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CHAPTER - 1

INTRODUCTION
1.1. Why Au as catalyst?

The discovery in the 1980s that finely divided and supported nanoparticles of gold (Au) could act as catalysts for reactions at low temperatures has been one of the most fascinating recent observations in science and technology.  From decades it has been considered that gold is an unreactive metal. Discussion on gold chemistry in scientific forums and in the chapters the standard textbooks are relatively low in comparison to those for other noble metals. For instance both platinum (Pt) and palladium (Pd), in addition to copper (Cu) and silver (Ag), both in the same triad of the periodic table as gold, are used extensively as catalysts in many large scale processes. It has been known for many years that the preparation of active catalysts with these metals requires the metal to be well dispersed on a support. Hence, there should not be so much surprise when the same is observed for gold. But it had been long considered that gold was unreactive.  As a consequence its chemistry was particularly unexciting and less studied. However nanocrystalline gold supported on oxides has been found to be most reactive for many reactions [1–6].

As early as 1979, Sermon et al., [7] have demonstrated that very small gold particles supported on silica is a potential catalyst for hydrogenation.  But the use of gold as selective hydrogenation catalyst has received little attention only very recently [8].  In the 1980s there were two significant observations that completely changed this perception and highlighted the special potential of gold as a heterogeneous catalyst.  The two remarkable observations include: (i) the discovery that supported Au catalysts are very active for low temperature CO oxidation [2] and (ii) the prediction that Au would be best catalyst for ethyne hydrochlorination [9]. The high activity of these catalysts is attributed to the Au nanoparticles with the size of  2-6 nm.
1.2. Why carbon as support?
Catalysis has been at the heart of nanotechnology. It is the first application field of nanotechnology. To obtain chemical species at nano regime, the most common route in catalysis is to go for a support. Apart from dispersing the chemical species well on and in it, the support does many other functions like preventing sintering, function as heat sink and there by improves the thermal stability of the system. 


Catalytic studies on supported gold systems are upcoming. The gold nanoparticles on oxides like Al2O3, SiO2, TiO2, MgO, and Fe2O3 have been studied in detail and gave evidence of the dependence on the activity of Au particle size and on the nature of the support . Thus, for the oxidation of CO to CO2, it was found that the Au/TiO2 catalysts are about an order of magnitude more active than Au/SiO2 catalysts [10].

Carbon materials function as unique catalysts and catalyst supports. They play an important role in electrochemical devices such as batteries [11], super capacitors [12] and fuel cells [13]. The choice of carbon as the material is because of its unique properties of electrical conductivity and structural diversity.  In addition to being good catalysts and catalysts supports, carbon materials are effective in removing pollutants (both gaseous and liquid).  Typical advantages of the use of carbon materials include: effluent with specific standard is achievable, simplicity of the process design and ease of operation.  In addition, the carbon materials being insensitive to toxic substances and corrosive (acidic and basic) environments, the regeneration is possible and easy, rendering the industrial use of carbon materials an economically viable option [14,  15].  The specific physico-chemical properties that make carbon materials a potential adsorbent for pollutants include: high specific surface area, porous architecture, high adsorption capacity and surface functionality [16]. Carbon materials, characterized by high specific surface area and tunable porosity, find utility in many vital technologies, namely, energy conversion (fuel cells and solar cells), energy storage (super capacitors, batteries and hydrogen sorption), sensors, environmental protection (regulate SOx and NOx emissions from fuel combustion in automobiles), production of fine and bulk chemicals and catalysis. Carbon is a material with highly porous structure consisting of hydrophobic graphene layer as well as hydrophilic surface functional groups making them beneficial for sorption and catalytic applications. Specific industrial applications include areas such as oil and natural gas, food, pharmaceuticals, water treatment, hydro metallurgy and gold recovery (carbon-in-pulp, CIP, process) [17]. 


In spite of the very many advantages of the carbon materials compared to oxide supports such as (i) a high specific surface area up to 3000 m2/g, (ii) high stability in acidic and basic media , and (iii) easy recovery of supported metals by burning off the catalyst, carbon materials have been seldom used as supports for gold deposition. Prati et al. [18, 19] have showed that the Au/C catalysts are active in different liquid-phase reactions. But the activities of these catalysts are sensitive to the preparation method which dictates the ultimate size of the gold nanoparticle deposited over the support.The set of catalytic reactions brought about by Au/C catalysts were summarized in Table 1.1.
Table 1.1. Typical catalytic reactions brought about by Au/C catalysts

	S. No 
	Reaction 
	Reference

	1
	Oxidation of benzyl alcohol 
	20

	2
	Oxidation of glycerol 
	21, 22

	3
	Oxidation of mono(n-propanol) and polyalcohols (glycerol, propylene glycol)
	23

	4
	Isomerisation of Linolic acid
	24

	5
	Low temperature CO oxidation 
	10

	6
	Reduction of oxygen and hydrogen peroxide 
	25

	7
	Electro reduction of oxygen
	26-39


For the present investigation, specific carbon materials belonging to the class of carbon blacks (Vulcan XC 72 R, CDX 975 and Black Pearl 2000) and activated carbon material (Nuchar) have been used as support for gold nanoparticles by adopting  the well known sol immobilization method [40, 41, 42].


Carbon blacks possess specific surface area values ranging from few tens to a few hundreds m2/g and their surface properties which are a function of the presence of numerous free radicals and groups (oxygenated) dictate their chemical reactivity.  In general the carbon blacks are poorly crystalline in nature with spherical particles (assemblies of microcrystallites). The spherical carbon black particles are disordered at the centre of the particle and tend towards an ‘onion peel’ frame work at the outer border.  Generally, the interlayer distances are in the range of 0.35 – 0.36 nm and never less than 0.34 nm (for graphite, the values of interlayer spacing is typically of the order of 0.335 nm) even after high temperature treatment indicating that these carbon blacks are non-graphitisable in nature.    The common methods of preparation of carbon blacks include (a) Channel process, (b) Lamp black process, (c) Furnace process and (d) Thermal process.  About 80 % of the carbon blacks exploited industrially are prepared by the furnace process where in the incomplete combustion of a gaseous or liquid hydrocarbon is fed into a turbulent flame.  A variety of characteristics can be derived by carefully controlling the air/hydrocarbon ratio, the temperature of preparation and also the shape of the burner [43].  Apart from carbon blacks, activated carbon materials too hold the promise of being exploited as catalyst support.   The structure of a typical microporous activated carbon is shown in Fig. 1.1.  
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Fig. 1.1. Structure of activated carbon - A schematic representation [44]

Microporous carbon materials are highly disordered.  In general, the structure comprises of aromatic sheets and strips.  Such sheets are often bent imitating crumpled papers and wood shavings.  The voids and gaps, of molecular dimensions, between such aromatic sheets are regarded as micropores. Again the microporosity is dependent on the carbon precursor as well as the method of preparation [44].
1.3. Electro Catalytic Oxygen Reduction Reaction
The Oxygen Reduction Reaction (ORR) is an important electro chemical reaction in many devices such as fuel cells, batteries and processes like metal corrosion and in general, electro catalysis and for many other electrochemical applications. A variety of electrode materials have been proposed as electrocatalysts for this reaction [45]. The most active electro catalyst for this reaction is as usual platinum. But due to the high cost and scarcity of Pt investigations are directed towards the search for other possible alternatives to Pt. Electro catalysts based on Au were known to show modest activity towards O2 reduction in acidic solutions. In the alkaline media the activity of Au based electro catalysts is greatly increased, especially on Au (100) single crystal face. 

The morphology of the nanostructured Au has a large influence on its electro catalytic activity towards O2 reduction. The oxygen reduction reaction is a highly structure sensitive reaction. In acidic solution, the activity increases in the sequence of Au (111) < Au (110) < Au (100). In alkaline solution, Au (100) has higher activity than the other low-index surfaces.  More over the Au (100) plane supports the further reduction of peroxide to OH- in a limited potential region at low over potentials . By varying the conditions of Au electro deposition, electrodes of different morphology can be prepared and their electrocatalytic activity also varies. Recently, the increase of kinetic current density of O2 reduction with a decrease in  gold nanoparticle (AuNP) size in alkaline solution was noted . In acid solutions, however, the specific activity of vacuum-deposited Au films decreased as the size of AuNPs decreased below ∼3 nm. The Au-coated nanoparticles of other metals (Fe, Co, Ni and Pb) exhibited higher oxygen reduction activity in acid solutions than bulk Au [26]
The typical polymer electrolyte membrane (PEM) fuel cell, shown in Fig. 1.2. consists of two electrodes and one membrane separating the two electrodes.PEM fuel cells are the most promising type for FCV commercial realization because they can be operated at close to ambient temperature range 60 – 80 (C. As illustrated in Fig. 1.2, there are two types of electrochemical reactions occurring at the surfaces of the electrodes of a hydrogen PEM fuel cell (PEMFC), oxidation of hydrogen at the anode and reduction of oxygen at the cathode. 
                       [image: image10.emf] 


                      

                              Fig. 1.2. Simplified PEM fuel cell reactions [46]
Platinum-based catalysts are widely used as the anodic electrode material for hydrogen oxidation. The hydrogen oxidation reaction has a lower oxidation over potential and a higher kinetic rate. On the cathodic side, however, the low reaction rate of the oxygen reduction reaction (ORR) leads to a higher reduction over potential in the performance condition of PEMFC.

Improved cathode catalysts would have a dramatic impact on the fuel cell efficiency [46]. In the last decade gold nanoparticles (AuNPs) have gained attention for unique catalytic properties for several reactions, or example, low temperature CO oxidation . O2 reduction as been studied on Au nanoparticles supported on bulk carbon electrodes prepared by various methods, such as electrodeposition , vacuum evaporation and sputter deposition.

Cathodic oxygen reduction is a multielectron reaction often associated with the formation of reaction intermediates. Several reaction mechanisms have been suggested; the most common being those originally proposed by H. S. Wroblowa et al. [47].
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Path A - direct pathway, involves four-electron reduction 

           

   O2 + 4 H+ + 4 e -    →   2 H2O           E0 = 1.229 V

Path B - indirect pathway, involves two-electron reduction followed 



  by further two-electron reduction


  O2 + 2 H+ + 2e -      →   H2O2           E0 = 0.695 V



  H2O2 + 2 H+ + 2e -  →   2 H2O          E0 = 1.77 V

For electrochemical catalytic ORR analysis, two general processes are examined mostly; each process may contain a few discrete steps. One is the production of water through a four-electron pathway, and the other is production of hydrogen peroxide through a two-electron pathway. The desired feature for a successful ORR catalyst is that the catalyst should reduce oxygen molecules to water through the four-electron route.
1.4. Essential criteria for choosing an electro catalyst for oxygen reduction
The material should satisfy the following criteria for being exploited as a potential ORR catalyst: (i) reversible, (ii) oxygen adsorption capacity, (iii) structural stability during oxygen adsorption and reduction, (iv) stability in electrolyte medium and also in suitable potential window, (v) ability to decompose H2O2, (vi) good conductivity and (vii) low cost [48].
1.5. Objectives of the research work 

1. To evaluate the effect of nature of the carbon support on the activity of Au nanoparticles (size of the Au nanoparticles) for Oxygen Reduction Reaction.
2. To develop an appropriate method for designing an appropriate Au/C catalyst for Oxygen Reduction Reaction.
CHAPTER- 2
EXPERIMENTAL METHODOLOGY
2.1 CHEMICALS AND MATERIALS USED

Carbon materials such as, Black Pearl 2000 and Vulcan XC 72 R were purchased from Cabot Corporation; CDX 975 was supplied by Ms. Columbian Chemicals Company, USA. Nuchar activated carbon was procured from Mead Westvaco chemical division. Auric chloride (HAuCl4) and Tetrakis hydroxy methyl Phosphonium chloride (THPC) was supplied by Fluka, Sigma-Aldrich, Canada. 5 wt. % Nafion was purchased from Sigma Aldrich. All the chemicals and solvents used for the investigation were of analytical (AR) grade.  The chemicals were used as such without further purification. The Glassy Carbon (GCdisk (0.07 cm2) and the polishing kit were purchased from Bio Analytical Systems, USA.

2.2 CATALYST PREPARATION

The Au/C catalysts were prepared by adopting the sol immobilization method using some specific carbon materials (Vulcan XC 72 R, CDX 975, Black Pearl 2000 and Nuchar) as supports, chloro auric acid (HAuCl4) as gold precursor, THPC (as reducing agent as well as stabilizing agent).  The ionic gold species deposited over the support were reduced to metallic gold nanoparticles by the method of hydrogen reduction.

2.3 CHARACTERIZATION TECHNIQUES
2.3.1 Powder X-ray diffraction (XRD) analysis

XRD pattern of various materials were recorded using Rigaku miniflex II desktop X-ray diffractometer operated at 30 kV and 15mA using CuKα radiation (λ = 1.5418 Å) at a scan rate of  0.5 degree/min. The diffraction profiles were obtained in the scan range (2θ) of 5 - 90(.
Using Scherrer equation (shown below), the values of average crystallite size, t was calculated.

t = Kλ/BCosθ  where K =  0.9; where  B is the half-width of the peak in radians and K is the shape factor.  
2.3.2 UV Vis spectrophotometric measurements

UV-Vis spectra of the gold sol was recorded on a Jasco V- 530 UV/Vis spectrophotometer.
2.3.3 Thermogravimetric / Differential Thermo gravimetric (TG/DTA) Analysis

The thermal properties of the materials were evaluated on a Perkin Elmer Diamond TG/DTA instrument. A weighed amount of the sample to be placed in a cylindrical alumina crucible mounted on one of the 2mm diameter alumina rods. The sample was heated in a dynamic air atmosphere at a rate of 278 K/min.
2.3.4 Bruner-Emmett-Teller (BET) sorptometry 
Nitrogen adsorption desorption isotherm of supported Au catalyst were obtained using Micrometrics ASAP 2020 instrument. The sample was outgassed at 473 K for 12 h. High pure nitrogen was as used as adsorbate at liquid nitrogen temperature. The surface area of the samples were calculated by applying the BET equation.

                               p/v(p0-p) = 1/vm C + (C-1)p / Vm C.p0 

where V is the volume of nitrogen gas adsorbed at an equilibrium pressure p, p0 is the saturated vapour of nitrogen gas in equilibrium with liquid nitrogen (77 K), vm is the monolayer volume and C is a constant depending on the heat of liquefaction (Q1) and heat of adsorption (Qa) of N2 gas. From the adsorption isotherm, v m was obtained and from that specific surface area (SSA) was calculated. The surface area occupied by per physisorbed nitrogen molecule as 0.162 nm2.   The total pore volume was calculated from the amount adsorbed (liquid volume of nitrogen) at a relative pressure of 0.99.  
2.3.5. Scanning Electron Microscopy (SEM) analysis 
SEM images of carbon materials were recorded using FEI QUANTA 200 FEG (field emission gun, virtual source) SEM equipped with an elemental analysis system. Carbon samples were placed on aluminum stubs using carbon tape and loaded into the microscope under ambient conditions. Care is ensured that the photographs recorded are representative of the whole of the material (sample) under study.

2.2.13 ICP analysis

The Au content in filtrate obtained during the preparation of Au/C catalysts was analyzed by using an ICP analyzer,  Perkin-Elmer.
2.3.5 Electrochemical measurements

Cyclic voltammetric studies were carried out on a BAS Epsilon potentiostat using modified glassy carbon (Bioanalytic system, USA) as the working electrode, saturated Ag/AgCl as the reference electrode and a platinum wire as a counter (an auxiliary) electrode. The electrochemical measurements were carried out in a conventional three-electrode jacket glass cell. The oxygen reduction reaction was carried out in 0.5 M H2SO4 supporting electrolytic solution saturated with high pure N2 followed by evaluating the ORR activity in the electrolyte solutions saturated with high pure oxygen.  The image of the three-electrode glass cell employed for the studies is shown below.
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Fig. 2.1. Pictorial representation of the conventional three-electrode glass cell with the working electrode (connected to black clip), counter electrode (connected to red clip) and the reference electrode
The working electrode was fabricated by dispersing 10 mg  of the catalyst in 1.0 mL of isopropanol and ultrasonicated for 20 min.  20 (L of the dispersion was placed on the 0.07 cm2 of the glassy carbon electrode.  The electrode was then dried in air oven at 363 K for a few minutes.  The resulting catalyst coating was covered with 10 (L of 5 wt. % Nafion solution followed by drying in air for a few minutes.
Chapter – 3

Results and Discussion

3.1. Synthesis of Au/C catalysts

Method of preparation : Gold-Sol Immobilization Method
Active component         : Au
Support                          : Carbon (Nuchar, Vulcan XC 72 R, Black Pearl, CDX 975)

Stabilizing agent           : tetrakis hydroxyl methyl Phosphonium chloride (THPC)
3.1.1 Systematic procedure for the preparation of carbon supported Au catalyst
H2O (232 mL) with 0.2 M NaOH (7.5 mL) was stirred before adding 5 mL diluted THPC (1.2 mL of the 78 wt. % solution diluted with 100 mL H2O). After 2 min stirring, the gold aqueous solution was added. The HAuCl4 concentrations [15 mL of 0.0102 M HAuCl4 3 H2O solution (1.0 g HAuCl4 3 H2O dissolved in 250 mL H2O)] were calculated according to the desired final gold content (3 wt. %). The gold-sols were then stirred for 1 h. The UV-Vis spectra of the sol at this state was recorded to have an idea of the approximate size of the gold nanopartices from the plamon responance band of Au.  Aqueous suspensions of the carbon supports (1 wt. %) were agitated for 15 min in an ultrasonic bath. The carbon suspensions were added into the gold-sols and stirred for 2 h for immobilisation. The suspension was filtered (filtrate tested for Au content so as to know the gold content loaded on the support) washed until the filtrate was free of chloride (AgNO3 test), dried and mortared. After inert gas treatment (3 h/350 (C/N2), the catalysts were activated by reduction (3 h/350 (C/H2) [21].  
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3.1.2. Pictorial representation of the preparation of Au/C catalysts
Fig. 3.1. Pictorial representation of the preparation of Au/Nuchar catalyst : (a) gold sol with out carbon support, (b) filtering the gold immobilized on carbon support, (c) change of colour of filtrate from reddish brown to purple after a fortnight time and (d) change of colour of filtrate from purple to pale blue after a duration of one month

[image: image2]
Fig. 3.2. Schematic representation of the immobilization of Au on Carbon support
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Fig. 3.3. Images of filtrate from (a) Au/Vulcan XC 72 R, (b) Au/CDX 975, (c) Au/Black Pearl and (d) Au/Nuchar activated carbon
3.2. UV-Vis spectroscopic analysis of Au sol – Surface plasmon resonance band

The band at 500 nm in the UV Vis spectrum in Fig. 3.4 is attributed to the longitudinal plasmon resonance.  Xu et al., have made similar observations of the longitudinal plasmon resonance in the case of gold nanorods [49].  
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Fig. 3.4. UV-Vis spectrum of gold sol protected by THPC in alkaline medium just before addition of carbon support to the gold sol
The observation of the longitudinal plasmon resonance band was attributed to the orientation of the Au nanorods in a direction parallel to the unpolarized incident light radiation.  The electric field vector ‘e’ of the light then will be directed across the transverse directions of the rod and will lead to only weaker transverse plasmon resonance at ( 520 nm.  Unlike the parallel orientation of the nanorod with respect to the incident light radiation if the rods were to be oriented in a direction orthogonal to the incident light, then both the longitudinal (( 520 nm) and the transverse (( 720 nm)

resonances will be excited.             

It is interesting to note that the colour of the filtrate (gold sol that was not immobilized on carbon support) changed from reddish brown to purple and from purple to pale blue upon long standing.  Xu et al., have made similar observations of the colour change of the Au sol and an accompanying shift in the longitudinal plasmon resonance band from 520 nm to 1200 nm (Fig. 3.5).  Such a shift in the plamon resonance was attributed to an increase in the aspect ratio of the gold nanorods from 1-13.  It should be borne in mind that the change in aspect ratio alone is not the factor responsible for the shift in the plasmon resonance band from 520 nm to 1200 nm.  Factors such as morphology, volume and the packing configuration of the nanorods also contribute to the shift even when the aspect ratio of the Au nanorods were to be the same.
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Fig. 3.5. (a) Observation of surface plasmon resonance of gold nanorod with polarized light.  The terms ‘parallel’ and ‘orthogonal’ refer to the orientation of the electric field vector with respect to the long axis of the rod and (b) The colour of the gold suspensions with increasing aspect ratios of the nanorods (with a change in the colour of the suspension the position of the longitudinal plasmon resonance band shifts into the infrared region) [49]
3.3. XRD analysis
The crystallographic parameters (interlaying spacing, d and full width at half maxima, FWHM) of the carbon materials, namely, Vulcan XC 72 R, CDX 975, Black Pearl 2000 and Nuchar were obtained from X-ray diffraction studies. Typical XRD patterns emanating from the carbon blacks, namely, Vulcan XC 72 R, CDX 975, Black Pearl 2000, were shown in Fig. 3.6. Three characteristic broad diffraction peaks centered around 2θ values of 25, 44 and 80° were visible in the XRD patterns of carbon blacks. The two broad peaks centered around the 2θ values of 25 and 44( were indexed to (002) and (10) diffraction peaks of turbostratic carbon structure [50]. 
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Fig. 3.6. XRD pattern of commercial carbon blacks (a) Black Pearl 2000, (b) CDX 975 and (c) Vulcan XC 72 R

The origin of the broad peak around 2θ value of 80° is not yet clearly known. The (00l) line is because of interlayer scattering where as the (hk) line is because of intra layer scattering.  Thus the extent of graphitization is revealed by the appearance of general (hkl) reflections [51, 52, 53].  The occurrence of broad diffraction bands centered around 2θ values of 25 and 44( indicate better layer alignment as well as an increased regularity in the crystal structure [54]. 
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Fig. 3.7.  XRD pattern of Nuchar activated carbon
The XRD pattern of the activated carbon material Nuchar is depicted in Fig. 3.7. Anologous to the structural features of the carbon blacks shown in Fig. 3.6, Nuchar too exhibited three broad diffraction peaks centered around 2θ values of 25, 44 and 80°.  The two broad peaks centered around the 2θ values of 25 and 44 were indexed to (002) and (10) diffraction peaks of turbostratic carbon structure.  Interestingly the XRD profiles resulting from the commercial carbon black samples are exactly identical to that of the activated carbon material, Nuchar, even thought the two different classes of the carbon materials were prepared by different methods. 

The interlayer spacing values, d002, and the FWHM values of the turbostratic graphitic carbon materials deduced from the X-ray diffractograms are summarized in Table 3.1. 
Table 3.1. Structural features of carbon materials employed as support for Au
	S. No.
	Sample
	d002 (nm)
	FWHM

(002) reflection

	1
	Vulcan XC 72 R
	0.364
	5.2

	2
	CDX 975
	0.370
	5.5

	3
	Black Pearl 2000
	0.407
	13.8

	4
	Nuchar
	0.377
	9.12


The d002 value for pure graphitic structure is 0.335 nm.  The higher values of d002 of the carbon materials under study, relative to graphitic structure, indicate that carbon materials have turbo-stratic structure with the inter layer separation greater than that of pure graphitic carbon. Such a phenomenon is more pronounced in the case of Black Pearl 2000.  In addition, the value of FWHM of the (002) reflection is greater for the Black Pearl 2000 compared to other carbon materials. This too imply that the carbon black, Black Pearl 2000, is structurally more disordered compared to other carbon materials. 

After analyzing thoroughly the structural features of the carbon materials, namely, Vulcan XC 72 R, CDX 975, Black Pearl 2000 and Nuchar, the same have been employed as support for Au.  The Au/Carbon catalysts prepared by the sol-immobilization method have been examined by XRD to confirm the presence of gold immobilization of the carbon material and also to know the structural features of gold nanoparticles on the carbon support.  The XRD patterns of Au/Carbon are shown in [image: image19.jpg]


Figs. 3.8 – 3.11.  
                           Fig. 3.8.  XRD pattern of Au/Vulcan XC 72 R carbon black
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Fig. 3.9.  XRD pattern of Au/CDX 975 carbon black
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Fig. 3.10.  XRD pattern of Au/Black Pearl 2000 carbon black

Fig. 3.11.  XRD pattern of Au/Nuchar activated carbon
Irrespective of the carbon support, Au has been found to be present in the face centered cubic lattice upon the carbon support as evidence by the four characteristic peaks located at the 2( values of 38.9, 45.1, 65.4 and 78.2( which can be indexed respectively to the (111), (200), (220) and the (311) planes of the Au in fcc lattice (PCPDF file no. 89-3697).   In addition to the diffraction peaks characteristic of Au, one broad diffraction peak at the 2( value of 25 is observed in the case of Au/C catalysts irrespective of the nature of the carbon support and the same was indexed to the (002) diffraction plane of turbo-stratic graphitic carbon.  The structural parameters deduced from the XRD patterns of Au/C catalysts are summarized in Table 3.2. It is observed from the data in Table 3.2. that the carbon support plays a role in controlling the size of the gold nanoparticles that are being immobilized on the carbon support.  
Table 3.2.  Structural parameters of Au/Carbon catalysts
	S. No.
	Catalyst Material
	Crystallite size (nm)
	Lattice constant

(nm)

	1
	Au/Vulcan XC 72 R
	4.2
	0.4087

	2
	Au/CDX 975
	3.1
	0.3984

	3
	Au/Black Pearl 2000
	8.6
	0.4080

	4
	Au/Nuchar
	3.3
	0.4053


The Au nanoparticles deposited on the carbon support are the smallest in the case of CDX 975 support and the largest in the case of Black Pearl 2000 support.  The lattice constant (a) is close to the expected value of 0.408 nm for Au irrespective of the nature of the carbon support.  In addition to the size of Au nanoparticles, the amount of Au immobilized on the support is also dependent on the nature of the carbon support. As observed in Fig. 3.3., the filtrate resulting from the synthesis of Au/Vulcan XC 72 R, Au/Black Pearl 2000, Au/CDX 975 are colourless where as the one from Au/Nuchar is reddish brown in colour analogous to the precursor Au sol indicating that the amount of Au desposited on carbon black supports is close to initial amount of Au (3 wt.%) but much lower that 3 wt.% in the case of Nuchar support.
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Fig. 3.12.  XRD pattern of 20wt.%  Pt 10 wt.% Ru/Vulcan XC 72 R carbon black (Johnson Matthey commercial catalyst)
For comparison the XRD pattern of the commercial 20 wt. % Pt 10 wt.% Ru/Vulcan 
XC 72 R (Johnson Matthey) is shown in Fig. 3.12.   The broad diffraction peak near the 2( value of 25 is attributed to the carbon support.  The diffraction peaks resulting from the PtRu/C are all indexed and it is to be noted that the peaks match with the (111), (200), (220), (311) and (222) peaks characteristic of Pt in the fcc structure.  The peaks resulting from Ru could not be viewed distinctly differently in the PtRu alloy as the peaks emanating from Ru are submerged under the broad diffraction peaks of Pt.  But the presence of Ru caused a shift in the 2( value of Pt peaks to higher values.
3.4. BET sorptometry

The textural parameters three commercially available carbon blacks, namely, Black Pearl 2000 (Cabot Corporation), Vulcan XC 72 R (Cabot Corporation) and CDX 975 (Ms Columbian Chemicals Company) were analysed by BET sorptometry.  
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Fig. 3.13. N2 adsorption-desorption isotherms of commercial carbon blacks (a) Black Pearl 2000, (b) Vulcan XC 72 R and (c) CDX 975 
The N2 adsorption - desorption isotherms of these carbon materials were shown in Fig. 3.13.  which are a combination of type I and type II isotherms.  Such isotherms indicate the pore structure which is a combination of micropores and mesopores.    The afore mentioned carbon materials have been used as support for loading 3 wt. % Au by the method of sol-immobilization.  The N2 adsorption - desorption isotherms of these carbon materials were shown in Fig. 3.14.  and the textural parameters (specific surface area and the pore volume) deduced from the isotherms are summarized in Table 3.2. 
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Fig. 3.14. N2 adsorption-desorption isotherms of Au/C catalysts
Table 3.3.  Textural parameters of Au/Carbon catalyst
	S. No.
	Carbon Material
	SBET (m2/g)
	Vp (cm3/g)

	1
	Au/Vulcan XC 72 R
	191
	0.59

	2
	Au/CDX 975
	197
	0.48

	3
	Au/Black Pearl 2000
	1322
	2.8

	4
	Au/Nuchar
	1078
	0.86


3.5. SEM analysis
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Fig. 3.15. FEG SEM images (at different magnifications) of commercial carbon blacks: (a & b) Black Pearl 2000 (40, 000 X, 80, 000 X), (c & d) Vulcan XC 72 R (40, 000 X, 1,00, 000 X) and  (e & f) CDX 975 (6000 X, 40, 000 X)
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Fig. 3.16.  SEM images (at different magnifications) of Nuchar activated carbon : (a) & b) Black Pearl 2000 (40, 000 X, 80, 000 X), (c & d) Vulcan XC 72 R (40, 000 X, 1,00, 000 X) and  (e & f) CDX 975 (6000 X, 40, 000 X)
Details of the surface morphology of carbon supports were obtained from FEG-SEM studies.  The surface morphology of commercially available carbon materials, namely, Black Pearl 2000, Vulcan XC 72 R, CDX 975 and Nuchar were recorded. The SEM images recorded on the afore mentioned carbon materials at different magnifications are shown in Fig. 3.15 and Fig. 3.16.  The carbon black samples, namely, Vulcan XC 72 R, Black Pearl 2000 and CDX 975 possessed spherical carbon nano particles (Fig. 3.15).  Unlike the morphology of carbon blacks, Nuchar activated carbon comprised of highly disordered and irregular shapes analogous to that of gravel stones. More over no intra particle pores are soon. Only inter particle pores are present. Also, unlike the carbon black samples, the surface of the Nuchar activated carbon is highly heterogeneous with several kinks and steps (Fig. 3.16).
3.6. Evaluation of oxygen reduction reaction activity of Au/C catalysts
Preliminary experiments on the evaluation of the oxygen reduction reaction activity were carried out over the commercial 20 wt. % Pt 10 wt.% Ru/Vulcan XC 72 (Johnson Matthey) catalyst in 0.5 M H2SO4 saturated with N2 and in O2 at a scan rate of 25 mV/sec.  The corresponding cyclic voltammograms were depicted in Fig. 3.17.
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Fig. 3.17. Cyclic Voltammetric response of (a) GC/Vulcan XC 72 R - 20 wt.% Pt 10 wt. % Ru - Nafion electrode in 0.5 M H2SO4 saturated with nitrogen and oxygen at a scan rate of  25 mV/sec  between -0.2 to 1.2 V Vs Ag/AgCl

The oxygen reduction reaction was found to occur at 0.6 volts in the case of PtRu/Vulcan XC 72 catalyst as observed in Fig. 3.17.  More over the ORR peak current was found to vary linearly with the square root of the scan rate as shown in Fig. 3.18.  This is an indication that the ORR reaction on PtRu/Vulcan XC 72R is a diffusion controlled reaction. Shen et al., have made similar observations pertaining to the ORR reaction carried over Pd/CNT electro catalyst [55].
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Fig. 3.18. Dependence of peak currents on the square roots of scan rates for  GC/Vulcan XC 72 R - 20 wt.% Pt 10 wt. % Ru - Nafion electrode  in 0.5 M H2SO4 saturated with oxygen at scan rates of  5, 10 and 25 mV/sec  between -0.2 to 1.2 V Vs Ag/AgCl

After understanding the characteristic features of the oxygen reduction reaction of the commercial catalyst, an attempt has been made to evaluate the ORR activity of Au/Vulcan XC 72 electrocatalyst.  The cyclic voltammetric response of ( 3 wt.% Au/Vulcan XC 72  recorded in 0.5 M H2SO4 saturated with nitrogen and oxygen were depicted in Fig. 3.19.  The anodic peak at E ( 1.1. V is attributed to the formation of Au surface oxides and the cathodic peak at ( 0.95 V is attributed to the reduction of these oxides. The large background current is due to the carbon black support   The pair of peaks centered at ( 0.3 V is related to the oxidation and reduction of typical redox functional groups like quinone type species that were present on the carbon [image: image38.png]Currnet density (mA/cm’)
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black surface.  Similar responses from Au/C electrocatalysts for ORR have been observed by Erikson et al., [26]. 
Fig. 3.19. Cyclic Voltammetric response of (a) GC/Vulcan XC 72 R - ( 3 wt.% Au - Nafion electrode in 0.5 M H2SO4 saturated with nitrogen and oxygen t a scan rate of  25 mV/sec  between -0.2 to 1.2 V Vs Ag/AgCl
In addition to Au/Vulcan XC 72 R, other electro catalysts, namely, Au/CDX 975, Au/Black Pearl 2000 and Au/Nuchar have been tested for their ORR activity and the corresponding cyclic voltammograms recorded in 0.5 M H2SO4 saturated with oxygen were shown in Fig. 3.20.
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Fig. 3.20. Cyclic Voltammetric response of (a) GC/Vulcan XC 72 R - ( 3 wt.% Au – Nafion, (b) GC/CDX 975 - ( 3 wt.% Au – Nafion, (c) GC/Nuchar - << 3 wt.% Au – Nafion and (d) GC/Black pearl - ( 3 wt.% Au – Nafion electrode in 0.5 M H2SO4 saturated with oxygen at a scan rate of  25 mV/sec  between -0.2 to 1.2 V Vs Ag/AgCl
The cathodic current was found to decrease in the following order: Au/Vulcan XC 72 R > Au/CDX 975 > Au/Nuchar > Au/Black Pearl 2000, indicating the dependence of ORR activity of the electrocatslyts on the structural and textural properties of the carbon support which have influenced the size and amount of the Au immobilized on the support.
Chapter – 4

Summary and Conclusion
1. Au nanoparticles of varying sizes (3 – 8 nm) could be immobilized on carbon support by simply varying the carbon supports (Vulcan XC 72 R, CDX 975, Black Pearl 2000 and Nuchar) by adopting sol-immobilization technique.
2. The support carbon materials as well as the Au/Carbon catalysts have been thoroughly investigated to gain understanding of the structural (XRD analysis) and textural (BET sorptometry) properties.
3. The Au/C catalysts have been successfully exploited for the electro catalytic reduction of molecular oxygen.

4. Among several carbon materials, Vulcan XC 72, was found to be the best yielding the optimum size (4 nm) gold nanoparticles over the support.  Apart from Vulcan XC 72, CDX 975 carbon black has also been found to be equally potential support for Au for the oxygen reduction reaction. Au/Black Pearl 2000 is least active for ORR as the size of Au nanoparticles immobilized over this support is ( 8 nm which is nearly double the size of the Au nanoparticles immobilized over either Vulcan XC 72 or CDX 975.

5. For comparison, the ORR activity of the commercial 20 wt. % Pt 10 wt.% Ru/Vulcan XC 72 (Johnson Matthey) has also been evaluated.
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