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for this reaction and also to study polyiodide species present in the HI phase. In this thesis 

detailed investigations have been carried out on platinum based catalysts for liquid phase 

HI decomposition reaction. The thesis is divided into the following seven chapters: 

Chapter 1: Introduction 

Hydrogen as future energy carrier is a scenario of high probability as well as necessity 

due to following various reasons like: the limited supply of currently used fossil fuels and 

their environmental impact [1,2]. Hydrogen is the most abundant element on earth, but it 

is not available freely. Most of the hydrogen on earth is available in molecular form either 

as water or organic compounds. Therefore water, being the most abundant molecule on 

earth’s surface covering more than 70% of its area, can be a potential source of hydrogen. 

Production of hydrogen from water is highly energy intensive; therefore current 

production of hydrogen is mainly from fossil fuels only like steam reforming etc. But 

again these methods have the same limitations like limited supply and their environmental 

impacts. Therefore there is a need to develop methods for large scale production of 

hydrogen from water in an environment friendly manner. 

Hydrogen generation from water can be achieved by thermochemical cycles, 

electrolysis, photo-catalytic, photo-electrochemical, photo-biological or other means [3]. 

The two most important methods to generate hydrogen on a large scale are 

Thermochemical water splitting cycles and high temperature steam electrolysis. 

Thermochemical cycle dissociates water into hydrogen through a set of chemical 

reactions at a much lower temperature as compared to that required for direct thermal 

decomposition of water [4,5]. Thermochemical cycles have potential for better efficiency 
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because heat is directly being used in it. Hundreds of thermochemical cycles have been 

reported and studied worldwide like Sulfur Iodine thermochemical Cycle (S-I Cycle), 

Copper chlorine thermochemical cycle (Cu-Cl Cycle) etc. Sulfur-Iodine cycle is more 

developed than competitive thermochemical processes but still requiring significant 

development to be feasible on large scale [6,7]. This cycle comprises of the following 

three reactions: 

Bunsen Reaction:                             SO2 + I2 + 2H2O 120°C       2HI + H2SO4  ---- (1) 

Hydriodic Acid Decomposition step:              2HI 450°C          H2 + I2        ---- (2) 

Sulfuric Acid Decomposition step:              H2SO4       850°C        H2O + SO2 + ½ O2 --(3) 

Net Reaction H2O                           H2 + ½ O2       ---- (4)

S-I cycle has a few advantages over other thermochemical cycles such as only 

liquid/fluid handling, no electrolysis step etc. HI decomposition step is an integral part of 

not only this thermochemical cycle, but also for some other iodine based thermochemical 

cycles like magnesium iodide thermochemical cycle. HI decomposition reaction as such 

is thermodynamically limited with very low thermodynamic conversions and it requires a 

catalyst to achieve workable reaction rates.  

In case of S-I Thermochemical cycle, the hydriodic acid coming from Bunsen 

reaction has excess of water and iodine, as required for an efficient phase separation of 

the two acids [8]. 

SO2 + 9 I2 + 16 H2O   ( 2 HI + 8 I2 + 10 H2O ) +  ( H2SO4 + 4 H2O ) ---- (5)
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In this case production of Hydrogen from HI phase coming from Bunsen reaction 

is even more energy consuming due to the presence of pseudo azeotrope i.e. HI-H2O-I2.

Noble metal based catalysts are supposed to be the most useful catalyst for this 

reaction because of dissociative adsorption of Hydrogen Iodide over the noble metal 

surface. A number of noble metal based catalysts have been reported for HI 

decomposition reaction in gaseous phase at temperatures in excess of 400 °C [9]. 

HI can also be decomposed efficiently in liquid phase at much lower temperatures 

with the use of a suitable catalyst. Another advantage of liquid phase HI decomposition is 

that the iodine produced during the reaction gets dissolved in the liquid HI to form 

polyiodide species and does not poison the catalyst surface. Therefore liquid HI is still in 

contact with the catalyst surface. In order to find out suitable catalytic systems for liquid 

phase HI decomposition reaction, Pt based catalysts supported on different supports like 

oxides and carbons have been prepared, characterized and evaluated for liquid phase HI 

decomposition reaction. Effect of surface areas and pore structures of the support and 

platinum loading has also been evaluated. Formation of polyiodide species is an integral 

part of liquid phase HI decomposition reaction, therefore speciation studies of polyiodides 

have also been carried out and included in the thesis. 

Chapter 2: Instrumentation and Experimental Methods 

Chapter 2 deals with the experimental techniques used for the synthesis, characterization 

and evaluation of the catalytic behavior of the supported platinum catalysts. Synthesis 

methods include wet impregnation method, hard templating methods employing hard 
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silica templates, precipitation combined with impregnation etc. Platinum loaded on the 

support was subsequently reduced by heating in flowing hydrogen and argon mixture.  

Catalytic activity of a catalyst depend of its various properties like surface area 

and porosity of the support, particle size and dispersion of the noble metal over the 

support, surface morphology etc. These properties of the catalysts were found out using 

various techniques such as X-Ray Diffraction (XRD), N2-adsorption BET surface area, 

Chemisorption, Scanning Electron Microscopy (SEM), Transmission Electron 

Microscopy (TEM), and X-ray Photoelectron Spectroscopy (XPS). A brief account of all 

these techniques is presented in this chapter. 

Also this chapter includes details of the methods used for activity and stability 

evaluation of the catalyst for HI decomposition reaction. Percentage conversion was 

calculated on basis of change in concentration of H+, I- and I2 concentrations using acid-

base, precipitation and iodometric titration respectively. One of the product hydrogen was 

monitored using Gas Chromatograph (GC) with Thermal Conductivity Detector (TCD). 

The stability of the catalyst against platinum leaching was evaluated by determining the 

presence of platinum in the solution after reaction by ICP-OES. 

Chapter 3: HI Decomposition over Carbon Supported Pt Catalyst 

Chapter 3 includes the details of the preparation, characterization and catalytic activity of 

platinum catalyst supported on different carbon supports for hydriodic acid 

decomposition raection.  Carbon is widely used as support for noble metal based catalysts 

due to its various properties like high volume to weight ratio, tunability of support 

structure and stability of the support under the reaction conditions. 1% Pt/Carbon 
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catalysts were prepared by impregnation of support with hexachloroplatinic acid followed 

by reduction in flowing hydrogen argon mixture at 300 °C. Carbon supports used were (i) 

Activated carbn (ii) Colloidal Graphite and (iii) Carbon prepared by carbonization of rice 

at 600 °C. The samples were characterized by XRD, SEM, Raman and BET surface Area. 

Their activity for HI decomposition reaction in liquid phase at 120 °C was evaluated and 

it was found that the catalysts were stable under reaction conditions. Pt/Graphite catalyst 

showed higher conversion (17.8% in 2 hr) as compared to the other two catalysts (~13% 

in 2hr) in spite of having lower surface area. 

Since Pt/Graphite catalyst was giving more conversion, it was selected for detailed 

study. Pt/Graphite catalysts with different platinum loading (0.5%, 1% and 2 %) were 

prepared and evaluated to see the effect of noble metal loading. The percentage 

conversion increase with increasing percentage loading, but in terms of per unit weight of 

noble metal 1% Pt/Graphite was giving maximum percentage conversion. 1% Pt/Graphite 

was evaluated for its detailed activity at different temperatures and for different time 

durations. Activation energy was calculated for 1% Pt/Graphite and it was found to be 

~32kJ/mole, which is in the same range as reported for vapour phase HI phase 

decomposition reactions using Platinum catalysts.

Chapter 4: HI Decomposition over Pt Catalysts supported on Porous Carbon 

supports

Surface area and porosity of the support play important roles in catalysis. Therefore to 

increase the surface area of the carbon support, porous carbon support was prepared by 

hard templating route using silica templates like fumed silica, MCM-41 and SBA-15 [9]. 
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1 wt% platinum was loaded on these carbon supports and reduced under flowing 

hydrogen argon mixture at 300 °C. These catalysts were characterized by XRD, SEM, 

TEM, Raman and BET surface Area. All were having high surface area around 800m2/g. 

Fumed silica based catalyst was found to be microporous in nature while the other two 

were found to be mesoporous. While evaluating their activity for liquid phase HI 

decomposition reaction, it was observed that mesoporous catalysts give good conversion 

values which are almost comparable to that of Pt/Graphite catalyst. While the 

microporous carbon based catalyst give much lower conversion, in spite of having high 

surface area. Platinum leaching was evaluated and it was observed that the SBA based 

catalyst is the most stable among all carbon based catalysts. 

Chapter 5: HI Decomposition over Pt catalysts Supported on Oxides

Oxides are also well known supports for noble metals in catalysis. In this chapter various 

supports for platinum like ceria, titania and zirconia have been explored for HI 

decomposition reaction. Different amount of platinum have been loaded over the oxide 

support. These catalysts are characterized by XRD, SEM, TEM, BET surface area, 

Chemisorption and XPS. Their activity is evaluated for HI decomposition reaction at 120 

°C. It was observed that ceria based catalysts showed much higher conversions followed 

by zirconia and titania. But in terms of stability, the ceria based catalysts were least stable 

as most of the catalyst gets dissolved into HI itself. Among titania and zirconia, later was 

giving more conversion as well as it was more stable in terms of platinum leaching. 

Reasons for these observations are high noble metal dispersion and mesoporous nature of 

the zirconia support. 
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Chapter 6: Iodine Speciation Studies 

As discussed in the introduction, one of the advantages of liquid phase HI decomposition 

reaction is that iodine formed during the course of reaction gets dissolved in the liquid HI 

and forms polyiodides. Also in the Bunsen reaction, extra iodine is added to the reaction 

mixture to have more efficient phase separation as shown below[8]. 

SO2 + (x+1) I2 + (n+2)H2O   [ 2 HI + x I2 + m H2O ] +  [ H2SO4 + (n-m) H2O ] ---- (6)

The HI phase contains almost all the excess iodine and is known as HIx phase. 

This iodine needs to be separated from HI before its decomposition. Even after separation 

of iodine, HI may have some iodine. Therefore it is important to study the presence and 

formation of these polyiodides species in the HI phase. Most of the polyiodide speciation 

studies reported in the literature are limited to solid phase in forms of salts and complexes 

of these ions [11,12] with very few reports on polyiodide species present in liquid phase 

[13,14]. Therefore it is important to study polyiodide speices in liquid phase in 

connection to the HIx phase of S-I thermochemical cycle. 

For speciation studies, iodine and iodide solutions were mixed in different ratios 

and analyzed by various techniques like UV Visible spectrophotometry, Raman 

spectroscopy and electrochemical methods. It was observed from UV-Visible 

spectrophotometry, that the absorption band corresponding to I3
- appears at 288 nm and 

358 nm. The mixture showed maximum absorbance at 1:1 ratio of iodine and iodide. As 

the iodine concentration was increased, the absorbance corresponding to I3
- decrease,

which is indication of conversion of triiodide into higher polyiodides. Same trend was 

also observed from Raman spectroscopy where peak corresponding to I3
- (113 cm-1) is 
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maximum in intensity at 1:1 ratio of iodine and iodide and decrease on further addition of 

iodine. As shown in equation no. (6), small amount of H2SO4 may also be present in HI 

phase. Therefore we studied the formation of triodide species in presence of different 

amount of H2SO4 also and we could find that there was no change in intensity of peak 

corresponding to I3
- (113 cm-1) by presence of sulfuric acid.

To conclude in this chapter, presence of I3
- and higher polyiodides in the HIx

phase of Bunsen reaction of sulfur Iodine thermochemical cycle was confirmed by UV-

visible and Raman studies. Also indirect inference of formation of higher polyiodide 

species was also drawn in presence of higher concentrations of iodine.

Chapter 7: Conclusions and Future Scope 

The final chapter of the thesis includes the summary and the outcome of this thesis, and 

the scope for future work on hydriodic acid decomposition reaction. In this thesis various 

Pt/supported catalysts were explored for liquid phase hydriodic acid decomposition 

reaction. It was found that carbon is a suitable support for these catalysts which is stable 

in the reaction conditions and whose porosity and surface area can be tuned by different 

methods. It was also evident that the microporous support is ineffective in spite of its high 

surface area.  The support should be either nonporous type or mesoporous in nature. In 

case of Pt supported on oxides, ZrO2 was found to be the best support in terms of both 

activity and stability. Here also mesoporosity of the support plays an important role. To 

summarize, among the studied catalyst systems Pt supported on graphitic carbon or 

mesoporous carbon or zirconia are suitable to be used in liquid phase HI decomposition 

reaction. Also formataion of polyiodide species in the liquid phase was confirmed by 
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various techniques, which is important phenomenon in liquid phase HI decomposition 

reaction as well as in HIx phase of the Bunsen reaction. Future scope of this work 

includes use of these catalysts for vapor phase HI decomposition reaction and the 

comparison of the results with that of for liquid phase.
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Chapter 1

Introduction

1.1 Introduction 

Energy plays an important role in social, economic, industrial and technological 

development of any society. Due to increasing population and rising living standards, 

there is an increase in energy demand worldwide. In a developing country like India, 

energy sector is further more important owing to its large population. Hence there is a 

need for development of alternative energy sources both nationally as well as 

internationally. Lot of research is going on in this field; people are looking for new CO2

free energy systems.  

CO2 free energy systems are important basically due to the following two reasons: 

Firstly, the gap between energy demand and available energy sources will increase in 

future because the demand will keep on increasing due to various reasons like increasing 

population, industrial growth etc but there will be decline in production of conventional 

fossil fuels. As per the BP Statistical Review of World Energy 2014, Oil remains the 

world’s leading fuel with 32.9% of global energy consumption [1]. The same review also 

states that consumption as well as production of all types of fuels has increased in recent 

times but for each of the fossil fuel, rise in consumption was much more as compared to 

rise in production. These trends raise an alarm about possible energy crisis in near future. 
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concentrations increase in the same trend or rather more rapidly as required by growing 

energy demands, the temperature increase will be much more. Such a temperature 

increase will lead to melting of glaciers, increase in sea level and change in seasonal 

events [2]. 

1.2 Hydrogen as an Energy Carrier: Solution to the current energy and 

environmental problems 

As of now most of the world’s energy requirement for electricity generation and 

transportation etc. are met by combustion of fossil fuels like oil, coal and natural gas. Due 

to their finite resources and the irreparable harm that they cause to environment, there is a 

need to look for cleaner alternate primary energy sources. Some of the promising non-

polluting renewable energy sources are like nuclear, solar, wind, geothermal and biomass 

etc. 

For some applications like transportation purpose where fossil fuels are 

extensively used, it is highly desirable to replace fossil fuels by a more environment 

friendly energy carrier. Hydrogen seems to be the most suitable option for this purpose 

due to its favorable properties.

The only combustion product of hydrogen is water. Hence no pollutants or 

greenhouse gas is emitted. 

Hydrogen has the highest energy density (140 MJ/kg) among all fuels. 

Hydrogen can be stored over relatively long periods of time. 

Hydrogen can be used for all sorts of application like heat, electricity and 

transportation. 
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Hydrogen is highly abundant in nature. 

1.3 Hydrogen Production

In spite of being the most abundant element on Earth, hydrogen is not available 

freely. It is present in the form of big molecules in combination with other elements. It is 

present in form of water (with oxygen) or organic molecules (with carbon and other 

elements). Therefore hydrogen needs to be generated from its compounds using some 

primary energy source. Hydrogen therefore is an energy carrier rather than primary 

energy source. Many methods are being used or can be used for hydrogen production 

from fossil fuels as well as from water. From fossil fuels, hydrogen can be produced by 

methods like steam reforming of natural gas or other light hydrocarbons, gasification of 

coal and other heavy hydrocarbons etc. From water it produced by methods like 

electrolysis, thermochemical cycles, photochemical methods etc.  

Hydrogen produced from fossil fuels or non-renewable energy sources is 

generally associated with emission of carbon and it is called as “Brown Hydrogen”. 

While Hydrogen produced from renewable energy sources such as water by using solar, 

wind, hydro or tidal power is known as “Green Hydrogen”. Hydrogen produced as a 

waste or industrial byproduct is sometimes called as “Grey Hydrogen”.

1.4 Hydrogen Production: Present Status 

Presently commercial hydrogen is mainly produced from fossil fuels based 

sources like coal, oil and natural gas (~96%) and only small fraction (~4%) comes from 

water electrolysis [3,4]. Main sources of hydrogen are shown below in table 1.1. 
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Source % Hydrogen production 

Coal 18 

Oil 30 

Natural gas 48

Water Electrolysis 4

Table 1.1:  Present status of commercial hydrogen production from different sources. 

It can be seen from the above table that 96% of hydrogen is being produced from 

fossil fuels by using different methods like steam reforming of methane or natural gas, 

partial oxidation of methane, auto-thermal reforming and coal gasification etc. All these 

methods generate CO2 as a byproduct which is not desirable, CO2 being a greenhouse gas. 

Therefore it is highly desirable to produce hydrogen from another abundant source 

i.e. water in an environment friendly manner using CO2-free primary sources of energy 

such as solar energy, wind energy, or nuclear energy. 

1.5 Hydrogen Production from Water 

Hydrogen generation from water can be depicted by the following equation:

H2O (g)  H2 (g) + 1/2 O2 (g)

But this reaction is highly endothermic ( H = 243 kJmol-1 at 298 K) and very high 

temperatures (>2500 °C) are required for direct thermal decomposition or thermolysis of 

water. Energy required for decomposition can be provided by solar, nuclear, wind, 
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electricity or combination of these. A large number of methods have been studied for 

producing hydrogen from water; some of them are listed below: 

Electrolysis

Alkaline electrolysis 

PEM electrolysis 

High temperature electrolysis 

Photo-electrolysis (Photolysis) 

Photobiological (Biophotolysis) 

Photocatalysis

Thermal (Thermolysis)  

Thermochemical  

Radiolysis

Among these methods only electrolysis could be used at commercial level until 

now. But the cost of hydrogen production from electrolysis is high. Hence there is need as 

well as scope of improvement in efficiency and reduction of cost of hydrogen production. 

Thermochemical cycle is one such method which has potential for better efficiency. In 

this thesis use of heterogeneous catalyst for hydrogen production by thermochemical 

cycles has been investigated. Subsequently in this chapter thermochemical cycles, basics 

of catalysis and role of catalysis in thermochemical cycles is discussed. 

1.6 Thermochemical Cycles for Hydrogen production 

As discussed earlier water can be directly decomposed into hydrogen and oxygen 

only at very high temperature (>2500 °C), but practically it is difficult to achieve such 

high temperatures for large scale production of hydrogen. One of the ways to achieve this 
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at much lower temperatures is to break the reaction into a series of chemical reactions in 

such a way that sum of these works out to be decomposition of water into hydrogen and 

oxygen [5-7]. Thus thermochemical cycles can be defined as

“A thermochemical cycle decomposes water into hydrogen and oxygen through a 

set of thermally driven reactions at much lower temperatures than that required for direct 

thermolysis of water.” 

Thus thermochemical cycles combine the heat source (Thermo) with chemical 

reactions (Chemical) to split water into hydrogen and oxygen. The term cycle is used here 

because all other chemical compounds except water, hydrogen and oxygen are recycled in 

the processes. Hence water and high temperature heat are the input and hydrogen, oxygen 

and low temperature heat are the output. If work is partially used as input along with the 

heat, the cycle is defined as hybrid thermochemical cycle. 

 The heat required for a thermochemical cycle can be obtained either from a 

nuclear reactor [8-10], solar concentrator [11,12] or by geothermal energy [13]. Nuclear 

reactors provide electricity with low or no carbon emissions, they can provide solution to 

the problems associated with future energy and environment related problems with 

further developments. Generation IV nuclear reactors such as very high temperature 

reactor (VHTR) can be used to generate hydrogen through thermochemical cycles or high 

temperature steam electrolysis. Solar radiation is another source of energy required for 

thermochemical cycles for generating hydrogen. Although Sun is source of enormous 

amount of energy, yet it is highly underutilized. One of the most effective methods to use 

solar radiation is photovoltaic cells but the problems associated is with the storage of 
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around 500 °C. It involves the following four reactions whose net result is decomposition 

of water into hydrogen and oxygen [18,19]. 

2 Cu(s) + 2 HCl(g)  2 CuCl(l) + H2(g)                                                     (430–475 °C) 

2 CuCl (s)  CuCl2(aq) + Cu(s)                                                          (electrolysis) 

2 CuCl2(s) + H2O(g)  Cu2OCl2 (s) + 2 HCl(g)                                                (400 °C) 

2 Cu2OCl2(s)  4 CuCl (s) + O2(g)                                                                    (500 °C) 

One of the main advantages of this cycle is low temperature requirements (500°C) 

as compared to other thermochemical cycles. Therefore low grade waste heat can be used 

and material cost is also low. Low temperature requirements make this cycle suitable to 

be used in combination with CANDU supercritical water reactor [20]. The challenges 

associated with this thermochemical cycle are solid handling and corrosive fluids. The 

overall efficiency of the Cu–Cl cycle has been estimated to be around 43%. 

1.6.2 UT-3 (Ca-Br-Fe) Cycle 

The UT-3 (University of Tokyo-3) process is a four-step thermochemical cycle for the 

hydrogen production from water, which was developed at University of Tokyo. It is also 

known as bromine-calcium-iron process. This cycle involves the following four reactions 

with maximum temperature requirement of around 750 °C [21-23]. 

CaBr2(s) + H2O(g) = CaO(s) + 2HBr(g)                                                                  (750°C) 

2CaO(s) + 2Br2(g) = 2CaBr2(s) + O2(g)                                                                  (600°C) 

Fe3O4(s) + 8HBr(g) = Br2(g) + 3FeBr2(s) + 4H2O(g)                                              (300°C) 

3FeBr2(s) + 4H2O(g) = Fe3O4(s) + 6HBr(g) + H2(g)                                                (600°C) 
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The cycle shows promising energy efficiency of around 49% [24]. Lemort et al. 

have carried out detailed technological and chemical assessment of the UT-3 cycle along 

with physicochemical and thermodynamic investigation [25,26]. They have suggested 

that the physicochemical properties of the solid and gaseous reactants make the operation 

difficult at an industrial scale. Also corrosive nature of bromine and bromide compounds 

makes the process unsuitable for industrial scale. The process requires cost-effective 

corrosion-resistant materials for industrial large-scale applications. The toxicity of the 

reactants is also an important factor to be considered.

1.6.3 Ispra Mark cycles 

An international round table on direct production of hydrogen with nuclear heat 

was held at Ispra, Italy in 1969. Beghi has published report on the research performed at 

the JRC, Ispra programme [27]. Around 24 version of Ispra mark cycles have been 

reported by Beghi. These thermochemical cycles are known as Ispra mark1, Ispra mark 2 

etc. Few important cycles are described below 

Ispra Mark 1 cycle 

The first phase of the research programme was focused on the Mark 1 cycle 

proposed by Marchetti and de Beni [28]. Mark 1 cycle is a four step cycle consisting of 

the following reactions: 

CaBr2(s)  + 2H2O(g)  Ca(OH)2(s)  + 2HBr(g)                                                     (800 °C)

2HBr(g)  + Hg(l)  HgBr2(s)  + H2(g)                                                                   (200 °C)

HgBr2(s)  + Ca(OH)2(s)  CaBr2(s)  + HgO(s)  + H2O (g)                                    (800 °C)

HgO(s)  Hg(l)  + 1/2 O2(g)                                                                                  (600 °C) 
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This process showed that thermochemical decomposition of water is a feasible 

concept, but presence of mercury makes it unsuitable for large scale production, due to 

toxicity of associated with use of mercury. 

Ispra Mark 15 cycle 

The second phase of the programme dealt with the iron-chlorine family of cycles, which 

had been proposed in the early 1970s. An example of these cycles is Mark 15 which 

consists of following steps: 

3FeCl2(s) + 4H2O(g)  Fe3O4(s) + 6HCl(g) + H2(g)                                       (650-700 °C) 

Fe3O4(s) + 8HCl(g)  FeCl2(s) + 2FeCl3(g) + 4H2O(g)                                   (200-300 °C) 

2FeCl3(g)  2FeCl2(s) + Cl2(g)                                                                        (280-320 °C) 

Cl2(g) + H2O(g)  2HCl(g) +1/2 O2 (g)                                                                                        (600-700 °C) 

Ispra Mark 13 cycle (Sulfur-Bromine cycle) 

Ispra Mark 13 (Sulfur-Bromine cycle) is a hybrid thermochemical cycle involving the 

following three reactions, where decomposition of HBr is an electrolysis step. 

Br2 (l) + SO2(g) + 2H2O(l) = 2HBr (g) + H2SO4 (l)                                                    (77°C) 

2HBr (g) = Br2(l) + H2(g)                                                                                (Electrolysis) 

2H2SO4 (g) = 2SO2(g) + 2H2O(g) + O2(g)                                                                (800°C) 

Limiting factors in this case are electrolysis step as well as corrosive nature of the 

bromine and bromide compounds. 
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1.6.4 Hybrid Sulfur (Westinghouse) cycle 

Hybrid sulfur cycle is a hybrid thermochemical cycle based on sulfur chemistry. 

This cycle was significantly developed by Westinghouse Electric Corp. in the 1970 [29], 

hence it is also known as known as the "Westinghouse" cycle. This cycle is also known as 

Ispra Mark 11 cycle. 

It is a two-step cycle. Here sulfur dioxide SO2 and water are reacted 

electrolytically to produce hydrogen and sulfuric acid H2SO4. The resultant sulfuric acid 

is vaporized to produce steam and sulfur trioxide SO3, with the latter being subsequently 

decomposed at high temperature into sulfur dioxide SO2 and oxygen O2.

H2SO4 (aq)  H2O (g) + SO2 (g) + ½ O2 (g)                                               (T > 800 °C) 

SO2 (g) + 2 H2O (l)  H2SO4 (aq) + H2 (g)                (electrochemical, T = 80-120 °C) 

Net reaction: H2O(l)  H2(g) + ½ O2(g)

1.6.5 Sulfur-Iodine cycle

Sulfur iodine cycle (S-I or I-S cycle) is a three step thermochemical cycle involving sulfur 

and iodine. It is also known as Ispra Mark 16, which is variant of Ispra Mark 11 cycle, 

where hydrogen evolving step is purely thermochemical in nature. The cycle was propsed 

and pursued by General Atomics in the USA, which made significant contributions to the 

process engineering and scaling up of the cycle [30,31]. The cycle is also known as GA 

Sulfur Iodine cycle. It has potential for high efficiencies for hydrogen production [32]. 

Presently, Japan Atomic Energy Agency (JAEA) is continuing research in SI process [33-

37]. They have conducted successful experiments with the S-I cycle using Helium cooled 

High Temperature Test Reactor as the heat source. JAEA has planned to use high 
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temperature generation IV nuclear reactor to produce industrial scale quantities of 

hydrogen. The French CEA, General Atomics and Sandia National Laboratories are 

jointly developing the sulfur-iodine under an International Nuclear Energy Research 

Initiative (INERI) agreement established by the U.S. Department of Energy. Lot of 

research is taking place in Canada, Korea, Italy, China and India. 

The three reactions involved in S-I cycle are as follows: 

Bunsen reaction          I2(g) + SO2(g) + 2 H2O(l)  2 HI(l) + H2SO4(l)                 (120 °C)

H2SO4 Decomposition      2 H2SO4(l)  2 SO2(s) + 2 H2O(g) + O2 (g)                  (830 °C)

HI Decomposition                 2 HI(s)  I2(s) + H2(s)                                              (450 °C)

Net reaction:                   H2O   H2 + 0.5 O2

The sulfur and iodine compounds are recovered and reused in the cycle. Bunsen 

reaction is exothermic in nature, while the two acid decomposition reactions are 

endothermic in nature. The S–I process works like a chemical heat engine, where heat 

enters the cycle in high-temperature endothermic reactions and heat exits the cycle in the 

low-temperature exothermic reaction. The balance heat leaves the cycle in form of heat of 

combustion of hydrogen produced during the course of reactions. 

S-I cycle is the most studied and sought after cycle. It is due to the fact that it has 

certain advantages over other competitive thermochemical cycles. Some of them are 

listed below 

All fluid process hence suitable for continuous operation.

All three reactions are thermochemical, no electrolysis steps involved. 

High efficiency due to high utilization of heat (about 50%),
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Abundance of elements involved is not a problem. 

Completely closed system without any byproducts or effluents.

Suitable for application with solar and nuclear source of hydrogen. 

More developed that competitive thermochemical cycles. 

S-I cycle has a few limitations also like corrosive nature of intermediates (I2, SO2,

HI, H2SO4) which requires advanced materials for construction. Thus the economic 

viability of the process depends on availability of corrosion resistant materials. Some of 

the suggested materials include tantalum alloys, niobium alloys, noble metals, high-

silicon steels, several nickel-based superalloys, mullite, silicon carbide (SiC), glass, 

silicon nitride (Si3N4) etc [38]. Recent research has suggested that new tantalum 

technologies may be a technically and economically feasible way for large scale 

applications in S-I cycle [39]. 

Thus sulfur-iodine cycle has been proposed as a way to supply hydrogen for a 

hydrogen-based economy. With an efficiency of around 50% it is more efficient than 

electrolysis, and it does not require hydrocarbons like current methods of steam 

reforming. The cost analysis shows that the cost of hydrogen produced by S-I cycle is 

lower as compared to that of steam-methane reforming, and conventional and high 

temperature electrolysis. The reason for low cost is due to less use of electricity, no 

carbon related charges and no methane requirement. Closed loop lab scale as well as 

bench scale testing of the process has already been demonstrated [40-42]. Designing, flow 

sheet proposal and evaluation is in progress for plant scale process which can be coupled 

to a nuclear reactor or a solar concentrator [43-49]. 
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1.7 HIx Section of S-I Cycle 

According to the reaction scheme of S-I thermochemical cycle, in Bunsen reaction 

one mole each of SO2 and I2 react in presence of two moles of water to produce two acids 

namely HI and H2SO4. But from operation point of view, the conditions for Bunsen 

reaction are optimized by adding extra iodine and water. The excess iodine enhance the 

phase separation of the two acids and shifts Bunsen reaction equilibrium forward to 

produce more acids. Excess of water makes the reaction spontaneous and also causes the 

equilibrium to shift forward to produce more acids. This modified Bunsen reaction with 

extra iodine (x moles) and extra water (n Moles) can be written as follows.

    SO2 + (x+1) I2 + (n+2) H2O                 [ 2 HI + x I2 + m H2O] + [H2SO4 + (n-m) H2O]

HIx Phase   H2SO4 Phase 

 The lower is the water excess n the lower is the operating cost and higher is the 

efficiency. While on the other hand lower iodine excess x is advantageous for the 

management of HI section [50]. Norman et al [30] have reported the following optimum 

composition for the Bunsen reaction. 

SO2 + 9 I2 + 16 H2O                 (2 HI + 8 I2 + 10 H2O) + (H2SO4 + 4 H2O) 

In case of S-I cycle, HI phase is containing excess iodine and water. Therefore 

production of hydrogen from this phase is highly energy consuming due the following 

two reasons:

(i) The extraction of HI from the HIx mixture is difficult because of the presence of an 

azeotrope in the mixture, so simple distillation is not possible. 
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(ii) The extraction of HI from the HIx mixture requires very large heat exchanges, due to 

the large heat capacity induced by the high water content of the mixture. 

Hence various options have been tried to improve the overall efficiency of the 

process, like use of phosphoric acid for concentration of the HI solution [51], electro-

electro dialysis concentration method [52,53], reactive distillation [54] and use of silica 

membrane reactor [55]. Reactive distillation has an advantage of combining reaction and 

separation in a single step leading to overall shift of equilibrium towards production of I2

and H2 [56]. 

1.8 HI Decomposition Reaction 

HI decomposition reaction is the hydrogen producing step of the S-I cycle. 

Bamberger in his detailed report has shown that HI decomposition reaction is also 

integral part of some other iodine based cycles [57] for example Magnesium Iodine cycle 

[58], Magnesium-Sulfur-Iodine cycle [59]. The HI coming from Bunsen reaction of S-I 

cycle has iodine which is to be separated before HI decomposition, which can be 

achieved by various means as discussed in previous section. Therefore the reactions 

involved in the process can be written as: 

2 HIx  2HI + (x-1) I2 + H2O (l)

2 HI  I2 + H2

HI decomposition reaction may take place in both vapor as well as liquid phase 

with both having their advantages and disadvantages. HI decomposition reaction has the 

following limitations: 

The decomposition reaction is incomplete (Equilibrium conversion is low). 



Chapter 1

19

The decomposition reaction is slow. 

Since hydrogen iodide (HI) decomposition is a thermodynamically limited reaction 

with low yields, therefore it requires considerable amount of energy for separation and 

recirculation of the unreacted species which in turn affects the overall efficiency of the 

thermochemical cycle. Therefore the efficiency of cycle depends on how efficiently HI is 

decomposed into hydrogen and iodine.  

1.9 Catalyst requirement for HI Decomposition Reaction 

As mentioned in the previous section, HI section is a slow reaction with low 

yields. Hence it is very much required to use a suitable catalyst for HI decomposition to 

achieve workable reaction rates by increasing the decomposition rate. Also a catalyst with 

high performance and low cost will positively affect the overall efficiency of the 

thermochemical cycle. 

The catalyst can be a heterogeneous catalyst on the surface of which HI molecules 

will get adsorbed and undergo decomposition via different mechanism than that of 

homogeneous gas phase reaction. This will decrease the activation energy barrier and 

increase the reaction rate 

Now, we present a brief introduction and history of catalysis followed by the status on the 

development of the catalyst for hydriodic acid decomposition till date. 

1.10 Brief history of catalysis

Catalytic reactions play important roles in every aspect of our life. Most of the 

biological reactions that build the human body and control the functioning of the brain 

and other important organs are catalytic in nature. For example enzymatic catalysts 
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regulate the transformations within natural organisms. Catalyst play key role in in 

photosynthesis process in the plant kingdom in form of chlorophyll, a green pigment. 

Majority of industrial processes used for manufacturing of items of our day to day need 

like fuels, fertilizers, plastics, synthetic fibers, medicines etc. are supported by catalysts. 

As an estimate, about 90% of all chemical reactions in industries rely on catalysts of one 

kind or another. Thus, it can be said that the catalyst technology is in fact the backbone of 

the chemical industry. 

Even though catalysts have been used in number of activities like making of 

bread, wine and cheese etc. since antiquity, the word “catalysis” was first used by 

Berzelius in a published report [60] in 1836. This report included observations of various 

catalytic substances by Berzelius, Faraday, Thenord, Dobernier and other scientists in the 

early nineteenth century. Berzelius suggested that reactions could occur at the surface of 

solids provided that the surface possessed a ‘catalytic force’ and used the collective title 

‘catalyzed process’ taking place under the influence of a catalytic force. 

The development of catalysts was found to be especially important for reactions 

which evolved heat. Although equilibrium constant, of one such reaction, may be 

favorable at room temperature, the rate may be so slow that the reaction cannot be used 

practically. When the temperature is raised the rate is increased, but the equilibrium 

constant might be unfavorable at this temperature, as is readily surmised from Le 

Châtelier’s principle. Thus, catalysis was said to be concerned with the control of the rate 

of a chemical reaction by introducing in the reaction path, transient states that as such do 
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not appear in the chemical equation. They were supposed to provide an alternate route for 

the reaction by their own involvement, though they remain unchanged at the end.  

Ostwald, in 1894 proposed that catalyst is a substance that alters the velocity of a 

chemical reaction without appearing in the end products. Second half of the 19th century 

and early 20th century witnessed discovery of significant number of catalytic processes for 

example Deacon Process for oxidation of HCl to water and chlorine gas (1860), oxidation 

of SO2 to SO3 by platinum (1875), Ostwald’s process for ammonia oxidation to nitric 

oxides, a precursor of nitric acid manufacture (1902), Sebatier’s process for the 

hydrogenation of carbon dioxide (1910) and Haber process for ammonia production 

which is marked as the most important invention of the 20th century [61] . A number of 

such historical accounts of the development of catalytic processes and related subjects 

may be found in literature [62-64]. 

The present day understanding of catalysts and catalytic processes is established 

over a period of time by efforts of various scientists like Langmuir (sticking probability, 

adsorption isotherm, dissociative adsorption, role of monolayer), Emmett (surface area 

measurements, kinetics of ammonia synthesis), Taylor (active sites, activated adsorption), 

Bonhoeffer, Rideal, Farkas (kinetics and molecular mechanisms of ethylene 

hydrogenation, ortho-para hydrogen conversion, isotope exchange, intermediate 

compound theories) and many others [63]. 

A more scientific definition of the catalyst has been coined on the basis of proper 

understanding of thermodynamics, reaction pathway, and kinetics of catalyzed reactions. 

According to which
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“Catalyst is a substance which increases the rate at which chemical reaction 

approaches equilibrium, without being consumed in the process and without causing 

any alteration in the free energy change involved”.

It is generally accepted that catalysts function by forming chemical bonds with 

one or more reactants thereby opening up more favorable pathways (reduction in height 

of activation energy barrier) to their conversion into products as compared to those 

available for a non-catalyzed reaction.

Let us consider a gaseous reaction which can be represented by the following 

equation

A + B  C + D         ......1.1 

The equilibrium constant of the reaction is given by, 

  ......1.2

where PA, PB, PC and PD are the partial pressures of the components A, B, C and D 

respectively. Kp is related to the standard state Gibbs free energy change G0 by the 

following equation 

......1.3

Where R is the universal gas constant and T is the absolute temperature.

Therefore the value of equilibrium constant and thus the product yield is determined by 

the Gibbs free energy of the reaction. Since a catalyst cannot affect the Gibbs energy of 

the overall reaction and thus can’t vary the equilibrium constant. The catalyst increases 

the rates of both the forward and backward reaction so that their ratio remains same as in 
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absence of catalyst. Thus a catalyst allows the equilibrium to be reached faster. Also a 

catalyst can only accelerate a reaction which is already thermodynamically feasible but it 

cannot initiate a reaction which is thermodynamically impossible [65]. So, another 

definition of a catalyst is “A catalyst is a substance that allows a chemical reaction to 

attain equilibrium faster without itself being permanently involved.”

The barriers for the above chemical reaction with, and without a catalyst are 

shown in Fig. 1.5. 

Fig. 1.5: Reaction paths for non-catalyzed and heterogeneously catalyzed reactions. 

The  velocity  of  such  a  reaction  depends  on  its  rate constant, k = A exp(-

Ea/RT), where A and Ea are frequency factor and the activation energy respectively. 

Hence the rate of the reaction at a given temperature can be increased by increasing A or 

by reducing Ea. In the presence of a catalyst (say heterogeneous catalyst), which might 

(A+B) 
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chemisorb either A or B, or both, the system may follow a new reaction path with a lower 

energy of activation, ES. Here the system passes through a new chemisorbed transition 

state (TS). However, decrease in the value of the activation energy alone does not permit 

an evaluation of the catalytic activity, since the pre-exponential factor A also depends on 

the catalyst. Hence, attempt to understand the phenomenon of catalysis must include 

knowledge of the structure of the surfaces of catalysts, the state of chemisorbed molecules 

over these surfaces and their mode of interaction. 

1.11 Classification of Catalysts 

 Catalysts can be categorized into three broad categories depending on catalyst-

reactant phases and their nature of applications [66]. 

(i) Enzyme catalysis: Enzymes are complex organometallic compounds 

generally occurring in nature and the reaction catalyzed by enzymes comes 

under the category Enzyme catalysis. Enzymes help carry out a reaction at 

low temperatures and generally yield a single product without any side 

reaction. But due to stringent requirement of conditions and environmental 

control, they find only limited applications in chemical industry e.g. the use 

of enzymes to obtain products such as alcohols, carboxylic acids, carboxylic 

esters etc by hydrolysis of esters. 

(ii) Homogeneous catalysis:  Homogeneous catalysis refers to the catalytic 

processes where the catalyst and reactant(s) are present in the same phase 

(mostly liquid). These processes are also highly product selective and find 

application in production of many important chemicals, including many of 
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the vital drugs in pharmaceutical industry. A number of soluble 

organometallic complexes are used as catalysts for industrial processes such 

as hydroformylation, oxo-processes, hydrogenation, oxidation, 

polymerization etc. such as use of titanium complexes as homogenous 

catalysts in polymerization of olefins like propylene to polypropylene, a 

Ziegler-Natta Polymerization process. 

(iii) Heterogeneous catalysis: Heterogeneous catalysis includes those processes in 

which the reactant (mostly gaseous or liquid) and catalyst (generally solid) 

are present in different phases. The reaction in this case occurs at an interface. 

Most of the processes in chemical industry belong to this class e.g. use of Fe-

V2O5 catalyst in synthesis NH3 from H2 and N2, the famous Haber process. 

1.12 Heterogeneous catalysts 

Heterogeneous catalysts are the most used ones among the above classification. 

It is their important characteristics like ease of recovery from reaction system, higher 

stability and applicability in both continuous or batch mode of operation, which makes 

them suitable for wide range of applications. Several important industries viz. petroleum, 

petrochemicals, fine chemicals, pharmaceuticals, polymers etc. uses heterogeneous 

catalysts. On the basis of their chemical composition and physico-chemical properties, the 

heterogeneous catalysts can be broadly classified into the following categories:

(a) Metals

(b)  Metal oxides  

(c) Supported metals  
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(d) Solid acids / super acids

(e) Solid bases

(f) Zeolites and molecular sieves 

(g) Clays and heteropoly acids. 

Based on their nature and functionality, the above mentioned classes of catalysts, 

can be logically grouped into mere two types: (i) metals and (ii) non-metals. The former 

group consists of transition metals, especially Group VIII, and noble metals of Group IB, 

while the latter consists of metal oxides and sulfides, carbon materials, salts and acids.  

Another classification of the catalysts can be done on the basis of conductivity of 

the catalysts. Thus it can be subdivided in three categories (i) Conductors (ii) 

Semiconductors and (iii) Insulators. The conductors (metals) are considered to be good 

catalysts for hydrogen addition or abstraction but are poor catalysts for addition or 

abstraction of oxygen. The semiconductors (metal oxides and sulfides) are good catalyst 

for oxidation – reduction processes and insulators work better as dehydration and 

isomerization catalysts. 

 All the catalytic reactions involve the same basic steps, irrespective of the class to 

which a heterogeneous catalyst belongs. The overall process can be broken down in the 

following five steps [67]: 

(i)  Transport of reactants to the catalyst surface. 

(ii)  Adsorption of reactants on the catalytic sites. 

(iii) Interaction of the adsorbed reactants (bond breaking, bond forming, molecular 

rearrangement) leading to the product formation. 
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(iv) Desorption of the products from the catalytic sites. 

(v)  Transport of products away from the catalyst surface. 

Therefore the activity as well as selectivity of catalyst depends on the bonding 

between the catalyst and reactant and the transformations that they undergo during the 

course   of the reaction. As a thumb rule, the stronger the bond between adsorbate and the 

catalyst, the less will be the catalyst activity. On the other hand, a very weak bonding will 

not result in a catalytic activity.  

 Heterogeneous catalysis finds is use in a wide range of industrial and 

technological applications and it cannot be explained by any single theory. However there 

have been many attempts to a general theory for such processes. For example, one such 

theory is the electronic theory of catalysis. This theory correlates electronic energy levels 

of the solids (especially semiconductors) and the reactant molecules. In case of transition 

metals, the catalytic activity is related to vacant atomic d orbitals. Hence large numbers of 

vacant d-orbitals present are responsible for high chemisorption activity of the transition 

metals. This is further explained in terms of a parameter called as percent d-character of a 

transition metal [67-69]. According to another approach based on localized model, the 

reactant molecules form unstable complexes with the surface atoms of the catalyst and 

this complex decompose to give products. 

Therefore in absence of a unique theory, attempts are being made around the 

world to correlate the catalytic activity of a catalyst to some of its specific properties. This 

can narrow down the search of a suitable catalyst for a given reaction. Therefore in spite 

of lot of progress in the field of catalysis, it is still regarded as an art rather than science. 
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Prof. Morrison quoted [70]: “ The development of new catalysts to accelerate 

specific reactions is approximately 10% theory, 50% experience and intuition and 40% 

empirical optimization As our knowledge of surface science grows, we can hope that 

these percentages will shift to the left in that tabulation, but at present heterogeneous 

catalysis is so complex that detailed analysis of even the simplest reactions is almost 

impossible”

1.13 Supported Metal Catalysts 

Supported metal catalysts has an important role in the field of heterogeneous 

catalysis especially catalysis by metals. A supported metal catalyst has metal (0.1 to 20 % 

of the catalyst weight) in form of small particles dispersed over an inert and high surface 

area material called as support. Some typical examples of supports are alumina, silica, 

zeolite and carbon. 

Supported metal catalysts have certain advantages over other forms of metal 

catalysts like powder, particles, wire or films. The use of high surface area support leads 

to high dispersion of metal in form of very small crystallites, which results in high surface 

area of metal and higher resistance against sintering. In case of noble metals, high 

dispersion of metal by using high surface area support significantly reduces the cost of 

catalyst. In some cases pore structure of the support may have advantage in terms of 

selectivity for a particular reaction. Support may affect the morphology and distribution 

pattern of metal particles also. In some cases, support may increase the catalytic activity 

of the metal through metal support interactions. 
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1.14 Catalysis in thermochemical research 

Catalyst plays important role in any industrial process by affecting product yield 

as well as selectivity of the process. Since thermochemical processes for hydrogen 

production are highly energy intensive and cyclic in nature, therefore these two factors of 

yield and specificity are not of that importance in this case. In case of thermochemical 

cycles, the catalyst plays some other important roles and most of the cycles mentioned in 

ref [57], can be considerably improved in terms of efficiency as well as cost by using 

suitable catalyst.  

Following are few important areas of thermochemical cycle, where catalysis plays 

important role. In general a thermochemical cycle have at least one endothermic reaction 

which takes up heat from heat source and this reaction involve large increase in entropy 

by change from condensed phase of reactants to gaseous phase of the products. This type 

of reactions requires a catalyst to promote the reaction. Another use of catalyst in case of 

thermochemical cycle is by speeding of a reaction. Higher speed of reaction requires 

lower steady state inventory of chemicals and thus size equipment can be lowered. These 

factors affect the economic operation of thermochemical cycle. In case of hybrid 

thermochemical cycles, catalysis is used for production of large surface area electrodes 

which are used in intermediate electrochemical reactions of the cycle. 

Till today most studied catalytic processes in thermochemical research are sulfuric 

acid decomposition and hydriodic acid decomposition reactions. A detailed account of 

catalytic decomposition of these two acids with respect to thermochemical cycles have 

been given by O’keefe et al [71]. Among these two reactions, sulfuric acid thermal 
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decomposition is the most endothermic reaction in the sulfur based thermochemical 

cycles and is normally carried out at above 800 °C in presence of supported platinum 

catalysts such as (Pt/Al2O3, Pt/TiO2 and Pt/ZrO2) [72], (Pt/TiO2 (rutile) [73], (Pt/BaSO4)

[74] or several metal oxides [75]. Another reaction i.e. HI decomposition reaction is part 

of iodine based thermochemical cycles including S-I cycle. The catalysts reported for it 

are discussed in detail in the following section. 

1.15 Decomposition of HI on Catalyst Surfaces

This reaction involving HI, H2 and I2 is one of the most extensively studied 

reactions in gaseous phase. Homogeneous chemical equilibrium studies and reports are 

available as early as beginning of twentieth century [76-77]. Second half of the twentieth 

century has witnessed lot of work related to this reaction carried out by Suvillan [78-81]. 

The use of this reaction in thermochemical cycles has unleashed its practical use in 

addition to already existing fundamental interest. Therefore this reaction is of great 

importance from both fundamental and technical point of view due to the increasing 

interest in hydrogen generation by thermochemical cycles.  

The biggest advantage of using catalyst for HI decomposition reaction with 

respect to thermochemical cycles is lowering of reaction temperature which is of 

advantage in terms of corrosivity issues related to HI and I2. A wide range of catalysts 

have been used and studied for HI decomposition reaction. We give a comprehensive 

account of the catalysts studied for this reaction globally. 

Most of the catalysts proposed and used for HI decomposition reaction are noble 

metal based, predominately platinum based. NCLI (National Chemical Laboratory for 
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Industry) Japan has carried out extensive work on HI decomposition reaction using 

various metals (Pt, Pd and Ni) and substrate (Alumina, silica, zeolite, carbon etc) 

combinations [71]. From their studies it was found that platinum was better as compared 

to other two metals.  Platinum is known to be active for this type of reaction, where the 

reactant molecule gets dissociatively adsorbed over the platinum surface (active site). The 

adsorption and decomposition of HI on supported platinum surface has been studied by 

many researchers. Shindo et al [82] have proposed a reaction mechanism, where they 

suggest that reaction proceeds via adsorption and dissociation of HI at the surface active 

sites i.e. the active noble metal centres. 

 One of the earliest studies on HI decomposition reaction on catalyst surface are 

reported by Hinshelwood in 1925 on platinum and gold surface [83-84]. Another report of 

HI decomposition over activated carbon catalyst is available in British patent 796,049 of 

year 1958. A 1968 US patent 3,365,276 describes decomposition of HI over platinum 

surfaces that has been electrically deposited as a thin film on a high surface area 

membrane. Holmes et al [85] describes use of pyrolytic carbon as a catalyst. All of the 

above groups have reported substantial increase in reaction rate with use of a catalyst. 

 The interest in development of efficient catalyst for HI decomposition reaction 

still exists and it is evident from large number of publication in the first decade of 21st

century. Numbers of research groups from around the globe are working in the field. Pt 

catalysts supported on different supports are the most studied sytems like Pt/Carbon [86] , 

Pt/Alumina [87], Pt/Ceria [88-89] , Pt/Ceria-Zirconia [90] and bimetallic Pt-Ir catalysts 

[91] on carbon. 
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 Since cost of the catalyst plays crucial role in determining the cost of hydrogen 

produced, therefore non platinum based catalysts have been also studied with equal vigor. 

These non-platinum catalysts can be categorized in two classes, different types of carbon 

[91-96] and nickel based systems [97-101]. Ni based systems have limited stability and 

low production capacity which is of disadvantage for industrial scale production. 

 All the catalysts mentioned above have been employed for HI decomposition 

reaction in vapor phase at higher temperatures (T>450°C). Another approach which can 

be followed for HI decomposition is decomposition in liquid phase. This was first 

explored by GA in 1952 to get enhanced conversion. The equilibrium constant equation 

for decomposition of HI to H2 and I2 can be illustrated as given below: 

HI

HI
p P

PP
K

5.05.0
22     …….1.4 

It is evident from this equation that at a given pressure of HI, lowering of I2 partial 

pressure is required for higher yield of H2. This means that a sink of iodine is required to 

drive the reaction in forward direction. This sink for iodine can be provided by the 

reactant HI itself because I- forms polyiodide species in presence of iodine. Thus the 

iodine formed gets dissolved in HI in form of polyiodides and does not get deposited on 

the catalyst surface. Therefore the active sites of the catalyst surface remain free for the 

reaction. Therefore in case of liquid phase decomposition reaction, dissolution of the I2

formed at catalyst surface into the HI solution and continued intimate contact between HI 

and catalyst maintains high reactivity levels with generation of gaseous H2 even in 

presence of I2. Very high conversion level as high as 50% is reported by O’Keefe et [71]. 

The liquid phase HI decomposition studies are limited as compared to vapor phase.
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1.16 Aim of our work in Hydriodic acid decomposition 

Bhabha Atomic Research Centre (BARC), India is in process of developing high 

temperature reactors which are capable of supplying process heat at around 1000°C. 

These reactors will be able to provide heat for production of hydrogen along with 

electricity. The present efforts are for development of technology for small power (100 

kWth) Compact High Temperature Reactor (CHTR) capable of supplying high 

temperature process heat at 1273 K [102]. Additionally conceptual details of a 600 MWth 

reactor supplying heat at 1273 K for commercial hydrogen production (IHTR-H), are also 

being worked out. 

Therefore R&D work has been initiated in BARC in most of the related areas, 

including studies on hydrogen generation by sulfur-iodine thermochemical cycle and  Cu-

Cl cycle, hydrogen storage materials along with solid oxide fuel cell materials. For S-I 

cycle, initially the feasibility demonstration has been carried out in a closed loop glass set 

up in Chemical technology division, which will be followed by bench scale and pilot 

scale plants.  Chemistry Division is involved in the development of catalysts for sulfuric 

acid decomposition which is the most energy intensive step of S-I cycle. Chromium 

doped iron oxide catalyst [103,104], ferrospinels [105] have been developed and used for 

the reaction at lab scale. Doped iron oxide based catalysts have also been used for pilot 

plant scale studies also.

The aim of present work in hydriodic acid decomposition is to synthesize suitable 

platinum based catalyst with different supports, characterize their physico-chemical 

properties, evaluate their potential for the HI decomposition reaction in terms of activity 
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as well as stability and establish structure activity correlation. Optimization of platinum 

loading to reduce the cost of catalyst is another aspect covered in the present study. All 

these aspects have been dealt in details in the following chapters. 

 In Chapter 2 of the thesis, the experimental methodologies have been discussed. 

Apart from the different instrumental techniques used for characterization, this Chapter 

includes different methods used for synthesis of catalysts and the method used for 

evaluation of activity and stability of these catalysts for liquid phase HI decomposition 

reaction. In Chapter 3, platinum catalysts supported in different type of carbons were 

prepared, well characterized and evaluated for HI decomposition reaction. The effect of 

pore structure of carbon support has been further investigated and presented in Chapter 4. 

Chapter 5 has the details of different catalysts supported on oxides like ceria, zirconia and 

titania. Effect of platinum loading on activity has also been investigated and presented in 

this chapter. The catalytic activities were correlated with structural and morphological 

properties of the catalysts by proper characterization of the fresh and the spent catalysts. 

Chapter 6 includes the results of various experiments carried out to identify the poly 

iodide species present in the mixture of HI and I2, which forms the basis of liquid phase 

HI decomposition. The summary of the present work and future scopes have been 

included in Chapter 7. 
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Chapter 2

Instrumentation and Experimental

Methods

2.1 Introduction

 A brief overview of the experimental methods adopted for synthesis of the 

catalysts, different techniques employed for the characterization of these samples and 

methodology for evaluation of their catalytic activities for hydriodic acid decomposition 

is presented in this chapter. The catalyst samples were synthesised by various techniques 

e.g. wet impregnation of the supports, precipitation of supports followed by impregnation 

and preparation of support by hard templating route or nanocasting. These samples were 

well characterised for various properties like structural morphological and oxidation 

states by various instrumental techniques e.g. X-Ray Diffraction (XRD), Scanning 

Electron Microscopy (SEM), Energy Dispersive X-ray (EDX), Transmission Electron 

Microscopy (TEM), X-ray photoelectron spectroscopy (XPS), N2 adsorption and 

chemisorption. An autotitrator was used to determine the concentrations of H+ and I- ions 

which was eventually used to determine the percentage conversion. Gas chromatograph 

was used to quantify the reaction products like H2 for HI decomposition reaction. This 

chapter contains brief descriptions on general principles of these techniques. 
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Experimental setup used for evaluating activity and stability of the catalysts for HI 

decomposition is also discussed in this chapter in detail. 

2.2 Sample Preparation 

 This section gives account of different precipitation methods used for preparation 

of various catalysts investigated in this thesis. Since this thesis deals with platinum based 

catalysts supported on different supports, any method will essentially involve preparation 

of support and loading of platinum on the support. In general preparation of 

heterogeneous catalyst can be divided in three basic steps [106]: 

(i) Formation of primary solid e.g. impregnation, co-precipitation etc. 

(ii) Processing of primary solid e.g. heat treatment etc. 

(iii)Activation to give active catalyst e.g. reduction of metal precursor to metal 

This section presents the general principles of various methods used for preparation of 

catalysts.  However, detailed description of each method is presented in the respective 

chapter where the catalyst is studied and reported. 

2.2.1 Wet Impregnation method 

  Wet impregnation method is one of the most common methods used for synthesis 

of heterogeneous catalysts.  In this method active metal precursor, dissolved in an 

aqueous or organic solvent, is added to catalyst support. The solution goes into the pores 

of the support by capillary action. The solution in excess to the pore volume of support is 

transported through diffusion process. After wetting of the support, the volatile 

component of the solution is removed by drying and calcination. This method was used to 

prepare Pt/carbon catalysts as discussed in Chapter 3. 
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Silica templates used for this method were also prepared in-house using 

hydrothermal synthesis. Two types of mesoporous silica templates were prepared by 

using ionic (CTAB) and nonionic (P123) surfactants. Detailed procedure of preparation of 

the mesoporous silica followed by their use as template for synthesis of mesoporous 

carbon is given in Chapter 4. 

2.2.3 Precipitation and Co-precipitation method 

The precipitation method is one of the commonly used methods for the 

preparation of ceramic materials. We have used this method for preparation of oxide 

supports. In this method an aqueous solution of the desired cation (s) is prepared and drop 

wise added to the solution containing the precipitating agent (Ammonia solution, alkali 

hydroxides, oxalic acid etc.) or vice versa. The precipitate (metal hydroxide or oxalate) is 

separated from the solution by filtration. The filtered product is heated to thermally 

decompose it to get the desired compound. The final product depends on several 

parameters like pH, temperature, rate and order of mixing of one solution into another. 

Oxide supports like zirconia, ceria and titania was prepared by this method and discussed 

in Chapter 5. 

2.3 Characterization techniques 

2.3.1 X-ray diffraction (XRD) 

XRD is the most extensively used technique for the identification of crystalline 

phases of a solid and also to determine its crystal structure [109]. The principle of XRD 

technique is based on scattering of X-rays by a crystal consisting of well-defined array of 
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X-rays are electromagnetic waves, therefore electrons of the atoms vibrate when 

electric field of X-ray interact with the electron cloud of the atom. These vibrating 

electrons act as a source of radiation and thereby emit radiation of the same frequency as 

the incident radiation. Hence, the incident radiation appears to be scattered by the atoms. 

The intensity of radiation scattered by an electron is given by classical Thomson equation 

and called scattering power of an electron. Higher the number of electrons (equal to 

atomic number Z of the atoms), higher is the scattering power. Atom consist of many 

electrons and thus the overall scattering factor of an atom is given by, 

                              …2.2 

 where f0 is the scattering factor of an atom when it is rest and at 0°,  is the 

wavelength of x-ray,  is the angle of diffraction, B is a constant (called isotropic 

temperature factor, which is related to the amplitude of vibration of the atom and is given 

as B = 8 2u2, where u2 = mean of square displacement of the atom from the mean 

position). The exponential term is called Debye-Waller factor. A crystal lattice consists of 

3D atomic planes, which in turn are made of numerous electrons. The scattering power of 

a particular plane in the lattice is called structure factor of that plane. The structure factor 

of a plane hkl is given as:

                          … 2.3 

 where Fhkl is the amplitude of scattered radiation from the hkl plane, fj is the 

scattering factor of the atom j at a diffracting angle , (x,y,z) are the position coordinates 
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of the atom j, N is the number of atoms in the unit cell. The exponential factor is called 

the phase of the wave. This structure factor is related to the electron density distribution 

in the unit cell of the crystal, which in turn represents the atomic distribution in the 

crystal. 

2.3.1.1 Instrumentation 

A typical classical powder X-ray diffractometer consists of a source of X-ray and 

the detector for the detection of diffracted X-rays. Fig. 2.3 shows the block diagram of 

typical powder diffractometer. X-ray source in these diffractometer is generally a sealed 

X-ray tube, where X-rays are produced by bombarding high-speed electrons on a metal 

target. A fraction of electron energy is used in the production of X-ray beam the rest is 

lost by heating of the target elements. Thus, a continuous cooling of the target element is 

essential. The X-ray beam hence generated consists of a combination of continuous 

radiation with wavelength ranging from a particular shortest value and several intense 

spikes. These intense peaks are characteristic of the target elements (called characteristic 

radiation). The X-rays are produced in all the direction and it is allowed to escape from a 

particular direction (usually through a Be window) in a diffractometer. The background 

and -radiations are filtered using -filters (if Z is the atomic no. of the target metal then 

generally (Z-1) is generally the filter used). The details of the X-ray production and the 

typical X-ray spectra are explained in several monographs [110,111].The beam of X-rays 

is passed through the soller and divergence slits and then allowed to fall on the sample, as 

shown in Fig 2.3.
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Fig. 2.3: Ray diagram of a typical reflection mode diffractometer 

Sample in form of fine grains is uniformly spread over a glass slide. For adhesion 

of sample to the slide certain binders like collodion, grease or wax is used. The amounts 

of the sample exposed generally depend on the scattering power of the elements, 

absorption coefficient and of course on availability of the sample. The crystalline sample 

usually shows good scattering and sharp diffraction lines. The X-rays scattered 

(diffracted) from the sample are collected either by a film or counters. In the 

diffractometer, the diffracted beams are passed though the soller slits and divergence and 

receiving slits. Then it is usually allowed to fall on a monochromator before detection.  

For detection of the X-rays, scintillation counters or gas filled tube are commonly 

used. The gas filled tubes can either be a proportional counter or Geiger-Muller counter. 

The gas filled tube is usually filled with a gas, which gets ionized with the impact of the 

radiation. The ions are collected by applying a potential difference between the two 

electrodes. The typical current obtained is proportional to the number of photons reaching 



Chapter 2

43

the detector. Diffracted X-rays are detected by sweeping the detector from one angle to 

another. A sharp peak in the intensity is obtained when the detector angle is such that the 

Bragg’s law is satisfied. Thus the output is obtained as plot of the intensity of diffracted 

X-rays versus angle (2 ). This plot is generally termed as XRD pattern of the sample. 

The peaks (also called as reflections) in the XRD pattern correspond to a set of 

parallel planes with inter-planar spacing dhkl. The position of the peaks is used to calculate 

d values. A particular sample gives a characteristic set of d-values. Thus, these values 

generally act as the fingerprint for the crystalline materials and they can be used for 

identification of the material. The intensity distribution of the reflections is governed by 

the nature and kind of distribution of atoms in the unit cell. The absolute intensities of the 

reflections depend on several factors like the intensity of the source, counting time and 

the nature and kind of distribution of atoms in the unit cell. 

In the present work, X-ray diffraction experiments were carried out in the angle 

dispersive mode using Ni filtered Cu K  radiation (wavelength = 1.5418 Å) on a 

computer controlled Philips PW 1710 X-ray diffractometer, with X-ray generator 

operated at 30 kV and 20 mA and a proportional counter (Argon filled) as X-rays 

detector. The diffracted beam is monochromatized with a curved graphite single crystal.  

The sample was spread on a glass slide in form of fine powder and fixed with collodion 

binder. The samples were scanned in the 2  range from 10 to 70° at a scanning speed of 1 

°min-1. After data collection, the observed diffraction patterns were compared with 

JCPDS (Joint Committee on Powder Diffraction Standards) data available for reported 

crystalline samples. 



Chapter 2

44

2.3.1.2 Crystallite size estimation 

 The broadening of an X-ray peak can occur due to smaller crystallite size or 

strains in the lattice. The approximate size of a crystal can be estimated from broadening 

of the X-ray peak by the Scherrer formula, if the crystal thickness is less than ~ 2000 Å. 

Thus for all the compounds that were prepared, the approximate crystallite sizes were 

estimated using the Scherrer s formula given as follows: 

              …..2.4 

where,

is the thickness of the crystal (in angstroms), 

 is the X-ray wavelength measured in angstrom ( ) units 

 is the Bragg angle(in radians) 

is the line broadening 

  The line broadening ( ) is measured from the full width at half maxima (FWHM) 

of the peak. Its square is obtained from the difference between the square of the measured 

peak width of the sample and the square of the measured peak width of a peak of a 

standard material as given in the Warren formula given below: 

where,

M is the measured peak width (in radians) at half peak height and

S is the measured peak width (in radians) at half peak height (for a standard material.) 

0.9
cos

2 2 2
M S
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 There may be some other factors like microstrain etc. also contributing to the peak 

broadening but these factors have not been considered here. Based on this concept of 

broadening of the XRD peak for the nanocrystalline sample, the approximate crystallite 

size of all the catalysts were estimated. The actual sizes in a number of nanocrystalline 

samples were also investigated by means of TEM, as explained in another section. 

2.3.2 Surface area analysis 

Surface area is one of the most important properties of a catalyst because it 

directly defines the adsorption process in the catalyst surface which in turn affects the 

catalytic activity. For measuring surface area and pore size distribution of solid materials 

gas adsorption-desorption techniques are generally used. BET method [112], which is the 

most commonly used procedure for determination of surface area, involves the following 

equation:

)( pop
p  = 

Cvm

1  + 
Cv

C

m

1
op
p                     …..2.5 

Where, 

p = Adsorption equilibrium pressure 

po = Saturation vapour pressure of adsorbate at the adsorption temperature 

vm = Volume of adsorbate required for mono layer coverage 

v = Volume of adsorbate adsorbed at equilibrium pressure p

C = Constant related exponentially to the heat of adsorption in the first

             layer (q1) and heat of liquefaction of adsorbate (qL) ; C = e(q
1

-q
L

)/RT

The constant C determines the shape of the isotherm. The higher the value of C, 

the more the isotherm tends to type-II, which is desirable for accurate determination of 
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surface area. A plot of p/(po-p)v against relative pressure p/po yields a straight line and 

from the slope S = C-1/vmC and intercept I = 1/ vmC, vm can be calculated as follows. 

vm = 
IS

1                              …..2.6 

 Thus the values of the specific surface area of sample can be derived by knowing 

the monolayer cross sectional area of adsorbate molecule and from slope and intercept, as 

described above. Thus, 

Specific Surface Area 
22414W

ANv mAm 10-20 m2/g                 …..2.7 

Where  

NA = Avogadro's number  

vm = Monolayer volume in ml at STP 

W = Weight of the catalyst sample (g). 

Am  = Mean crossectional area occupied by adsorbate molecule which is 16.2 Å2

for nitrogen at 77 K. 

For many practical purposes the BET equation (2.4) is generally fitted to the data 

over a range p/po = 0.05 - 0.35 as at higher p/po values complexity associated with 

multilayer adsorption and/or pore condensation may arise. In our study, Quantachrome 

Autosorb - 1 surface area analyser was employed. Prior to surface area determination, 

samples were subjected to a pre-treatment at 300°C for ~ 5 h under vacuum so as to 

remove impurities such as moisture. 
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2.3.2.1 Adsorption Desorption Isotherms and their types 

An understanding of the surface area and porosity of an adsorbent can be achieved 

by the construction of an adsorption desorption isotherms. When the quantity of adsorbate 

on a surface is measured over a wide range of relative pressures at constant temperature, 

the result is an adsorption isotherm. It is obtained point-by-point by admitting successive 

known volumes of adsorbate to the adsorbent and by measuring the equilibrium pressure. 

Similarly, desorption isotherms can be obtained by measuring the quantities of gas 

removed from the sample as the relative pressure is lowered. 

All adsorption isotherms can be grouped into six types; Type I to type VI. Type I 

or Langmuir isotherms are concave to the P/P0 axis. The amount of adsorbate approaches 

a limiting value (plateau) rapidly as P/P0 increases, which is indication of filling of all 

pores with adsorbate. These types of isotherms are generally obtained in case of 

microporous solids having relatively small external surfaces like activated carbons and 

molecular sieve zeolites. 

Type II and Type III isotherms are obtained in case of a nonporous or 

macroporous adsorbent. Monolayer multilayer adsorption occurs in both the cases. The 

beginning of the isotherms in case of these types of solids may be concave (Type II) or 

convex (Type III) depending upon the surface properties of a given adsorbent. Type II has 

a distinct point B (as shown in fig. 2.4) as the start of the linear central section of the 

isotherm and it is usually taken to indicate the relative pressure at which monolayer 

coverage is complete. This point is not present in case of Type III due to stronger 
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these isotherms are also uncommon. The only difference between type III and V is the 

presence of mesopores in case of type V. Type VI isotherms corresponds to layer by layer 

adsorption or energetically highly homogeneous surfaces, either nonporous or 

macroporous. 

 The adsorption branch of isotherm is used to determine all adsorption properties of 

the porous materials while desorption branch is used to get information about the pore 

geometry. N2 is extensively used adsorbate for gas adsorption studies; it has been well-

characterized and serves as the most common adsorbate for pore size distribution 

measurements. 

2.3.2.2 Total Pore Volume and Average Pore Radius 

The total pore volume for a porous solid is calculated from the amount of vapour 

adsorbed at a relative pressure close to unity. It is based on the assumption that at this 

point the pores are completely filled with the liquid adsorbate. In absence of macropores, 

the isotherm is nearly horizontal (Type I) over a wide range of P/P0 approaching unity and 

in this case the pore volume is well defined. While in presence of macropores the 

isotherms rises rapidly near P/P0 =1. It may exhibit a vertical rise in case of large 

macropores. Generally nitrogen is used as an adsorbate for these measurements. The 

adsorbed volume (Vads) can be converted to the volume of liquid nitrogen (V1iq) contained 

in the pores using equation 

RT
mVadsVaP

V
liq

…..2.8

 Where Pa and T are ambient pressure and temperature respectively, and Vm is the 

molar volume of the liquid adsorbate (34.7 cm3/mol for nitrogen).  
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The pores that would not be filled below a relative pressure of 1 have negligible 

contribution to the total pore volume and surface area. The average pore size can be 

calculated from the pore volume. Assuming cylindrical pore geometry, the average pore 

radius rp can be calculated from pore volume (Vliq) and surface area (S) by using the 

following equation,

S
liq

V

p
r

2
                            …..2.9

2.3.2.3 Pore Size Distribution 

The distribution of pore volume with respect to pore size is termed as pore size 

distribution. The pore size distribution of an adsorbent can be calculated from either 

adsorption or desorption isotherm. But in general, desorption branch of the isotherms is 

considered to be more appropriate than the adsorption isotherm for calculating the pore 

size distribution. For the same volume of gas, the desorption isotherm corresponds to a 

lower relative pressure resulting in a lower free energy state. Therefore the desorption 

isotherm is closer to true thermodynamic stability as compared to adsorption isotherm. 

Size of mesopores can be calculated by using Kelvin equation, assuming cylindrical pore 

geometry. 

…..2.10

Where 

r k          =     the Kelvin radius of the pore (in meters) 

          =     the surface tension of nitrogen at its boiling point (8.85 xI0-3 Jm-2 at 77 K). 

)0/ln(
2

PPRT
mV

r
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Vm       =     the molar volume of liquid nitrogen (3.47 xI0-5 m3mol-1). 

R          =     gas constant (8.314 JK-1mol-1). 

T          =     boiling point of nitrogen (77 K). 

P/Po =     relative pressure of nitrogen. 

Using the appropriate constants for nitrogen, equation (16) reduces to 

)/(log
.154)Å(

0
PPr                   …..2.11 

The Kelvin radius (rk) is the radius of the pore in which condensation occurs at a 

relative pressure of PIPo. Since some adsorption has already taken place on the walls of 

the pore prior to condensation, rk does not represent the actual pore radius. Also during 

desorption an adsorbed layer remains on the walls of pores when evaporation occurs. 

Therefore the actual pore radius rp is given by the following equation 

trr
kp

                            …..2.12 

Where t is the thickness of the adsorbed layer, whose value is given by

t=3.54 (Vads/Vm)              …..2.13 

Where 3.54 Å is the thickness of one nitrogen molecular layer, 

Vads is the volume of nitrogen adsorbed at a given relative pressure, 

Vm is the volume adsorbed at the completion of a monolayer for a nonporous solid of the 

same composition as the porous sample. 

Another way of finding t was given by de Boer [113] in form of the following equation 

                                                      …..2.14 
2/1

0

])/(log
99.13[)Å( PPt
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 The pore size distribution can be calculated by many methods like BJH method 

[114], DH method [115] etc. Among then BJH method is the most commonly used one. 

2.3.3 Electron Microscopy 

Electron microscopy techniques of material characterization are based on the 

interaction of a focused electron beam with matter. This interaction may result into 

several phenomena like (i) emission of secondary electrons (SE) (ii) back-scattering 

electrons (BSE) and (iii) transmission of electrons etc. Emissions of characteristic X-rays, 

Cathode luminescence and absorption of electrons also occur during the interaction of 

primary electrons with the matter. All these are shown below in Fig 2.5. 

Incident electron beam

Backscattered primary (SEM)

Secondary electrons (SEM)

Auger electrons (AES)

X-ray (EPMA)

Light

Specimen

Absorbed electrons

Inelastically scattered
Electrons (EELS)

Elastically scattered
Electrons (ED)

Transmitted
Electrons (TEM)

Fig. 2.5: Depiction of different phenomenon occurring on interaction of electron beam 
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2.3.3.1 Scanning Electron Microscopy 

 Scanning electron microscopy is a technique based on the detection of the 

secondary electrons and back-scattered electrons. The signals corresponding to these two 

are detected and fed to a synchronously scanned CRT as an intensity-modulating signal 

and thus display a specimen image on the CRT screen [116]. In general an SEM system 

comprises of the following four parts (i) electron optical system, (ii) specimen stage, (iii) 

display and recording system and (iv) vacuum system. 

                In scanning electron microscope technique, a finely focused electron beam is 

rastered across the surface of the sample by two pairs of electro-magnetic deflection coils 

[116]. The signals generated from the surface by secondary and back-scattered electrons 

are detected and fed to a synchronously scanned cathode ray tube (CRT) as intensity 

modulating signals. Thus, the specimen image is displayed on the CRT screen, which 

gives a map of the surface topography of the sample. Changes in the brightness represent 

changes of a particular property within the scanned area of the specimen. This technique 

can be used for finding out particle size, crystal morphology, surface defects etc. It can be 

used in wide range of magnifications. The best reported resolution is around 2 nm. 

 For carrying out SEM analysis the sample should be (i) vacuum compatible, since 

electrons, being charged particles, require vacuum environment for traversing without 

change in their number and density. (ii) Electrically conducting, to avoid the charge build 

up due to coming electrons. The non-conducting samples are coated with gold, platinum 

or graphite to stop charge build up on their surface. 



Chapter 2

54

2.3.3.2 Energy Dispersive Analysis of X-rays (EDAX)

 During SEM measurements, the elements present in the sample also emit 

characteristic X-rays. These X-rays can be separately detected using a silicon-lithium 

detector. These X-rays give qualitative and quantitative analysis of the elements present 

in the sample. This technique is known as energy dispersive analysis of X-rays (EDAX or 

EDX). 

This technique of Scanning Electron Microscopy (along with EDX) was used to 

study the microstructure evolution (grain size, porosity, etc.) The instrument used was a

Scanning Electron Microscope, Mirero, Korea, model- AIS2100. 

2.3.3.3 Field Emission - Scanning Electron Microscopy (FE-SEM) 

Field emission scanning electron microscopy (FE-SEM) is a variation of SEM, 

where field emitter source is used as electron source while conventional SEM have 

thermo ionic source. FE-SEM is also used to obtain topographical and elemental 

information but at higher magnifications (upto 300Kx) as compared to conventional 

SEM. As compared to conventional SEM, Field emission SEM (FESEM) produces 

clearer, less electrostatically distorted images with spatial resolution down to 2 

nanometers. 

 Working of FESEM is similar to that of conventional SEM, only difference being 

source of electron. In an FESEM is electrons are produced by a field emission source, 

where an extremely thin and sharp tungsten needle (tip diameter 10–7 –10-8 m) functions 

as a cathode in front of a primary and secondary anode. In this case, the field-emission 

cathode is able to produce narrower probing beams at low as well as high electron energy, 
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which results in improved spatial resolution as well as minimized sample charging and 

damage. As field emission necessitates an extreme vacuum (10-8 Torr) in the column of 

the microscope, a device is present that regularly decontaminates the electron source by a 

current flash. In contrast to a conventional tungsten filament, a FE tip last theoretically for 

a lifetime, provided the vacuum is maintained stable. Also need for placing conducting 

coatings on insulating materials is virtually eliminated.

2.3.3.4 Transmission Electron Microscopy (TEM) 

 Transmission Electron Microscopy (TEM) is another technique based on 

interaction of electrons with matter, which gives information about microstructural as 

well as crystallographic features of the sample. In TEM, a highly focused beam of 

electrons is directed towards a thin sample. These highly energetic electrons interact with 

the atoms in the sample, producing characteristic radiation and particles which provide 

the necessary information for characterization of various materials. Information is 

obtained from both transmitted electrons (i.e. image mode) and diffracted electrons (i.e. 

diffraction mode). The image mode provides the information regarding micro-structural 

features whereas the diffraction mode is used for crystallographic information. The 

transmission electron microscopes operated at the voltage as high as 200 kV with a 

magnification of 3,00Kx is routinely used at present.

 Another variation of this technique is High resolution TEM (HR-TEM), which is 

used to investigate the finest possible details in specially prepared specimens. For such 

requirements, it is advantageous to use the shortest possible wavelength illumination (i.e., 

high voltage), an objective lens with very low aberrations and a microscope with 
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extremely high mechanical and electrical stabilities. High resolution requires both high 

instrumental resolving power and high image contrast [117]. 

 JEOL-2000FX transmission electron microscope operating at accelerating 

voltages up to 200 kV was used for TEM studies. The samples for TEM were prepared by 

dispersing the sample in acetone by sonication and pacing a drop of the dispersed sample 

on to a carbon coated copper grid. 

2.3.4    X-Ray Photoelectron Spectroscopy (XPS)

 X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique that gives 

information about the elemental composition, empirical formula, chemical state and 

electronic state (oxidation state) of the elements present in the sample. This technique is 

also known as Electron Spectroscopy for Chemical Analysis (ESCA). In XPS, sample is 

irradiated with X-rays (generally Al or Mg X-rays) and the number and kinetic energy of 

electrons emitted from the sample is detected. Since XPS involves detection of electrons 

emitted from the sample, it requires ultra-high vacuum (UHV) conditions. XPS can detect 

all elements with an atomic number (Z) of 3 (lithium) and above. This limitation means 

that it cannot detect hydrogen (Z=1) or helium (Z=2).

Since the energy of a particular X-ray wavelength is fixed, therefore by measuring 

the kinetic energy of emitted electron one can calculate the binding energy of the electron 

(BE) using the following equation 

                                                                                              …..2.15

Where Ebinding is the binding energy of the electron 

Ephoton is the energy of the X-ray photons being used 

kineticphotonbinding EEE
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monochromatic X-rays is governed by the energy width of the source. To improve the 

energy resolution of the XPS system monochromatic Al K  X-rays are used. These 

monochromatic Al K  X-rays are produced by diffracting and focusing a beam of non-

monochromatic X-rays off of a thin disc of natural, crystalline quartz. The energy width 

of the monochromatic X-rays is 0.16 eV. Thus the ultimate energy resolution should be 

0.25 eV, which is the resolution of detector. Under practical conditions, high energy 

resolution settings will produce peak widths (FWHM) between 0.4-0.6 eV for various 

pure elements and some compounds. 

 A typical XPS spectrum is a plot of the number of electrons detected (Y-axis) 

versus the binding energy of the electrons detected (X-axis). Each element has a 

characteristic set of XPS peaks at characteristic binding energy values, these peaks are 

directly used to identify each element that exist on the surface of the sample being 

analysed. These characteristic peaks correspond to the electron configuration of the 

electrons within the atoms, e.g., 1s, 2s, 2p, 3s, etc. The area of the characteristic peak can 

be correlated to the amount of element present in the surface of area irradiated. XPS 

detects only those electrons that escape from the sample into the vacuum and reach the 

detector. During this escape the photoelectron travel through the sample also and hence it 

can undergo inelastic collisions, recombination, excitation of the sample, recapture or 

trapping in various excited states within the material. All these phenomena reduce the 

number of escaping photoelectrons. These effects increase as the depth increases. 

Therefore the signals detected from the surface are much stronger than the signals 
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detected from deeper below the sample surface. Thus XPS is mostly used as a surface 

characterization technique. 

The XPS studies of the samples were carried out on SPECS surface analysis 

system which is equipped with Al-Mg dual anode source as well as Ag-Al 

monochromatic source. Non monochromatic Al K-Alpha radiation (1486.6 eV) with 

operating power of 280 W employed as source for most of the studies. The spectra were 

calibrated with Au 4f7/2 line at 84.0 eV from a specimen of Au film. For sample 

preparation a few milligram of well-ground sample powder was pressed to make a pellet. 

The pellet was attached to a stainless steel stub using a carbon tape. 

XPS spectra were obtained with pass energy 50 eV for survey scan and 20 eV for 

individual scan. The XPS positions were referenced using Carbon (1S) peak at 284.6 eV.

2.3.5    Raman Spectroscopy

Raman Spectroscopy is a vibrational spectroscopic technique used for 

characterization of materials. It is widely used to study vibrational, rotational, and other 

low-frequency modes in a system. It is based on inelastic scattering or Raman scattering 

(Fig. 2.7) of monochromatic light and it is named after Sir C. V. Raman, who discovered 

the Raman scattering.  The source of light is usually a laser in the visible, near infrared, or 

near ultraviolet range. The laser light interacts with phonons or other excitations in the 

system, resulting in the energy of the laser photons being shifted up or down. The shift in 

energy gives information about the phonon modes in the system. Therefore in Raman 

spectroscopy, a monochromatic incident radiation is scattered inelastically from different 

vibrational states of the sample and the spectrum of the scattered radiation contains 
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Raman spectroscopy is one of the most used techniques for characterization of 

carbon based materials. In present study Raman was used to study the structure of carbon 

support also it was used for studying the speciation of iodine. In house developed micro-

Raman set up was used for these studies. 532 nm line of a diode laser was used for 

excitation and the scattered light was analyzed using a 0.9 nm single stage 

monochromator coupled with CCD detector. Laser Raman spectra were taken on 

LABRAM - 1 spectrometer (back-scattering geometry, excitation source Ar+ ion laser, 

spectral resolution of 2 cm 1.

2.3.5 UV-Visible absorption Spectroscopy 

Optical absorption spectroscopy is one of the simplest and most widely used 

techniques for studying the absorption properties of material. These techniques are 

generally categorized into two groups. First is the absorption and emission spectroscopy 

and the other is the vibrational spectroscopy. The former determines the electronic 

structures of atoms, ions, molecules or crystals through exciting electrons of atoms, ions, 

molecules (absorption) and relaxing from the excited to ground states (emission). The 

vibrational spectroscopy involves the interactions of photons with species in a sample that 

results in energy transfer to or from the sample via vibrational excitation or de-excitation. 

The vibrational frequencies provide the information of chemical bonds in the compound.  

According to Lambert-Beer law attenuation in the intensity of photons I0 upon 

passing through a material is given by  

lceII 0                                         …. 2.16  
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It consists of a source of electromagnetic radiation from 185 to 900 nm 

[Deuterium lamp (UV light Source) and a tungsten halide lamp (visible light source)]. 

Deuterium lamp is operated under low pressure (~ 0.2 to 0.5 torr) and low voltage (~ 40 

VDC). Tungsten iodide lamp consists of a tungsten filament, which is heated to 

incandescence by passing electric current. The filament is enclosed in a sealed bulb filled 

with a small amount of iodine. This iodine helps is redepositing of tungsten back on the 

filament by halogen cycle thus increase life of the lamp. Filters and monochromaters are 

used to isolate narrow band of wavelengths.

The advantage of using a double beam spectrometer is minimization of the error 

in the measurement. Here a single beam from the source is divided in to two beams of 

equal intensities which fall on sample as well as reference. This nullifies the signal from 

the solvent and signal from the sample only is recorded. A photomultiplier tube is used 

for recording the output signal, this signal is passed to computer which records the 

spectrum. 

2.3.6 Potentiometric Titration:

Potentiometric titration is generally used for characterizing an acid. It is similar to 

direct titration of a redox reaction, but an indicator is not required. In this case potential is 

measured across the analyte. For measuring the potential two electrodes are used an 

indicator electrode (the glass electrode and metal ion indicator electrode) and a reference 

electrode. Reference electrodes generally used are hydrogen electrodes, calomel 

electrodes, and silver chloride electrodes. The indicator electrode forms an 
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electrochemical half-cell with the interested ions in the test solution. The reference 

electrode forms the other half cell. 

The overall electric potential is calculated as Ecell = Eind - Eref + Esol. Esol is the 

potential drop over the test solution between the two electrodes. A fixed amount of titrant 

is added at regular intervals and Ecell is measured. Ecell is plotted against the volume added 

and end point is calculated by half way between the jump in voltage. Thus the 

potentiometric titration involves measurement of Ecell with the addition of titrant. 

Different type of potentiometric titrations are used for various analysis, like acid-base 

titration (For determination of acidity and alkalinity), redox titration, precipitation 

titration (For determination of halides) and complexometric titrations (for determination 

of EDTA). 

In present study LABINDIA autotitrator was used for determination of 

concentrations of H+ and I- ions by titrating them against NaOH and AgNO3 solutions.

Glass electrode and silver-silver chloride potentiometric electrodes were used for these 

titrations.

2.3.6 ICP-Atomic Emission Spectroscopy 

Atomic emission spectroscopy (AES) is an analytical method used for the 

determination of elemental composition of the sample. It involves detection of visible or 

ultraviolet emission following the thermal excitation. Each element emits at a particular 

wavelength, therefore wavelength of the atomic spectral line gives the identity of the 

element while the intensity of the emitted light gives the concentration of the element. 

Atoms present in the sample can be excited by a flame, arc, spark or plasma. 
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condenser. The objective to chosing this type of reaction setup is that that the unreacted 

HI as well as iodine is condensed back into the flask and only hydrogen can escape. The 

outlet of the upper condenser is passed through two traps containing starch solution and 

silver nitrate solution. These two traps were to ensure that HI and iodine are not coming 

out. If there is no colour change in the traps, it confirmation that the gas coming out is 

neither iodine nor HI vapours. This gas was collected in an inverted column and taken out 

by a syringe through a septum at the top of the column. It was analysed using a gas 

chromatograph (Chromatography and Instruments company, GC 2011) equipped with 

molecular sieve 5A column and thermal conductivity detector and found to be hydrogen. 

In addition to the time dependent and temperature dependent catalytic activity, 

effect of presence of iodine on the catalytic activity was also investigated.  

2.4.1 Evaluation of Catalytic Activity of the catalysts:

After carrying out the reaction for desired interval, the resulting solution was 

filtered and the filtrate was analysed for concentrations of H+ and I- ions. The decrease in 

concentrations of H+ and I- ions was used to calculate the percentage conversion. The 

conversion was also calculated by increase in iodine concentration. In general, these 

values were found to be in good agreement.

The concentrations of H+ and I- ions were determined by titrating them against 

0.1N NaOH and 0.1N AgNO3 solutions. The H+ and I- titrations were carried out using an 

auto titrator, Model Titra from Lab India with glass electrode and silver-silver chloride 

potentiometric electrodes respectively. Iodine concentration was determined by titrating 

the solution against thiosulphate using starch as an indicator.  
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Chapter 3

HI Decomposition over

Carbon Supported Platinum Catalysts

3.1 Introduction

Catalytic decomposition of Hydriodic Acid to produce hydrogen and iodine is a 

reaction of great importance with  respect to thermochemical cycles, since it is the 

hydrogen producing step of sulfur iodine (S-I) cycle as well as some other iodine based 

cycles. This aspect has been discussed in detail in Chapter 1. Therefore, in Chapter 1 we 

have given a brief overview of the activities related to development of the catalysts for 

this reaction. Hydriodic acid decomposition can be written as follows: 

2 HI(g)  I2(g) + H2(g)                (450 °C) 

This reaction is thermodynamically limited with low thermodynamic yields and 

requires a catalyst for achieving workable reaction rates. A large number of catalysts are 

reported for this reaction. Most of these catalysts are noble metal based (predominately 

platinum). Dissociative adsorption of the reactant on the platinum surface is the reason 

behind its activity as a catalyst for the reaction.  As discussed in Chapter 1, platinum 

being a costly metal needs to be dispersed over a support. Use of the support reduces the 
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cost of the catalyst as well as increase the number of active sites of platinum in form of 

fine particles. Various supports like alumina, silica, zeolite and carbon can be used for 

preparation of supported platinum catalyst. 

Carbon is widely used as a support for noble metal based catalysts because it can 

have very high surface area, varying porosity according to the requirement of the reaction 

and it is inert in most of the reaction environments [122-123]. Platinum catalysts 

supported on carbons can have wide range of applications like low temperature fuel cells 

[124], energy conversion [125], hydrogenation reactions [126] and biomass conversion 

[127] to name a few. Carbon can be used in various forms as a catalyst support like 

activated carbon [128], carbon black [129], carbon nanotubes [130], graphite [131] and 

various types of porous carbons [132]. 

In addition to the above mentioned applications, Pt supported on carbon catalyst is 

widely used for HI decomposition reaction also. There are various reports on use of 

platinum-carbon catalyst for HI decomposition reaction [86, 91]. All these reports for HI 

decomposition are for vapor phase at temperatures in excess to 450°C. As discussed in 

Chapter 1, we have chosen liquid phase HI decomposition reaction due to various 

reasons. In this chapter, synthesis and characterization of different carbon supported 

platinum catalysts and their application for HI decomposition reaction, are reported. 

3.2 Platinum Graphite Catalyst 

 This section contains details of Pt catalysts supported on graphitic carbon with 

different platinum loading. It includes synthesis and characterization of these catalysts 

and evaluation of their catalytic activity and stability for liquid phase HI decomposition 
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reaction. The effect of noble metal loading has also been studied. We have carried out 

kinetic studies using one of these catalysts as well as poisoning effects of iodine on the 

activity of these catalysts. 

3.2.1 Experimental 

3.2.1.1 Preparation of Catalyst  

The catalysts were prepared by wet impregnation method which includes 

impregnation of the support with a noble metal precursor followed by its reduction. For 

getting different loading of platinum (0.5 , 1  and 2 ) different amount of 

hexachloroplatinic acid (Hindustan Platinum) solution was added drop wise into colloidal 

graphite (Aquadag  Acheson Colloids Company) with continuous stirring. The resulting 

mixtures were dried at 100 °C for 6 h followed by drying at 160 °C for another 6 h. Then 

these mixtures were reduced by heating at 300 °C for 3 h under flowing H2-N2 mixture 

(8  hydrogen in nitrogen). Then the resulting samples were thoroughly washed with 

distilled water and dried. 

3.2.1.2 Characterization of Catalyst  

The powder X-ray diffraction patterns of all the catalysts were recorded on Philips 

analytical diffractometer using Ni-filtered Cu K  radiation. The surface morphology was 

studied using JEOL JSM-6360 and Zeiss scanning electron microscope. The BET surface 

area of the catalyst was obtained from physical adsorption of N2 at -196°C, on a 

Quantachrome Autosorb - 1 instrument. The prepared sample was characterized for 

carbon structure and hybridization, by spatially resolved Raman scattering (Bruker Model 
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MultiRAM) using 150 mW at laser head and 4 mW on the sample of 1064 nm line of 

Nd:YAG laser, detected with a liquid-nitrogen cooled high resolution charge coupled 

device (CCD) detector at 4 cm-1 resolution. Oxidation state of platinum along with the 

nature of carbon supports was studied by X-ray photoelectron spectroscopy using SPECS 

instrument.

3.2.1.3 Activity and Stability  

Pt/Graphite catalysts were evaluated for their catalytic activity for liquid phase HI 

decomposition and noble metal leaching employing a reflux type batch reactor. The 

details of this reactor are as given in Chapter 1. For this 250 mg of catalyst was added to 

50 ml of 27  hydriodic acid solution in 250 ml round bottom flask. This flask was heated 

and the gas bubbling out through the two traps was collected in an inverted column and 

was analyzed using a gas chromatograph. After reaction, the  HI decomposition was 

measured by means of titrating H+ and I- ions using acid-base and iodometric titrations, 

respectively. The solution was filtered to separate the used catalyst and the eluent. The 

spent catalyst was characterized by XRD, Raman and SEM for their physical integrity 

and the eluent was analyzed using ICP-OES for the leached out platinum.  

As mentioned earlier, the hydriodic acid coming from Bunsen reaction may have 

excess iodine even after separation, which can affect the activity of the catalyst since 

iodine can act as poison. Therefore, we have tested the catalyst for its activity in presence 

of iodine. For this extra iodine was added in the HI solution (I2:HI ratio 1:1 and 1:2) and 

conversion was measured after two hours of reaction.
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3.2.2.6 Catalytic activity of the catalyst 

All the three catalysts were employed for liquid phase HI decomposition reaction. 

The percentage conversions values were calculated from change in H+, I- and I2

concentrations. All three gave similar level of conversions. The average conversion 

values obtained for a typical 2 hour study at 120 °C are shown in Table 3.2. 

 From the Table, it can be seen that the  conversion increases significantly on 

using a catalyst (blank run gives only 2.9  conversion), also conversion increase with 

the noble metal loading. However the percentage conversion doesn’t increase linearly 

with the noble metal loading, it increases sub linearly. If we calculate for per unit weight 

of the noble metal 1  catalyst gives maximum conversion among the three loadings. 

S. No. Catalyst % Conversion 

1. Blank 2.9 

2. 0.5  Pt/Graphite 8.4  

3. 1    Pt/Graphite 17.5  

4. 2    Pt/Graphite 23.4  

Table 3.2: % Conversion in 2 hours at 120 °C for different catalysts

 Based on above results 1  platinum graphite was chosen for detailed study. Using 

1  Pt/Graphite catalyst liquid phase HI decomposition reaction was carried out for three 

different reaction temperatures, 50 °C, 80 °C and 120 °C, for reaction times ranging from 

1 h to 5 h. The per cent conversion obtained with time for different temperatures is as 

shown in Fig. 3.9. 
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Time

(h.)

% Conversion 

At 50 °C 

% Conversion 

At 80 °C 

% Conversion 

At 120 °C 

1 1.5 4 11 

2 2.5 7 17.5 

3 3.6 9.2 21 

4 4.6 11.3 31 

5 6.5 13.2 35 

Rate Constant (s-1) 3.52 x 10-6 7.69 x 10-6 2.37 x 10-5

Table 3.3: % Conversion with time at different temperatures 

Considering, the remarkably higher conversion for 120 °C temperature, it is 

prudent to calculate the activation energy for this reaction. Taking change in HI 

concentration with time from reaction data and order of reaction as one, rate constant can 

be calculated for different temperatures (Fig. 3.10). Plotting rate constant versus 

reciprocal of temperature as shown in Fig 3.11, the activation energy could be obtained 

and is found to be 32 kJ/mole. Low activation energy explains for sharp increase in 

reaction rate at a low temperature of 120 °C. 
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The activation energy calculated from present studies is 32 kJ/mole. This is in the 

same range as of that obtained by various researchers for gas phase HI decomposition 

reaction. Shindo et al. [82] obtained 27.6 kJ/Mole over Pt/ -Alumina catalyst. Also 

Oosawa et al [136] obtained 53.2 kJ mole over Pt/active-carbon catalyst and 

Hinshelwood et al [84] obtained 58.6 kJ mole over the Pt wire. 

Shindo et al [82] has proposed the following mechanism for the reaction as follows 

The rate determining step according to them is decomposition of HI over catalyst surface 

( ). This mechanism corroborates with our observation of first order of the reaction. Thus 

it can be assumed that the above reaction mechanism holds valid for the liquid phase HI 

decomposition reaction also. 

3.2.2.7 Iodine Poisoning Studies 

Iodine is a known poison for many catalytic reactions. In case of HI 

decomposition iodine is one of the products; therefore it is necessary to find out its effect 

on the catalytic activity of the catalysts. The reaction when carried out in presence of 

extra iodine only shows a slight reduction in percentage conversion values. The 
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percentage conversion value for a two hour study at 120 oC with HI and I2 ratios 2:1 and 

1:1 is shown below in Table 3.4.

S. No. Reactant % Conversion

1. HI 17.5 

2. HI+I
2
( 2:1) 16.8  

3. HI+I
2
( 1:1) 16.0  

Table 3.4: % Conversion in presence of iodine

We can see from the table that even for equimolar amount of iodine added to HI 

the percentage conversion drops from 17.5  to 16 . It can be attributed to the fact that 

the iodine gets dissolved in HI, forming polyiodide species and therefore it does not get 

deposited on the surface of catalyst and hence does not affect the performance of the 

catalyst. 

3.2.2.8 Stability of the Catalyst 

 Stability of a catalyst is an important aspect especially in case of harsh 

reaction conditions. We have evaluated two aspects of the stability of the catalysts viz., (i) 

stability with respect to any change in structure and morphology and (ii) stability against 

noble metal leaching. For stability against structural and morphological changes, the used 

catalysts were analysed by XRD, SEM and Raman spectroscopy etc. Fig 3.12 shows the 

XRD pattern of different used Pt/Graphite catalyst. The XRD pattern for the used 

catalysts remain similar to original sample, with peak at ~26.4° 2  value which 

corresponds to the graphitic carbon. There is no apparent difference in the XRD pattern of 
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and 2  Pt/Graphite catalyst). Therefore 0.23 , 0.39  and 0.68  of the original 

platinum loading is getting eluted out into the solution, indicating that the catalysts are 

having good stability against noble metal leaching in the harsh reaction environment. All 

these finding leads to the conclusion that the Pt/Gr catalyst thus prepared is stable for 

liquid phase HI decomposition reaction. 

3.2.3 Conclusion 

The supported noble metal catalysts with graphite as support prepared by 

impregnation route are found to be active for liquid phase decomposition of hydriodic 

acid. The percentage conversion increase with increasing noble metal loading and 1  

Pt/Graphite shows maximum percentage conversion per unit weight of platinum. 1  

Pt/Graphite catalysts has a small activation energy barrier of 32 kJ/mole and also its 

activity is not affected by the presence of iodine in the reaction mixture. Also these 

catalysts are also found to be stable in terms of structure of the support, noble metal 

elution, surface morphology and catalytic activity. 
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3.3 Other Platinum Carbon Catalysts 

 This section contains details of catalysts supported on carbon supports. Two types 

of carbon supports have been used. First is commercially available activated carbon and 

another is prepared by carbonization of carbohydrate source (we have used rice). These 

catalysts have been discussed in this section with respect to their characterization, 

catalytic activity and stability for liquid phase HI decomposition reaction. 

3.3.1 Experimental 

3.3.1.1 Preparation of Catalyst  

Three different Pt/carbon catalysts with 1  platinum loading were prepared. First 

catalyst was prepared by impregnation of activated carbon (commercial) which include 

impregnation of activated carbon  with hexachloroplatinic acid followed by its reduction 

by heating at 300 °C for 3 h under flowing H2-N2 mixture (8  hydrogen in nitrogen). 

This catalyst is called as Pt/AC in this thesis. 

 Other catalysts were prepared by using carbon produced by carbonization of rice 

at 600 °C [137]. In this case platinum can be added at two stages: either before 

carbonization of rice or after carbonization of rice. Thus in one case, rice was soaked in 

hexachloroplatinic acid solution followed by drying at 100 °C. Next step was to carbonize 

the rice by heating upto 600 °C under N2 atmosphere. Finally the product was reduced by 

heating at 300 °C for 3 h under flowing H2-N2 mixture (8  hydrogen in nitrogen). This 

catalyst is named as Pt/RC. In another case rice was carbonized first by heating upto 600 
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°C under N2 atmosphere followed by addition of hexachloroplatinic acid and subsequent 

reduction. This catalyst will be called at RC/Pt in subsequent discussion. 

3.3.1.2 Characterization of Catalyst  

The powder X-ray diffraction patterns of all the catalysts were recorded on Philips 

analytical diffractometer (using Ni-filtered Cu K  radiation. The surface morphology was 

studied using JEOL JSM-6360 and Zeiss scanning electron microscope. The BET surface 

area of the catalyst was obtained from physical adsorption of N2 at -196°C, on a 

Quantachrome Autosorb - 1 instrument. The prepared sample was characterized for 

carbon structure and hybridization, by spatially resolved Raman scattering (Bruker Model 

MultiRAM) using 150 mW at laser head and 4 mW on the sample of 1064 nm line of 

Nd:YAG laser, detected with a liquid-nitrogen cooled high resolution charge coupled 

device (CCD) detector at 4 cm-1 resolution. Oxidation state of platinum was studied by 

XPS using SPECS instrument.

3.3.1.3 Activity and Stability  

These three catalysts were employed for liquid phase HI decomposition reaction 

for evaluating their activity for the reaction as well as their stability in the reaction 

medium using the reactor (details given in Chapter 2). For this 250 mg of catalyst was 

added to 50 ml of 27  hydriodic acid solution in 250 ml round bottom flask. The reaction 

was carried out for 2 hours at 120 °C. After reaction, the  HI decomposition was 

measured by means of titrating H+ and I- ions using potentiometric titration. The solution 

was filtered to separate the used catalyst and the eluent. The spent catalyst was 
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characterized by XRD and SEM for their physical integrity and the eluent was analyzed 

using ICP-OES for the leached out platinum.  

3.3.2 Results and Discussion 

3.3.2.1 XRD 

The XRD patterns of the three catalysts are shown in Fig. 3.15. These shows a broad 

hump at around 23° which is for the amorphous carbon. Pt/RC shows peak corresponding 

to platinum at around 39.7° (JCPDS No. 04-0802). The other two do not show peak 

corresponding to platinum inspite of having the same percentage loading (1 ). It may be 

due the fact that platinum in these two sample sees a maximum temperature of 300°C 

(during reduction step) therefore remains dispersed. While in case of Pt/RC, the 

maximum temperature seen by platinum is 600°C (during carbonization step). It may lead 

to agglomeration of platinum. 

3.3.2.2 SEM 

Fig 3.16 shows the SEM micrographs of the three catalysts. The SEM image of Pt/AC 

shows a smooth surface with large pores and few lose particles over it. In case of Pt/RC 

similar features (large pores and loose particles) are observed only difference is that the 

surface is little rough. In case of RC/Pt, the SEM image shows well dispersed particles 

over a smooth surface with few pores present over it. 
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Fig 3.20 shows the intensity versus binding energy data obtained for spectral 

region corresponding to Pt 4f of the three catalysts. Spectra corresponding to each catalyst 

can be deconvoluted into a doublet (4f5/2 and 4f7/2) with respective binding energies of 

around 71.5 and 74.8 eV. These values of binding energy correspond to metallic state of 

platinum [134-135]. Therefore XPS study confirms that platinum present here is in zero 

oxidation state which is essential for its catalytic activity. 

Fig 3.21 shows the spectral region corresponding to C-1s spectral region; it can be 

fitted to three peaks with binding energy 284.7, 286.0 and 287.7 eV. These peaks 

correspond to sp2, sp3 and CO (Carbon bonded to oxygen, C-O or C=O) types of carbon 

[134]. Therefore the oxygen present is associated with carbon and not platinum. Presence 

of sp2 as well as sp3 hybridized carbon is in confirmation with the results of Raman 

spectroscopy.
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3.2.2.6 Catalytic activity of the catalyst 

All the three catalysts were employed for liquid phase HI decomposition reaction. 

The percentage conversions values were calculated from change in H+, I- and I2

concentrations. All three gave similar level of conversions. The average conversion 

values obtained for a typical 2 hour study at 120 °C are shown in table 3.6. It can be seen 

that all the three catalysts are comparable in terms of catalytic activity, which is little less 

than that of Pt/Graphite catalyst with 1  loading of platinum. 

S. No. Catalyst % Conversion 

1. Blank 2.9 

2. Pt/AC 13.2 

3. Pt/RC 13.2 

4. RC/Pt 13.4 

Table 3.5: % Conversion in 2 hours at 120 °C for different catalysts

3.3.2.7 Stability of the Catalyst 

The stability of these catalysts was evaluated with respect to change in structure 

and platinum leaching. For stability against structural and morphological changes, the 

used catalysts were analysed by XRD and SEM. Fig 3.22 shows the XRD pattern of fresh 

and used catalysts. There is no apparent change in the XRD patterns of all the three 

catalysts. Broad peak at ~23° 2  value which corresponds to the amorphous carbon 

remains same for all the three catalysts. Also there is no appearance of platinum peak in 
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3.3.3 Conclusion 

The supported noble metal catalysts with carbon as support prepared by 

impregnation route are found to be active for liquid phase decomposition of hydriodic 

acid. The catalysts were found to be stable in terms of structure of the support, noble 

metal elution, surface morphology and catalytic activity. Although the surface area of the 

catalyst (Pt/AC) is significantly higher than the Pt/Graphite catalyst with same metal 

loading (1 ), percentage conversion is lower. It indicates that the surface area of the 

support is not the only factor determining the activity of the catalyst. There may be 

several other factors which affect the activity of the catalysts along with the surface area 

of the support. One such factor is pore structure of the support, which will be explored in 

the next chapter. 



105

Chapter 4

HI Decomposition over Platinum Catalysts

Supported on porous Carbon Supports

4.1 Introduction

Surface area and porosity of the support used for dispersing the metal plays 

important role in the activity and stability of the catalyst. Also surface area of any 

material is directly associated with the porosity present. In this chapter we present carbon 

with varying porosity and surface area as support for platinum. Porous materials are 

classified as macroporous, mesoporous and microporous based on their pore size 

[139,140]. (Table 4.1) 

S. No. Type of Porosity Pore Size (nm) Example 

1. Macroporous  50 Porous Glasses 

2. Mesoporous 2-50 MCM-41, MCM-48 

3. Microporous  2 Zeolites, ZSM-5 

Table 4.1: Classification of porous materials on basis of their pore size
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There are a number of methods that can be used for synthesis of porous materials 

like hydrothermal synthesis of zeolites, template synthesis of mesoporous silica materials 

etc. Porous silica with varying porosity is the most commonly prepared material by 

various methods. The reason for this is that silica structure can grow easily over various 

templates. The porosity of these structures can be varied by varying silica source, 

structure directing agent, pH of the medium, temperature etc. 

Porous carbon is difficult to prepare as compared to silica because the structure 

evolution in carbon is more complicated as compared to silica. Therefore soft templating 

methods that are used for preparation of porous silica cannot be used for preparation of 

porous carbon. For carbon hard templating route or nanocasting route is employed where 

hard templates like silica are used as structure directing agents for formation of porous 

carbon [107,108]. 

In this chapter, synthesis of different platinum on porous carbon catalysts is 

reported, where the porous carbon supports are generated using hard template route. 

Platinum incorporation has also been carried out either at carbonization stage or by 

impregnation after complete preparation of carbon support. These catalysts were 

characterized and evaluated for liquid phase HI decomposition reaction. 

4.2 Platinum/ Porous Carbon Catalyst 

 This section contains details of Pt catalysts supported on mesoporous and 

microporous carbons. Mesoporous and microporous carbon support were prepared by 

hard templating route using mesoporous and microporous silica templates. Mesoporous 

silica was prepared by soft templating route while commercial microporous silica was 
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used. These catalysts were characterized and evaluated for their catalytic activity and 

stability for liquid phase HI decomposition reaction.  

4.2.1 Experimental 

4.2.1.1 Preparation of Mesoporous silica 

Materials Required: Cetyl trimethyl ammonium bromide (CTAB) 29.52 g, Fumed Silica 

18g, NaOH 3.096 g in 10 ml water, Tetra methyl ammonium hydroxide (TMAOH) 27ml, 

Nanopure water 360 ml. 

Procedure: The hydrothermal synthesis of mesoporous MCM-41 molecular sieves was 

carried out as per the procedure described in literature [141]. CTAB was used as the 

structure directing or templating agent and fumed silica was used as silica source. The 

reaction gel was prepared by mixing the starting materials in stoichiometric proportion 

followed by vigorous stirring at room temperature. First of all CTAB solution was 

prepared by mixing CTAB in 87 ml of water with constant stirring. Then half of the 

fumed silica (9 g) was added to TMAOH along with 5 ml of NaOH solution. This 

solution was added drop by drop to CATB solution. Rest of the fumed silica was added to 

this mixture along with remaining water. The mixture was given a stirring of 1 hr. After 

which pH of the mixture was adjusted to 11.6 after which again 1 hr stirring was given. 

Then the gel was transferred into Teflon-lined stainless steel autoclaves with a typical 

filling level of ~ 30-50  and then allowed to crystallize under autogeneous pressure at 

150 °C for 24 hours. The crystallized product was recovered by washing repeatedly with 

distilled water followed by filtration. The solid product was dried in an air oven at 180-
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200 °C for 12 h. The sample thus prepared was subjected to calcination for removal of 

surfactant (template) water and other gaseous molecules. The heating was carried out in a 

tubular furnace under flowing nitrogen and/or oxygen atmosphere (60 ml min-1).  The 

heating was carried out from room temperature to 550 °C with a heating rate of 2°min-1,

with intermediate holding at 300 °C for 1 hour under N2 flow. The sample was kept at 

550 °C for seven hours (1 hours under N2 flow and 5 hours under O2 flow) followed by 

cooling under N2 flow.

4.2.1.2 Preparation of Catalyst using hard templating Route 

 During preparation of catalysts using mesoporous and microporous silica, two 

approaches for addition of platinum was followed, first where platinum was added along 

with the carbon source to the porous silica and another where platinum was loaded after 

the preparation of porous carbon. 

For first approach of synthesis, 3 g of porous silica template (MCM-42 or Fumes 

Silica) was mixed with 3g Sucrose, 6.3 ml chloroplatinic acid (1  solution) and 8.7 ml of 

water, in a round bottom flask and stirred for 6h and then left standing overnight. The 

paste obtained was dried at 100 °C for 6h and then carbonized at 160 °C for another 6 h. 

The powder obtained was added to 2.4g sucrose and 15 ml water and whole process of 

stirring, drying and carbonisation was repeated. The powder obtained was calcined at 800 

°C (heat rate 2 °C/min) in nitrogen flow for 3 h, and reduced in hydrogen flow at 300 °C 

for 3h. Subsequently, the resulting silica-platinum-carbon material was suspended in 25 

ml of 40  hydrofluoric acid and stirred overnight at room temperature. Finally, the 

product was then filtered, thoroughly washed, and dried at 80 °C overnight. The sample 
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prepared by this route using MCM-41 and fumed silica as template will are called as 

Pt/MCM-C and Pt/FS-C in further discussion. 

For another approach of synthesis, 3g of porous silica template (MCM-41 or 

Fumed silica) was mixed with 3.75g Sucrose, 0.42g sulfuric acid and 15 ml of water, in a 

round bottom flask and stirred for 6 h and then left standing overnight. The paste obtained 

was dried at 100 °C for 6 h and then carbonized at 160 °C for another 6 h. The powder 

obtained was again mixed with 2.4g sucrose, 0.27g sulfuric acid and 15 ml water and 

whole process of stirring, drying and carbonization was repeated. The powder obtained 

was calcined at 800 °C (heat rate 2 °C/min) in nitrogen flow for 3 h. Subsequently, the 

resulting silica-carbon material was suspended in 25 ml of 40  hydrofluoric acid and 

stirred overnight at room temperature. Finally, the pure porous carbon was then filtered, 

thoroughly washed, and dried at 80 °C overnight and weighed. The yield of porous 

carbon prepared from MCM-41 (MCM-C) and Fumed silica (FS-C) is found to be 2.15g 

and 3.72g, respectively. The carbon support obtained was mixed with appropriate 

quantity of 1 wt  chloroplatinic acid solution (for final platinum loading in catalyst to be 

of 1 wt ) and stirred for 6 h and left standing overnight. The paste obtained is dried at 

100 °C for 8h. The platinum loaded carbon samples hence obtained were reduced in 

hydrogen flow at 300 °C for 3 h. The samples prepared by this route using MCM-41 and 

fumed silica as template are referred as MCM-C/Pt and FS-C/Pt in further discussion 
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4.2.1.3 Characterization of Catalysts 

The powder X-ray diffraction patterns of all the catalysts were recorded on Philips 

analytical diffractometer (using Ni-filtered Cu K  radiation). The surface morphology of 

the catalysts was studied using JEOL JSM-6360 scanning electron microscope. The BET 

surface area of the catalyst was obtained from physical adsorption of N2 at -196°C, on a 

Quantachrome Autosorb - 1 instrument. These catalysts were also characterized for 

carbon structure by spatially resolved Raman scattering (Bruker Model MultiRAM) using 

150 mW at laser head and 4 mW on the sample of 1064 nm line of Nd:YAG laser, 

detected with a liquid-nitrogen cooled high resolution charge coupled device (CCD) 

detector at 4 cm-1 resolution. The catalysts were studied by XPS using SPECS surface 

analysis system to examine the oxidation state of platinum.

4.2.1.4 Activity and Stability  

All the four catalysts were evaluated for their catalytic activity for liquid phase HI 

decomposition and noble metal leaching employing a reflux type batch reactor. The 

details of this reactor are as given in Chapter 2. For this 250 mg of catalyst was added to 

50 ml of 27  hydriodic acid solution in 250 ml round bottom flask. This flask was heated 

and the gas bubbling out through the two traps was collected in an inverted column and 

was analyzed using a gas chromatograph. After reaction, the  HI decomposition was 

measured by means of titrating H+ and I- ions using acid-base and iodometric titrations, 

respectively. The solution was filtered to separate the used catalyst and the eluent. The 

spent catalyst was characterized by XRD, Raman and SEM for their physical integrity 

and the eluent was analyzed using ICP-OES for the leached out platinum.  
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4.2.2 Results and Discussion 

4.2.2.1 XRD 

The X-ray diffraction measurements were recorded in 10-80° 2  range. Fig. 4.1 shows 

XRD patterns recorded for different samples. All the XRD patterns show a broad peak 

centring on ~23° value. This is matching with that for the amorphous carbon materials. 

Pt/MCM-C and Pt/FS-C samples exhibit distinct peak at 39.7° conforming to platinum 

metal (JCPDS No. 04-0802). All other samples do not show any peak corresponding to 

platinum. This implies that during the first approach of synthesis by hard template route, 

the platinum particles get sintered during high temperature carbonization step, whereas 

they remain uniformly distributed in all other samples. The crystallite size as calculated 

by Scherrer equation indicate for 33 and 42 nm dimensions for platinum particles in 

Pt/MCM-C and Pt/FS-C samples, respectively. 

4.2.2.2 SEM 

Scanning electron microscopy was employed to compare morphology of the catalyst 

particles. SEM micrographs obtained for all the four catalysts samples are shown below 

in fig. 4.2 Pt/MCM-C (a) and MCM-C/Pt (b) catalysts show rough surface with lot of 

trough and crest like features but very few pore openings or particles. Surface 

morphology of these catalysts is quite different from the samples prepared using fumed 

silica as template, Pt/FS-C (c) and FS-C/Pt (d). Fumed silica based catalysts presents 

rough surface morphology with some lose particles. There are no visible macro pore 

openings for Pt/FS-C catalyst. 
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4.2.2.3 Surface Area 

Nitrogen adsorption isotherms were recorded at -196°C temperature. The samples 

prior to recording of the isotherm were subjected to insitu evacuation at 300 °C 

temperature for 12 h. The data obtained for different samples is compiled in Table 4.2. 

All four catalysts were found exhibit high surface area ranging from 700 to 900 m2/g. The 

catalysts prepared by using MCM-41 as the template showed a remarkable decrease in 

their surface area and pore volume as compared to the parent MCM-41 itself. This 

indicates towards infusion of carbon inside the MCM-41 pore but at the same time the 

porous nature is retained as indicated by the adsorption isotherm. Among Pt/MCM-C and 

MCM-C/Pt, catalysts first one shows lower surface area and pore volume. 

Sample Surface Area
(m2g-1)

Pore Volume 
(cm3g-1)

Porosity 

Pt/MCM-C 720 0.395 Meso 

MCM-C/Pt-C 850 0.511 Meso 

Pt/FS-C 800 2.658 Micro 

FS-C/Pt 901 2.617 Micro 

Table 4.2: Surface Area and Pore volume values of different catalyst samples 

Fig 4.3 shows the adsorption desorption isotherms for both samples which has a 

hysteresis loop (type IV) which is indication of mesoporous nature of the sample. The 

pore size distribution for both the samples is shown in Fig 4.4 which shows the presence 

of pores around 3 nm size.  
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4.2.2.4 Raman Spectroscopy 

Raman spectroscopy was used for studying the nature of carbon supports. Fig 4.5 

shows the Raman spectra of all four porous carbon catalysts (Pt/MCM-C, MCM-C/Pt. 

Pt/FS-C and FS-C/Pt). The spectra show that the catalysts shows well defined G-band 

along with a very broad D-band. The presence of narrow peak around 1580 cm-1, signifies 

presence of sp2-bonded carbon atoms in a two dimensional hexagonal lattice, similar to 

graphitic carbon species. Broad D-band is the result of defects within the carbon textures 

and suggests for existence of disordered graphitized domains. IG /ID ratios for all four 

catalysts, as given in Table-4.2, are observed to be close to 1 and found to be in good 

agreement with similar mesoporous carbon materials as reported in literature [142,143]. 

IG /ID ratios obtained here are almost double of the values reported for mesoporous 

carbons with semi graphitized walls synthesized by Wu et al [144] using methane as 

carbon precursor at 1000°C. Also, the in-plane crystallite size (La) is calculated from IG

/ID ratio using equation shown below, as reported by Pimenta et al [145] and the 

calculated values are given in Table 4.3. The La values obtained are found to in multiple 

of hundreds of nm. Though there is no direct evidence of incorporation of Pt into the 

carbon chain from tell tale shift in G-band value, the crystallite size of Pt (30-40 nm 

obtained from XRD) may be the contributing factor for such high La values. 

)()10 x 4.2()( 410-

D

G
lasera I

I
nmL    …..4.1 

These data indicate for long range ordering of the graphitized carbon with co-

existence of defects. The long range ordering and defects both can be attributed to 

presence of noble metal incorporated on the carbon support. 
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S. No.  Sample I
G
/I

D
L

a
 (nm) 

1 Pt/MCM-C 0.89 274 

2 MCM-C/Pt  1.06 326 

3 Pt/FS-C 1.39 427 

4 FS-C/Pt 1.15 354 

  Table 4.3: I
G
/I

D
 and calculated L

a
values of different catalyst samples 

4.2.2.5 X-ray Photoelectron spectroscopy 

Surface compositions of the catalysts were analyzed using X-ray photolectro 

spectroscopy. The XPS measurements for all four samples were carried out in constant 

analyzer energy mode using Al K  radiation (1486.6 eV). The survey scans of all catalysts 

shows peaks in the spectral regions that correspond to carbon, platinum and oxygen only. 

Survey scan for one of the catalyst (Pt/MCMC) is given below in Fig 4.6. Here no peak is 

observed in the spectral region of Si which confirms that silica is removed completely by 

HF treatment during synthesis.  
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4.2.2.6 Catalytic activity of the catalyst 

The catalytic activity of all the catalysts used in this study for HI decomposition using the 

setup as given in Chapter 2 is as given in Table 4.4. Percentage conversions as calculated 

using H+ titration and I- titration are found to be in good agreement. The blank solution 

without catalysts yields HI conversion of ~2.8  after 2 h of refluxing. Compared to this, 

Pt/FS-C and FS-C/Pt catalysts yielded a conversion in 6-7  range. The platinum/carbon 

catalysts based on MCM-41 hard template (Pt/MCM-C and MCM-C/Pt) exhibit best 

catalytic activity with HI conversion over 17 . 

S.

No. Catalyst % Conversion 

Pt in eluant 

Concentration

( g/l)

 % of original 

Pt loading 

1. Blank 2.8  --- --- 

2. Pt/MCM-C 17.0  39.8 0.398  

3. MCM-C/Pt 17.7  59.1 0.591  

4. Pt/FS-C 6.5  65.7 0.657  

5. FS-C/Pt 6.5  80.7 0.807  

Table 4.4: Percentage conversion and platinum leaching values for different catalysts 

Although Pt/FS-C catalyst has surface area and platinum particle size similar to 

Pt/MCM-C catalyst its catalytic activity is still very low. Among, Pt/MCM-C and MCM-

C/Pt catalysts the activity remains similar despite of difference in their surface area, pore 

volume and platinum particle size. Only similarity between these two catalysts is their 

surface morphology and mesoporous nature of the pores. This indicates for the vital 
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impact of surface morphology and pore dimensions on the catalytic activity for HI 

decomposition reaction. This is expected due to large size of iodine moiety, which has to 

be removed for smooth functioning of the catalyst. 

4.2.2.7 Stability of the Catalyst 

The analysis of the eluent obtained after two hour refluxing was carried out using 

ICP-OES technique for leaching of noble metal from the platinum carbon catalysts 

prepared in this study. The data obtained is presented in Table 4.4. It is obvious that 

platinum leaching is very limited. In general all the catalysts have good retention of the 

noble metal within the carbon matrix and Pt/MCM-C catalyst is found to be the most 

stable. Also it was observed that the catalyst prepared through first approach shows less 

platinum leaching (both in case of MCM-C as well as FS-C). It may be due the fact that 

platinum becomes part of carbon structure during carbonization step.

XRD pattern recorded for the samples after the stability studies are shown in Fig. 

4.9. The XRD pattern for remain similar to original samples with broad peak at ~23° 

2theta value corresponding to the amorphous carbon. XRD pattern for used MCM-C/Pt 

catalyst remain exactly same as for the original samples. For Pt/MCM-C and Pt/FS-C, 

change is observed in the peak corresponding to platinum at ~39.6° value for other 

samples. This peak is drastically reduced for Pt/MCM-C and Pt/FS-C catalysts. Since 

platinum leaching is very low, therefore this reduction in peak intensity must be due to 

disintegration of larger particles into smaller entities and their redistribution over the 

carbon support. FS-C/Pt catalyst shows a different kind of behaviour with appearance of a 

peak at 39.6°, indicating for the growth of noble metal particle in this particular catalyst. 
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S. No. Catalyst 
Fresh Sample Used Sample 

IG/ID ratio La (nm) IG/ID ratio La (nm) 

1. Pt/MCM-C 0.89 274 0.85 262 

2. Pt/FS-C 1.39 427 0.95 292 

3. MCM-C/Pt 1.06 326 0.97 298 

4. FS-C/Pt 1.15 354 1.05 323 

Table 4.5: Raman data and calculated in-plane crystallite size for different samples.

4.2.3 Conclusion: 

Porous carbon supports were prepared using MCM-41 and fumed silica based 

hard templates and catalysts supported on these supports were found to be stable under 

liquid phase HI decomposition conditions. The efficiencies of these materials for HI 

decomposition reaction were found to be dependent on the structural nature of the porous 

carbon and their surface morphologies. Both the catalysts prepared using MCM-41 as 

template with platinum incorporation before and after carbonization stage are found to be 

effective catalysts for HI decomposition reaction and are found to be stable under the 

reported reaction conditions. Catalysts prepared by using fumed silica as template are less 

active as compared to other catalysts in spite of having high surface area. This difference 

in activity is attributed to the type of porosity, micropores in this case. Also step at which 

platinum is added plays role in stability against platinum leaching, catalysts where 

platinum precursor is added before carbonization are more stable against platinum 

leaching. 
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4.3 Platinum/ Mesoporous Carbon Catalyst 

Mesoporous carbon support is found to be having advantage over micropores in terms of 

activity as well as stability as discussed in previous section of this chapter. In this section 

we will further explore the effect of size of mesopores. For this purpose mesoporous 

silica with larger pore sizes (SBA-15 type material) was used for synthesis of mesoporous 

carbon support. 

4.3.1 Experimental 

4.3.1.1 Preparation of Mesoporous silica 

Synthesis of template i.e. mesoporous silica was carried out by using following chemicals 

Pluronic P123, Cetyl trimethylammonium bromide (CTAB) and Tetra ethyl ortho silicate 

(TEOS)  using a method as described in literature[146]. For synthesis of mesoporous 

silica Poly-(ethylene glycol)–poly-(propylene glycol)–poly-(ethylene glycol) block 

copolymer (P123, average molecular mass 5800, Aldrich) was used as the structure 

directing or templating agent and tetra ethyl ortho silicate (TEOS) was used as silica 

source. Four grams of P123 was dissolved in in a mixture of 30 g of water and 90 g of 2M 

HCl with continuous stirring. After which 1.4 g of 25  aqueous solution of Cetyl 

trimethylammonium bromide (CTAB) and 11.84 g of TEOS was added to the mixture. 

This mixture as stirred for 20 h at room temperature after which it was transferred to a 

polypropylene bottle, sealed and kept at 100 °C for 24 h followed by cooling to room 

temperature. After cooling the mixture was filtered, washed several times with deionized 

water and ethanol to remove excess template. For calcination the mixture was heated up 
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to 540°C at a heating rate of 3°C/min under N2 atmosphere. After which the sample was 

kept  at this temperature for 3 hours under N2 flow and 2.5 hours under N2+O2 mixture 

(4:1) followed by cooling under N2 flow.

4.3.1.2 Preparation of Catalyst using hard templating Route 

For the synthesis of catalyst 2 g of the prepared silica template was mixed with 2 g 

of sucrose and 4.2 ml chloroplatinic acid (1  solution) in 5.8 ml of water in a round 

bottom flask and stirred for 6 h and left overnight. The paste obtained in this process was 

first dried at 100°C for 6 h and then carbonized at 160°C for another 6 h. The powder thus 

obtained was added to 1.6 g sucrose in 10 ml of water. After which the process of stirring 

and drying was repeated. The powder so obtained was heated at 800 °C under Nitrogen 

flow for 3 h. Subsequently noble metal was reduced by heating under hydrogen flow at 

300 °C for 3 h. After reduction of noble metal, removal of silica was carried out by 

suspending the mixture in 20 ml of 40  hydrofluoric acid and stirring overnight at room 

temperature. The final product was filtered, washed thoroughly several times and dried at 

80 °C and it is called as Pt/SBA-C in subsequent discussion. 

4.3.1.3 Characterization of Catalysts 

The powder X-ray diffraction patterns of fresh as well as used catalysts were recorded  on 

Philips Analytical Diffractometer in the range 20 to 70 °(Using Ni filtered Cu K

radiation). The surface morphologies and particle size were studied using Seron AIS 2100 

and Zeiss Scanning electron microscope and Transmission Electron Microscope. The 

BET surface area of the catalysts by N2 adsorption method and noble metal dispersion by 

CO chemisorption was determined by using Micromeritics ASAP 2010 Surface Area and 
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Porosity Analyser. XPS measurements were carried out using XPS system by SPECS, 

Germany using Al X-ray. The amount of noble metal in the reflux was determined by 

using Horiba Jobin Vyon JY 2000 ICP-AES.

4.3.1.4 Activity and Stability  

 Pt/SBA-C catalyst was evaluated for its activity and stability using the same 

reactor as given in Chapter 2. For a typical study 250 mg of catalyst was heated with 50 

ml of 27  hydriodic acid solution in 250 ml round bottom flask up to 120°C. After the 

reaction the  HI decomposition was measured by change in H+ and I- ions concentration 

using titration. After the reaction the catalyst was filtered, washed, dried and used for its 

characterization by XRD, surface area and SEM etc. The solution was analyzed using 

ICP-OES for the leached out platinum.

4.3.2 Results and Discussion 

4.3.2.1 XRD 

The X-ray diffraction patterns were recorded in 10 to 70° 2  range on Philips Analytical 

Diffractometer (using Ni-filtered Cu-Ka radiation). Fig 4.13 shows the XRD pattern of 

the catalyst which has a broad peak centring at 23°, which is characteristic of amorphous 

carbon. The XRD pattern also exhibit a peak at 39.7° conforming to platinum metal 

(JCPDS No. 04-0802).  

Crystallite size  of platinum was calculated from the Scherrer formula  

              …..5.2 0.9
cos
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4.3.2.7 Catalytic activity of the catalyst 

The catalyst was evaluated for its activity for liquid phase HI decomposition 

reaction. Reaction was carried out at 120 °C for different time intervals. After the reaction 

the solution was filtered and the eluent was analysed for concentrations of H+, I- and I2

present in it. The concentrations of H+ and I- ions was determined by titrating this eluent 

solution against 0.1 N NaOH and 0.1 N AgNO3 respectively using an autotitrator. The 

titrants NaOH and AgNO3 were standardized by their titration against Potassium 

Hydrogen Phthalate (KHP) and NaCl respectively. The decrease in H+ and I- ions with 

respect to their concentrations in original solutions was used to calculate the percentage 

conversion. These two values were found to be in good agreement. The concentration of 

iodine in the solution was determined by titrating it against Sodium thiosulfate using 

starch as an indicator. There was increase in the concentration of iodine after the reaction 

which was also used to calculate the percentage conversion of HI. This value was in 

agreement with that of calculated by the ion concentrations. The  conversion values 

thus obtained are shown below in Table 4.5.

S. No. Reaction Time (h) % Conversion 

1. 1 9.6 

2. 2 15.2 

3. 3 21.4 

4. 4 28.2 

Table 4.5: Catalytic activity of Pt/SBA-C catalyst for HI decomposition reaction
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4.3.2.8 Stability of the Catalyst 

The stability of the catalyst in terms of its structural integrity and platinum 

leaching was studied after a typical study of 2 hours. After 2 hour run of the reaction, the 

used catalyst was removed from the solution by filtering. It was washed thoroughly and 

dried. This catalyst was analysed by several techniques like XRD, SEM, N2 sorption etc.

Fig 4.25 shows the XRD pattern of the used catalyst. Here, there is no shift in 

peaks corresponding to carbon as well as platinum, which means there is no major change 

in the structure of catalyst during the course of the reaction. Fig 4.26 shows the SEM 

images of the used catalyst, these also indicate that there are no major morphological 

changes when compared with the fresh catalyst SEM images.  

The adsorption desorption isotherm and the pores size distribution curve for the 

used catalyst are given in Fig 4.19 and Fig. 4.20 along with the fresh catalyst. These two 

also indicate that the mesoporous structure of the catalyst remain stable after the reaction. 

All these facts imply that the catalyst was stable the harsh conditions of liquid phase HI 

decomposition reaction. 
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4.3.3 Conclusion 

Mesoporous carbon supported platinum nano catalyst was successfully 

synthesized by hard templating route with bigger pore size silica. Platinum was found to 

be present in the form of uniformly distributed particles of 4-7 nm size over the 

mesoporous carbon support. This catalyst was used the liquid phase HI decomposition 

reaction of the Sulfur-Iodine process. The catalyst was found to be stable in terms of 

structure of supports as well as in terms of noble metal retention under the reaction 

conditions. When compared to previously studied MCM-C based mesoporous catalyst, 

Pt/SBA-C catalyst was comparable in terms of activity while more stable in terms of 

noble metal leaching. This type of material has a potential to be used in HI decomposition 

reaction of Sulfur-Iodine cycle for hydrogen production as well as other applications 

which requires highly dispersed Pt nanocatalyst on a carbon support. 
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Chapter 5

HI Decomposition over Platinum

Catalysts Supported on Oxides

5.1 Introduction

 Oxides are another class of materials which is heavily used as support for noble 

metal catalysts. Different oxides like silica (SiO2), titania (TiO2), zirconia (ZrO2), ceria 

(CeO2), different forms of alumina (Al2O3), and others are used as catalyst supports [65].  

These oxides serve the purpose of support in terms of their stability, surface area 

tunability and their activity in some cases. Silica for example can be prepared with very 

large surface area [148,149], ceriua can be non-stoichiometric in oxygen [150], alumina 

can have acidic or basic characteristics [151] and titania have semiconductor properties 

[152], and so on. Therefore oxides form a large class of support for noble metals due to 

their properties. In this chapter we present few oxide supported platinum catalysts for HI 

decomposition reaction. 
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5.2 Platinum/ Ceria and Platinum/Titania Catalysts 

 This section contains details of Pt catalysts supported on ceria and titania with 

different platinum loading, including synthesis and characterization of these catalysts and 

evaluation of their catalytic activity and stability for liquid phase HI decomposition 

reaction.

5.2.1 Experimental 

5.2.1.1 Preparation of Catalyst 

 A series of Pt/Ceria and Pt/Titania catalyst with three different Pt loading (0.5, 1.0 

and 2.0  by weight) was synthesized. Catalyst synthesis was carried out by wet 

impregnation followed by chemical reduction. Ceria powder was synthesized by 

calcination of cerium hydroxide, obtained by addition of ammonium hydroxide to ceric 

nitrate solutions. In case of titania, commercial titania powder was used as support.  For 

different loading of Platinum, stoichiometric amount of hexachloroplatinic acid was 

added to the support. The dried mixture was then heated at 350 °C to achieve the 

decomposition of hexachloroplatinic acid from its highly water soluble form to water 

insoluble PtCl4 form. The Hydrazine was added drop wise with constant stirring for 

chemical reduction of platinum from 4+ oxidation state to 0 oxidation state. The final 

product was filtered and washed several times with distilled water and dried.

5.2.1.2 Characterization of Catalysts 

The powder X-ray diffraction patterns of all catalysts were recorded on Philips 

Analytical Diffractometer in the range 20 to 70 (Using Ni filtered Cu K  radiation). The 
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surface morphologies and particle size were studied using Seron AIS 2100 Scanning 

electron microscope. The BET surface area of the catalysts was determined by N2

adsorption method using Micromeritics ASAP 2020 Surface Area and Porosity Analyser. 

The oxidation state of Pt in the catalyst was found out by X-ray Photoelectron 

Spectroscopy measurements using multitechnique surface characterization system by 

SPECS. The amount of noble metal in the reflux was determined by using Horiba Jobin 

Vyon JY 2000 ICP-AES. 

5.2.1.3 Activity and Stability 

All the catalysts were evaluated for their catalytic activity for liquid phase HI 

decomposition and noble metal leaching employing a reflux type batch reactor. The 

details of this reactor are as given in Chapter 2. For this 250 mg of catalyst was added to 

50 ml of 27  hydriodic acid solution in 250 ml round bottom flask. This flask was heated 

and the gas bubbling out through the two traps was collected in an inverted column and 

was analyzed using a gas chromatograph. After reaction, the  HI decomposition was 

measured by means of titrating H+ and I- ions using acid-base and iodometric titrations, 

respectively. The solution was filtered to separate the used catalyst and the eluent. The 

spent catalyst was characterized by XRD, Raman and SEM for their physical integrity 

and the eluent was analyzed using ICP-OES for the leached out platinum. 

5.2.2 Results and Discussion 

5.2.2.1 XRD 

The X-ray diffraction measurements were recorded in 20 to 700  range on 

Philips Analytical Diffractometer (using Ni-filtered Cu-K radiation). Fig.5.1 shows the 
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Catalyst Surface Area 

(m2/g) 

Catalyst Surface Area 

(m2/g) 

 0.5  Pt/CeO2 44.6 0.5  Pt/TiO2 28.8 

1  Pt/CeO2 39.9 1  Pt/TiO2 31.9

2  Pt/CeO2 48.5 2  Pt/TiO2 33.2

Table 5.1: BET surface area for different oxide supported catalysts

5.2.2.4 X-ray Photoelectron spectroscopy 

XPS measurements for all the catalysts were carried in constant analyzer energy 

mode. Survey scans of Pt/CeO2 catalysts show peaks corresponding to cerium, oxygen, 

platinum and carbon (adventitious aliphatic carbon). The charging effect due to insulating 

nature of the samples was compensated by correction using C-1s (284.5 eV) as internal 

reference. The XPS spectra for different Pt/CeO2 catalyst corresponding to Ce 3d and Pt 

4f spectral region are shown in Fig. 5.6 and 5.7 respectively. Spectra corresponding to Pt-

4f can be deconvoluted into 4f5/2 and 4f7/2 bands with respective binding energies of about 

71.1 and 74.4 eV (  0.1eV) as shown in Fig. 5.6. These binding energy values correspond 

to metallic state of platinum. Hence platinum is present in zero oxidation state [134,153], 

which is required for its catalytic activity. Fig 5.7 shows the XPS spectra of all three 

catalysts in the spectral region corresponding to Ce-3d region. Six peaks marked in the 

Fig. 5.8 correspond to three pairs of spin-orbit doublets and they are characteristic of Ce4+

3d states [154,155]. 
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Similarly survey scans of Pt/TiO2 catalysts show peaks corresponding to titanium, 

oxygen, platinum and carbon. Here also charging effect was compensated by correction 

using C-1s (284.5 eV). The XPS spectra for different Pt/TiO2 catalyst corresponding to Ti 

2p and Pt 4f spectral region are shown in Fig. 5.8 and 5.9 respectively. As shown in Fig. 

5.8, spectra corresponding to Pt-4f can be deconvoluted into 4f5/2 and 4f7/2 bands with 

binding energies corresponding to Pt zero oxidation state [134,153]. The binding energy 

values of the Ti 2p peaks (Ti 2p3/2 at 458.eV) as shown in Fig. 5.9 indicate that the 

samples consist only of Ti4+ surface species [156,157]. 
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5.2.2.5 Catalytic activity of the catalyst 

All the catalysts prepared were evaluated for their activity for liquid phase HI 

decomposition reaction. The percentage conversion was calculated for a typical 2h and 

120 °C study by change in concentrations of H+, I- and I2. The  conversion values thus 

obtained are shown below in Table 5.2.

From Table 5.2, it can be seen that for both ceria as well as titania based catalysts, 

the percentage conversion increase with noble metal loading. Also  conversion values 

for ceria based catalysts are much higher when compared with the titania based catalysts. 

S. No. Catalyst % Conversion 

(2 hr, 120 °C) 

1. 0.5  Pt/CeO2 17.1 

2. 1  Pt/CeO2 20.2 

3. 2  Pt/CeO2 24.6 

4. 0.5  Pt/TiO2 6.3 

5. 1  Pt/TiO2 11.8 

6. 2  Pt/TiO2 14.3 

Table 5.2: % conversion values for different catalysts 
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The above results show that the percentage conversion increases on increasing the 

loading percentage of the noble metal. Also, ceria supported catalysts are found to be 

better than titania supported ones in terms of catalytic activity.  

5.2.2.6 Stability of the Catalyst 

To evaluate the stability of the catalysts, the reaction mixture was filtered. In case 

of CeO2 based catalysts, it was observed that most of the catalyst gets dissolved in the HI 

solution itself i.e. we get very small amount of catalyst (less than 50 mg out of 250 mg 

initially used) upon filtering the reaction mixture. The solution after filtration was 

analysed for presence of Pt by ICP-OES and it showed high amount of platinum in it.  

While this was not the case with titania based catalyst, the used titania based 

catalysts were XRD and SEM. Fig 5.10 shows the XRD patterns of different used Pt/TiO2

catalysts. The XRD patterns for the used catalyst remain similar to original sample. 

Neither there is any change in peaks corresponding to titania nor there is appearance of 

peak corresponding to platinum. Both these fact confirms that the catalysts is quite stable 

in terms of support structure as well against platinum sintering. 

The stability of the titania based catalysts against platinum leaching was studied 

by analysing the filtrate by ICP-AES. The amount leached out for the 0.5 , 1  and 2  

loaded catalysts comes out to be 0.2 , 0.38  and 0.25  of the original loading. These 

numbers indicate that the catalyst is quite stable against noble metal leaching.
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5.2.3 Conclusion 

Ceria and titania were explored as support for supported platinum catalysts for HI 

decomposition reaction. Catalysts with different platinum loading were prepared by wet 

impregnation followed by chemical reduction method. Chemical reduction method was 

effective for reduction of platinum as confirmed by XPS studies in both the cases. These 

catalysts were employed for the liquid phase HI decomposition reaction of the Sulphur-

Iodine cycle. For both the systems, the conversion is found to increase with the increasing 

noble metal loading, a trends similar to what we observed in case of graphitic carbon 

based catalysts. It reconfirms the role of platinum in the catalytic decomposition of HI 

over these supported noble metal catalysts. The higher conversion levels were obtained 

for the Pt/CeO2 catalysts as compared to Pt/TiO2 catalysts. Stability wise, Pt/TiO2

catalysts were found to be stable under the liquid phase HI decomposition reaction 

conditions, while Pt/CeO2 catalysts were not stable under reaction conditions. 
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5.3 Platinum/ Zirconia Catalyst 

In this section Pt catalysts supported on zirconia is reported. It includes synthesis and 

characterization of these catalysts and evaluation of their catalytic activity and stability 

for liquid phase HI decomposition reaction. 

5.3.1 Experimental 

5.3.1.1 Preparation of Catalyst 

A series of Pt/Zirconia catalyst with three different Pt loading (0.5, 1.0 and 2.0  

by weight) was synthesized. Zirconia was chosen as support for metal catalysts because 

of its inertness and stability under the highly acidic reaction environments. Catalyst 

synthesis was carried out by wet impregnation followed by chemical reduction. Zirconia 

powder was synthesized by calcination of zirconium hydroxide, obtained by addition of 

ammonium hydroxide to zirconyl oxy nitrate solutions. For different loading of Platinum, 

stoichiometric amount of hexachloroplatinic acid was added to the zirconia powder. The 

dried mixture was then heated at 350 °C to achieve the decomposition of 

hexachloroplatinic acid from its highly water soluble form to water insoluble PtCl4 form. 

The Hydrazine was added drop wise with constant stirring for chemical reduction of 

platinum from 4+ oxidation state to 0 oxidation state. The final product was filtered and 

washed several times with distilled water and dried. The percentage loading of the noble 

metal in the catalysts sample was confirmed by Neutron Activation Analysis (NAA). 
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5.3.1.3 Characterization of Catalysts 

The powder X-ray diffraction patterns of fresh as well as used catalysts were 

recorded  on Philips Analytical Diffractometer in the range 20 to 70 (Using Ni filtered 

Cu K  radiation). The surface morphologies and particle size were studied using Seron 

AIS 2100 and Zeiss Scanning electron microscope and Transmission Electron 

Microscope. The BET surface area of the catalysts by N2 adsorption method and noble 

metal dispersion by CO chemisorption was determined by using Micromeritics ASAP 

2020 Surface Area and Porosity Analyser. The oxidation state of Pt in the catalyst was 

found out X-ray Photoelectron Spectroscopy measurements using multitechnique surface 

characterization system by SPECS. The amount of noble metal in the reflux was 

determined by using Horiba Jobin Vyon JY 2000 ICP-AES. 

5.3.1.4 Activity and Stability  

The catalysts prepared were evaluated for their activity for HI decomposition 

reaction using setup as given in Chapter 2. For this, 250 mg of catalyst was added to 50 

ml of 27  hydriodic acid solution in 250 ml round bottom flask. The solution was heated 

at 120°C temperature for 2 h duration. This two hours of refluxing shows evolution of gas 

bubbles at regular intervals. This evolving gas was passed through two traps containing 

starch solution and silver nitrate solutions, respectively. There was no colour change in 

the traps, from which it could be inferred that Iodine and HI vapours are not escaping out 

from the system. The gas coming out, was collected in an inverted column and was 

analysed using a gas chromatograph (Chromatography and Instruments company, GC 
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2011) equipped with molecular sieve 5A column and thermal conductivity detector and 

was found to be hydrogen.

5.3.2 Results and Discussion 

5.3.2.1 XRD 

The X-ray diffraction patterns were recorded in 10 to 70° 2  range on Philips 

Analytical Diffractometer (using Ni-filtered Cu-K  radiation). Fig.5.11 shows the XRD 

patterns for zirconia based catalysts with different loading of platinum (i.e. 0.5  Pt/ZrO2,

1  Pt/ZrO2 and 2  Pt/ZrO2). The XRD pattern shows that Zirconia here is biphasic with 

the tetragonal phase (JCPDs No. 17-0923) being the major component and monoclinic 

phase (marked by ) being the minor component for all catalysts.  Crystallite size D of 

these catalyst samples were calculated from the Scherrer formula. The calculated 

crystallite sizes of all the catalyst samples were found to be in 6-8 nm range, indicating 

nanocrystalline nature of the samples. Also, after loading the support with platinum, there 

is no appearance of peak corresponding to platinum metal (JCPDS No. 04-0802). This 

indicates that the platinum is present in form of highly dispersed particles. 
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5.3.2.4 Surface Area 

Nitrogen adsorption isotherms were recorded at -196 °C temperature. The samples 

were subjected to in situ evacuation at 300 °C temperature for 3 h prior to recording of 

the isotherm. The BET surface area, pore volume and pore size data obtained for the 

samples is compiled in Table 5.3. 

The adsorption desorption isotherm and pore size distribution curve for one of the 

sample (1  Pt/ZrO2) are shown in Fig. 5.16 and Fig. 5.17 respectively. Fig. 5.16 shows a 

hysteresis loop (Type- IV) for 1  Pt/ZrO2 catalyst sample which is characteristic of 

mesoporous materials. Pore size distribution corresponds to median for ~4 nm pore 

opening, again corresponding to the mesoporous materials. Also, the noble metal 

dispersion of the catalysts was determined by H2 chemisorption taking 2:1 stoichiometry 

of metal and adsorbate gas. 

Catalyst Surface Area

( m2/g ) 

Pore Volume 

( cm3/g ) 

Pore Size 

( nm ) 

Noble Metal 

Dispersion (%)

ZrO2 108.64 0.11 3.61 --- 

0.5    Pt/ZrO2 126.67 0.14 3.68 44.50 

1     Pt/ZrO2 140.26 0.16 3.75 31.39 

2     Pt/ZrO2 158.69 0.15 3.74 24.49 

Table 5.3: BET surface area, pore volume, pore size and noble metal dispersion
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5.3.2.5 X-ray Photoelectron spectroscopy 

XPS measurements for all three Pt/ZrO2 catalysts were carried in constant analyzer 

energy mode. The survey scan of all the three catalysts showed peaks corresponding to 

zirconium, oxygen, platinum and carbon (adventitious aliphatic carbon). The correction 

for charging effect due to insulating nature of the samples was carried out using carbon as 

internal reference (284.5 eV). The XPS spectra in the spectral region of Pt-4f and Zr-3d 

are shown in Fig. 5.18 and 5.19 respectively. 

Pt 4f spectra for all three samples can be deconvoluted into 4f5/2 and 4f7/2 bands 

with respective binding energies of about 71.1 and 74.4 eV (  0.1eV) as shown in Fig. 

5.18. These values of binding energy are in good agreement with that reported in 

literature for platinum with zero oxidation state [134,153]. Thus XPS studies confirms the 

presence of platinum in zero oxidation state which is required the catalytic activity. Zr-3d 

spectra of three samples as shown in Fig. 5.19, shows 3d3/2 and 3d1/2 peaks with binding 

energies at around 182.3 eV and 184.7 eV which correspond to +4 oxidation state of 

zirconium [158,159]. 
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5.3.2.6 Catalytic activity of the catalyst 

The catalysts prepared were evaluated for their activity for liquid phase HI 

decomposition reaction. After carrying out the reaction for a particular time and at a 

particular temperature (2h, 120 °C), the solution was filtered. The eluent recovered was 

analysed for concentrations of H+, I- and I2 present in it and change in their concentrations 

was used to calculate the percentage conversions. The  conversion values thus obtained 

are shown below in Table No. 5.4.

Catalyst Conversion ( % ) 

Blank 2.9 

ZrO2 6.3 

0.5  Pt/ZrO2 13.9 

1.0     Pt/ZrO2 16.5 

2.0     Pt/ZrO2 18.7 

Table 5.4: Percentage conversion values for the different catalysts 

From Table 5.4, it can be seen that the percentage conversion of HI into hydrogen 

and iodine with zirconia alone was found to be 6.3 , which increases significantly upon 

use of a platinum based catalyst. Also, it can be seen that the percentage conversion 

increases on increasing of the noble metal loading. This highlights the role of platinum 
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Here, there is no shift in peak positions corresponding to zirconia as compared to 

the fresh catalysts; the biphasic nature of zirconia is also same after the reaction. It 

indicates that there is no change in structure of the catalyst support during the reaction. As 

observed for fresh catalyst, the used catalyst also does not show any XRD line for 

platinum, hence confirming for the unchanged uniform dispersion. Thus we can say that 

the prepared catalysts are stable under the harsh conditions of liquid phase HI 

decomposition reaction conditions. 

The eluent solution, when analysed for presence of Platinum by ICP-AES, did not 

exhibit the presence of the noble metal. This confirm for the stability of these catalyst 

against noble metal leaching under the reaction conditions. 

5.3.3 Conclusion 

Mesoporous zirconium oxide supported platinum catalysts were successfully 

prepared and applied to the liquid phase HI decomposition reaction of the Sulphur-Iodine 

process. There is a significant increase in percentage conversion of HI to H2 and I2 in 

presence of Pt/ZrO2 catalyst. Percentage conversion is very low when the reaction is 

carried out in presence of only ZrO2, the support. Also, the conversion is found to 

increase with the increase in the noble metal loading in the catalyst, again highlighting the 

role of platinum in the catalytic decomposition of HI over these supported noble metal 

catalyst. 

The results of XRD, EDS and SEM show that the loading of platinum metal over 

zirconia enhances the sintering resistance of the noble metal thereby increasing life of the 

catalyst. Moreover, the dispersion of Pt over the supports is found to be uniform. It can 
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also be concluded from the results of activity evaluation that the percentage conversion of 

HI increases with the increase in loading percentage of the noble metal over support. The 

catalyst was also found to be stable under the liquid phase HI decomposition reaction 

conditions. All the results signify the potential for use of platinum supported on 

mesoporous zirconia catalysts for HI decomposition reaction of Sulphur-Iodine cycle for 

large scale production of hydrogen.
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Chapter 6

Iodine Speciation Studies

6.1 Introduction 

Bunsen reaction is one of the three steps of sulphur – iodine cycle for thermo-

chemical splitting of water, where SO2 is passed into the aqueous solution of iodine to 

produce hydriodic acid and sulphuric acids. The reaction involved can be presented as 

follows:

I2 + SO2 + 2 H2O  2 HI + H2SO4                 …6.1 

For practical purposes this reaction is carried out in liquid water media with an 

excess of both iodine and water with respect to their stoichiometric values. This is done to 

enhance separation of the two products into two corresponding liquid phases, namely a 

sulfuric acid rich phase and a HIx phase . This also makes it possible to drive the 

reaction thermodynamically. Thus nearly all excess iodine is present in the heavier HIx

phase, while water is present in both liquid phases. Accordingly, the process can be 

schematized as follows: 

(x + 1)I2 + SO2 + (n + 2)H2O  [H2SO4 + (n - m)H2O]  +   [2HI + (x)I2 + mH2O] …6.2 

                                                            Sulfuric acid phase                        HIx phase 
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where x and n are the iodine and water molar excess quantities, respectively, in the 

reactant phase and m is the molar quantity of the excess water that ends up in the product 

HIx phase. 

However, along with the above reaction, the following two side reactions have 

also been found to occur producing elemental sulfur S and hydrogen sulfide H2S [160]: 

6HI + H2SO4  S + 3I2 + 4H2O       …6.3 

8HI + H2SO4  H2S + 4I2 + 4H2O     …6.4 

Therefore for the optimization of the S–I process, optimization of Bunsen section 

is of great importance. The sustainability of the whole S-I process is dependent of several 

factors involved in the Bunsen section for example composition of the H2SO4 and HIx

phase, excess iodine and water in the feed and side reactions. 

Lot of work has been carried out on the Bunsen section investigating the liquid–

liquid equilibrium (LLE) phase separation performance [161-164]. Effect of HI and I2

concentration in a quaternary system H2SO4/HI/I2/H2O has also been investigated in the 

temperature range 25–120 °C. It was found that the LLE phase separation improved with 

a decrease of water and an increase of iodine content in the mixture [165]. Range of 

iodine content allowable (lower limit for liquid–liquid phase separation and upper one for 

iodine precipitation) has also been calculated at different temperatures. Norman et al [30] 

have reported the following optimum composition for the Bunsen reaction. 

SO2 + 9 I2 + 16 H2O                 (2 HI + 8 I2 + 10 H2O) + (H2SO4 + 4 H2O)    ….6.5 
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The excess iodine added, has dual role of facilitating segregation of the two 

product acids into two corresponding liquid phases and minimizing the side reactions 

between iodine and sulfur compounds by driving reactions 6.3 and 6.4 

backwards[166,167].

Due to presence of excess iodine in HIx phase, various polyiodide species are 

generated during the separation process. The formation of various polyiodide species can 

be explained as follows: 

I2 + I-  I3
-   …6.6 

2I2 + I-  I5
-   …6.7 

3I2 + I-  I7
-   …6.9 

These polyiodide species need to be identified for complete understanding of the 

mechanism involved and kinetics followed in the processes. Lot of research works are 

reported in literature for identification of polyiodide species [168-171].  Most of the work 

reported in the literature is related to separation and identification of salts and complexes 

of these polyiodides in molten and solid form, only few of them are for aqueous solutions 

[172,173]. The methods employed range from vibrational spectroscopy, Mossbauer 

spectroscopy, NMR, ESR, ESCA, UV/Visible spectroscopy, electro-analytical techniques 

and X ray based methods. 

In addition to the above facts, formation of polyiodide species is important in case 

of liquid phase HI decomposition where iodine (one of the product) get dissolved in HI. 

Therefore an attempt was made to identify the different polyiodide species of HIx phase 

of Bunsen reaction. Also effect of presence of sulfuric acid has also been studied because 
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it may be present in the HI phase as an impurity. The spectroscopic techniques based on 

molecular absorbance in UV-visible spectroscopy and Raman spectroscopy were used to 

exploit change in symmetry for different HIx species. 

6.2 Experimental 

6.2.1 Preparation of solutions 

Different stock solutions of HI, KI and I2 were prepared by dissolving the 

appropriate amount of the reagents in distilled water. HI and KI, both were easily soluble 

in water while I2 requires sonication for dissolution. Thereafter these solution were mixed 

in different ratios for recording Raman and UV-visible spectra of different solutions with 

different I2:I- ratios.

6.2.2 Raman spectroscopy 

Laser Raman spectra of the solutions containing varying amounts of HI, KI and I2

were recorded on a LABRAM-1 spectrometer (ISA) in a back-scattering geometry, at a 

spectral resolution of 2 cm-1. An Ar+ ion laser (488 nm) was used as an excitation source. 

6.2.3 UV-visible Spectroscopy 

The UV/Visible spectra of the solutions containing varying amounts of HI, KI and 

I2 were recorded using a JASCO Spectrophotometer (Model V-650), JAPAN. 

6.3 Results and discussion 

6.3.1 Raman spectroscopy 

Raman spectra were recorded for 0.1 M HI with iodine concentration ranging 

from 0.1 to 0.6 M, i.e. the spectra were obtained for I2:I- ratio of 1 to 6. No spectral 

features were observed for both pure I- and pure I2 solutions. The solution with HI:I2 ratio 
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For understanding of this variation in the Raman spectra the change in intensity of 

three deconvoluted peaks as shown in Fig. 6.3 was plotted. The peak corresponding to the 

v1 band shows drastic decrease with increasing iodine concentration up to 1:3 HI : I2 ratio 

and then remains constant for ratio up to 1:5 before decreasing further for 1:6 ratio. 

Similar trend is observed for v3 band, too. Compared to these the v2 band exhibits 

consistent increase with increasing HI:I2 ratio. Such a pattern can be explained by taking 

into consideration the presence of I5
- species. It is reported by Sharp et al [174] that 

various bands exist at 165, 55, 146 and 114 cm-1 and 157, 90, 143, 110 cm-1 for linear and 

bent pentaiodide species, respectively. This system can be understood in terms of a 

disproportionation and coupled equilibrium initiated by the liquidification of a triiodide 

system as given below [168]: 

I3(I2)- + I-  2 I3
-     …6.12 

Taking these information into account attempt was made to deconvolute Raman 

spectra corresponding to HI:I2 ratio of 1:3 and multiple deconvolutions could be obtained 

for five peaks as shown in Fig. 6.4. Though not very conclusive it does indicate towards 

presence of higher polyiodides in equilibrium with the triiodide for increasing iodine 

concentration.



Ch

F

hapter 6

Fig. 6.3: Varriation of inttensity of v1,

188

v2 and v3 peeaks for diffeerent HI:I2 raatio solutionns.



Ch

as

rec

as

con

(Fi

sul

pea

hapter 6

Fig.

As disc

an impurity

corded in pre

effect of i

ncentrations

ig.6.5). It w

lfuric acid, a

ak ( i.e. peak

6.4: Multipl

cussed in the

y. Therefore

esence of sul

its concentr

of sulfuric

as observed

as there was 

k correspond

le deconvolu

e introductio

e Raman sp

lphuric acid 

ation on th

c acid (0.1M

d that the Ra

no change i

ding to I3
-). 

189

utions corres

n part, sulfu

ectra of the

to see the ef

he triiodide 

M to 0.6M)

aman spectru

n position a

sponding to H

uric acid may

e iodine iod

ffect of prese

formation. 

) were adde

rum is free f

as well the he

HI:I2 ratio o

y be present 

dide mixture

ence of sulfu

For this p

ed to a 1:1

from any in

eight of the 

of 1:3. 

 in the HI ph

e has also b

uric acid as w

purpose vary

1 HI:I2 solu

nterference f

most promin

hase

been 

well

ying

ution 

from 

nent



Ch

Fig

hapter 6

g. 6.5: Ramaan spectra inn presence of

no eff

190

f different co

ffect of its pre

oncentration

esence 

ns of sulfuricc acid, depiccting



Chapter 6

191

6.3.2 UV-visible spectroscopy 

 Similar measurements on iodine-iodide solutions were carried out using UV-

visible spectroscopy. Only difference here is that lower concentration (in the range of 10-4

M) are used to avoid saturation of absorbance signal.  For this KI solutions of known 

concentration were mixed with Iodine solution to obtain final solutions of 2 x 10-4 M in 

terms of KI with KI:I2 ratio varying from 1:0 to 1:10.  

 UV-visible absorption spectra for the above mentioned samples with KI:I2 ratio 

varying from 1:0 to 1:10 is shown in Fig. 6.6. Absorption spectrum for iodine solution of 

2 x 10-4 M concentration is also shown in Fig. 6.6. Fig. 6.6 c shows spectrum obtained for 

KI:I2 1:1 solution. It exhibits two peaks with maxima at 288 nm and 358 nm. Peak 

pertaining to 358 nm is reported to be of I3
- species [170]. This peak is found to decrease 

with increasing I-/I2 ratio from 1:1 to 1:10. This is attributed to conversion of I3
- species to 

higher polyiodides, a trend similar to that obtained with Raman spectroscopy. However, 

this spectrum shows an additional peaks at ~288 nm and this peak is absent from 

spectrum as recorded for respective KI and iodine solutions. As observed in Fig. 6.7, this 

peak also follows a pattern of decrease in absorbance value with increasing I2:KI ratio as 

observed for 358 nm peak. It again indicates towards presence of I3
- species for its 

genesis.
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Fig. 6.7: Variation in absorbance value of 358 and 288 nm peaks with increasing iodine 

concentration in KI-I2 solution. 

 When similar measurements were carried out for HI-I2 solution of 2 x 10-4 M 

concentration, similar absorbance patterns are observed, though with a reduced 

absorbance values (Fig. 6.8). For these solutions the lower wavelength peaks at ~ 200 nm 

and ~ 225 nm, which were out of scale for KI based solutions, can be observed clearly. 

Both these peaks are different from earlier mentioned peaks at 288 nm and 358 nm, in the 

sense that they appear in case of pristine HI (204 nm) and iodine (227 nm) solutions too, 

respectively.
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Chapter 7

Conclusions and Future Scope
\

7.1 Conclusions 

The studies carried out in this thesis have contributed to fundamental 

understanding as well as development of heterogeneous catalysis for the major goal of 

hydrogen generation. Thermochemical water splitting by Sulfur Iodine thermochemical 

cycle is proposed for the large scale production of hydrogen using nuclear or solar heat 

(Chapter 1). This thesis reports development of catalysts for hydriodic acid 

decomposition reaction: the hydrogen producing step of S-I thermochemical cycle as well 

as other iodine based cycles (Chapter 3, 4, and 5). This thesis also includes the details of 

speciation studies carried out for polyiodide species generated during Bunsen reaction/HIx

sepration (Chapter 6).  Here, in this chapter we summarize the objective, approach 

towards the problem and major findings of the work, along with scope for the future 

work.

The main objective of these studies was to develop a suitable catalyst for 

hydriodic acid decomposition reaction which is active as well as stable under the harsh 

reaction environment. Hydriodic acid decomposition reaction is important in case of 
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thermochemical water splitting research since it is the hydrogen producing step of the S-I 

cycle which is one of the most promising method for large scale hydrogen production 

using nuclear or solar heat. Majority of work and catalytic systems for HI decomposition 

reported in open literature are for vapor phase decomposition, while we have carried out 

detailed study of various catalysts for liquid phase HI decomposition reaction. Another 

objective of the study related to iodine speciation was to establish the presence of 

polyiodide species in Bunsen reaction mixture and their identification. These studies are 

also relevant to liquid phase HI decomposition reaction because iodine being one of the 

products is present in the reaction mixture along with the reactant HI, hence formation of 

polyiodides is possible. 

Carbon with different properties was first of all explored as a catalyst support for 

platinum metal. Choice of carbon is based in its properties like stability, high volume to 

weight ratio, tunability of surface area and porosity. Mesoporous and microporous carbon 

supports were prepared by hard templating route using porous silica templates. Along 

with them, activated carbon and graphitic carbon were also explored as support for 

catalysts. For graphitic carbon based catalysts, the effect of noble metal loading was also 

studied and it was observed that percentage conversion increase with the platinum 

loading, however the increase is not linear. It has been observed that 1 wt  loading of 

platinum gives maximum conversion in terms of per unit weight of platinum. The 

stability of the catalysts in presence of excess iodine was also established (Chapter 3). 

In case of porous carbon supported catalysts prepared by hard templating method, 

platinum can be added at two different steps. The step at which platinum is added affects 
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the stability of catalysts against platinum leaching, whereas activity of catalysts is similar 

in both cases. Catalyst where platinum precursor is added along with the carbon precursor 

is having better platinum retention as compared to the case where platinum is loaded after 

formation of carbon. Also it was observed that the catalysts with microporous nature of 

support have lower activity in spite of having high surface area, while the catalysts with 

mesoporous support have higher activity (Chapter 4). Therefore mesoporous carbon 

supported catalysts where platinum was added at the first stage catalyst were found to be 

the better as compared to others in terms of activity as well as stability.Overall catalysts 

with mesoporous nature or mixed porosity or planar type of support exhibit higher 

catalytic activity (Chapters 3 and 4). 

Oxides were also explored as catalyst support for platinum. Three different oxides 

(Titania, Ceria and Zirconia) were used as support for preparation of catalysts for HI 

decomposition reaction. Chemical reduction method was used for reducing platinum to 

zero oxidation state. Effect of platinum loading was studied and it was found that the 

percentage conversion increase with increasing noble metal loading, in this case also the 

increase was not linear. 

In terms of catalytic activity, it was observed that ceria supported catalysts exhibit 

highest conversion followed by zirconia and then titania. But ceria support was found to 

be unstable under in reaction conditions, due to dissolution of support in HI as most of the 

catalyst gets dissolved. Among zirconia and titania, zirconia based catalysts exhibits 

higher stability against platinum leaching, with no platinum coming into the HI solution. 

Mesoporous nature of zirconia support may also played important role in enhancing 
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catalytic activity and stability of zirconia supported catalysts. Therefore zirconia was 

found to a better support for platinum catalysts for liquid phase Hi decomposition 

reaction (Chapter 5). 

Overall conclusion from catalyst development studies for liquid phase HI 

decomposition reaction is that the following catalysts were found to be better in terms of 

activity as well as stability as compared to others: (i) Graphitic carbon, (ii) Mesoporous 

carbon and (iii) Zirconia supported catalysts. Keeping in mind the goal of large scale 

production of hydrogen, large scale production of catalyst is also required. For this 

purpose mesoporous carbon seems to be a less attractive option because preparation of 

mesoporous carbon is time consuming and costly affair. Graphitic carbon supported 

catalyst is a suitable candidate for large scale production purposes. Zirconia based 

catalyst with simple chemical reduction method is also attractive candidate as it can also 

be prepared in large scale. 

For speciation studies, presence of I3
- and higher polyiodides in the HIx phase of 

Bunsen reaction of sulfur Iodine thermochemical cycle was confirmed by both UV visible 

absorption spectroscopy and Raman spectroscopy studies. As far as I3
- is concerned, 

direct evidence of its formation on addition of iodine to iodide solution is obtained from 

Raman as well as UV-Visible spectroscopy. Though there is no direct evidence for 

presence of higher polyiodides is obtained, still their formation could be indirectly 

inferred by these studies. 
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7.2 Future Scope

Future scope of this work includes use of these catalysts for vapor phase HI 

decomposition reaction and the comparison of the results with that for liquid phase. Also 

based upon the activity and stability results and also considering the scalability for large 

scale production of catalysts, Platinum-zirconia and platinum-graphitic carbon based 

catalysts can be explored for large scale HI decomposition. Detailed studies on kinetics of 

HI decomposition on these two catalysts can be carried out to understand the mechanism 

of this reaction. Nickel based catalysts can also be explored to bring down the cost of the 

catalyst. 
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