuum at 373 K. for 10 min. The composite was then polished with fine alumina powder to remove the surface layers and ultrasonicated for 20 min to remove the residual alumina used for polishing. The membrane was then dried and placed in quartz boat and carbonised in Ar atmosphere (at different temperatures and time intervals). The resulting curled carbon/alumina composite was immersed in 48% HF for 24 h to remove the template. The residue was thoroughly washed with water to remove the HF and dried.
[image: image33.png]17 A
WW“WM%\HY»’WF R
}‘H‘,

Nl

;L

t " N 7

‘ wm.mw‘.-«www’\”
e

s 100 10 20 20 a0 0 40

Temperatue [ ° |




Figure 1.1. The pictorial representation of synthesis of carbon nanotubes based on carbonization of polyphenyl acetylene.
1.3.1.2. Synthesis of nanotubules and nanocones of conducting polymers:

In a typical synthesis, a 2.5 cm2 rectangular strip of commercially available uncatalysed carbon coated carbon cloth (E-TEK) was coated with 30 μl of 5 wt% Nafion as a thin layer. The Nafion coated area was 0.3 cm2 and the remaining area was insulated. The alumina membrane (60 μm thick, 200 nm pore diameter and 65% porosity) obtained from Whatman Anapore pore filters was placed on the Nafion coated carbon cloth (CC) and hot pressed at 393 K for 2 min at a pressure of 50 kg cm-2. This configuration was designated as CC/Naf/Al2O3. The area of the working electrode, after taking into account the porosity of the template, was found to be 0.195 cm2. The electro polymerization of aniline was carried out by potentio-dynamic method in 0.1 M aniline and 1 M H2SO4. The potential was swept between -0.2 and +1.0V at a scan rate of 50mV/s. The electropolymerisation of pyrrole was carried out in acetonitrile medium using 0.05 M pyrrole and 0.1 M tetrabutylammonium tetrafluoroborate in galvanostatic mode, by applying a current density of 75 mA cm-2.  The electropolymerization of 3-methyl thiophene was carried out in acetonitrile, using 0.1 M 3-methyl thiophene and 0.2 M tetrabutyl ammonium tetrafluoborate, in the potentiodynamic mode by sweeping the potential between 0.1 and +1.6 V versus Ag/AgCl at 200 mV/s. The charge passed between 1.3 and 1.6 V was recorded and denoted as polymerization charge. The charge passed for the polymerization in the present investigation was 600 mC/cm2.
1.3.1.3. Preparation WO3 nanorodes
The precursor compound, tetrabutylammonium decatungstate ((C4H9)4N)4W10O32 was synthesized as described elsewhere [36] by mixing solutions of 16g of Na2WO4.2H2O in 100 mL of water and 33.5 mL of 3M HCl. The resulting clear yellow solution was precipitated by addition of an aqueous tetrabutyl ammonium bromide (6.4 g /10mL). The white precipitate was filtered, washed with boiling water and ethanol, dried with diethyl oxide, and then recrystallized in hot dimethyl formamide to give yellow crystals. The thermo gravimetric analysis revealed that the cation content in the compound is 29.0% (calculated value: 29.2 %). The synthesis of tungsten oxide was carried out using a tubular furnace at 750 ºC with a heating of 25 ºC per min.  For a typical synthesis, 1 g of the precursor was placed in an alumina boat and it was introduced into the furnace under an argon atmosphere and pyrolyzed for 3h. Then it was gradually cooled to room temperature to obtain a blue powder. The total yield of the obtained material was 71% by weight (relative to the starting material).  

1.3.1.4. Loading of metal(s) nanocluster inside the support
Pt or PtRu nanoclusters were loaded inside the CNT as follows, the C/alumina composite obtained (before the dissolution of template membrane) was immersed in 73 mM H2PtCl6(aq) or in a mixture of 37 mM hexachloroplatinic acid and 73 mM ruthenium chloride for 12 h. After immersion the membrane was dried in air and the ions were reduced to the corresponding metal(s) by a 3 h exposure to flowing H2 gas at 823 K. The underlying alumina was then dissolved by immersing the composite in 48% HF for 24 h. The membrane was removed from the HF solution and treated in the same way as for unloaded CNT to remove residual HF. These processes result in Pt or Pt–Ru nanocluster loaded CNT.

1.3.1.5. Loading of WO3 inside carbon nanotubes

The carbon/Alumina composite was immersed in peroxo-tungstic acid solution (obtained by dissolving W metal powder in 30% H2O2, followed by the decomposition of excess H2O2 using platinised platinum and the concentration of peroxo-tungstic acid with respect to W was 0.1 M) between 24 and 48 h. The material was ultrasonicated for 5 min to remove any precipitate which is formed on the composite (polymeric form of tungsten oxides may be precipitated on prolonged standing). The immersion leads to the penetration of peroxo-tungstic acid inside the pores of composite. The composite was then dried in air at room temperature for 1 h and heated at 723 K for 4 h, which results in the formation of WO3. The WO3 incorporated carbon nanotube (WO3/CNT) was collected by dissolving the template (Alumina membrane) in 48% HF for 24 h. The residue was completely washed with de-ionised water several times to remove the HF.

1.3.1.6. Loading of Pt/WO3 inside carbon nanotube

The WO3/Carbon/Alumina composite was immersed in 73 mM H2PtCl6 for 48 h dried and reduced at 623 K for 4 h in H2 atm. The alumina membrane was dissolved in 48% HF for 24 h. It was then repeatedly washed with de-ionised water to remove HF, dried in air at 333 K to obtain Pt/WO3 incorporated CNT. The schematic representation of synthesis of WO3 and Pt-WO3 loaded carbon nanotube has been shown in scheme 1. 
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Scheme 1.  Schematic representation of synthesis of WO3 and Pt-WO3 loaded carbon nanotube by carbonization of carbon precursor using alumina membrane as template. 

1.3.1.7. Loading of Pt inside conducting polymer nanostructures
The platinum was electrodeposited by galvanostatic square wave (GSW) method in 1% H2PtCl6 and 0.5 M H2SO4. A current density of 50 mA/cm2 was applied for a total period of 2–8 min in order to vary the loading of Pt on the matrix. The pulse (50 mA/cm2) was applied in start–stop intervals of 10 s each, till the corresponding total period is reached, which is between 2 and 8 min. The whole process of Pt deposition was done before the dissolution of the alumina membrane.  The resulting configuration is designated as CC/Naf/Al2O3/PANITemp-Pt, CC/Naf/Al2O3/PPYTemp-Pt and CC/Naf/Al2O3/PMTTemp-Pt. The alumina membrane was completely removed by immersing the composite in 0.1 M NaOH for 15 min. It was then repeatedly washed with deionised water to remove the residual NaOH. It was subsequently immersed in 1% HBF4 for 10 min and again washed with deionised water to retrieve the original polymer characteristics. The composites after the dissolution of the template were designated as CC/Naf/PANITemp, CC/Naf/PPYTemp, CC/Naf/PMTTemp and CC/Naf/PPYTemp-Pt. CC/Naf/PMTTemp-Pt. The template free Pt incorporated conducting polymer on carbon cloth was prepared by an identical electrochemical step mentioned above. 

1.3.1.8. Removal of template

The alumina membrane from CC/Naf/Al2O3/PMTTemp and CC/Naf/Al2O3/PMTTemp-Pt was removed by immersing the composite in 0.1 M NaOH for 15 min. The composite after the dissolution of the template was repeatedly washed with deionized water to remove the residual NaOH. It was subsequently immersed in 1% HBF4 for 10 min and then washed with deionized water again. The composite after the dissolution of the template was designated as CC/Naf/PMTTemp and CC/Naf/PMTTemp-Pt. A similar experimental condition was adopted to prepare the template-free Pt incorporated poly(3-methyl) thiophene on carbon cloth. The electrode was designated as CC/Naf/PMT-Pt.
1.3.1.9. Determination of platinum

The platinum content on the electrode surface was analyzed by inductively coupled plasma atomic emission spectrometer (ICP-AES, model 3410 ARL), after calibrating with a standard solution of Pt. The Pt was extracted from the electrode by boiling in aqua regia.

1.3.2. Electron Microscopy Study 

The HR-TEM of the carbon nanotubes prepared after the carbonization at 1173 K for 4 h shows hollow tubes (Fig 1.2.) with slight deformation in the end of the tube, probably caused by the ultrasonication and vigorous HF treatment. Micrograph also indicates the formation of a cylindrical, monodisperse tube, which is hollow and transparent, indicating that the wall of the tube is thin and the open end of the tube can be utilized to load the particles. The outer diameter of the tube is almost 200 nm, which corresponds to the channel diameter of the template used (also seen is a layer of amorphous carbon on the wall of the tube). Though the carbon tubes produced by this method are not completely graphitic in nature, as those produced by arc-discharge process are, their disordered structure is quite typical of fibers or nanotubes produced by decomposition of hydrocarbons, as is evident from the amorphous carbon on the wall of the carbon nanotube. 
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Figure 1.2.a. HR-TEM images of carbon nanotube obtained by the carbonisation of polypyrrole at 1173 K for 4 h (a & b).  2b. HR-TEM images of loaded carbon nanotubes obtained by the carbonisation of polypyrrole at 1173 K for 4 h (a) Pt loaded CNT (b) and (c) Pt–Ru loaded CNT and (d) Pt–WO3 loaded CNT.

The HR-TEM of Pt, Pt-Ru, and Pt-WO3 loaded nanotubes reveals that the particles are highly dispersed inside the nanotube, with average particle sizes of 1.2 nm for Pt, 3 nm for Pt-Ru, and 10 nm for Pt-WO3. This also demonstrates that the open end of the tube has been effectively utilized to load the particles. 

The template and conventionally synthesised conducting polypyrrole (with and without Pt) projected from the carbon cloth are shown in Fig.1.3. It is evident from Fig. 1.3a that the uniform, cylindrical, monodisperse nanotubules of PPY after the removal of the template are projecting perpendicularly to the carbon cloth. These tubes are uniformly distributed in a regular array on the carbon cloth with an outer diameter (200 nm) that almost matches the pore diameter of the template. Fig. 1.3b shows the picture of the conducting polymeric tubules taken at a tilted angle, in a different region. It is evident from the image that the density of the nanotubules is quite high, in all the regions. The open ends of the uniform nanotubules are clearly seen in this image. Fig. 1.3c shows the high-resolution transmission electron micrograph (HR-TEM) of Pt incorporated template synthesized polypyrrole. Though the nanotubules are clearly seen, the Pt particles are not visible due to the thickness of the wall of the tubules. In order to demonstrate the presence of embedded Pt, electron diffraction was recorded and is presented as an inset in Fig. 1.3c. The diffraction patterns of the Pt embedded particles are seen as number of concentric rings (these rings can be indexed from the inside as 111, 200, 220, 311 reflectance for fcc Pt) which demonstrated that the Pt particles are finely dispersed inside the nanotubules. The SEM image of the conventionally synthesised polypyrrole on Nafion coated, uncatalysed carbon cloth is shown in Fig. 1.3d. The morphology of the PPY as it is reflected from Fig. 1.3d shows the non-uniform agglomerates of polypyrrole on the carbon cloth. The inset of Fig. 1.3d shows the Pt deposited conventionally synthesized polypyrrole on carbon cloth. Large numbers of spherical and dense agglomerates of Pt crystallites are seen from the image. 

[image: image5.emf]
Figure 1.3. (a–b) SEM images of Pt free CC/NAf/PPYTemp. (c) HR-TEM image of CC/Naf/PPYTemp-Pt and inset shows the electron diffraction pattern of Pt nanoparticles. (d) SEM image of CC/Naf/PPY and inset shows SEM image of CC/Naf/PPY/Pt.

Figure 1.4 shows the HR-TEM images of template-synthesized poly(3-methylthiophene) with a polymerization charge of 300 mC/cm2, over 375 s. It is quite interesting to see completely the unusual nanocone morphology of the poly(3-methylthiophene).[37] Figure 1.4a distinctly shows a well arranged hollow cone-in-cone and cone-over-cone structure. Figure 1.4b shows clearly the open end of one cone and the apex inserted into the next cone, with the outer diameter of the nanocone almost matching with the pore diameter of the template used (200 nm). These bunches of nanocones are distributed throughout the carbon grid as revealed from Figure 1.4c. The average nanocone length was found to be 1.6 μm, though the growth of a single nanocone can take place over the entire width of the membrane. The scanning electron micrograph, shown in Figure 1.4d, of poly(3-methylthiophene) synthesized by template-free method reveals rather a dense agglomerated globular morphology. The nanocone morphology did not change significantly when the polymerization charge was changed from 300 (300 s) to 600 mC/cm2 (750 s), but a deformation in the nanocone was observed when the polymerization charge was further increased to 700 mC/cm2 (875 s). When the polymerization charge was further increased to 1000 mC/cm2, a dense deposit of poly(3-methylthiophene) resulted, with only few nanocones projecting from the carbon cloth substrate. This revealed that there is an optimum range of charge, beyond which the nanocone morphology is not retained. However, the variation of the monomer concentration between 10-2 and 0.1 M did not alter the nanocone morphology much. 
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Figure 1.4. Electron micrographs of template-based and template-free poly(3-methylthiophene): (a-c) HR-TEM images of template-based poly(3-methylthiophene) nanocones; (d) SEM of template-free poly(3-methylthiophene). The charge used for the polymerization was 300 mC/cm2. 

Even though the template synthesis is normally expected to direct the growth of the polymer in tubular form, in the past other geometries have also been observed: such as pancake, nanoplug, and others [38]. The exact mechanism of the nanocone formation is not yet known.  Figure 1.5.1.a shows the SEM image of WO3 nanorodes and (1.5.1.b and c) represents low magnification TEM images showing the nanorods of WO3. The dimensions of the nanorods vary in ranges 130-480 nm and 18-56 nm of length and width respectively.  The inset of Figure 1.5.1.b presents the electron diffraction pattern of WO3 nanorods exhibiting line like patterns and this indicates the crystallinity of WO3 .  The high resolution TEM image of a nanorod is illustrated in Figure 1.5.1.d.  The lattice structure can be seen clearly and the lattice fringes calculated are about 0. 375 nm, corresponding to the interplanar spacing of (020) planes of monoclinic WO3. This observation matches with the XRD results (JCPDS card no. 75-2072).  The TEM image of Pt/WO3 nanorods shown in Fig. 1.5..2. shows that the Pt on WO3 nanorods exhibiting resolved lattice fringes correspond to the (111) plane of Pt [39] . 
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Figure  1.5.1. (a) SEM image of nanorods (b) low-resolution TEM image of nanorods, inset selected area diffraction, (c) TEM showing isotropic rods and (d) HRTEM showing the lattice fringes corresponding to (020) lattice plane of WO3

Figure 1.5.2.  TEM image of Pt/WO3 nanorods, exhibiting resolved lattice fringes correspond to the (111) plane of P on WO3 .
1.3.3. Evaluation of methanol oxidation activity of prepared nanomaterials

Three electrodes cell consisting of the Glassy Carbon (0.07 cm2) working electrode, Pt foil (1 cm2) counter electrode and Ag/AgCl electrode as the reference electrode was used. The H2SO4 and CH3OH were used as the electrolyte and polariser, respectively. The stability of the electrodes was evaluated from current–time plot by polarising the electrode at particular potential with respect to time in 1 M H2SO4 and 1 M CH3OH.   To determine electrochemical surface area, voltammogram was run in 5 mM K4[Fe(CN)6] (probe molecule) in 0.1 M KCl at a scan rate of 50 mV/s. The electrochemical surface area has been evaluated from the peak current and by using the diffusion coefficient of K4[Fe(CN)6] which is 0.76×10−5 cm2/s in Randel Sevcik equation (Ip=2.69×105AD1/2n3/2γ1/2C).
1.3.3.1. Methanol oxidation activity of carbon nanotubes
The higher activity of GC/CNTppy–Pt–WO3–Nafion and GC/CNTppy/Pt–Nafion compared to that of commercial Pt and Pt–Ru catalyst suggests, that the higher electrochemical surface area of the carbon nanotube has been effectively utilised for the dispersion of catalytic nanoparticles which results in the higher activity for methanol oxidation. The higher activity of GC/CNTppy/Pt–WO3–Nafion over GC/CNTppy/Pt–Nafion suggests that the bifunctional mechanism is operative [40]. The CNTppa carbon nanotube used as support for the electrode GC/CNTppa-Pt-WO3-Nafion (as evaluated from cyclic voltammetry) compared to GC/CNTppa/Pt-Ru-Nafion and GC/CNTppa/Pt-Nafion suggests the better utilization of the catalytic particles. The stability of the electrode for methanol oxidation polarized at +0.6 V follows the order GC/CNT/Pt-Ru-Nafion GC/CNTppa/Pt-WO3 > GC/CNTppa/Pt-Nafion, and for the electrodes polarized at +0.4 V, the order is GC/CNTppa/Pt-WO3-Nafion > GC/CNTppa/Pt-Nafion. The differences in the stability possibly suggest the better tolerance of the adsorbed species of methanol oxidation for the GC/CNT/Pt-WO3-Nafion electrode (when it is polarized at +0.4 V) [41].
Table 1.1. Comparison of Electro-Catalytic Activity of Methanol Oxidation on Supported CNT based Electrodes

	
	activitya

	
	forward sweep
	reverse sweep

	S.No
	Electrode
	onset E (V)
	I (mAcm-2)
	E (V)
	I (mAcm-2)
	E (V)

	1
	GC/CNTppy/Pt-WO3
	0.05
	98.5

88.5

71.4
	0.80

0.75

0.65
	98.5
	0.80

	
	GC/CNTppa/Pt-WO3
	0.10
	80.0b
57.4
	0.54

0.80
	67.8b
	0.53

	2
	GC/CNTppy/Pt-Ru
	0.12
	78.5

70.7

55.0
	0.65

0.75

0.80
	71.5
	0.58

	
	GC/CNTppa/Pt-Ru
	0.16
	67.1b
46.4
	0.80
	58.5b
	0.55

	3
	GC/CNTppy/Pt
	0.20
	12.8

8.8
	0.75

0.80
	11.5
	0.52

	
	GC/CNTppa/Pt
	0.20
	13.3b
8.3
	0.66

0.80
	10.0b
	0.6


a Activity evaluated from cyclic voltammogram run in 1 M H2SO4/1 M CH3OH scanned between -0.2 and +0.8 V vs Ag/AgCl at 50 mV/s.b Peak current density (mA/cm2).
1.3.3.2. Chronoamperometric response of carbon nanotubes
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Figure 1.6. Chronoamperometric response of (a) GC/CNTppy–Pt–WO3–Nafion, (b) GC/E-TEK 20% Pt–Ru/Vulcan carbon–Nafion, (c) GC/CNTppyt–Pt–Nafion, (d) GC/E-TEK 20% Pt/Vulcan Carbon–Nafion, and (e) Bulk Pt electrodes polarised at +0.6 V vs. Ag/AgCl in 1 M H2SO4/1 M CH3OH for 2 h. 

Fig. 1.6 shows the chronoamperometric response of different electrodes for methanol oxidation at +0.6 V in 1 M H2SO4/1 M CH3OH for 2 h. The higher activity of the carbon nanotubes (synthesised at 1173 K, for 4 h) based electrodes demonstrates the better utilisation of the catalyst. The increased utilisation is mainly due to the tubular morphology of the carbon, which allows the particle to be highly dispersed (as revealed by TEM pictures), which result in lower particle size. The lower stability of GC/CNT–Pt–WO3–Nafion electrode as compared to GC/E-Tek 20% Pt–Ru/Vulcan XC72 carbon–Nafion electrode might be due to the slow dissolution of tungsten from the electrode upon constant electrolysis. The lower activity of GC/E-Tek 20% Pt/Vulcan XC72 carbon–Nafion electrode might be due to the poor utilisation and increase in internal resistance offered by the Nafion which is a poor electronic conductor. Though Nafion is used as a binder in the CNT based electrodes as well, the tubular morphology would have favoured the higher activity and stability.
1.3.3.3. Methanol oxidation activity of nanostructured conducting polymers:
It is evident that for the template based nanotubule electrodes, as the Pt loading increases, there is a continuous increase in activity from 25.6 mA cm-2 (Pt = 10 μg cm-2) to 302.5 mA cm-2 (Pt = 140 μg cm-2). In the case of the template free polypyrrole electrode the activity was increased from 9 mA cm-2 (Pt = 10 μg cm-2) to only 119.4 mA cm-2 (Pt = 80 μg cm-2). Beyond this loading the activity saturates at 120.4 mA cm-2. This reflects that the array of well aligned tubular morphology of the polymeric nanotubules helps to achieve a fine dispersion of Pt particles inside the PPY matrix. The template based electrode not only showed higher activity but also accommodated more Pt than the template free PPY electrode. The results were reproducible. Table 1.3. shows the activity of CC/Naf/PPYTemp-Pt and CC/Naf/ PPY/Pt electrodes with respect to time at a constant potential of +0.6 V in 1 M H2SO4 and 1 M CH3OH. The decrease in catalytic activity was found to be around 14.3% for the template based electrode at the end of 2 h and the corresponding decrease for CC/Naf/PPY/Pt was found to be 67.5%. This demonstrates that the activity and the stability of the Pt incorporated template synthesised PPY nanotubule electrode was higher than the Pt deposited on the template free polypyrrole. Another interesting observation is that though the initial activity of CC/Naf/ PPYTemp-Pt was only 2 times higher than the template free electrode, the activity at the end of 2 h. was found to be nearly 5 times higher. This demonstrates the better utilisation and the stability of the template based polypyrrole electrode compared to template free PPY electrode.

Table 1.2. Comparison of activity of methanol oxidation of conducting polymer nanostructured electrodes.
	
	Activity*

	
	Forward sweep
	Reverse sweep

	S.No
	ELECTRODE
	Onset

Potential

(V)
	I

( mA cm-2)
	E

( mA cm-2)
	I

( mA cm-2)
	E

( mA cm-2)

	1
	CC/Naf/PANI Temp –Pt
	0.20


	49.6


	+0.8


	--


	---



	2
	CC/Naf/PANI Conv –Pt
	0.25
	14.8 a
	0.67
	10.52 a
	0.52

	3
	CC/Naf/PPY Temp –Pt
	+0.1


	191
	0.80
	--


	---

	4
	CC/Naf/PPY Conv –Pt
	+0.2
	39.2a
	0.70
	25.1 a
	0.55

	5


	CC/Naf/PMT Temp –Pt
	0.01


	356.0


	+0.8


	--


	---



	6
	CC/Naf/PMT Conv –Pt
	0.20
	35.0 a
	0.65
	25.0 a
	0.45


* Activity  evaluated from cyclic voltammogram run in 1MH2SO4 /

 1M CH3OH scanned between -0.2and 0.8 V vs Ag/AgCl

a Peak current density (mA cm-2)

Table 1.3. Comparison of the stability of methanol oxidation activity of conducting polymer nanostructured electrodes.

	
	activitya

	
	polarization at +0.6 V
	

	S.No
	electrode
	init (I)

(mAcm-2)
	final (I)

(mAcm-2)
	Activity  (%) decr after 2 h +0.6 V

	1


	CC/Naf/PANI Temp –Pt

CC/Naf/PANI Conv –Pt
	74.3

20.0
	59.4

13.4
	20
33

	2


	CC/Naf/PPY Temp –Pt

CC/Naf/PPYConv –Pt
	230.7

50
	192.4

25
	14.3

50.0

	3


	CC/Naf/PMT Temp –Pt

CC/Naf/PMT Conv –Pt
	359.0

33.3
	305.7

16.6
	14.3

50.0


The current response obtained for the nanocone electrode was higher compared to the nonnanocone electrode. The higher current response of the nanocone electrode is consistent with a higher contact area between the dendritic poly(3-methylthiophene) and the electrolyte than that is available in the untemplated poly(3-methylthiophene) coating. The difference between the peak potentials of the template-free poly(3-methylthiophene) was higher (300 mV) than the difference (30 mV) between the peak potentials on the template-synthesized nanocone electrodes. To examine whether the process is diffusion-controlled or kinetic-controlled, the cyclic voltammograms were run at different scan rates for both the electrodes (template based and template free) and the anodic peak currents plotted against scan rates. The peak current varies linearly with the scan rate registering a slope of 0.8 mA/(V/s) for the template-synthesized nanocone electrode, but for the template-free poly(3-methylthiophene) electrode, it varies linearly with the square root of scan rate with a slope 0.65 mA/(V/s)1/2. The data indicate that the current is diffusion-controlled due to limitations in charge transport within the untemplated poly(3-methylthiophene). Another observation made from the scan rate dependence study of cyclic voltammetry was that the peak potential was nearly independent of the scan rate for the templated polymer, whereas the peak splitting was systematically increased with scan rate for the untemplated polymer. These are some of the manifestations of the different rates of charge and ion flow in the two morphologies of the polymer.
1.3.3.4. Methanol oxidation activity of WO​3 nanorods

The higher activity of Pt/WO3 can be attributed to the stabilization of Pt nanoparticles and dispersion on the WO​3 nanorods (Table 1.4). It has been known that the intermediates such as CO and CHxO formed in the methanol oxidation act as poisons.  Therefore it is necessary to remove the adsorbed intermediates from the surface of Pt for smooth methanol oxidation. This could be possible by supporting Pt on WO3.  The oxophilic nature of WO3 would help in adsorbing the intermediates and thereby keeps the surface of platinum clean.  It is not possible in the case of Pt supported on carbon. The stability of electrode for methanol oxidation was evaluated by repeating several cycles of the voltammogram and it was found that Pt/WO3 electrodes exhibit better stability than the Pt/C electrode.

Table 1.4. Electrocatalytic activity of Pt/WO3 and Pt/C for methanol oxidation

	Catalyst
	Pt content

((g)
	Specific activitya
(mA/cm2)
	Mass activitya
(mA/mg)

	Pt/WO3
Pt/C (J.M)
	50

66
	47.0

27.8
	62.0

29.5


a- measured at 0.678 V

1.4. Conclusions

The template aided synthesis of carbon nanotube using polypyrrole, polyphenylacetylene precursor yielded well-aligned carbon nanotubes and nanofibres. The higher electrochemical response of the carbon nanotube as compared to the Vulcan XC72R carbon, Graphite and GC electrode shows the higher available electroactive surface area (as evaluated from the cyclic voltammetry). The open end of the carbon nanotube (as revealed from HR-TEM) has been effectively utilised to load the catalytic nanoparticles. The catalytic nanoparticles are effectively dispersed inside the tube with the particle size of around 1.2, 2, and 5 nm for Pt, Pt–Ru, and Pt–WO3, respectively. The XPS showed the presence of Pt and Ru in the metallic state and W in +VI oxidation state. The higher activity of GC/CNT–Pt–WO3–Nafion and GC/CNT/Pt–Nafion compared to that of commercial Pt and Pt–Ru catalyst suggests, that the higher electrochemical surface area of the carbon nanotube has been effectively utilised for the dispersion of catalytic nanoparticles which results in the higher activity for methanol oxidation. The higher activity of GC/CNT/Pt–WO3–Nafion over GC/CNT/Pt–Nafion suggests that the bifunctional mechanism is operative. The activity for methanol oxidation is altered, when the nitrogen content in the carbon nanotube is altered. The nitrogen and oxygen functionalities in the carbon nanotube not only help in the better dispersion of the catalytic particles but also alter the hydrophilicity of the carbon nanotube. The results show that an electrocatalyst for methanol oxidation with high performance and stability can be prepared using a low level of Pt loading on a conducting PPY and PMT  nanotubule and nanocones support. These catalysts can also be employed for hydrogen oxidation in proton exchange membrane (PEM) fuel cells. Such conducting nanostructures of conducting polymers have good potential to find a variety of applications in various electronic and electrochemical devices. 
Part 2. The role of nanotubes and nanofibres in energy storage:
2.1. Introduction

All three components of the hydrogen economy, namely, Production, Storage and application of hydrogen have been posing challenges to the scientific community for the past several decades. Developing safe and reliable hydrogen storage technology that meets performance and cost requirements is critical to use hydrogen as a fuel for both vehicular and for stationary power generation applications. Storage of hydrogen is attempted in various approaches involving gas phase storage with compressed hydrogen gas tanks, liquid hydrogen tanks and in solid substrates like metal hydrides, carbon-based materials/high surface area sorbants such as metal-organic frameworks, and chemical hydrogen storage using complex hydrides. Among the various options of hydrogen storage, only storage in solid state materials seems to be promising. The scientific community in their anxiety and enthusiasm has come up with remarkable but not reproducible results for hydrogen storage in solid state. The desirable storage capacity for viable commercial exploitation of hydrogen as energy source is 6.5 weight % as postulated by US-DOE. However, any figure up to 67 weight % has been claimed as possible storage capacity in solids especially in carbon based materials [42-45].  This situation is critical demanding definite and exploratory solutions from practicing scientists.    The essential questions that require immediate attention are:

1. Are the carbon materials appropriate for solid state hydrogen storage? 

2. If this were to be true, what type of carbon materials or what type of treatments for the existing carbon materials is suitable to achieve desirable levels of solid state hydrogen storage? 

3. What are the stumbling blocks in achieving the desirable solid state hydrogen storage?     

4. Where does the lacuna lie?  Is it in our theoretical foundation of the postulate or is it in our inability to experimentally realize the desired levels of storage?

Against this background, the need for an activator for hydrogenation in carbon materials is realized, which should be easily hydridable than carbon and facilitate migration of the dissociated hydrogen to carbon surface. The pure carbon surface cannot activate hydrogen molecule, which is clear from the recent inelastic neutron scattering experiments which have shown that binding strength of hydrogen molecule is almost the same for all kinds of carbon materials and the magnitude of interaction is around 5 kJ/mol [46].  There must be strong interaction between the hydrogen and carbon surface (chemisorption) to give rise to high storage capacity.    For chemisorption, the hydrogen molecule should be activated. When doping carbon nanomaterials with alkali metal (Na, K), transition metals (Fe) and alloys (TiAl0.1V0.04, Ti-6Al-4V and NiO-MgO) where the storage mechanism is different, as the metals involved form hydrides and the metal hydride could not store greater than its number atomic combinations [47]. The alternative may be the heteroatoms like N, P, S and B. They seem to be promising as activators [48,49] by activating the hydrogen molecule due their hydridng property and the higher redox potential than carbon. 
Chemical storage of hydrogen in the form of metal hydrides is an attractive alternative; this has been the subject of a large number of investigations.   The group I, II and III light elements, e.g. Li, Na, Mg, B, and Al form a large variety of metal hydrogen complexes. Aluminum-based complex metal hydrides, such as sodium and lithium aluminum hydrides (NaAlH4 and LiAlH4) have attracted considerable attention as potential high-capacity hydrogen storage media because their hydrogen content reaches 7.4 and 10.5% by weight, respectively. Advancements have been made in accelerating the kinetics of solid state NaAlH4 dehydrogenation and hydrogenation through modification by dopant composition and processing conditions [50-52].  To date, the main focus has been on NaAlH4 although it does not fully meet the DOE target of 6.5 wt%.  LiAlH4, on the other hand has a higher gravimetric hydrogen storage capacity, 10.6 wt. %. But LiAlH4 has not yet been investigated as thoroughly as NaAlH4.  Dehydrogenation of LiAlH4 occurs in three steps, as given in the reaction scheme, with a theoretical hydrogen release in each of these steps 5.3, 2.6, and 2.6 wt. %, respectively. 

3 LiAlH4 → Li3AlH6 + 2 Al + 3 H2 (5.3 wt % H2)            (1)

Li3AlH6 → 3 LiH + Al + 3/2 H2 (2.6 wt.% H2)                 (2)

3 LiH + 3 Al → 3 LiAl + 3/2 H2 (2.6 wt.% H2)                (3)

The effects of several catalysts on the hydrogen release/uptake of LiAlH4 have been investigated. Both ball milling and doping with transition metals like Ti and V will lead to decrease in decomposition temperature of reactions (1) and (2). 

2.2. Objectives
The effect of substitution of heteroatom in carbon nanotube (CNT) network for hydrogen activation and the mechanism of hydrogen migration has been studied. To study the activation of hydrogen by the heteroatoms, we apply a combined Universal Force Field (UFF) and Density Functional Theory (DFT) methods. In the later stage, DFT method has been utilized to study the reaction mechanism by using simple clusters chosen from the reactive part of the CNT for accurate results. Heteroatom (nitrogen, boron) containing carbon nanotubes (NCNTs & BCNTs) have been prepared by using various templates such as Zeolite, Clay and Alumina membrane.  The prepared carbon nanotubes have been characterized by XRD, Raman spectrum, IR, CP MAS NMR, TEM and high pressure hydrogen adsorption measurements. The variation of template and the carbon precursor causes differences in the morphology and also the chemical environments of boron and their relevance towards hydrogen storage application is examined.
In the present study, the focus is on LiAlH4 with carbon additives like carbon nanofibers and Vulcan carbon.  Improvements in the hydrogen desorption/sorption kinetics of metal hydrides upon milling with carbon has been reported [   ].  The purpose of this study is to improve the understanding on how additives, in particular carbon nanofibers, affect the dehydrogenation kinetics of alanates. 

2.3. Computational methods

For the theoretical calculations, the model has been constructed with three arm chair type (4, 4) carbon nanotubes, which forms inter tubular space as 3.65Å as shown in Fig 2.1. The substitution of boron atoms is carried out at the edge positions of the nanotube, which show the minimum potential energy for the cluster. Computations using Density Functional Theory (DFT) have been carried out on the optimized configuration obtained using Universal Force Field (UFF 1.02) parameter [53].  Cerius2 software was used for the force field calculations and the single point energy calculations on the optimized configurations obtained from force field have been carried out using Gaussian 03 with Becke’s three parameter hybrid function with LYP correlation function (B3LYP) and 6-31G (p, d) as basis set [54]. The total energy, H-H bond distance as well as the dissociation energy were obtained from these calculations. 
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Figure 2.1. (a) The side view of the UFF optimized CNT (4, 4) cluster taken for the study, where the terminal positions are saturated with hydrogen. (b) Top view of the heteroatom (arrow indicated ball) containing CNT cluster with the hydrogen molecule interaction.

To study the reaction mechanism a simple cluster model with 14 carbon atoms has been chosen, which is the terminal and reactive part in the SWNT for the hydrogen interaction and hydrogenation as shown in Fig 2.2.    The cluster was fully optimized with density functional B3LYP method with 6-31G (p, d) basis set. The nature of stationary points thus obtained was characterized by frequency calculations. All the transition states corresponding to hydrogen migration were located and characterized as saddle points using the frequency calculations. The geometric parameters and the nature of the imaginary frequencies were examined using the graphical interface program,                    Gauss View 03.  All the DFT calculations were performed using Gaussian 03 in a cluster of IBM Linux machine. 

2.4. Synthesis of nitrogen and boron containing carbon nanotubes

Nitrogen (NCNT1) and Boron containing carbon nanotubes (BCNT1) were prepared by using the nitrogen and boron containing polymer as the carbon precursor. In-situ polymerization has been carried out over the alumina membrane template (0.2 μm pore diameter, 60 μm thick – Watman Anaodisc), by pyrrole polymerization using Feric chloride as oxidant and stable cross linked ( - conjugated organoboron polymer prepared by hydroboration polymerization of 1, 4-divinylbenzene and diborane in THF medium under nitrogen atmosphere. For the pure carbon nanotubes polyphenylacetylene (CNT1) has been used as carbon prepursor and the polymer was dissolved in CH2Cl2 and filtered through membrane by mild vacuum. After the polymerization, the membranes are removed and polished with alumina powder to remove the adhered polymers. The polymer/alumina composite membranes have been carbonized at 900 (C for 6 h in Ar atmosphere. The carbon/alumina composite was treated with 48% HF for 24 h to remove the template and washed with distilled water followed by drying at 100 (C (CNT1, NCNT1 and BCNT1).   

Other nitrogen and boron containing carbon nanotubes were prepared by chemical vapour deposition (CVD) method by using H- zeolite Y (CNT2, NCNT2 & BCNT2) and Al-pillared Clay (CNT3, NCNT3 & BCNT3) as template. Al-pillaring of clay has been carried out using aluminium polycationic species ([Al13O4(OH)24(H2O)12]7+ ) [55,56]. The polycations are prepared by the partial base hydrolysis of a dilute solution of aluminum chloride.     Acetylene (5 ml/min) has been used as a carbon source and pyridine has been used as nitrogen source and in-situ generation of borane gas by the addition of conc. H2SO4 to the NaBH4 in THF medium, carbonized at 900 (C in Ar atmosphere. The carbon/zeolite and carbon/clay composite have been treated with 48% HF for 24 h and the undissloved carbon has been washed with distilled water and dried at 100 (C. 
2.5. Preparation of carbon admixed (CNF/ Vulcan XC72R) LiAlH4
All material handlings (including weighing and loading) were performed in a glove box with a carefully controlled atmosphere, with low oxygen and water vapour content. Typically 2 g of LiAlH4 was admixed with 5 wt% of carbon by mechanical milling under argon atmosphere for 45 min. The milling experiments were performed in a Fritsch P5 planetary ball mill at a speed of 300 rpm using WC vial and WC steel balls. Ball-to-powder weight ratio is 15:1.  After ball milling the samples were transferred to the reactor in the glove box.

2.6. Hydrogen adsorption measurement 

Volumetric high pressure hydrogen adsorption measurements have been carried out using custom built volumetric and Seivert’s apparatus. The high pressure adsorption apparatus consists of reservoir cell and a cylindrical sample cell of known volume (33.8 cm3). All possible care for the possible sources of leak was carefully taken and long blank run tests were carried out.   Care has been taken to avoid the errors due to factors such as temperature instability, leaks and additional pressure and temperature effects caused by expanding the hydrogen from the reservoir to the sample cell. The volume of the system was determined by measuring accurately those of the single components at lower pressures using helium gas. The measurements were carried out by utilizing the systematic procedure as follows: Typically the mass of the carbon samples used for hydrogen storage measurements is in the region of 100–300 mg.   Prior to measurement, the samples are degassed and heated at 300 (C for approximately 6 h in vacuum of 10-5 Torr. The whole system has been pressurized at the desired value by hydrogen and change in pressure was monitored. The change in the pressure was recorded by a pressure transducer, after the equilibrium reached. All the hydrogen adsorption measurements have been carried out at room temperature. The experiments have been repeated under the same conditions for various pressures. The hydrogen compressibility factors were utilized for the calculations.

2.7. Results and discussion
2.7.1. Theoretical study

The quantum chemical calculation has been carried on the cluster model to find the hydrogen interaction, and from the results, it appears that substitution of carbon by heteroatoms appears to favour the activation and dissociation of hydrogen molecule. The total energy, H–H bond distance and the dissociation energy of hydrogen molecule obtained are given in Table 2.1. The points that emerge out of the results are, (i) Hydrogen activation has been favoured by a decrease in the hydrogen dissociation energy in the case of substitution of heteroatoms like N, P and S. The dissociation energy of hydrogen in its free state is 4.76 eV, and remains unaltered when it is placed in between the pure carbon nanotubes (4.51 eV). Whereas it is altered to 0.13, 0.22 and 2.33 eV for S, N, and P substituted CNTs, respectively. Though the calculated dissociation energy values are unrealistically small, they definitely indicate that the dissociation of hydrogen molecule is a facile process on heteroatom substituted carbon nanotubes. Even though the calculated dissociation energy is small, the process of hydrogen storage may involve other barriers including mass transport and hence could not be achieved at such low energies. 

Table 2.1.  The bond length and dissociation energy of hydrogen on the CNTs calculated using B3LYP with 6-31G (p,d) basis set on the UFF optimized structure 

	Substitution
	Total energy 

(Hartrees)
	Bond length 

H1–H2 (Å)
	Dissociation 

energy (eV)

	H2
	−1.175
	0.708
	4.76

	CNT
	−3686.5502
	–
	–

	CNT + H2
	−3687.7161
	0.776
	4.51

	N CNT
	−3702.5908
	–
	–

	N CNT + H2
	−3703.5989
	0.835
	0.22

	P CNT
	−3989.1694
	–
	–

	P CNT + H2
	−3990.2550
	0.815
	2.33

	S CNT
	−4046.0020
	–
	–

	S CNT + H2
	−4047.0067
	0.817
	0.13

	B CNT
	−3671.7254
	–
	–

	B CNT + H2
	−3672.9440
	0.818
	5.95

	2B CNT (adjacent)
	−3658.6666
	–
	–

	2B CNT (adjacent) + H2
	−3659.8092
	0.913
	3.88

	2B CNT (alternate)
	−3659.3491
	–
	–

	2B CNT (alternate) + H2
	−3660.3594
	0.928
	0.28


The lowering of this dissociation energy of hydrogen molecule can be explained on the basis of redox potential values of the respective redox couples involved. For instance, redox potentials of heteroatoms are higher than that of carbon (S/S2−, N/N3−, P/P3−, C/C4− are, respectively, 0.171, 0.057, −0.111 and −0.132 V vs SHE). The same fact can be further independently supported by the Ellingham diagram which indicates that free energy of formation for N–H bond is more favourable than that of C–H bond. 

The bond length of the hydrogen molecule is elongated in heteroatom substituted CNT compared to that of pure CNT, indicating that there is considerable amount of activation of hydrogen molecule in heteroatom containing CNTs. (ii) Substitution of boron atom in the CNT shows interesting results. Single boron substitution cannot activate the hydrogen molecule. Two boron atoms are essential for the hydrogen activation. The dissociation energy of hydrogen for single boron substitution is 5.95 eV where as when two boron atoms are substituted in adjacent positions, the dissociation energy is reduced to 3.88 eV. It is further decreased to 0.28 eV when two boron atoms are substituted in the alternate positions. This implies substitution of boron at alternate positions is more favourable for hydrogen activation rather than substitution at adjacent positions. It can be substantiated that B–B bond length is a key factor for H–H bond activation. An alternate position of B substitution seems to be favourable for the activation of hydrogen, where in bonding appears to be similar to that of diborane [57, 58].
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Figure 2.2. The transition state energy profile of the heteroatom substituted CNTs cluster calculated by DFT method (B3LYP) with 6-31G (p,d) basis set (the arrow indicated balls are heteroatoms like N, P and S).
The calculation of transition state parameters show that the reaction proceeds from one minimum to another minimum via an intermediate maximum. The movement of hydrogen from the heteroatom can be conceived by the transition state theory calculation as shown in Fig 2.2. The activation energy (ΔEa) for this process has been obtained using the calculated parameters. The results are tabulated in Table 2.2 and the energy profile diagram of the mechanistic path way for the substitution of heteroatoms like N, P and S are given in   Fig. 2.2 The transition state energy profile of the heteroatom substituted CNTs cluster calculated by DFT method (B3LYP) with 6-31G (p,d) basis set (the arrow indicated balls are heteroatoms like N, P and S).

Table 2.2. The transition state optimized parameters of the cluster and the value of the activation energy calculated by B3LYP with 6-31G (p,d) basis set 

	Substitution
	Ea I (eV)
	Ea II (eV)
	H1–H2 (Å)
	X–H (Å)
	C–H1a (Å)
	C–H2a (Å)

	CNT
	10.02
	–
	0.71
	–
	–
	–

	N CNT 
	3.84
	4.58
	1.45
	1.11
	1.70
	1.94

	P CNT 
	3.81
	3.99
	1.51
	1.61
	1.27
	2.33

	S CNT 
	3.65
	4.85
	1.50
	1.75
	1.24
	2.40

	2B CNT (adjacent)
	2.22
	2.98
	1.95
	1.31
	2.59
	2.72

	2B CNT (alternate)
	1.5
	2.33
	2.95
	1.47
	1.47
	2.34


Where Ea = E (transition state) − E (reactant).
a Shortest C–H bond distance.

From the results, it is clear that the energy for the activation of hydrogen in the first transition state is lower for the heteroatom containing CNT compared to pure CNT. In addition, the subsequent transfer of hydrogen to carbon is a facile process in presence of heteroatom. Boron containing CNT with boron atom located at alternate positions shows considerable reduction in the overall activation barrier compared to boron located at the adjacent positions. The proposed mechanistic pathway results support the contention that heteroatoms are the appropriate sites for hydrogen activation [59]. 

The studies thus have shown that hydrogenation of CNTs requires activation centers and the heteroatom containing CNTs are able to activate the hydrogen in a facile manner compared to pure CNTs. For effective hydrogenation and hydrogen storage these heteroatoms should be incorporated geometrically and chemically into the carbon network. 
2.7.2 Experimental section
2.7.2.1. Electron Microscopy Study

The formation of the carbon nanotubes was seen from the electron micrographs shown in Fig.2.3. The nitrogen content of the carbon nanotubes prepared from polypyrrole was estimated by elemental analysis and was found to be 6.4 wt%.  The TEM picture (Fig 1b) shows the formation nanotubes with fibrous carbon NCNT2. 


[image: image12] 
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Figure 2.3. (a). TEM picture of nitrogen containing carbon nanotube (NCNT1) prepared from polypyrrole and (b) TEM picture of NCNT2  prepared by pyridine and acetylene decomposition.
From the scanning electron micrographs (SEM) (Fig 2.4) the morphology of tubular and well aligned bundles of carbon nanotubes of BCNT1 sample are seen. The BCNTs 2 & 3 shows a fibrous morphology with more amorphous in nature, which is due to template and the carbon precursor employed 
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(a)    


(b) 



(c)

Figure 2.4. SEM images of the boron containing carbon nanotubes: (a). Side view of the vertically aligned nanotubes of BCNT1.  (b & c). The fibrous morphology of boron containing carbon nanotubes (BCNTs 2&3) prepared from zeolite and pillared clay respectively.

The HR-TEM (Fig 2.5a) of BCNT1 after the carbonization at 900 (C for 6h shows hollow tubes with slight deformation in the end of the tube, probably caused by the ultrasonication and vigorous HF treatment. Micrograph also indicates the formation of cylindrical, hollow and transparent tubes.  The outer diameter of the tube is approximately 200 nm, which is equivalent to the channel diameter of the template used (also seen is a layer of amorphous carbon on the wall of the tube). Though the carbon tubes produced by this method are not completely graphitic in nature, as those produced by arc-discharge process, their disordered structure is quite typical of fibers or nanotubes produced by decomposition of hydrocarbons, as is evident from the amorphous carbon on the wall of the carbon nanotube. The carbon nanotubes produced by the CVD method leads to the formation of nanotubes with disordered structure, amorphous carbon and fibers as can be seen from the TEM images (Fig 2.5b &c),  which show the disordered structure with amorphous carbon and fibers in BCNT 2 & 3 respectively. 
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Figure 2.5. (a). TEM picture of boron containing carbon nanotube (BCNT1) prepared from polymer precursor. (b & c). TEM images of Boron containing carbon nanotubes (BCNTs 2&3) prepared by chemical vapor deposition (CVD) method.

2.7.2.2. Solid state 13C & 11B MAS NMR Measurements

The chemical environment of the atoms in carbon nanotubes has been characterized by NMR experiments. In the 13C CP MAS NMR experiment graphitic nature of the carbon nanotubes are well evident from the spectrum by the characteristic peak at 129 ppm (Fig 2.6a) for the BCNT1.  The 11B MAS NMR experiment shows the environment of boron in carbon net work.  In 11B MAS NMR the dipolar interaction is only possible by the homonuclear B-B interaction, whereas in MAS condition the heteroatom 13 C shows very low nuclear spin and the interaction is negligible. Though the possibility of second order quadrupole interaction due to 11 B (I=3/2), but the MAS (Magic angle spinning) does eliminate secondary quadrupole interaction and the line shape is due to main interaction only. Second order quadrupole interaction does not contribute to the line shape.  In the experiments two different chemical environments is observed for the BCNT1 which is prepared by polymer precursor route (Fig 2.6b). There is a clear indication of boron atoms are bonded to carbon atom in two different environments and there is no possible quadrupole interaction due to B-B bond and also the hetero nuclear interaction with 13C is very weak.  Where as BCNT2 shows a broad spectrum and has the possibility of multiple environment and presence of B-B entity. These results reveal that boron atoms are present in two different chemical environments for BCNT1 prepared by polymer route.
[image: image20.png]Vvt T

I 0 W0 E) B



   [image: image21.png]BCNT 2

BCNT 1

100 50 0 -50 ppm




(a)                                                                (b)

Figure 2.6. (a). 13C CP MAS NMR of BCNT1 and (b). 11B MAS NMR spectrum of boron containing carbon nanotubes prepared by different methods (BCNT1 and BCNT2).

2.7.2.3. Hydrogen adsorption study
Hydrogen absorption characteristics were evaluated by evolved gas analysis technique (EGA).   In a typical experiment, the sample was loaded in the EGA chamber and was evacuated to10-6 Torr.  The sample was then heated to 300 (C.   Hydrogen was then admitted into the chamber while the sample was heated at a rate of 20 (C /min to 400 (C.   The chamber was then cooled to room temperature and the chamber was again evacuated to 10-6 Torr.   The sample was then heated at the same heating rate up to 420 (C while simultaneously monitoring the gas evolved by mass spectrometer. 

The evolved gas traces form the nitrogen containing carbon nanotubes are shown in Fig 2.7.a. It is seen from the trace that a species of trace corresponding to mass 17 was evolved which indicates the formation of ammonia. The evolution of ammonia was pronounced above 200 (C showing that nitrogen present in the carbon network in CNT is capable of getting hydrided at room temperature.  When recycling the sample, it has been noticed that there is a decrease in ammonia formation (Fig 2.7.b.), indicating the stiochiometric nature of the reaction is taking place. This confirms that nitrogen in the carbon nanotubes can play an important role in hydriding process. The nitrogen atom sites may be the active sites where the hydrogen atoms are generated from the activation of hydrogen molecule similar to the metallic sites (catalytic sites) in other investigations.   If these activated hydrogen atoms were to spill over to the carbon surface then hydrogen storage is achievable. The reason for activation of hydrogen at nitrogen sites may be due to favorable free energy of formation at these sites. The subsequent migration to carbon sites may be due to the redox potential values of the various species that can be formed.     The redox potential of species NH, NH2 species may be suitable for producing hydrided carbon species like CH, CH2, and CH3.   The formation of ammonia was also independently established by other chemical tests [60].
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Figure 2.7. (a) The EGA profile of Nitrogen containing CNT. (b). The EGA profile of Nitrogen containing CNT after recycling.

2.7.2.4. High pressure hydrogen adsorption studies

Hydrogen adsorption data at 760 mm Hg for the CNTs and the specific surface area (SSA) values of the samples, evaluated by BET method are given in Table 2.3. High pressure hydrogen adsorption measurements show that the hydrogen adsorption increases with pressure and with the maximum adsorption of 1.2 wt% for NCNT1.  The other samples CDX-975, CVD carbon and Calgon show 0.36, 0.25 and 0.20 wt% respectively. However, in the second cycle, NCNT1 showed reduced hydrogen uptake of 0.6 wt%, which further confirms the role of nitrogen in hydrogen activation and its subsequent adsorption.  The hydrogen adsorption increases with pressure and with the maximum adsorption of 2 wt% at 80 bar for BCNT1.  The other samples BCNT2 and BCNT3 show only about 0.2 wt% at this pressure.

Table 2.3. High pressure hydrogen adsorption activity of carbon nanotubes with nitrogen and boron substituted.
	Carbon Materials
	Surface area (m2/g)
	Hydrogen   storage capacity at room temperature

	
	
	Pressure (bar)
	Wt%

	Calgon
	931
	100
	0.18

	CDX-975
	325
	80
	0.35

	CNT1
	-
	-
	-

	CNT2
	633
	100
	0.2

	CNT3
	49
	80
	0.48

	NCNT1
	246
	100
	1.2 (0.6)

	NCNT2
	647
	100
	0.17 (0.72)

	NCNT3
	66
	80
	1.75

	BCNT1
	523
	80
	2.03

	BCNT2
	62
	80
	0.18

	BCNT3
	33
	100
	0.2


2.7.2.5. Dehydrogenation kinetics of alanates
The isothermal dehydrogenation kinetic traces of composite materials based on Lithium aluminum hydride admixed with carbon nanofibers and Vulcan XC72R are shown Fig 2.8. These curves were plotted by calculating the total hydrogen released (at 408 K under atmospheric pressure) in terms of weight percentage with respect to the dehydrogenation time.  For comparison the dehydrogenation kinetics of pure LiAlH4 milled for 15 min, decomposed at the same temperature, 408 K is included. The dehydrogenation kinetics improved considerably by the addition of Vulcan XC72R carbon and remarkably with carbon nanofibers. The decomposition is not step wise rather it occurs simultaneously.  Maximally observed release of hydrogen is 6:8 wt%, slightly lower than the theoretical limit even when correcting the observed hydrogen release with the purity of the sample.  The decrease in maximum capacity may be due to partial decomposition of LiAlH4 during mechanical milling with carbon nanofibers.
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Figure 2.8. Dehydrogenation kinetics of LiAlH4 admixed with CNFs LiAlH4 admixed with Vulcan carbon and LiAlH4
2.7.2.6. Role of carbon nanofibers

The nature of the active catalyst species in transition metal doped alanates has been a subject of interest. There is speculation and controversy in this aspect. It was initially suggested that the remarkable enhancement of the hydrogen cycling kinetics in Ti-doped NaAlH4 was due to surface-localized catalytic species consisting of titanium metal or a Ti–Al alloy. Alternatively, Sun et al reported the possibility of substitution of titanium into the hydride lattice [61]. Evidence for both the presence of a Ti–Al alloy in the doped hydride and substitution of Ti into the bulk hydride lattice was reported. However, neither a catalytically active Ti–Al alloy nor evidence for well-characterized sites of lattice substitution has yet been obtained. The anxiety to modulate the adsorption and desorption process in alanate materials has led to a spate of studies involving additives especially carbon materials.  During the mechanical milling, the carbon nanofibers may get incorporated into the hydride matrix resulting in an increase in the phase boundary. Also the nature of carbon fragments generated various hybridized valence forces.   These hybridized orbital can interact with hydrogen. In this sense these additives can be considered to provide a   transition site for the hydrogen. More over the additives can have greater affinity for hydrogen compared to aluminum, thus destabilizing the Al-H bond.    Since carbon is anisotropic with only weak van der Waals forces accounting the bonding interaction between the individual graphene layers, the layers tend to slide past one over other quite easily during the milling process. Therefore lithium aluminum hydride can be well dispersed with in the layers of carbon. Hence, the oxidation of hydride surface and the agglomeration of Al during the dehydrogenation process can be prevented. The increase in the catalytic activity of transition metals upon co-doping with carbon or carbon nanofibers is due to the formation of bridged species for the transport of active species between the alanate and the additive particles. The exact nature of this carbon layer, which facilitates the transfer of hydrogen from the activating site to the storage site, is not yet known.   Theoretical studies [59] suggest that under the experimental conditions employed carbon cannot dissociate hydrogen while can bind with dissociated hydrogen. This facilitates the hydrogen transfer from catalyst and alanate interface and there by improve desorption kinetics during dehydrogenation. Spill over of chemical species from one phase to another through the assistance of ad lineation layer like hydrogen spill-over assisted by water molecules.   This speculation is further confirmed by the rehydrogenation studies. During the rehydrogenation process hydrogen molecule was adsorbed on the catalyst surface and dissociated into active hydrogen atoms, which will be transferred through carbon nanofibers to react with the LiH and Al to form alanates. The model proposed in this communication needs further experimental support and it will be taken up in subsequent studies. 

2.8. Conclusions

Theoretical studies have shown that the effective hydrogenation of CNTs is possible with activation centers and the heteroatom containing CNTs are able to activate the hydrogen in a facile manner compared to pure CNTs. For effective hydrogenation and hydrogen storage these heteroatoms atoms should be incorporated geometrically and chemically into the carbon network.  Nitrogen containing CNTs are amenable for hydrogen adsorption than other carbon materials. However, these active sites should be made catalytic in nature by various preparation methods and surface engineering so that necessary hydrogen storage may be achieved.  Boron containing carbon nanotubes have been produced successfully by template synthesis method. An effective, reproducible and elegant method of producing boron containing carbon nanotubes with uniform pore diameter has been demonstrated by using alumina membrane as template. BCNT produced by using polymer as the carbon precursor shows different chemical environments for boron with maximum ~2 wt % of hydrogen storage capacity at 80 bar and room temperature.  This configuration has a bearing in hydrogen sorption characteristics. The heteroatom substitution in the carbon nanotubes opens up another avenue in the search in materials for hydrogen storage. Addition of CNFs to Lithium aluminum hydride improved significantly its decomposition kinetics by increasing the grain boundaries and providing the transition site for hydrogen transfer.  Investigations reveal that the apparent activation energy of dehydrogenation is considerably lowered by addition of carbon nanofibers.
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