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Abstract 

            Fuel cells and Li air batteries are foreseen to be the future sustainable energy sources to 

mitigate the problem of global warming. Since the byproducts of these two sources are not harm 

ful, research community is focussing to undertake a paradigm shift from petroleum based energy 

sources to fuel based systems. But to come into market there are many issues that need to be solved. 

Generally an electrocatalyst will be employed to catalyze the two main reactions that occur towards 

the anode side and cathode side. Pt based metal catalyst supported on carbon will be employed as 

electrocatalyst for enhancing the reactions. But the major problem lies towards the cathode side 

where oxygen reduction reaction occurs (ORR). This reaction is highly sluggish with slow kinetics. 

So in order to improve this reaction, catalyst loading will be increased because of which the cost 

is booming and almost 50% of fuel cell cost is from Pt based catalyst. Apart from this problem of 

high cost, another major problem is the stability of the catalyst. During the continuous cycling of 

fuel cells, carbon on which Pt nanoparticles were supported gets corroded as a result Pt 

nanoparticles will aggregate and efficiency of the catalyst comes down. So chapter 1 focusses on 

the current scenerio of research is focussing on two main important problems of research i.e, to 

design electrocatalyst in such a manner that the amount of Pt utilization is minimized and to replace 

the carbon as support material either as partially or completely. 

                   So far many Pt free metal based electrocatalysts and metal free electrocatalysts were 

designed and used. But none of them could replace Pt based electrocatalysts. So the focus is 

specifically oriented towards the minimization of Pt content. This can be achieved by designing  

core shell nanoparticles. In this core shell nanoparticles, inner material, acting as core, is made of 

any other metal other than Pt and outer material acting as shell, is made of Pt. There are wide 

variety of metals that can be utilized as core materials such as Ni, Co, Fe, Pd and Au. But of all 

the metals Au is most preferred as it has an extra advantages when compare to other metals such 

as high resistance to corrosion. Hence Au is most preferred core material. In order to synthesize 

core shell nanoparticles, wide variety of methods were designed. These include physical methods, 

wet chemical methods and electrodeposition techniques. Literature provides volumes and volumes 

of different core shell nanoparticles that were synthesized by using any of the forementioned 

methods. But all those methods involves huge experimental setup, tedious process, expensive 

chemicals, high temperature and above all, time and energy consuming aspects are making the 

process cumbersome. Hence there is a need to shift the focus in designing core shell nanoparticles 



in the easiest method. Since the carbon undergoes corrosion during long term cycling of fuel cell, 

it is even more desirable to replace this carbon as support materials. Many semiconducting 

materials can act as support in place of carbon for holding the nanoparticles. But of all, TiO2 with 

tube morphology is superior because it is low cost, environmentally friendly and possessing high 

resistance to corrosion.   

          Hence keeping in view of above required demands, chapter 2 focusses on a new method of 

depositing the core shell nanoparticles of Pt and Au over titania nanotubes. The synthesis was 

achieved through electrodeposition by applying potential of -2.0 V for 60 sec. The novelty of this 

method lies in the fact that the synthesis was achieved without long reaction time, high temparature 

and without any reducing agent. The as synthesized core shell nanoparticles were tested for 

electrochemical activity towards ORR and were found to be active. 

             Chapter 3 focusses on the cost reduction and enhancing durability of the catalyst. Hence 

to attain this, a composite made of titania nanotubes and functionalized acetylene black was used 

as support material for Pt decoration. In this Pt nanoparticles were decorated over this composite 

through photoreduction method by utilizing the spill over of electrons from titania. The successful 

formation of composite and decoration of Pt nanoparticles was characterized by various 

morphological techniques and found that Pt content was 3.5 wt%. As prepared material showed 

excellent ORR activity and found to have high electrochemical active surface area (ECSA) than 

commercially available Pt Vulcan XC-72.  

Key words: Oxygen Reduction Reaction, Titania Nanotubes, Metal Nanoparticles, 

Electrochemical Deposition, Photochemical Reduction. 



Preface 

 

              The present dissertation is submitted for the doctor of Materials Science at Japan 

Advanced Institute of Science and Technology. The dissertation is consolidation of results of the 

work on the topic “Metal nanoparticles on TiO2 based supports as an electrocatalysts for oxygen 

reduction reaction” under the supervision of Prof. Noriyoshi Matsumi at the School of Materials 

Sciences, Japan Advanced Institute of Science and Technology during October 2015- September 

2018. 

            Most of the current problems such as global warming and air pollution are arising from 

continuous exploration and depletion of fossil fuels. This has captured the attention of scientific 

community to shift to alternate and sustainable energy sources. One of the promising technologies 

that can serve as alternative to fossil fuels is fuel cell technology. A fuel cell provides clean and 

efficient energy directly by converting chemical energy into electrical energy. Recently there has 

been a special interest in development of polymer electrolyte membrane (PEM) fuel cells. This 

PEMFCs employs hydrogen as fuel. To spread the application of PEMFCs, there is a great need 

to develop a catalyst towards the cathode to accelerate highly sluggish oxygen reduction reaction 

(ORR) at the cathode. Pt/C, the state of the art catalyst has some problems such as high cost, 

corrosion and durability. Hence there is a need to design a catalyst that can solve these problems. 

             The work presented in this thesis covers the synthesis of nanoparticles over titania 

nanotubes and their utilization as electrocatalyst materials for oxygen reduction reaction as an 

alternative to Pt/C. To the best of my knowledge, the work is original and no part of the thesis has 

been plagarised. 

Bukka Santhosh 

School of Materials Science 

Japan Advanced Institute of Science and Technology 

December 2018 
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Chapter 1 

1.1. General Introduction   

Environmental pollution is the major global concern especially due to harmful gases such 

as NOx and SOx1. These are evolving due to combustion of fossil fuels and are responsible for 

acid rains. At the same time, carbon dioxide emission has led to global warming. The disadvantage 

of these fossil fuels is they are non renewable and continuous usage of these resources will result 

in depletion. In addition to these fossil fuels, CO that is evolving due to incomplete combustion of 

fossil fuels, is also responsible for environmental damage. Hence intense research is going on to 

replace these fossil fuels with alternatives that are renewable and environmental friendly. One of 

the best alternatives to the internal combustion engine fuels such as diesel and petrol are 

electrolytic fuel cells2 and Li air batteries. These fuel cells are of various types which uses 

hydrogen and oxygen as raw materials and the byproducts of these are water.  

 

1.2. Fuel cell technology 

A fuel cell is an electrochemical device which converts the chemical energy into electricity 

through a chemical reaction of a fuel with oxygen or another oxidizing agent3. A fuel cell employs 

hydrogen as the most common fuel. Fuel cells can produce electricity continuously as long as the 

fuel and oxygen are supplied. In this, the source is hydrogen and is generally referred to as the fuel 

so it derives its name fuel cell. Fuel cells were invented as early as 1839 by William Groove. Fuel 

cells did not find any practical application until NASA used them as power generators in Gemini 

and Apollo space programmes. Since then fuel cells are used as main power generators in fields 

of stationary power generators, transportation and other power generators.  There are several kinds 

of fuel cells but the basic unit of typical fuel cell consists of three parts viz anode, cathode and 

electrolyte giving three different segments. In order to increase the rate of reaction at the electrodes, 

a catalyst is often used to speed up the reactions at the electrodes. Hydrogen-based gaseous fuels 

are fed continuously to the anode compartment and oxygen from air as oxidant is fed continuously 

to the cathode compartment and two chemical reactions occur at each electrode and the net result 

is that the fuel is consumed. The products formed are water, carbon dioxide (in the case of 

methanol oxidation type of fuel cell), electric current and it is this electric current that can be used 

to power electrical devices. At anode a catalyst converts the hydrogen into a proton and electron 



2 
 

as shown in the Fig 1.1 and the electrolyte is specially designed in such a way that it is permeable 

only to ions but not to electrons and these electrons travel through a wire creating the electric 

current. On reaching near the cathode, water is generated by reaction among proton, electron and 

oxygen. 

 

 

 

 

 

 

 

 

 

Fuel cell systems have different variables such as 4  

1) Type of the exchanged ion through the electrolyte, 

2) Type of the electrolyte used in fuel cell,  

3) Type of the reactants (e.g. primary fuels and oxidants),  

4) Operating temperature and pressure,  

5) Direct and indirect usage of the primary fuels in fuel cell system and  

6) finally the primary and regenerative system  

1.2.1. Types of fuel cells  

Fuel cells are classified based on the nature of electrolyte used. Therefore, based on this 

classification, fuel cells include the following different types:  

1) Proton exchange membrane fuel cells  

2) Phosphoric acid fuel cell  

3) Solid oxide fuel cells 

4) Molten carbonate fuel cells  

Fig 1.1: schemat of typical fuel cell 
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5) Direct methanol Fuel Cells  

6) Alkaline fuel Cells  

1.2.2. Proton exchange membrane fuel cells  

  It was popularly called as "solid polymer electrolyte fuel cell" (SPEFC) in the early 1970s, 

but ever since the mechanism of proton exchange was understood it was renamed as proton 

exchange membrane fuel cells5. In this, a proton-conducting polymer membrane separates the 

anode and cathode as shown in Fig 1.2. Near the anode hydrogen diffuses to the anode catalyst 

where it dissociates into protons and electrons. These newly formed protons are conducted through 

the membrane to the cathode, but since the membrane is electrically insulating, the electrons are 

forced to travel in an external circuit. Near the cathode catalyst side, oxygen molecules react with 

protons and the electrons that travelled through the external circuit to form water. Relatively low 

temperature conditions around 80 °C is sufficient to operate PEM fuel cells. Proton exchange 

membrane fuel cells are primarily used for transportation applications and some domestic 

applications particularly in passenger vehicles, cars and buses due to their fast startup time, low 

sensitivity to orientation, and favorable power-to-weight ratio. 

 

 

 

 

 

 

 

 

 

  

 

 

The main important reactions of fuel cell are  

      Anode:  H
2 

→ 2H
+ 

+ 2e
− 

(Hydrogen oxidation reaction) 

 

     Cathode:
 

1/2O
2
 + 2H

+

 + 2e
−

 → H
2
O (Oxygen reduction reaction)  

Fig 1.2: Schematic illustration of proton exchange membrane 

fuel cell 
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  Pt supported on mesoporus carbon is the main catalyst that is used to catalyze this reaction. 

Pt has attracted because it offers high catalytic activity, chemical stability, high exchange current 

density and superior work function6. Since this Pt is a rare earth metal with limited reserves, its 

choice to use it as electrocatalyst makes the PEMFCs most expensive. This Pt based electorcatalyst 

is used both for anodic and cathodic reactions. The rate of cathodic reaction where oxygen 

reduction will take place, is extremely slow by several orders of magnitude than anodic reaction 

and demand high catalyst loading7. Apart from this, another major disadvantage with this fuel cell 

is during operation the catalyst layer undergoes degradation. The catalyst will undergo degradation 

due to Pt agglomeration or may be due to loss of activation sites 8 and also affected by the CO 

poisoning as shown in Fig 1.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3. Li air battery: 

  With the advancement in technology across globe especially in transportation sector, there 

was a huge increase in energy consumption which leads to raise in carbon foot print. Around 80 % 

of energy consumption is from transportation sector because of which there are numerous 

environmental problems such as emission of carbon dioxide and green house gases. With 

continuous depletion in fuels, special emphasis on alternatives for energy consumption in 

Fig 1.3: Schematic representation of catalyst degradation during fuel startup and shut down 

(Figure adapted from Beilstein, J. Nanotechnol. 2014, 5, 44–67) 
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transportation sector is highly recommended9. So it would highly benefit if there is a transition 

from use of fossil fuels to use of hybrid electric vehicles and subsequently to pure electric vehicles. 

The use of hybrid vehicles is already beginning in the market. Pure electric vehicles also started to 

offer high efficiency as high as 1.14 Km/MJ, 2 times higher than Toyota Prius hybrid. Hence to 

reduce CO2 emissions and green house gases, a transition towards the usage of alternate energy 

sources such as solar, and wind power is highly demanded. In this scenario, use of Li air battery 

would be a viable option. There are various metal air batteries such as zinc-air battery, aluminum 

air battery, magnesium- air battery, iron-air battery. But of all these, the theoretical capacity of Li 

air battery is high, 11680 Wh/Kg10 as shown in Fig 1.4, almost close to gasoline. Metal air battery 

was first discovered by Leclanche in 1868. Zinc air battery was first discovered by Heise and 

Schumacher in 1932.  

 

 

 

 

 

 

   

  These metal air batteries consist of metal based anode and cathode which continuously 

draws oxygen from ambient air, called as air-cathode. Depending on the metal used, different metal 

air batteries were characterized.  Li air battery is an advanced energy storage system which 

converts chemical energy to electrical energy during discharge and stores chemical energy during 

charge11. Depending on the type of electrolyte used, 4 different types of Li-O2 batteries have been 

developed. They are aprotic, aqueous, solid-state, and hybrid aqueous/ aprotic batteries. Fig 1.5 

shows the schematic representation of different types of Li air batteries. 

 Fig 1.4: Comparision of energy densities of various batteries with gasoline (figure adopted from Nano 

Energy, 2013, 2, 443–467) 
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  Irrespective of the electrolyte used, the fundamental reaction are as follows. 

Anode: 

𝐿𝑖 → 𝐿𝑖+ + 𝑒−                                                                                                    equation 1 

Cathode:  Non aqueous: 2𝐿𝑖+ + 2𝑒− + 𝑂2 ↔ 𝐿𝑖2𝑂2 (E0= 2.96 V vs Li/Li+)   equation 2 

Alkaline: 𝑂2 + 2𝐻2𝑂 + 4𝑒− ↔ 4𝑂𝐻−                        (E0= 3.43 V vs Li/Li+)   equation 3 

Acid: 𝑂2 + 4𝑒− + 4𝐻+ ↔ 2𝐻2𝑂                                  (E0= 4.26 V vs Li/Li+)  equation 4 

   

Fig 1.5: Schematic representation of different types of Li-air batteries (Figure adopted from Chem. 

Rev., 2014, 114, 5611–5640) 
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 Li air batteries are superior to fuel cells and Li ion batteries. It has no fuel infrastructure 

issues, as in the case of fuel cells and its energy density and specific energy are much higher than 

lithium ion batteries. From the equations 3 and 4, many modelling systems have proved that for Li 

air batteries nonaqueous electrolyte system provides high energy density than aqueous electrolyte 

system. This batteries also have some challenges such as improvement in energy density and 

energy efficiency, cyclability, lithium metal anode incompatibility with electrolyte and air, 

dendrite formation on electrode, instability of electrolytes in oxygen atmosphere, evaporation of 

electrolytes12, conductivity and so on. A major challenge is to understand the oxygen reduction 

reaction kinetics. Currently Li−air batteries can only be discharged/charged at a current density of 

0.1−0.5 mA/cm2 when compared to >10 mA/cm2 for a Li ion battery and >1500 mA/cm2 for 

PEMFCs. This inefficiency is due to the sluggish oxygen reduction kinetics, many side reactions 

of Li-O2 systems. 

ORR and OER in nonaqueous systems follows the following mechanisms. 

ORR: 

𝑂2 + 𝑒− → 𝑂2
− 

𝑂2
−  + 𝐿𝑖+ → 𝐿𝑖𝑂2 

2𝐿𝑖𝑂2 → 𝐿𝑖2𝑂2 + 𝑂2 

OER:  

𝐿𝑖2𝑂2 → 2𝐿𝑖+ + 𝑂2 + 2𝑒− 

  It was found that Li+ containing nonaqueous electrolyte first forms O2
−, which then binds 

to Li+, forming LiO2 on the surface of the electrode. LiO2 is unstable and disproportionates to more 

stable Li2O2
13

.  During discharge OER will take place with the direct involvement of Li2O2 instead 

of LiO2 showing that the mechanisms of OER and ORR are different because of different over 

potentials for charge and discharge14.  

1.3.1. Effect of electrolyte: 

  Indeed the choice of electrolyte plays an important role in Li air batteries. Electrolytes that 

are employed in the batteries should be stable against the superoxide radical (O2-) which is 

developed during the oxygen reduction reaction upon charge15. So far many electrolytes were 

tested and used in Li ion batteries. But they were tested in closed environment in absence of 

environment. To use the same electrolytes for Li air batteries, they need to be tested thoroughly in 
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oxygen rich enviornments. Apart from stability,  the electrolyte should have the following 

requirements15.  

1) stability toward reaction with lithium metal since this is the choice of the metal electrode 

for Li−O2 cells  

2) high boiling point and low volatility due to the open cell system 

3) high oxygen solubility and diffusivity to facilitate the oxygen reduction and oxygen 

evolution reactions on the air electrode 

4) low viscosity to improve the rate performance of the oxygen electrode   

  Carbonate based electrolytes especially polypropylene carbonates have been extensively 

used owing to several advantages such as wide potential window, low volatility but these 

electrolytes are not stable against many side products that are formed during the oxygen kinetics 

such as O2
−, O2

2−, LiO2, and LiO2 . Read et al16 and Aurbach et al17 were the first to find out the 

effect of carbonate electrolytes.  

   Later the focus of investigation was shifted to ether based electrolytes such as 1,2 

dimethoxyethane (DME) and tetraethylene glycol dimethyl ether (“tetraglyme” or TEGDME) as 

these are stable to super oxide radicals, inflammable, low cost and highy thermally stable. It was 

proved that ether based electrolytes show good stability and excellent rate capability.  

 

 

 

 

1.3.2. Effect of lithium salt:   

  Many lithium salts such as LiPF6, lithium bis[(trifluoromethyl)sulfonyl]imide (LiTFSI), 

LiClO4, LiCF3SO3, LiBF4, LiCl, and lithium bis(oxalato)borate (LiBOB) were used as supporting 

electrolyte.  Lithium salt for lithium air battery should meet the following requirements such as9  

1) the salt should have high enough solubility in the solvent to support the ion transport 

2) the anion of the salt should be inert to the solvent and other cell components, such as current 

collectors and separators. In addition to these basic requirements, the salt 

used in the Li−O2 system should be inert to the aggressive oxygen reduction species, such as Li2O2 

and O2 
– radical. 
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1.4.  Introduction to oxygen reduction reaction: 

   Oxygen is the most important element in earth’s crust. Oxygen reduction is the most 

important reaction in life process such as biological respiration, photosynthesis, corrosion and 

corrosion inhibition apart from energy converting systems such as fuel cells and metal air batteries.  

1.4.1. Mechanism of ORR: 

   ORR is quite complicated reaction and involves many intermediates and these 

intermediates depend on catalyst, electrode material and electrolyte used. ORR mechanism in 

different medium along with thermodynamic potential is presented in Table 1.1. 

Table 1.1: Thermodynamic electrode potentials of electrochemical oxygen reduction reaction. 

 

   Oxygen reduction reaction (ORR) can either be reduced to water by 4 e- process or it can 

be reduced to hydrogen peroxide by 2e- process. In fuel cells 4e- pathway is preferred. The 2e- 

reduction pathway is preferred in industry for H2O2 production.  

 

  Conductive carbons with high surface area are used as fuel cell electrocatalyst supports to 

ensure large electrochemical surface6 and in the similar lines many carbon supports were used. It 

is worth to understand the mechanism of ORR on these carbon materials.  
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1.4.2. Mechanism of ORR on carbon materials: 

1.4.2.1. ORR on graphite and glassy carbon: The following mechanism have been proposed on 

carbon catalyst. The following mechanism have been proposed. 

𝑂2 → 𝑂2(𝑎𝑑𝑠)                                equation 1 

𝑂2 + 𝑒− → [𝑂2(𝑎𝑑𝑠)]-                            equation 2 

𝑂2 (𝑎𝑑𝑠) → 𝑂2 [𝑎𝑑𝑠] -                     equation 3 

𝑂2(𝑎𝑑𝑠)
− + 𝐻2𝑂 → 𝐻𝑂2 + 𝑂𝐻−    equation 4 

𝐻𝑂2 + 𝑒− → 𝐻𝑂2(𝑎𝑑𝑠)
−                   equation 5 

𝐻𝑂2(𝑎𝑑𝑠)
− → 𝐻𝑂2

−                         equation 6 

 

  The subscript ads indicated that corresponding species adsorbed on the electrode surface. 

The reactant and product in Reaction 3 are two different forms of the superoxide ion on the carbon 

surface. The left one is a relatively inert form adsorbed on an inert graphite site, and the right one 

is the same species, but migrating to an active site according to Reaction 3. It was confirmed that 

Reaction 3 was the rate determining step. But it was found out that the rate determining step was 

dependent on pH18. At pH > 10, Reaction 3 was the rate determining step, and at pH < 10, Reaction 

2 was the rate determining step 

 

1.4.2.2. ORR on carbon nanotubes: 

  Ever since the discovery of carbon nanotubes, they were found to be useful in many 

applications. They are also found to catalyze ORR and catalytic activity also depends on 

preparation method. When MWCNTS were synthesized in dihexadyl hydrogen phosphate method 

on glassy carbon electrode, it was found that CNTS could catalyse ORR by 2e- process19. When 

MWCNTs were synthesized by poly(diallyldimethyl ammonium chloride), electron transfer 

number was found to be in between 3-3.520.  

1.4.2.3. ORR on heteroatom doped carbon atoms 

 It was found that ORR activity on carbon atoms can be greatly improved by doping with 

heteroatom such as nitrogen. Studies found that by doping nitrogen on carbon fiber, nearly 70 mV 

shift in ORR was observed with electron transfer number close to 421. Apart from doping with 

nitrogen, other atoms such as boron, sulfur, fluorine and phosphorus can be doped into carbon to 
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improve ORR activity. Although the exact mechanism is not clear, it was predicted that inclusion 

of heteroatom in carbon will create active sites in carbon next to heteroatom and facilitates O=O 

bond breakage in O2. 

 

1.4.2.4. ORR on pretreated carbon surface:  

 It was found that by pretreating the electrode, ORR can be greatly improved. There are 

various methods to pretreat the electrode surface such as vaccum heat treatment, polishing the 

electrode, radio frequency plasma treatment, in-situ laser treatment, heating at low pressures and 

electrochemical oxidation. Studies found that pretreatment improves surface area22, create more 

functional groups, defects and expose fresh edges. 

1.4.2.5. ORR activity on precious metals: 

   Platinum (Pt) was found to be more active metal in catalyzing ORR. So far no other metal 

had shown equalent activity when compare with Pt. The mechanism of ORR activity of Pt is not 

very clear but many elementary steps with many intermediates were predicted as shown in Fig 1.6. 

It was shown that oxygen will get reduced to water completely by consuming 4 electrons without 

any intermediate formation.  

 

   

 

 

 

 

As we see in Fig 1.6, O2 can be directly reduced to H2O with the rate constant K1 or can be 

reduced with an intermediate formation, H2O2 with the rate constant K2. Further this intermediate 

can be reduced to H2O with rate constant K3 or can be desorbed in electrolyte with rate constant 

K5 or can decompose at electrolyte surface with rate constant K4. But is widely accepted that the 

most favorable pathway is to form water directly with electron transfer number 4.  

   Based on electronic energy and by using DFT calculations two mechanisms were proposed. 

They are associative mechanism and dissociative mechanism. Associative mechanism is for high 

Fig 1.6: Mechanism of ORR on Pt 
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current density region. In this, molecular O2 is adsorbed onto electrode surface followed by transfer 

of proton/electron to it and to OOH, which breaks into O and OH.  

   Dissociative mechanism is for low current density region and in this the O–O bond in O2 

splits and the hydrogenation of atomic O to OH and to H2O takes place23.  ORR on other metal 

such as Au, Cu, Pd, Ir, Rh can also take place but no other metal is as active as Pt. 

 

  Pt shows high activity because  

1) High work function ( 4.6 eV )  

2) Good resistance to corrosion and metal dissolution  

3)  High exchange current density (10-8 mA/cm2) 

1.4.2.6. ORR activity by transition metal chalcogenides: 

   Transition metal chalcogenides became more prominent towards ORR especially after 

discovery by N. Alonoso vante and H. Tributsch24. Based on structure they are classified in two 

types  

A)  Chevrel phase (Mo4Ru2Se8) and B) amorphous phase (RuxSy)
24 

Ruthenium based chalcogenides are most intensively studied 24. Cheveral phase was synthesized 

by treating Ru and chalcogene elements at high temperature and pressure. Subsequently chemical 

reduction of RuCl3·xH2O and SeO2 by NaBH4 at   ̴ 80 °C temperature was developed23. 

Depending on the type of chalcogenide used, ORR can be catalyzed either by 4 e- or by 2 

e- transfer. Mo4Ru2Se8, Ru1.92Mo0.08SeO4, RuxSy(CO)n, RuxSey, etc. catalyze ORR via 4-electron 

transfer while W-Co-Se catalyzes a ORR by 2 e- process as shown in Fig 1.7. 
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1.4.2.7. Special emphasis on Pt based catalysts: 

ORR is very sensitive reaction and strongly dependent on electronic properties of surface 

and atomic arrangement. Hence the catalytic properties of Pt can be greatly improved by altering 

the surface electronic properties and by modyifng the atomic arrangement25. This engineering the 

surface properties also improves the durability26. There are four ways to engineer the surface 

properties of Pt i) preparation of single facet Pt which has maximum activity towards ORR, ii) 

utilising the Pt in conjunction with another metal forming multimetallic catalyst. This way of 

modification has dual advantages deriving the benefits that are associated with each metal along 

with new properties because of synergistic effect from both metals27. iii) it is also  possible to alter 

the properties of Pt by introducing the foreign species such as metal clusters, molecules, ions, 

organic or inorganic compounds. This strategy also help in improving the additional properties 

such as hydrophilicity. iv) one another approach is to combine catalyst which has high corrosion 

resistance to improve durability28.  

 

 

Fig 1.7: Structure of Mo4Ru2Se8 and interaction of O2 at the Chevrel phase clusters electrolyte 

interface 
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1.4.2.8. Facet controlled catalysis 

  Inorder to achieve high performance in ORR, facet controlled ORR has grabbed extensive 

attention from researches across globe. Studies regarding low index Pt nanosurfaces are well 

established in perchloric acid. In weakly absorbing electrolyte such as perchloric acid activity 

follows the order Pt (100) << Pt (111) ̴ Pt (110). When sulfuric acid was used as electrolyte, Pt 

(100) was found to be more active than Pt (111). This is mainly because of the surface coverage 

of Pt (111) by bisulfate ion29. Pt (100) and Pt (111) both differ in their properties due to different 

facets and Pt (111) could adsorb bisulfate ions more strongly and activity reduces. Following this 

work, it was further confirmed that a catalytic performance is dependent on the surface atom 

arrangement, that is, morphologic characteristics. Therefore, ‘‘transfer’’ of the active catalytic 

surface from a single crystal to more practical nanophase by establishing a shape-control synthesis 

strategy is a promising route to boost Pt activity towards ORR. El-Sayed et al made considerable 

efforts in synthesizing the different facets of Pt and was successful in their pursuit and suggested 

shape-controlled synthesis of single Pt nanocrystals, consisting of  nanotetrahedra with (111) and 

nanocubes with (100), and ‘‘near spherical’’ nanocrystals containing a mixture of {111} and {100} 

facets30.  

  Sun et al reported a high temperature method for the synthesis of single facet Pt nanocubes 

(100) and showed 2 times superior activity for ORR activity than commercially available Pt 

catalyst. This group also proved that 7 nm (100) Pt nanocubes show better activity than other 

morphological form of nanoparticles, demonstrating the importance of facet along with shape 

dependency31. Studies were extended towards investigation about the high index planes towards 

ORR activity. Sun and co-workers have synthesized high-index facets, such as {730}, {210} and 

{520} by applying a square-wave potential to polycrystalline Pt microspheres supported on a 

glassy carbon electrode and obtained materials showed higher activity than low index facets. 

   Xia et al. have synthesized Pt concave nanocubes with  high-index facets including {510}, 

{720}, and {830} and showed higher electrocatalytic activity per unit surface area when compared 

to other morphological forms such as Pt cubes, cuboctahedra, and commercial Pt/C catalysts with 

low-index planes such as {100} and {111}32. Though these higher facets have shown higher 

activity but the mechanism is still unclear. Moreover these high facet nanocrystal have less mass 

activity when compared with other highly active ORR catalysts. Also they were found to be 
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unsuitable to fuel cell operations especially those with high-index planes and unsaturated atomic 

steps, edges and kinks, all of which are active sites for crystal growth.  

 

1.4.2.9. Effect of particle size and shape on ORR activity: 

  Following the interesting observations that were made that higher facet planes are more 

active than (111)>> (100) focus shifted towards shape and its effect on ORR. It was found that 

octahedral Pt nanoparticles (111) are more actve than nanoparticles with cubic ones (100)33. 

Nanoparticles with tetrahexahedron (hk0), trapexezohedron (hkk) trisoctahedron (hhk) showed 

more ORR activity than (111) or (100)34. The activity enhancement was attributed to the presence 

of low coordinated atoms on kinks, edges and steps. Since the nanoparticles will tend to grow 

thermodynamically, stability becomes an issue toward ORR condition. 

   The effect of particle size on ORR has been a long standing problem which needs to be 

resolved. It was observed that as the particle reduces from 5 nm to 1 nm, (111) and (100) facets 

decreases and edges and kinks with low coordination number increases. Since these edges and 

kinks have stronger binding energy to oxygen, ORR activity is lower. So the specific activity 

decreases drastically when the nanoparticles size is smaller than 3 nm. In the similar lines many 

researchers argue that specific activity does not decrease even when the particle size is in the range 

1-5 nm35.  

It was found that when Pt nanoparticles with size ranging from 1-5 nm, are dispersed on 

carbon, the change of specific activity was negligible. This is because reaction pathway changes 

as the particle size decreases. When the particle size decreases the oxygen binding energy increases 

and so the rate determining step is breaking of O-O bond rather than proton and electron transfer36. 

It was found that ORR activity also depends on interparticle distance. When the interparticle 

distance decreases ORR activity increases. The interparticle distance overlapps with the double 

layer formation which leads to decrease in potenitial drop and consequently to weaker adsorption 

energy on Pt surfaces. This effect of interparticle size dependency was also seen when Pt 

nanoparticles were dispersed on carbon. It was also found that H2O2 reduction was more 

pronounced when Pt nanoparticles were dispersed on carbon37.  

Studies were also conducted on Pt nanocluster that are not used in fuel cells. For example 

Pt12 showed 10 times higher activity when compare to TKK catalyst. When the number atoms 

increased from Pt12 to Pt13, ORR activity decreased. This decrease in ORR activity is due to 
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structural modification from C2v to icosahedral which has much stronger binding energy than C2v 

Pt12. By adding more atoms to icosahedral Pt13, it will be converted to Pt17 and Pt19. These two 

showed an activity enhancement towards ORR. This study proved that icosahedral Pt13 is not active 

towards ORR.  

   It is difficult to establish a relationship between ORR activity and particle size and shape 

effect. Even on the well defined octahedron structure, TEM revealed surface defects and 

appearance of steps instead of smooth surface. There is a need to study the role of these stepped 

surface atom to understand fully about size and shape effect.  

  

1.4.2.10. Improved ORR activity with Pt alloys preparation: 

   Since the use of Pt based catalysts incurs high cost, an alternative to this was investigated 

and one important finding out of such investigation was to utilize Pt in the form of alloys. These 

alloys have higher activity than Pt alone. Ever since the idea of utilizing Pt in the form of alloys, 

it has been executed and the results showed superior activity. Synthesis of Pt alloys became 

prominent and they were considered as “second generation catalysts”. Toyata mirai used these 

alloys as catalysts in their fuel cell vehicles38.  

   These alloy catalyst which consists of lower Pt content can be cost effective and also 

showed superior activity than monometallic activity. The superior activity can be due to extra 

properties that are derived from both the mixture as well as individual constituents. In recent past 

many alloy systems consisting of Pt in conjunction with other metals such as Cu, Ni, Fe, Co. Ag, 

Au, W, Pd have been studied26.  

   Studies were also conducted by incorporating 3d such as Ni, CO, Fe, Ti, V and found that 

they showed volcano type behavior39 as shown in Fig 1.8. Stamenkovic et al have done 

investigations with 3d metals and gave understanding about the role of good catalyst. A better 

catalyst for ORR should bind oxygen less strongly than Pt to increase the removal rate of oxygen-

containing intermediates. In their studies it was found that a better catalyst should lower the 

binding energy by 0.2 eV compared to Pt and found that Ni, CO, Fe, Ti, V are suitable for alloying 

to lower binding energies. 
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  Han et al discovered that ORR activity of Pt alloys depends on dissolution potential of 

alloying metals. If the dissolution potential is higher, then the alloying metal dissolves and the 

resultant activity is only from Pt mono metal itself. It was also investigated that post treatment of 

Pt alloys improves ORR activity. During ORR measurments, many nonnoble metals dissolutes 

resulting in exposure of Pt which is called as Pt skeleton. When the same alloys were annealed at 

higher temperature close to 1000 K then Pt atoms seggrate on surface whereas alloying metals will 

move beneath the Pt layer. This is called as Pt skin. It was found that specific activity was found 

to be enhanced by 5 times in annealed alloy when compared to non annealed one. Hence fine 

tuning and engineering the surface structures of Pt plays an important role for ORR activity. The 

Pt atom segregation was also found when the samples were annealed at 727 °C in case on Pt3Co. 

With the help of scanning transmission electron microscopy (STEM) it was found that Pt was on 

surface covering the Co beneath40. Effect of thermal annealing was also found on surface 

reorientation of different facets. It was found that after thermal annealing, in Pt-Ni before thermal 

annealing (111) was only 25% but after thermal annealing (111) facet was 35% with a two folds 

enhancement in activity41 as depicted in Fig 1.9. 

Fig 1.8: Activity trend of 3d elements towards ORR 

(Figure adapted from Nat. Mater., 2007, 6, 241–247) 
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   It is also possible to prepare alloys with more than one metal calling as binary and ternary 

and quaternary alloys. In binary alloys, there will be two metals apart from primary metal (In this 

case Pt) and in ternary alloys there will be three metals. Because multiple metals are introduced 

ternary and quaternary alloys showed higher activity than binary alloy. Almost all the metals such 

as Fe, Ni, Co, Ti, V, Ag, Au, Sn, Cr, Mn, Mo, Pd and Ir with various combinations were studied. 

Studies were extended even to include transition metals such as Y, Sc, Hf, Ga, Ce, La, and Gd. 

The activity of these early transition metal alloys was even higher than late transition metals. It 

was shown that Pt3La showed higher activity. Later it was proved that Pt5La, Pt5Ce, Pt5Gd showed 

higher activity than Pt3La42. Fig 1.10 shows trends in ORR activity of transition metals. 

 

 

 

 

Fig 1.9: Surface reorientation of Pt and Co atoms upon thermal annealing 

(Figure adapted from J. Phys. Chem. C, 2014, 118, 9939–9945) 
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1.4.2.11. Mechanisms for enhancing the activity of these alloys: 

Numerous reasons were given for activity enhancement of these alloys. The enhancement 

may be due to modification of electronic structure due to decrease in Pt-Pt bond distance which 

impose strain, down shifting of d-band center, surface roughness which is caused due to metal 

dissolution,  delay in formation of oxide species formation.  

 

1.4.2.12. Disadvantages of Pt- alloy systems: 

The main disadvantage with this is alloy is dissolution when comes in contact with acidic 

electrolyte. When an alloy catalyst comes in contact with electrolyte for ORR activity, the non Pt 

metal leaches or dissolutes and as a result the activity is compromised. The disadvantages of these 

alloy systems can be overcome by engineering the nano structure of these dual metal systems in 

the form of core and shell nanoparticles. 

1.5. Introduction to core shell nanoparticles: 

Composite nanomaterials that are synthesized at nano scale consisting of inner material as core, 

covered by outer material as shell is defined as core shell nano particles43. The inner material and 

outer material is separated completely with a distinct boundary. In these core shell nanoparticles 

Pt plays an important role to meet the requirements, demands and targets of automobile industries 

and world energy organizations such as DOE, USA and NEDO, Japan44. Pt core shell nanoparticles 

Fig 1.10: Trends of ORR activity of transition metals  

(Figure adapted from energy Environ. Sci. 2012, 6744–6762)  

) 
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consists of a shell enriched with Pt surrounding a core which is made of metal or alloy. These core 

shell preparation offers enormous impediments such as controlling shell thick ness, size and shape 

of core and shell, core composition etc. Due to altering in surface geometry and electronic effects, 

these core shell nanoparticles derives its benefits. One of the key parameters for ORR activity is 

Pt shell thickness. With the increase in shell thickness ORR activity drops and this is because the 

particle behaves similar to Pt nanoparticles. When the shell thickness increases, particles aggregate 

because of Ostwalds ripening.  Intense ORR activity can only be seen when the shell thickness is 

small and covers the core in monolayer formation. Apart from this shell, core also plays an 

important role in enhancing ORR activity. Core should be stable under fuel cell operating 

conditions and should be stable when it comes in contact with acid electrolyte. It was found that 

3d metals such as Fe, Ni, Co, Cu offer high ORR activity. This is because of difference in d band 

energies, acceptor and donor interactions as well as increased lattice mismatch. But these 3d metals 

are dissolved when comes in contact with acids. The stability of the core depends on oxophilicity 

of the metal, segregation behavior of metal due to temperature and electrochemical conditions. 

When a core has strong affinity for oxygen, it migrates towards shell and leaches, dissolves in 

acid45. Hence an alternative to this is to utilize tungestin and molybdenum carbides to minimize Pt 

content and also to enhance ORR activity and durability46. To achieve more stability, it is advised 

to use a metal which has high corrosion resistance.  Usually smaller particles show less ORR 

activity because of strong oxophilic character i. e strong affinity for oxygen. Because of this they 

have high binding affinity for oxygen and as result it is difficult to get access for oxygen reactants. 

On contrary large particles show high ORR specific activity and durability47. Gibbs Thomson gives 

the relation between dissolution rate and particle size. Larger particles have low Gibbs Thomson 

energy and low dissolution rate. Smaller particles will have high Gibbs Thomson energy and 

dissolves easily. Hence selecting an appropriate core which has high corrosion resistance is 

important. Further by controlling Pt shell thickness, controlling particle size and shape, it is 

possible to optimize electronic effects and strain between core shell nanoparticles with which 

higher ORR activity can be achieved.   
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1.5.1. Synthesis of core shell nanoparticles: 

There are various strategies for core shell nanoparticle synthesis. They are as follows 

1) Select a core metal and deposit shell over this already formed core. 

2) Removing a component from  an alloy 

3) Treatment of an alloy in such a way that one of the alloy component segregates toward the 

surface to form shell. 

With the above mentioned strategies there are various different methods for core shell nano 

particles such as electrochemical dealloying, electrochemical leaching, thermal induced 

seggregation or adsorbate induced segregation, deposition methods and Fig 1.11 gives the 

schematic illustration.  

 

 

 

 

 

 

 

 

 

 

1.5.2. Electrochemical dealloying: 

    Dealloying is a phenomenon where dissolution of less noble metals takes place from a 

uniform multimetallic alloy leading to the formation of Pt enriched surface. In this process Pt 

shell of various layers are formed over a core. various core shell nano particles of Cu-Pt48, Pt-

Fig 1.11: various synthesis methods for core shell nanoparticles  

(Figure adapted from J. Phys. Chem. Lett., 2013, 4, 3273–3291)  

) 
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Ni49, and Cu-Pd50 were prepared and studied extensively with this method and characterized by 

X-ray techniques. 

 

1.5.3. Electrochemical leaching: 

   In this nonprecious metal as soon as comes in contact with acid dissolves from near surface 

region leaving behind Pt vacancies. Thereby fast diffusing Pt atoms gradually enrich the surface.  

The rough Pt enriched surface is called as Pt skeleton. 

1.5.4. Colloidal synthesis: 

              This process provides a facile method of synthesizing Pt shell over already synthesized 

cores or seeds. With this method it is possible to deposit Pt shell over core in monolayer or 

multilayer fashion and easy to achieve monodispersity51. Many core shell nanoparticle such as 

Au-Pt52, Cu-Pt53 can be prepared in this manner.  Solvents, reducing agents, capping agents play 

a strong role in deposition of shell over core and also in determining the active sites and catalytic 

activities.  

1.5.5. Under potential deposition: 

    In this under potential deposition technique, Cu will be used as a sacrificial layer for the 

formation of shell. In this technique, first Cu will be deposited over a selected core by applying a 

potential slightly less negative than equilibrium potential of metal that is intended to form shell. 

Later by applying the reduction potential, Pt will be deposited by removing the Cu. Adzic and 

coworkers have pioneered this technique. It is possible to deposit Pt shell in the form of thin layer 

which results in high mass activity54.  

1.5.6. Physical vapor deposition:  

   This is used by many surface scientists. At elevated temperature and at high vaccum 

conditions, a pure vaporized metal will be deposited on to a support material by condensation. 

This method is rarely used when compared to above mentioned methods. 

1.6.  Electorcatalytic ORR activity on various carbon supports: 

Till today carbon decorated with Pt nanoparticles remained as state of art catalyst for ORR 
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activity. But during fuel cell operating condition this carbon black undergoes corrosion as 

discussed earlier. Hence this carbon black was replaced with several other carbon materials such 

as CNTs, graphite, carbon nano fibers etc. But the problem still remained and yet to be completely 

mitigated. Hence in this similar lines semiconducting metal was looked as support materials. 

These semiconducting systems offer advantages such as high corrosion resistance, cocatalytic 

activity and high specific surface area. Several semiconducting material such as WO3 
55, SnO2

56, 

NbO2, TiO2, RuO2-SiO2, TaB2, TiC were employed. Many studies have proved that strong metal 

substrate interaction (SMSI) between Pt nanoparticles and these semiconducting materials would 

be the reason for enhanced activity. It is very well known that the SMSI between the support 

materials and Pt nanoparticles alter the electronic properties of Pt nanoparticles either by up shift 

or down shift because of which there will be enhanced activity and durability. Hwang et al have 

decorated Pt nanoparticles on Ti0.7Mo0.3O2 as support and found superior activity than 

commercially available catalyst as shown in Fig 1.12. Electron transfer from this support to Pt 

thereby shifting d-band center could be the reason for enhancement and durability57. 

 

 

 

 

 

 

 

    Of the semiconducting materials that were used above, TiO2 has edge over others as it 

possess high mechanical strength, environmental safety and stabiity to electrochemical and 

electrocatalytic acitivity. This TiO2 is available in varied morphological forms such as 

nanoparticles, nanorods, nanoplates and nanotubes. Of all the forms, nanotubes will have extra 

advantages such as high orientation and uniformity, facile preparation method (anodization 

method). These nanotubes provide precise design control for decoration of nanoparticles, and 

demand lower  Pt loading58,6.  

Fig 1.12: Comparision of Ti0.7 Mo0.3O2 with commericial catalyst 

(Figure adapted from J. Am. Chem. Soc., 2011, 133, 11716–11724)  

) 
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1.7.  Introduction to titania nanotubes (TNTs): 

   Titania nanotubes have many important properties such as easy preparation, low cost 

preparation, high surface to volume ratio. It was used in many application such as photocatalysis, 

solar cells, for hydrogen, sensors, storage device, and also as catalyst support, waste water 

treatment, biomedical applications. 

   There are various methods for the synthesis of nanotubes such as hydrothermal method, 

sol-gel method, anodization method, template method. 

1.7.1. Hydrothermal method:  

   In this requsite amounts of anatase TiO2 nanopowders were mixed with 10 M NaOH in a 

perfluoroalkoxy (PFA) bottle and stirred for 1 h. Then the mixture was poured into a Teflon-lined 

stainless steel autoclave and heated at 110 °C under autogenous pressure for 90 h. There after the 

mixture was cooled to room temperature. The resultant precipitate was separated by centrifugation 

and rinsed with diluted HCl aqueous solution and deionized water numerous times till the pH 7 is 

obtained. The collected precipitate was dried at 110 °C overnight in an oven. There after sample 

will be annealed at 400 °C59. 

1.7.2. Solvothermal method: 

   This method is similar to hydrothermal synthesis except here only nonaqueous solvents 

are used and here the reaction is performed at even high temperatures. It is easy to control size, 

shape and crystallinity. This method is mainly used for synthesis of nanoparticles.  

1.7.3. Sol- gel method: 

   In this a sol is prepared by polymerizing and hydrolyzing metal oxides. This sol is 

converted to gel after complete polymerization and hydrolysis. Complete polymerization and loss 

of solvent leads to the transition from the liquid sol into a solid gel phase. Thin films can be 

produced on a piece of substrate by spin-coating or dip-coating. A wet gel will form when the sol 

is cast into a mold, and the wet gel is converted into a dense ceramic with further drying and heat 

treatment. A highly porous and extremely low density material called an aerogel is obtained if the 

solvent in a wet gel is removed under a supercritical condition. Ceramic fibers can be drawn from 

the sol when the viscosity of a sol is adjusted into a proper viscosity range. Ultrafine and uniform 

ceramic powders are formed by precipitation, spray pyrolysis, or emulsion techniques. Under 

proper conditions, nanomaterials can be obtained60.  
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1.7.4. Anodization method: 

   Of all the methods that were mentioned above, anodization method is most easy, cost 

effective method. It is easy to control tube length and diameter with this method. This method 

consists of two electrode system in which titaniaum foil acts as working electrode and platinum 

foil as counter electrode as illustrated in Fig 1.13. 

1.7.5. Formation mechanism of TNT: 

   In this, fluoride ion plays an important role. It acts as a dissoluting agent of oxide layer61. 

Initially oxidation of metal takes place from Ti to Ti4+ according to equation A 

𝑇𝑖 → 𝑇𝑖4+ + 4𝑒−                                               equation A 

𝑇𝑖4+ + 2𝐻2𝑂 → 𝑇𝑖𝑂2 + 4𝐻+                            equation B 

𝑇𝑖𝑂2 + 6𝐹− + 4𝐻+ → (𝑇𝑖𝐹6)2− + 2𝐻2𝑂         equation C 

   Ti4+ will react with O2- of H2O and forms an oxide layer. H+ ions are created according to 

equation B and F- ions migrates to the sites of H+ to maintain electroneutrality and further compete 

with O2- and where there are no longer H+ sites are available,  F- reacts with oxide layer and form 

fluoride complex by dissolving TiO2. This creates negatively charged cation vacancies at the oxide 

and would migrate to the metal/oxide interface due to the potential gradient across gradient. 

Because of these cation vacancies, Ti4+ ions occupy these vacant sites and would facilitate the 

reaction A. During this state nanopores were nucleated on the oxide surface. Since the initial small 

pores are very narrow, a mass of H+ ions are generated at the bottom of the pore, where the Ti 

came out of the metal and dissolved in the solution and the concentration of HF inside the pores 

increases rapidly. High concentration of HF makes the wall of pores dissolves until the adjacent 

pore walls disappear. At the same time, the integration by small pores resulted in the appearance 

of larger pores. Simultaneously, the enhanced electric field-assisted dissolution at the pore bottom 

leads to deepening of the pore and the voids starts forming. Due to the applied electric field, the 

Ti–O bond undergoes polarization and is weakened which promotes the dissolution of the metal 

oxide. The entire process of formation of nanotubes is illustrated in Fig 1.14. 
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Fig 1.13: Illustration showing the experimental set up for anodization method. 

(Figure adapted from J. Bio- Tribo-Corrosion, 2015, 1, 28 )  

Fig 1.14: Illustration showing the formation mechanism of titania nanotubes. 

(Figure adapted from J. Bio- Tribo-Corrosion, 2015, 1, 28 )  
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1.7.6. Influence of various factors on titania nanotubes: 

1.7.6.1 Anodization: 

   One of the key factors that influence the nanotube formation is anodization. When the 

applied voltage is in the range of 1 to 25 V, nanotube diameter was found to be in the range of 

15-20 nm. Nanotubes were obtained even when the applied potential was as low as 1 V but the 

morphology was found to be web like instead of clear tubular morphology. When electrolyte 

containing glycerol water system, nanotube diameter was grown from 20 to 300 within the 

potential range 2 and 40 V62. If the anodization is only for short period of time then tubes will be 

connected with each other through the side walls.  If the anodization is continued for longer time 

then tubes will be separated with each other through the dissolution of side walls. 

1.7.6.2. Effect of electrolytes: 

   Two types of electrolytes are used for TNT synthesis. They are organic/neutral electrolyte 

and aqueous/acidic electrolytes. Aqueous electrolytes will have high water content and organic 

electrolytes will have low water content. In organic electrolytes such as (NH4)H2PO4/NH4F and 

(NH4)2SO4/NH4F nanotubes with longer length and well organized layers will be obtained. Where 

as in acidic electrolytes thin layered nanotubes will be obtained61.   

1.7.6.3. Effect pf pH 

  The pH of the electrolytes will determine the aspect ratio and self organization behavior of 

TNT. Oxide dissolution rate is higher at low pH than the higher pH and therefore thinner tubes 

are obtained at low pH. During the anodization process, the pH of the electrolyte will be altered 

due to the hydrolysis reaction. Due to this hydrolysis there will be local acidification which leads 

to TiO2 dissolution. Thereby providing more protective environment against dissolution, longer 

tubes will be obtained.  

1.7.6.4 Effect of voltage: 

   Pore diameter and thickness will be controlled by voltage. At low applied voltage, shorter 

nanotubes with few nm in diameter will be obtained. 
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1.7.6.5. Effect of temperature: 

  With the increase in temperature during the anodization, then pore formation will be 

promoted. This is because at higher temperature viscocity of the electrolyte will decrease and 

therefore the etching rate will be high. At low temperatures, viscocity will be lower and the 

etching rate is low. Hence nanotubes with less pore size will be formed.  

 

1.8.  Introduction to important parameters in electrochemical studies: 

Electrochemistry is a branch of chemical sciences which deals with the links between 

electricity and chemical reactions. It is the study of chemical changes that occurs by  

1) The passage of electric current across a medium,  

2) The production of electric energy by chemical reactions,  

and also deals with the electrolyte solutions and the chemical equilibria that occur in them. 

Electrochemical techniques are nothing but the measurement of current, potential, charge and their 

relationship. It is an interplay between current and chemistry. 

1.8.1. Mass transport  

Mass transport occurs in an electrochemical cell when the material moves from the bulk 

liquid phase to the electrode surface. This mass transport can happen in the following three ways.  

1) Convection- The material moves from the bulk liquid phase to the electrode surface due to 

stirring a solution, rotating an electrode.  

2) Migration- Due to the interaction of molecules with the electric field that exists near the 

electrode as shown in the Fig 1.15.  

3) Diffusion-This is the simplest method when the chemical potential is not uniform, molecules 

move from a region of higher potential to a region of lower potential.  
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   Diffusion is effected by one or more permeable or semi permeable phase boundaries that 

exist in the solution. In electrochemistry, the electrode usually acts as an impermeable phase 

boundary. Sometimes the diffusion barrier interact with the solute via an electrochemical reaction. 

Rate of mass transport is measured in terms of Flux. This is an important parameter because of its 

relationship to electrode current. 

 

 

 

 

 

 

 

 

 

 

 

 

1.8.2. Electrochemical measurements  

1.8.2.1. Voltammetry  

   Voltammetry is an important technique in electrochemistry. It combines a group of 

techniques which gives the information about analyte derived from the measurement of current as 

a function of applied potential under conditions that promote polarization of an indicator, or 

working electrode. Voltammetry is widely used in the fields of physical, chemical, and biological 

fields for non analytical purposes including the fundamentals of oxidation and reduction process. 

The voltammetric measurements are done in an unstirred solution. The scan begins at a potential 

Ei at which no reaction is taking place and then continues through the standard electrode potential. 

The diffusion layer will not be effected during electrolysis of the solute, because the electrode is 

stationary. 

 

Fig 1.15: Illustration showing the migration of ions in presence of electric field 
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1.8.2.2. Cyclic Voltammetry:  

  Cyclic voltammetry which is also known as “CV” is most popularly used and extensively 

studied among voltammetric techniques. Cyclic voltammetry has wide applications in the study of 

oxidation/reduction reactions, in finding the reaction intermediates and also in observing the 

products formed near the electrodes63. It is also like linear sweep voltammetry where the working 

electrode potential is ramped linearly versus time as depicted in Fig 1.16. In this, first the applied 

potential is swept in one direction and the current is measured. This is called forward scan. After 

this, the potential is inverted and the current is measured. This is called as reverse scan. A cyclic 

voltammetric measurement may make use of one full cycle, a half cycle or multiple cycles. 

 

 

 

 

 

 

 

 

Fig 1.16: (a) Potential as a function of time and (b) current as a function of voltage for cyclic voltammetry  
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1.8.2.3. Rotating disc electrode: 

   In the year 1925, Dr Benjamin Levich for the first time described the theory of mass 

transport current for the first time at rotating disc electrode (RDE). Fig 1.17 gives the schematic 

illustration of RDE. This rotating disc is used to avoid the effect of convection of molecules. In 

this technique the solution under observation will be stirred at a desired speed. Because of laminar 

flow, material will be conveyed to electrode surface from bulk solution in a steady state. In this 

technique the portion of solution that is close to electrode rotates along with electrode so when 

viewed from electrode keeping it as frame of reference and solution remains as stagnant. The 

thickness of this stagnant layer can be approximated with the formula 

𝛿𝐻 = 3.6 (
𝜗

𝜔
)

1
2
 

where ϑ is kinematic viscocity, ω is rotation speed of electrode. 

   In this technique the movement of ions from bulk to stagnant layer occurs by convection and to 

electrode surface solely by diffusion. Thus through this method convection can be completely 

avoided. This diffusion layer also has certain thickness which can be measured by  

𝛿𝑓 = 1.61(𝐷𝑓)
1
3 (𝜗)

1
6 (𝜔)

−1
2  

With the levich equation it is possible to find the limiting current as follows 

𝑖𝑙 = 0.0620𝐹𝐴𝐷
2
3 (𝜗)

−1
6 (𝜔)

−1
2 𝐶𝑜 

A plot of inverse of current density and inverse of RPM provides information on kinetics of 

reaction. 

1

𝑙
=

1

𝑙𝑘
+

1

𝑖𝑙
=

1

𝑙𝑘
+

1

0.62𝑛𝐹𝐴𝐶𝜔
1
2 𝑉

−1
6 𝐷

2
3  

  

Where I
L
 = Diffusion Limiting Current (A) 

        n= number of electrons transferred to oxygen  

        I
L= Diffusion Limiting Current (A) 

        F = Faraday constant (C/mol) 



32 
 

       A =electrode area (cm
2
) 

       D= diffusion coefficient (cm
2
/s) 

      W= angular rotation rate of the electrode (rad/s) 

      V=  kinematic viscosity (cm
2
/s) 

      C= analyte concentration (mol/cm
3
) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.17: Schematic illustration of the typical RDE 
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1.9.  Research Outlook: 

   The above mentioned work inspires me to work towards the utilization of an alternative 

support material to carbon owing to its problems such as cost, corrosion and aggregation of 

nanoparticles. In this work I utilized titania nanotubes as support material for decoration of 

nanoparticles. Using this as support material I aim to decorate the titania nanotubes with core shell 

nanoparticles of platinum and gold in ultrafast manner. Also I utilized titania nanotubes in 

conjuncton with functionalized acetylene black as composite material for deocartion of Pt nano 

particles and utilized as electrocatalyst materials for ORR in both aqueous and nonaqueous 

medium. 
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Chapter 2 

Ultrafast Electrochemical Deposition of Core Shell Metal Nanoparticles on 

TiO2 Nanotubes for Electrocatalytic Applications  

  

2.1. Abstract:  

In this work, we report a rapid and reliable electrochemical synthetic method for decoration 

of core shell nanoparticles of Pt and Au over titania nanotubes (TNTs). The decoration was 

achieved in an ultrafast manner within a span of 60 sec without using any reducing agents or any 

use of further thermal of chemical treatments. The successful formation of double shell 

nanoparticles such as AuPt@Pt-TNT, PtAu@Au-TNT and single shell nanoparticles such as 

Pt@Au-TNT was characterized by using transmission electron microscopy (TEM), X-ray photo 

electron spectroscopy (XPS), energy dispersive X-ray spectroscopy (EDS) and high-angle annular 

dark-field scanning transmission electron microscopy (HAADF-STEM) techniques. The 

synthesized core shell nanoparticles showed good electrocatalytic activity towards aqueous and 

non-aqueous ORR applications. 
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2.2. Introduction:  

Development of new energy sources, energy storage and energy conversion device has 

become most pressing issue because of continuous depletion in fossil fuels1. One of the promising 

technologies that can serve as an alternative to fossil fuels is fuel cell technology which can 

provide clean and efficient energy2. Recently there has been a continuous special interest in 

development of Polymer Electrolyte Membrane Fuel Cells (PEMFCs) which employs hydrogen 

as fuel3. Efficient catalysts facilitate oxidation of hydrogen and reduction of oxygen thereby 

generating electrical energy and water. At present, Pt-based materials are the most widely used 

catalysts for oxygen reduction reaction (ORR) in PEMFCs as these materials offer high chemical 

stability, high catalytic activity, superior work function and high exchange current density4. In 

PEMFCs, conductive porous materials are commonly employed as support materials as they 

provide maximum utilization of Pt and also reduce charge transfer resistance. Conventionally, 

carbon materials are used as support materials for Pt as they provide high surface area. However 

under operating fuel cell conditions, carbon support undergoes severe corrosion which results in 

Pt aggregation and detachment leading to rapid degradation in performance. Hence, there is a need 

to search for alternatives which can act as support materials. Semiconducting metal oxides such 

as titanium dioxide5,6 , cerium oxide7, molybdenum oxide8, tungsten oxide9 or tin oxide10 can be 

alternatives to carbon based supports as they are corrosion resistant and offer strong metal 

substrate interaction11. Of these metal oxides, TiO2 can be a potential alternative as they are 

environmentally friendly, highly stable and resistant to corrosion and possess high mechanical 

strength and very interesting with its strong metal substrate interaction. Of the various 

morphological forms of TiO2 such as nanoparticles, nanorods, nanoplates and nanotubes, 

nanotubes play a crucial role due to ease of synthesis, size tunability, good chemical inertness12, 

cost effectiveness and high surface area13. Fabrication of 1D titania nanotubes, by electrochemical 

anodization appears to be most suitable approach14. The second critical issue that needs to be dealt 

with is the scarcity of the Pt metal because of which the fuel cell prices are sky rocketing and 

difficult to bring in to market and meet future demands. Also, Pt is vulnerable to CO poisoning 

which makes the catalytic activity goes down15. Thus several strategies have been developed to 

reduce the amount of Pt such as utilizing Pt in the form of alloys, minimizing Pt content in the 

form of core shell structures or replacing Pt completely with less expensive metals16. Of these, 

modification of Pt in the form of core shell nanoparticles proved to be a viable option to decrease 

Pt content and to increase durability. There are wide variety of metals that are available that can 

be used with Pt such as Co17, Ni18, Fe19 and Au but of these Au can be more reliable as Au is more 
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abundant in nature, corrosion resistant and dissolution resistant during fuel cell operating 

conditions20. Therefore utilizing Au and Pt, there is an abundant opportunity to minimize Pt 

content and also to enhance catalytic activity. A vast amount of literature is available for synthesis 

of core shell nanoparticles on carbon by various methods such as wet chemical method21, 

spontaneous deposition20, redox displacement of copper by under potential deposition16, but all 

these methods are either thermally driven which requires high temperatures, tedious, time 

consuming, involves use of surfactants and also involves use of gases such as Ar, N2 and H2. 

Further synthesis has been done on carbon which is prone for corrosion. Till date under potential 

deposition of Pt by galvanic replacement of Cu for achieving decoration of Pt on Au in monolayer 

fashion is widely examined. But recent studies by Russel et al suggested that 1) Cu may not yield 

uniform shell22 and 2) also random selection of potential just above where bulk deposition occurs 

may lead to non-uniform coverage over core23, 3) preparation of core material is time consuming. 

Figure 2.1 gives glimpse of different core shell nanoparticles along with time that is required to 

prepare core shell nanoparticles. Table 2.1 gives the required, chemicals needed with reaction 

conditions to prepare core shell nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2.1: Different types of core shell nanoparticles along with time required for synthesis. 
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   Table 2.1: The details of preparation of various core shell nanoparticles with different reaction 

conditions along with time   

Type of synthesis Type of core 

shell 

Chemicals and High temparature Time required for 

synthesis (min) 

References 

Wet chemical 

method 

Au@Pt HAuCl4, Trisodium citrate, NaBH4, 

Ascorbic acid, H2PtCl6 

90  24 

Impregnation 

method 

PtCo/C H2PtCl6.6H2O, 

CoCl2.6H2O, H2/N2 (gases) 

700 °C, Vulcan XC 72 

270  17 

Galvanic 

displacement 

Pt@Cu CuSo4.5H2O 720  25 

Wet chemical and 

galvanic 

displacement 

PtAu/C HAuCl4, Tetraoctyl ammonium 

bromide, Decane thiols, 

NaBH4, Carbon Black, H2SO4 

CuSO4, K2PtCl4, H2/N2 (gases), 

300 °C 

1002 16 

Polyol method Ru@Pt/C Ru(acac)2, PVP, H2PtCl6. 6H2O,  

Ethylene Glycol, 

Vulcan XC 72 R, HNO3 

1065  26 

Impregnation 

method 

Pt3Co/C H2PtCl6. 6H2O, CoCl2. 6H2O, 

Vulcan XC 72 R, H2/N2 (gases), 

700 °C 

1125 27 

Wet chemical 

method 

Au@Pd HAuCl4.3H2O, Olelyamine, 

Pd(acac)2 

1200 28 

Impregnation and 

Spontaneous method 

Pt-

PdCo@Pd/C 

CoCl2. 6H2O, PdCl2, K2PtCl4, 

Vulcan XC 72 R, H2/N2 (gases), 

500 °C 

1320  29 

Chemical Method Ag@Pt/C Formaldehyde,  Ethylene glycol, 

AgNO3,Vulcan XC 72 R, 

NH4OH, NaPtCl6 

2100  30 

Spontaneous 

deposition 

Au/Pt HAuCl4, NaBH4, Vulcan XC 72 R, 

K2PtCl4 

3060 20 

 

Some researchers such as Tada et al have synthesized supported core shell nanoparticles 

of Au core and Pt shell on TiO2 particles by two step method which involves wet chemical method 

and photocatalytic method31 and Sung et al reported decoration of core shell nanoparticles on 

TNTs which involves time consuming reduction process 32. Therefore, there is a great demand to 

deposit core shell nanoparticles on titania nanotubes in easy, nontoxic and sustainable method for 

electrocatalytic applications and also for longevity33.  Towards this end, we present a simple and 

clean method for decoration of core shell nanoparticles without using any extraneous reagents by 

electrochemical deposition. The formation of core shell was confirmed by STEM-HAADF and 

EDS mapping. In this study highly ordered TNTs which were synthesized by electrochemical 

anodization were employed. Electrochemically deposited metal nanoparticles of very high purity, 

were formed rapidly, and have good adhesion to the TNT. Three variants of this electrodeposition 

can be envisioned from Pt and Au, as bimetallic core shell nanoparticles with variation in shell 
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and core composition. This work throws light upon synthesis of three different core shell nano 

particles. The novelty of this work lies in synthesis and decoration of core shell nanoparticles over 

TNT within a short span of 60 sec without any further purification process. 

2.3. Experimental: 

2.3.1. Synthesis of titania nanotubes: 

  Synthesis of titania nanotubes was carried out by anodization as reported previously34. Ti 

foils of high purity were obtained from Nilaco corporation.  Prior to anodization, these foils were 

polished with sandpapers of different grades ranging from P-220, P-600, P-800, P-1200 and 

chemically etched in solution containing HF: HNO3: H2O in 1:3:16 volume ratio, respectively. 

Later they were washed in acetone, methanol, isopropanol and deionized water and dried in air. 

Then anodization procedure was carried out by two electrode set up with Pt as counter electrode 

and Ti as working electrode in ethylene glycol (Kanto chemical, Tokyo, Japan) and water (90:10) 

containing 0.5 wt % ammonium fluoride (Kanto chemical, Tokyo, Japan). Anodization was 

carried out at room temperature under ultrasonication by applying constant potential of 50 V for 

150 min by using a DC power supply (Kikusui PAS60-6). After completion of anodization, these 

TNTs were annealed at 300° C for 90 min to obtain anatase phase.  

2.3.2. Deposition of core shell nanoparticles on TNTs by electrochemical reduction:  

  Electrochemical reduction was carried out in 0.5 M NaCl aq. 5 mg of aqueous metal 

precursors (H2PtCl6.6H2O (TCI) and AuCl3 (Sigma Aldrich)) were added in 50 ml of 0.5 M NaCl 

aq. and a potential of -2.0 V for 30 sec and 60 sec respectively was applied using computer 

controlled potentiostat (Bio-logic SAS model: VSP s/n.1198). The electroreduction was carried 

out using conventional three electrode system with Ag/AgCl as reference electrode, platinum as 

counter electrode and TNT chip as working electrode in 0.5 M NaCl aq. electrolyte. Three different 

core shell nano structures have been prepared (Table 2.2). 

 

 

 

 

 

No Sample Core  shell 

1 Pt@Au-TNT Au Pt 

2 PtAu@Au-TNT Au Pt, Au 

3 AuPt@Pt-TNT Pt Au, Pt 

Table 2.2: Various types of catalyst prepared with metal precursor: 5 mg, Applied Voltage : -2.0 V, 

Time: 30 s, for Pt and 60 s for Au.  
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Preparation of Pt@Au-TNT: To deposit Au core on TNTs, first 5 mg of aqueous metal precursor 

(AuCl3) was added to 0.5 M NaCl aq. (50 ml) and potential of -2.0 V for 60 sec was applied. As 

a result Au core was deposited on TNT. Further Pt shell was deposited by adding 5 mg of aqueous 

metal precursor (H2PtCl6.6H2O) to the freshly prepared 50 ml of 0.5 M NaCl aq. and a potential 

of -2.0 V for 30 sec was applied using already prepared Au-TNT as working electrode. 

Preparation of PtAu@Au-TNT: To deposit Au core on TNTs, first 5 mg of aqueous metal 

precursor (AuCl3) was added in 0.5 M NaCl aq. (50 ml) and potential of -2.0 V for 60 sec was 

applied. As a result Au core was deposited on TNT. Further Pt, Au shell was deposited by adding 

5 mg of aqueous metal precursor (H2PtCl6.6H2O) to the freshly prepared 50 ml of 0.5 M NaCl aq 

in which 5 mg of AuCl3 was also added and a potential of -2.0 V was applied for 30 sec by using 

already prepared Au-TNT as working electrode. 

Preparation of AuPt@Pt-TNT: To deposit Pt core on TNTs, first 5 mg of aqueous metal 

precursor (H2PtCl6.6H2O) was added in 0.5 M NaCl aq. (50 ml) and potential of -2.0 V for 30 sec 

was applied. As a result Pt core was deposited on TNT. Further, both Pt and Au shell was deposited 

by adding 5 mg of aqueous metal precursor (AuCl3) to the freshly prepared 50 ml of 0.5 M NaCl 

aq. in which 5 mg of H2PtCl6.6H2O was also added and a potential of -2.0 V was applied for 60 

sec using already prepared Pt-TNT as working electrode. 

Fig 2.2 depicts the methodology of core shell nanoparticles decoration on TNTs. 

 
Fig 2.2: Schematic illustration of core shell nanoparticles formation on TNTs by applying potential. 
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2.3.3. Material characterization:  

The surface morphology of titania nanotubes was characterized by scanning electron 

microscope (Hitachi model S-4500 Tokyo, Japan) and transmission electron microscope (Hitachi 

model H-7100 Tokyo, Japan). The surface properties of the samples were studied by X-ray 

photoelectron spectroscopy using S-probe TM 2803 instrument. The core shell morphology was 

studied by energy dispersive X-ray spectroscopy (EDS), scanning transmission electron 

microscopy equipped with high angle annular dark field detector (STEM-HAADF) using JEM-

ARM200F, JEOL model. Elemental mapping and line profile studies were performed to observe 

core shell structure and uniformity of Pt and Au elements.  

2.3.4. Electrochemical characterization: 

  Electrochemical performance of different core shell nanoparticles were 

characterized by cyclic voltammetry (CV) and linear sweep voltammetry (LSV) coupled with 

rotating disk electrode (RDE) using Biologic VSP electrochemical work station. Electrochemical 

characterizations were carried out using conventional three electrode system. Mirror polished 

glassy carbon electrode coated with catalyst was used as working electrode, Pt wire as counter 

electrode and Hg/HgO in 0.1 M KOH (aq) as reference electrode at 30 °C. ORR studies were also 

carried out in nonaqueous medium with various core shell nanoparticles.  0.1M LiTFSI in 

tetraethyleneglycoldimethylether (TEGDME) was used as electrolyte. Ether based electrolytes 

have attracted significant attention recently since they have high resistance towards the superoxide 

radical which is a side product formed during oxygen reduction. Hence in this studies TEGDME 

was choosen. LiTFSI was choosen as supporting electrolyte since this is most compatible 

supporting electrolyte with TEGDME. 

Catalyst ink was prepared by dispersing nanotubes with core shell nanoparticles in distilled 

water, isopropyl alcohol along with 5 wt% nafion. Ink was drop casted in such a way that 4.6 

µg/cm2 of Pt was loaded on GC.  

2.4. Results and discussion:  

  Surface morphology of self-organized TNT array was characterized by SEM. Fig 2.3 

shows the surface morphology of self-organized TNT prepared according to literature26. This 

TNTs were characterized by SEM in which each pore was found to have diameter of 130 nm. This 

SEM image clearly reveals honey comb like pore formation of TNTs on Ti substrate.   
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   Once these TNTs were synthesized, they were decorated with nanoparticles (Au and Pt) 

by applying a potential of -2.0 V for 30 sec for Pt and -2.0 V for 60 sec for Au. The successful 

decoration of nanoparticles on TNTs was characterized by TEM.  Fig 2.4 (A) and 2.4 (B) show 

the successful deposition of Pt nanoparticles and Au nanoparticles, respectively. These TEM 

images reveal the decoration of Pt and Au nanoparticles on TNTs with size of approximately 5 

nm and 20 nm, respectively.  

 

 

 

 

 

 

 

   To deposit bimetallic nanoparticles, TNTs decorated with monometallic nanoparticles 

(shown above) were used as substrates for deposition of second metal by applying potential of -

2.0 V for 30/ 60 sec.  Fig 2.5 (A-C) shows TEM images of Pt@Au-TNT, AuPt@Pt-TNT, 

PtAu@Au-TNT, respectively. These TEM images indicate that bimetallic nanoparticles were 

Fig 2.3: SEM image of self-organized TNTs 

300 nm
300 nm 

Fig 2. 4 (A-B): TEM images of Pt (Left) and Au (Right) nanoparticles on TNT 

5 nm 

A 

20 nm 

B 
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uniformly decorated on TNT by this electrochemical decoration method and the size of these 

nanoparticles were  ̴ 20 nm.  

 

 

 

 

 

 

 

 To understand the core shell nature of decorated nanoparticles, the samples were 

analysed by STEM-HAADF to observe EDS elemental mapping and line profiling. The observed 

images are represented in Fig 2.6, 2.7, 2.8. Fig 2.6 (A) gives the STEM-HAADF image of titania 

nanotubes decorated with nanoparticles with inset at higher magnification of single nanoparticle 

for AuPt@Pt-TNT. A closer look at the inset of this image shows less pronounced dark and bright 

contrast due to the close atomic numbers (Z) for Au and Pt, 79 and 78, respectively. STEM-

HAADF signal intensity and contrast are largely dependent on atomic number. Hence large 

contrast difference will be seen only in case of metals with large atomic number difference35-37. 

Since the atomic numbers of Au and Pt are close, the difference in contrast is less pronounced. Fig 

2.6 (B-E) shows the EDS elemental mapping images for titania nanotubes (Fig 2.6 B), Pt (Fig 2.6 

C), Au (Fig 2.6 D) and overlaid image with inset at higher magnification of single nanoparticle 

(Fig 2.6 E) respectively. Thus the overlaid Fig 2.6 (E) reveals a dense core of Pt which is covered 

by rich shell containing Pt and Au. This indicates that these particles have core shell structures. 

Fig 2.5 (A-C): TEM images of A) Pt@Au-TNT B) AuPt@Pt-TNT C) PtAu@Au-TNT 

20 nm 

B A 

20 nm 

C 

20 nm 
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Fig 2.6 A: STEM-HAADF, B-E:EDS elemental mapping images of TNTs, Pt and Au in AuPt@Pt-TNT B) Ti K C) 

Pt L  D) Au L  E) overlay 

C D 

E  F  H  
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C D 
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A A 
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 Fig 2.7 (A) shows the STEM-HAADF images for PtAu@Au-TNT. Fig 2.7 (B-E) shows 

the EDS elemental mapping images for titania nanotubes (Fig 2.7 B), Pt (Fig 2.7 C), Au (Fig 2.7 

D) and overlaid image (Fig 2.7 E), respectively. These mapping images show nanotube (green 

colour coding) was decorated with nanoparticles (red and blue colour coding) revealing a dense 

core (Au: blue colour coding) which is covered by rich shell made of two metals, Pt and Au (Pt: 

red colour, Au: blue colour). Hence these particles are core shell structures with shell made of 

both Pt and Au metals and core made of single metal (Au). 
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 Fig 2.8 (A) shows the STEM-HAADF image for Pt@Au-TNT. Fig 2. 8 (B-D) 

shows the EDS elemental mapping images for Au (Fig 2. 8 B), Pt (Fig 2. 8 C) and overlaid 

image (Fig 2. 8 D), respectively. These mapping images shows a dense core (Au: blue colour 

coding) which is covered by rich shell  (Pt: red colour coding) thus revealing the formation of 

single Au core and single Pt shell.  

 

 

 

 

 

 

  

 

  

Fig 2.7 A: STEM-HAADF, B-E: EDS elemental mapping images of Pt and Au in PtAu@Au-TNT B) Ti KC) Pt 

L edge D) Au L E) overlay 

E 

B 

A B 
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  Fig 2.9 shows the STEM-HAADF and EDS line profiles of the core shell nanoparticles 

(AuPt@Pt-TNT). The image on the left shows the line profiling region and the line profile on right 

shows the elemental distribution along the studied line. As seen from center (right image) the 

particle is rich in Pt at the center. Traversing away from the center, either of which gains intensity 

in Au. This evinces an Au rich shell. When further travelling towards the edge, a clear definite 

peak for Pt is seen. The thickness of shell was found to be 11 nm and thickness of core was found 

to be 18 nm. This kind of electrochemical decoration provides a uniform distribution of Pt and Au 

as shell all around the Pt core.  

 

 

 

 

  

 

 

 

Fig 2.8 A: STEM-HAADF, B-D: EDS elemental mapping images of Pt and Au for Pt@Au-TNT B) Au L 

C) Pt L   

D) overlay 

Fig 2.9: STEM-HAADF (left) and EDS line spectra (right) for AuPt@Pt-TNT 
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Fig 2.10 shows the STEM-HAADF and EDS line profiles of the core shell nanoparticle 

(Pt@Au-TNT). The image on the left shows the line profiling region and the line profile on right 

shows the elemental distribution along the studied line. As seen from center (right image) the 

particle is rich in Au at the center. Traversing away from the center, either of which gains intensity 

in Pt. This evinces an Pt rich shell covering Au rich core. 

 

 

 

 

 

 

 

 

 

Fig 2.11 shows the STEM-HAADF and EDS line profiles of the core shell nanoparticle 

(PtAu@Au-TNT). The image on the left shows the line profiling region and the line profile on 

right shows the elemental distribution along the studied line. As seen from center (right image) 

the particle is rich in Au at the center. Traversing away from the center, either of which gains 

intensity in Pt with some intensity of Au as well. This evinces an that shell consists of Pt and Au 

and core consists of Au. 

 

 

 

 

 

 

 

 

BF(frame1) 20 nm

20 nm 

Fig 2.10: STEM-HAADF (left) and EDS line spectra (right) for Pt@Au-TNT 

BF(frame1) 20 nm

20 nm 

Fig 2.11: STEM-HAADF (left) and EDS line spectra (right) for PtAu@Au-TNT 
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                 For quantitative analysis including valence state of elements, XPS measurements 

were performed. Fig 2.12 (A-C) gives the full survey spectra of AuPt@Pt-TNT, PtAu@Au-TNT 

and Pt@Au-TNT. In these samples major elements such as Ti 2p, C 1s, O 1s, Pt 4f, and Au 4f 

were found. Binding energies were calibrated with respective to binding energy of carbon 284.6 

eV. Pt content in AuPt@Pt-TNT, PtAu@Au-TNT and Pt@Au-TNT was found to be 13.12 wt% 

and 16.7 wt%, 12.4 wt% respectively and the Au content for the same nanoparticle was 67.0 wt%, 

5.2 wt % and 27.6 wt %,  respectively. Further high resolution spectra of Pt 4f and Au 4f region 

of AuPt@Pt-TNT, PtAu@Au-TNT and Pt@Au-TNT were deconvoluted. Three different 

oxidation states such as Pt (0), Pt (II), Pt (IV) were found in all the cases with Shirley background 

by maintaining the Lorentzain-Guassian ratio of 7:3. In AuPt@Pt-TNT, Pt (0), Pt (II), Pt (IV), 

binding energies were found to be 69.79, 70.46, 72.35 eV with relative concentrations of 32.90%, 

42.40%, 17.67%, respectively. In PtAu@Au-TNT, Pt (0), Pt (II), Pt (IV) binding energies were 

69.74, 70.38, 71.31 eV with relative concentrations of 32.90%, 24.50%, 42.50%, respectively. In 

Pt@Au-TNT, Pt (0), Pt (II), Pt (IV), binding energies were found to be 70.27, 71.2, 72.93 eV with 

relative concentrations of 38.80%, 35.30%, 25.80%, respectively. Additionally high resolution 

peak of Au 4f was deconvoluted for AuPt@Pt-TNT, PtAu@Au-TNT and Pt@Au-TNT and found 

two oxidation states Au (0) and Au (I). In AuPt@Pt-TNT, Au (0), Au (I) binding energies were 

found to be 83.03, 83.26 eV with relative concentrations of 64%, 36%, respectively. In PtAu@Au-

TNT, Au (0), Au (I) binding energies were found to be 83.62, 83.82 eV with relative 

concentrations of 56%, 44%, respectively. In Pt@Au-TNT, Au (0), Au (I) binding energies were 

found to be 83.30, 84.07 eV with relative concentrations of 92 %, 8 %, respectively. The existence 

of two oxidation states for Au shows that it was oxidised in air which is a common phenomena 

when Au nanoparticles were deposited on TiO2 support38. 

The comparative binding energy values of Pt and Au of core shell nanoparticles are 

presented in Table 2.3. It is clear from the Table that binding energy of Au is largely effected due 

to the presence of Pt. 

 

 

 

   

No Sample Core  shell Pt binding energy 

(eV) 

Au (0) Binding 

energy (eV) 

1 Pt@Au-TNT Au Pt 70.27 83.30 

2 PtAu@Au-TNT Au Pt, Au 69.74 83.62 

3 AuPt@Pt-TNT Pt Au, Pt 69.79 83.03 

Table 2.3: Binding energy values of Au 4f and Pt 4f of Pt@Au-TNT, PtAu@Au-TNT, AuPt@Pt-TNT 
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The shift in binding energy values of Au is due to electron transfer from Pt to Au. In both 

AuPt@Pt-TNT and PtAu@Au-TNT, core determines the electron transfer. In AuPt@Pt-TNT core 

is Pt which means the electron transfer from Pt to Au occurs both from core and neighbouring Pt 

atoms from shell leading to increase in the electron on Au. Hence least binding energy for Au (0) 

was observed. In case of PtAu@Au-TNT, Au is present in both core and shell, whereas Pt is 

present only in shell in coordination with Au, therefore the binding energy was high. In case of 

Pt@Au-TNT the shell consists of only. The charge transfer predominantly occurs at the interface 

of Pt shell and Au core. Hence the binding energy of Au (0) in Pt@Au-TNT can be expected to 

be between PtAu@Au-TNT and AuPt@Pt-TNT. This was in accordance with the observation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

C 

D 

E 

F 



55 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2. 12: Survey scan profiles of A) AuPt@Pt-TNT, B) PtAu@Au-TNT C) Pt@Au-TNT and corresponding 

deconvoluted high resolution spectra of Pt region for D) AuPt@Pt-TNT, E) PtAu@Au-TNT F) Pt@Au-TNT and 

Au region for G) AuPt@Pt-TNT H) PtAu@Au-TNT I) Pt@Au-TNT 

G H 

I 



56 
 

To test the electrochemical activity of materials under study cyclic voltammetry (CV) and 

linear sweep voltammetry (LSV) using rotating disc electrode (RDE) were studied. Fig 2.13 gives 

cyclic voltammograms of all 3 materials showing ORR peaks. Table 2.4 gives ORR current 

intensity values for each of different core shell nanoparticle. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Further to assess the ORR Kinetic parameters, rotation dependent polarization 

measurements were carried out at various rotation speeds from 400 to 2500 RPM with RDE. 

Polarization curves are given in Fig 2.14 for various core shell nanoparticles. By utilizing 

Koutecky-Levich equation, 
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=
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3  

  

Where I
L
 = Diffusion Limiting Current (A) 

        n= number of electrons transferred to oxygen  

        I
L= Diffusion Limiting Current (A) 

        F = Faraday constant (C/mol) 

Sample Metal  Core Shell Peak current (mA) 

Pt@Au-TNT Pt, Au Au Pt -0.068 

AuPt@Pt-TNT Pt, Au Pt Au, Pt -0.051 

PtAu@Au-TNT Pt, Au Au Au, Pt -0.041 

Fig 2.13: Cyclic voltammograms of different core shell nanoparticles in 0.1 M KOH at a scan rate of 100 mv/s. 

Table 2.4 Various types of core shell nanoparticles and corresponding peak current for ORR 
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       A =electrode area (cm
2
) 

       D= diffusion coefficient (cm
2
/s) 

      W= angular rotation rate of the electrode (rad/s) 

      V=  kinematic viscosity (cm
2
/s) 

      C= analyte concentration (mol/cm
3
) 

 the number of electrons involved in the ORR was analyzed. It was found to be ~4 electron transfer 

at -0.3 V for Pt@Au-TNT (inset of Fig 2. 14 A) and AuPt@Pt-TNT (inset of Fig 2.14 B) and ~2 

electron transfer at -0.3 V for PtAu@Au-TNT (inset of  Fig 2.14 C). This is because of 

predominant Au present in both core and shell. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2.14: Linear sweep voltammograms for A) Pt@Au-TNT B) AuPt@Pt-TNT C) PtAu@Au-TNT with RDE at a scan 

rate of 5 mV/s in oxygen atmosphere at different RPM in 0.1 M KOH (aq) with KL plots in inset at -3.0, -0.35 and -0.40  V    

 

A B 

C 



58 
 

It is very important to get a correlation between the structural composition of core-shell 

nanoparticle and their catalytic activity. It is also well known that the electrocatalytic activity is 

majorly determined by the availability of electron density on the metal catalyst. It is clearly seen 

from the STEM EDS mapping that the shell of Pt@Au-TNT comprises of Pt alone. Hence, a Pt 

like high activity is seen. Alongside, a Pt like highly active 4 electron ORR process was seen. It 

was clearly seen in XPS that the Au binding energy is largely affected varying the core. In case of 

AuPt@Pt-TNT, it is clearly visible that Pt being in both core and shell the binding energy of Au 

is least. In other words, the electronic structure of Au is highly affected and the electron density 

on Au becomes high. The increase in the electronic density of Au reflected in achieving 4 electron 

ORR process and higher ORR activity than that of PtAu@Au-TNT. In case of PtAu@Au-TNT, 

as the Pt is available only in shell, the electron cloud on Au is least in case of PtAu@Au-TNT. 

Hence, it showed 2 electron ORR process and least activity in the order.  

The charge transfer phenomena between core shell nanoparticles and titania nanotubes for ORR 

is depicted in Fig 2.15  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2.15: charge transfer phenomena between core shell nanoparticles and titania nanotubes for ORR 
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2.4.1. Electrochemical ORR studies in nonaqueous medium: 

   Fig 2.16 shows the cyclic voltammogram of materials under study in non-

aqueous environment. The voltammograms reveals two distinct peaks. One at around. -1.17 V 

corresponding to ORR, where in oxygen is reduced by Li ions to form lithium oxides (LixO2). The 

second peak at 1.37 corresponds to oxygen evolution reaction where in LixO2 is dissociated into 

Li ions and molecular oxygen. The order of ORR activity in nonaqueous medium was also found 

to be in the same order of aq ORR. The presence of both ORR and OER indicate the applicability 

of current materials in rechargeable metal air batteries. Peak current corresponding to Pt@Au-

TNT is higher than AuPt@Pt-TNT and PtAu@Au-TNT. This is due to the fact that in Pt@Au-

TNT, shell is covered by Pt and it being more active towards ORR showed higher current.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig 2.16: Cyclic voltammograms of core shell nanoaprticles in oxygen saturated 0.1 M LiTFSI in 

TEGDME at 25 mV/s 
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 2.5. Conclusions:  

In summary we decorated various core shell nanoparticles of Pt and Au on titania nanoubes 

in ultrafast manner within a short span of 60 sec. Novelty of this synthesis lies in decoration over 

TNTs at room temperature without using any surfactants and without need of any further 

purification. The formation of core shell structures was characterized by STEM-HAADF and EDS 

mapping and line profiling. This type of synthesis helps in maintaining the uniform shell 

composition of Au and Pt. All these core shell nanoparticles were electrochemically characterized 

in terms of aqueous ORR and non aqueous ORR applications. Pt@Au-TNT was found to show 

relatively high activity as the shell is predominantly covered with Pt. 
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Chapter 3 

 

TiO2 Nanotubes/Functionalized Acetylene Black Composite Decorated with Pt 

Nanoparticles as Efficient Electrocatalyst for ORR 

 

3.1. ABSTRACT: 

   Despite extensive work on Pt/C based catalyst materials for fuel cells towards oxygen 

reduction reaction, the high cost of catalyst is still a major problem for efficient use of fuel cells in 

daily life. This demands at designing a new electrocatalyst with high catalytic activity for oxygen 

reduction reaction. In this regard, we present a novel composite material consisting of 

functionalized acetylene black and TiO2 nanotube (FAB/TNT) as the substrate for Pt as catalyst. 

Using this novel composite, Pt was decorated using photo-reduction process. Due to the presence 

of photo-electrons all over the conducting part of the material, H2PtCl6 was photo-reduced to Pt 

nanoparticles with extremely small size ~ 1.6 nm. The material demonstrated that even with as 

less as 3.5 wt% of Pt, mass activity and specific activity was found to be 519 A/g and 10.4 A/m2 

respectively which is 4.7 times higher than commercial catalyst, Pt Vulcan XC- 72 (mass activity 

and specific activity was found to be 111 A/g and 8.50 A/m2, respectively) at 0.6 V vs RHE. 
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3.2. Introduction:  

The global warming and exhaustion of fossil fuels raised an alarm among the scientific 

community1 to look for alternative energy sources. This led to the development in the outlook 

towards alternative energy storage and conversion devices. Fuel cell and Li air battery are the 

leading devices in the fields of energy conversion and storage2, 3,
 

4
. Fuel cell has been 

commercialized in automobile industry and Li air battery is the upcoming technology. The 

principle reaction in both these technologies is oxygen reduction reaction (ORR) at cathode5 and 

sluggish reaction kinetics makes ORR, the rate determining reaction.  Platinum based carbon 

catalysts are generally employed as the catalysts for ORR6. Pt being a rare metal, it makes up the 

major cost of the fuel cell7. To reduce the cost of ORR catalyst without compromising on catalytic 

activity and increasing the durability is the major focus of many researchers in this field8, 9.  There 

have been various strategies to reduce the amount of Pt used, by alloying with other transition 

metals10, making Pt skins11 or skeletons12 to increase the active surface area13. But, all these 

aforementioned catalysts either have a very limited durability or the preparation method is not 

commercially viable. Among other strategies, metal free catalysis is one of the hot topics in the 

recent years14. Heteroatom doped graphene based materials are the front runners in this area. 

However, these materials are active only in basic medium with large over-potential15. On the other 

hand, reducing the size of the Pt particles was found to be another workable strategy for increasing 

specific surface area7. With this methodology the available active sites for ORR increases along 

with the surface area. In most of the available Pt/C preparation methods involving reducing agents 

like polyols or other inorganic agents rely on the nucleation sites on the carbon to reduce the 

particle size. But, it is well known factor that, as increasing the defects in the carbon structure, the 

durability is reduced by oxidation of carbon in stringent ORR conditions. Hence, a simple method 

for preparation of ultra-small nanoparticle is urgently needed.  

Our recent report on various ORR catalysts introduced a novel photo-reduction method16, 

where TiO2 was used as photo-catalyst for the reduction of platinum salt to generate platinum 

nanoparticles of small size (1-3 nms) on conventional carbon substrates.  Due to the presence of 

conduction band of carbon marginally lower to that of TiO2, the spillover of photo electrons onto 

the conducting carbon is possible. This spillover of electrons in the presence of any platinum salt 

precursor can generate Pt nanoparticles. Here, it is worth noting that the photoelectrons are 

available all over the substrate of the conducting carbon. This also indicates that there is a large 
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possibility of formation of nanoparticles whereever the electrons are available. As the electrons 

are available all over the substrate, there will be numerous nucleation sites to form small 

nanoparticles. 

Therefore utilization of TiO2 with carbon is in high demand. TiO2 is available in many 

morphological forms such as in nanoparticles, nanorods, nanoplates, and nanotubes. Of the various 

morphological forms, titania nanotubes (TNT) has an extra advantage because of high surface 

area17. Among other factors that determine the activity of the ORR catalyst, absorption of 

electrolyte to reduce the charge transfer boundary plays a major role. Recently our report on 

functionalized acetylene black (FAB) showed high ORR activity due to its high solvent absorption 

properties. Moreover, FAB itself has ORR activity due to its defective sites18. Hence there is a 

tremendous opportunity to obtain a novel substrate utilizing FAB in conjunction with TiO2. This 

substrate will offer enhanced interaction at two interfaces. One at catalyst-electrolyte interface and 

the other at substrate-Pt. To the best of our knowledge, utilization of FAB with TNT as composite 

substrate and subsequent decoration of Pt nanoparticles over this substrate with photoreduction 

method (using formic acid as hole scavenger) is for the first time and not studied before. 

The interaction between carbon substrates and Pt are well studied19. Most of these reports 

shows that the carbon interacts with coordinative or covalent type of bonding. As FAB contains 

oxygen functional groups along with conducting C=C, the interaction will probably be both 

coordinative or covalent between carbon and Pt. In case of FAB the presence of polar functional 

groups will attract polar platinum precursor at these polar functional groups during the reaction 

process which will further act as nucleation sites. TNT also consists of oxygen functionalities in 

the form of surface hydroxyl groups. These functionalities also offer coordinative or covalent 

interactions with Pt. This can be termed as strong metal substrate interaction (SMSI)20. These 

interactions will result in pertubation of electronic structure due to charge transfer between 

nanoparticles and TiO2 resulting in three major effects which are geometric, electronic and 

bifunctional ones. These effects weaker interaction of electrocatalyst with oxide intermediates that 

are formed during ORR facilitating the availability of more active sites on electrocatalyst. 

Moreover it is well known fact that by utilizing TiO2 in conjunction with carbon, it is possible to 

achieve anti corrosion and anti-poisoning properties whereby the overall performance of 

elelctrocatalyts can be enhanced21. Further the strong anchoring of Pt nanoparticles on TiO2 

inhibits the aggregation and migration of nanoparticles with which the durability was enhanced22. 



66 
 

The present work demonstrates that by utilizing strategies by 1) having ultra-small 

nanoparticles 2) strong metal substrate interaction (SMSI) and 3) with good absorptive properties 

of substrate (FAB) highly active and durable ORR catalyst can be attained. To achieve the 

aforementioned strategies, photo-catalytic activity of TiO2 nanotubes (TNT) and the absorptive 

properties of FAB were utilized to make highly ORR active Pt-TNT-FAB with just 3.5 wt% of Pt 

amount. 

3.3. Experimental: 

3.3.1. Synthesis of TNT:  

Synthesis of TNT was carried out by general anodization method23. Briefly, anodization 

was carried out by two electrode set up with Pt as counter electrode and Ti as working electrode 

in ethylene glycol (Kanto chemical, Tokyo, Japan) and water (90:10) containing 0.5 wt % 

ammonium fluoride (Kanto chemical, Tokyo, Japan). Anodization was carried by applying 

constant voltage of 50 V for 150 min by using a DC power supply (Kikusui PAS60-6) under 

continuous ultrasonication at room temperature. The obtained TNT array on Ti chip was washed 

with water and methanol before dispersing in methanol. The methanol was evaporated and TNT 

was obtained. 

3.3.2. Synthesis of FAB:  

  Synthesis of FAB was carried out as described elsewhere18. In short, 1 gm. of acetylene 

black (AB) was taken in a round bottom flask. To this H2SO4 and HNO3 (3:1 vol/vol) were added 

and made sure that all the AB was immersed in the acid mixture. This mixture was ultrasonicated 

for 3 hrs at room temperature. This dispersion was slowly added to crushed ice. Later, the mixture 

was filtered using nylon filter membrane with 0.1 μm pore size and washed with copious amount 

of water. The resulted FAB was then dried at 100 o C in a vacuum oven for 2 hrs. 

 

3.3.3. Synthesis of TNT/FAB composite: 

Synthesis of composite was carried out by following the procedure described elsewhere24. 

TNTs and FAB (1:1 wt ratio) was dispersed in water and ultrasonicated and then the mixture was 

stirred at room temperature for 24 hrs. Later this mixture was heated at 80 °C for 3 hrs. Then the 

mixture was centrifuged and powder obtained was dried at 80 °C for 3 hrs followed by calcination 

at 300 °C for 90 min to obtain successful composite.  
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3.3.4. Photochemical deposition of Pt nanoparticles over composite: 

  10 mg of composite was dispersed in 10 ml water and ultrasonicated for 1 hr. Then 270 µl 

of formic acid and 80 µl of 0.045 M H2PtCl6.6H2O were added to the dispersion. Further, it was 

irradiated by a simulated solar light (Peccel, PEC-L15 solar simulator) with a maximum of 1 sun 

intensity (100 mWcm−1) for 5 hrs under constant stirring. The solution was continuously bubbled 

with N2 to maintain inert atmosphere. After 5 hrs the reaction mixture was filtered, washed with 

deionized water and dried under vacuum overnight at room temperature. 

For comparison purpose, 10 mg of only TNTs were dispersed in 10 ml water and 

ultrasonicated for 1 hr. Then 270 µl of formic acid and 80 µl of 0.045 M H2PtCl6.6H2O were added 

to the dispersion. Further, it was irradiated by a simulated solar light (Peccel, PEC-L15 solar 

simulator) with a maximum of 1 sun intensity (100 mWcm−1) for 5 hrs under constant stirring. The 

solution was continuously bubbled with N2 to maintain inert atmosphere. After 5 hrs the reaction 

mixture was filtered, washed with deionized water and dried under vacuum overnight at room 

temperature. 

3.3.5. Material characterization: 

  The as prepared TNT/FAB and Pt-TNT/FAB were systematically characterized by various 

techniques. The quantitative elemental composition for both the materials was studied by SEM-

EDS (Hitachi TM3030 plus). XPS (S-probe TM 2803, Fisons Instruments) was used for 

understanding the chemical and electronic states of elements in the materias. TEM (Hitachi model 

H-7100) was employed to understand the morphology of the composite and size and distribution 

of Pt nanoparticles.  

 

3.3.6. Electrochemical characterization: 

  Electrochemical performance of composite was characterized by cyclic voltammetry (CV) 

and linear sweep voltammetry (LSV) coupled with rotating disk electrode (RDE) using Biologic 

VSP electrochemical work station. Electrochemical characterizations were carried out using 

conventional three electrode system, electrocatalyst coated on mirror polished glassy carbon 

electrode (area: 0.0706 cm2) as working electrode, Pt wire as counter and Ag/AgCl (sat. KCl) as 

reference electrodes at 30 °C in 0.1 M HClO4 aq. However all potentials in this study refer to that 

of reversible hydrogen electrode (RHE) [Potential values from Ag/AgCl were converted to RHE 

suing the equation  
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ERHE = EAg/AgCl + 0.059 PH + E° Ag/AgCl. (pH=1)]. The Pt loading on the working electrode was 

maintained at 4.6 µg/cm2. Catalyst ink was prepared by dispersing 1.5 mg of catalyst in 300 µl 

distilled water, and to this 450 µl of isopropyl alcohol along with 30 µl of 5 wt% nafion was added. 

Commercially available 20 wt% Pt/C (Pt-Vulcan XC-72 which was procured from Sigma Aldrich) 

was used for comparison purpose. The Pt loading of 20 wt% Pt-Vulcan XC-72 was maintained at 

4.6 µg/cm2 on the working electrode. CV was performed at 30 °C in nitrogen saturated 0.1 M 

HClO4 (aq) in the potential range of 0.05-1.2 V Vs RHE at a scan rate of 50 mV/s. ECSA was 

calculated by using the charge under the hydrogen desorption curve in the potential range of 0.05-

0.4 V vs RHE.  LSV was performed at 30 °C in oxygen saturated 0.1 M HClO4 (aq) at a scan rate 

of 5 mV/s. Durability tests were performed by cycling the catalyst in the potential range of 0.6-1.0 

V vs RHE with a scan rate of 100 mV/s in oxygen saturated 0.1 M HClO4 (aq) at 30 °C. 

 

3.4. Results and discussion: 

  SEM-EDS technique was used for the quantitative elemental analysis of both TNT/FAB 

and Pt-TNT/FAB. The presence of Ti, C, O, Pt and absence of Cl confirms the successful 

decoration of Pt (Table 3. 1). It showed that the Pt-TNT/FAB composite consists of 3.5 wt% of Pt.  

                     Table 3. 1: Quantitative analysis of Pt on TNT/FAB by SEM-EDS 

Element Weight percent 

Ti 20.07 

C 55.88 

O 16.13 

Pt 3.51 

 

 

  For better understanding of the chemical and electronic states of elements in the composite, 

XPS measurements were performed. Fig 3.1 (A-D) shows the survey spectra of FAB, TNT, 

FAB/TNT and Pt-FAB/TNT respectively. Spectra show the presence of finger print peaks at 

respective binding energies for C 1s, O 1s, Ti 2p and Pt 4f. The absence of Cl 2p peak in the Pt-
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TNT/FAB confirms that all the Pt salt has been successfully reduced to Pt0 during the photo-

reduction process. The wide scan spectra shows the presence of F 1s at 690 eV. As NH4F was used 

during the preparation of TNT by anodization method, F 1s contamination is very commonly seen 

in anodization process. To understand chemical and electronic states, core-level high resolution 

spectra were analysed by deconvolution. C 1s core level spectra of TNT/FAB (Fig 3.2) revealed 

that along with the peaks representing C=C, C-OH, C=O of related to FAB (Fig 3.3), a new peak 

at binding energy of 283.6 eV was observed. This represented direct bonding of Ti-C which 

enhances the electronic interaction between TNT and FAB25. This Ti-C peak confirms the 

successful formation of composite of TNT-FAB. Further, the high resolution spectra of Pt 4f (Fig 

3.4) showed that the peak can be deconvoluted into three peaks representing metallic Pt0, Pt II and 

Pt IV at 70.5, 71.6 and 73.2 eV respectively. It was also found that Pt0 was the predominant 

oxidation state. It is worth noting here that the Pt0 peak has been considerably shifted to lower 

binding energy i.e by ~0.5 eV in comparision with Pt/C26, 16. The shift in the binding energy can 

be ascribed to strong metal substrate interaction27. The shift shows that the availability of electron 

density in the Pt that can enhance the interaction of available oxygen in the electrolyte and also 

eases the electron transfer to oxygen molecule. Hence, the SMSI will enhance the catalytic activity. 

On the other hand, SMSI also confirms that the Pt nanoparticles are not just physically adsorbed 

on the substrate but are electronically connected. This electronic interaction helps in anchoring the 

nanoparticles to the substrate. This anchoring will reduce the dissociation or displacement of 

nanoparticles to form aggregates which eventually leads to low surface area. Hence, SMSI will 

enhance the electrocatalytic activity and the durability when used for longer duration at high 

voltages28. 
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A 

Fig 3.1: XPS survey spectra for A) FAB B) TNT C) TNT/FAB D) Pt-TNT/FAB. 

Fig 3.2:  XPS deconvolution for HR spectra of  

C 1s in the TNT/FAB Fig 3.3:  XPS deconvolution of C 1s of FAB 

B 

C D 
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Morphological characterization was done by TEM. Fig 3.5 shows the TEM micrographs 

of FAB, TNT, TNT/FAB, Pt-TNT/FAB and Pt-TNT. Fig 3.5 A. shows the interconnected nature of 

FAB with the grain size of around ~50 nm. Fig 3.5 B. shows the array of TNT, the tube diameter 

was found to be around 120 nm. The surface can be seen as smooth and without any particle like 

structures with contrast difference. On contrary Fig 3.5 C. shows that the rough surface of TNT 

with interconnecting FAB over the surface. This indirectly indicates the covalent connection 

between TNT and FAB through Ti-C bond formation during the composite preparation method. 

Figure 3.5 D. confirms the formation of ultrasmall nanoparticles evenly distributed over the surface 

of FAB with the average size of 1.6 ±0.2 nm. It was also observed that there is no agglomeration 

of Pt nanoparticles. Hence, the surface area of the nanoparticles could be very high. Whereas Pt 

nanoparticles on TNTs (control sample) was found to be irregular with a particle size of 3.6 nm as 

shown in Fig 3.5 E. 

 

 

 

 

 

 

 

Fig 3.4:  XPS HR spectra of Pt 4f in Pt-TNT/FAB. 
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Fig 3.5: TEM images for A) FAB showing interconnected nature B) TNT array C) TNT/FAB with FAB over 

the surface of TNT D) Pt - TNT/FAB with nanoparticles of around 1.6 nm E) Pt nanoparticles over TNT 

(control sample) 
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3.5. Electrochemical performance of Pt-TNT/FAB: 

To test the electrocatalytic activity of the Pt-TNT/FAB, cyclic voltammetry and linear 

sweep voltammetry using rotating disc electrode were studied. Cyclic voltammogram in Fig 3.6 A 

shows typical Pt/C type of profile with hydrogen adsorption and desorption peaks. Charge under 

hydrogen desorption peak was considered to evaluate electrochemical active surface area (ECSA) 

of Pt-TNT/FAB using the formula.   

 

 

 

 

 

 

 

 

ECSA of the electrocatalyst was found to be as high as 49.8 m2/gm. The ECSA was higher 

than Pt-Vulcan XC-72 (13.0 m2/gm). To understand the ORR kinetics, RDE measurements were 

carried out. The polarization curve is given in Fig 3.6 B, the onset potential was found to be around 

0.79 V vs RHE.  It is quite visible that the overpotential for ORR is high compared with the 

conventional electrocatalysts. This can be ascribed to the presence of semi-conducting TNT that 

reduces the overall electronic conductivity of catalyst. To determine the kinetic parameters of ORR, 

RDE measurements were carried out. The polarization curve is given in Fig 3. 6 B, the onset 

potential and half wave potential was found to be around 0.80 V and 0.63 V, respectively vs RHE.  

It is quite visible that the overpotential for ORR is high compared with the conventional 

electrocatalysts. This can be ascribed to the presence of semi-conducting TNT that reduces the 

overall electronic conductivity of catalyst. To understand the kinetic parameters, rotation 

dependent polarization curves were studied. By utilizing Koutecky-Levich (K-L) plots, the number 

of electrons involved in the ORR was analyzed (Fig 3. 6 C). It was found to be ~4 electron transfer 

at 0.60 V vs RHE. The mass specific activity and specific activity was found to be 519 A/g and 

10.4 A/m2, respectively at 0.60 V vs RHE which is higher than Pt Vulcan XC-72 (mass activity 

and specific activity was found to be 111 A/g and 8.50 A/m2, respectively). The obtained mass 

activity and specific activity values are higher than some of the Pt based composite materials 

ECSA 

= 

Charge [Q
H
 μC/cm

2

] 

210[μC/cm
2

] X Pt loading [g/cm
2

] 

Q
H
 is the charge corresponding to the hydrogen desorption peak,  

Q
M 

= 210 μC/cm
2

 is the electrical charge associated with the monolayer adsorption of hydrogen  
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prepared in literature showing the important relevance of this work. Table 3. 2 gives the 

comparision of mass activity and specific activity values. 

Table 3. 2: Comparision of mass activity and specific activity with litreature 

Sample name Mass activity 

(A/g) (at 0.9 V) 

Specific activity 

(A/m2) (at 0.9 V) 

reference 

1) TiOx-Pt/C 71.0 0.940 29 

2) Pt-TiO2 /graphene - 0.690 9 

3) Pt-TiO2@CNT 160 0.0700 30 

4) Pt-CNT-TiO2 350 14.8 16 

5) Pt-TiO2/MWCNT 13.5           0.00370 21 

6) Pt/rGO1-FCB1 132 0.0311 32 

7) Pt-TNT/FAB 519 (at 0.6 V) 10.4 (at 0.6 V) Present work 

 

 

 RDE polarization curve of Pt-TNT/FAB was compared with Pt Vulcan XC-72 as shown 

in Fig 3. 6 D at 1600 RPM. As we see Pt Vulcan XC-72 showed ORR polarization curve with E1/2 

of 0.600 V but in case of Pt-TNT/FAB, E1/2 was positively shifted to 0.630 V. This positive shift 

of 30 mV in Pt-TNT/FAB signifies low over potential and higher ORR activity compared to 

commercial counter part. In order to provide the mechanistic pathway for ORR, Tafel plots 

constructed from Fig 4 D for Pt-Vulcan XC 72 and Pt-TNT/FAB were presented in Fig 3. 6 E and 

Fig 3. 6 F, respectively. In each Tafel plot two regions were identified towards low current density 

region (l.c.d) and high current density region (h.c.d). In each Tafel plot for Pt-Vulcan XC 72, Tafel 

slope was found to be 168 mV/dec and 227 mV/dec towards l.c.d and h.c.d, respectively. For Pt-

TNT FAB, Tafel slope was found to be 225 mV/dec and 455 mV/dec towards l.c.d and h.c.d, 

respectively. The observed differences in values are attributed to the different ORR intermediates 

that are formed due to the influence of support between the interaction of Pt and oxygen31. 

 Further, to check the catalyst durability, the material was subjected to CV for 2000 

cycles of potential scan between 0.6 V to 1.0 V vs RHE at a scan rate of 100 mV/s. Durability of 

the catalyst was examined by change in mass activity before and after 2000 cycles. It was found 

that for Pt Vulcan XC-72 the reduction in the mass activity was found to be 30.80 % after 2000 

cycles. Whereas for Pt-TNT/FAB the reduction in the mass activity was found to be 20.76 % after 
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2000 cycles as shown in Fig 3. 6 G.  This high retention of activity for Pt-TNT/FAB after 2000 

cycles shows high durability than Pt Vulcan XC-72. Similarly CV was performed with only TNTs 

decorated with Pt nanoparticles (control sample) but did not show any activity due to the poor 

conducting nature of nanotubes as shown in Fig 3.6 H. 
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Fig 3.6: A) Cyclic voltammograms of Pt-TNT/FAB and Pt-Vulcan XC 72 in 0.1 M HClO4 (aq) at 30°C  

in nitrogen at 50 mV/s 

B) Linear sweep voltammograms of Pt-TNT/FAB with RDE at a scan rate of 5 mV/s in oxygen atmosphere at different 

RPM in 0.1 M HClO4 (aq) 

C) KL plot for Pt-TNT/FAB at 0.50, 0.55 and 0.60 V    

D) Comparision of LSV for Pt-TNT/FAB and Pt-Vulcan XC 72 at 1600 RPM. 

E) Tafel plot for Pt-Vulcan XC 72 at l.c.d and h.c.d. 

F) Tafel plot for Pt-TNT/FAB at l.c.d and h.c.d. 

G) Comparision of mass activity for 1 cycle and 2000 cycle for Pt-TNT/FAB and Pt Vulcan XC 72 

H) Cyclic voltammogram of Pt-TNT in 0.1 M HClO4 (aq) at 30°C in nitrogen at 50 mV/s 
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3.6. Electrochemical ORR studies in nonaqueous medium: 

 ORR studies were carried with Pt-TNT/FAB in 0.1M LiTFSI in tetraethylene 

glycol dimethyl ether (TEGDME) electrolyte so that this catalyst can be even applied to Li-air 

battery (Fig 3.7). Ether based electrolytes have attracted significant attention recently since they 

have high resistance towards the superoxide radical which is a side product formed during oxygen 

reduction. Hence in this studies TEGDME was choosen. LiTFSI was choosen as supporting 

electrolyte since this is most compatible supporting electrolyte with TEGDME. 

 

 

 

 

 

 

 

 

 

 Fig 3.7 gives the cyclic voltammogram that was carried out at 20 mV/s in 

oxygen saturated 0.1 M LiTFSI in TEGDME. There are two reduction peaks corresponding to 

ORR, one at -1.42 V and other at -1.98 V which are possible due to formation of superoxide which 

is further undergoing reduction to other products. There is also an anode peak at 1.68 V which is 

due to oxygen evolution reaction. Effect of scan rate on ORR was studied by varying the scan rate 

from 10 mV/s to 75 mV/s and it was found that with the increasing scan rate the peak current 

increased. This shows that this is diffusion controlled process. Fig 3.8 gives the effect of scan rate 

over ORR. 

Fig 3.7: Cyclic voltammogram at 20 mV/s in oxygen saturated 0.1 M LiTFSI in TEGDME 
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Further the durability of catalyst towards ORR was investigated by performing CV for 100 

cycles at 20 mV/s. As seen in Fig 3.9 there was reduction in ORR for 100th cycle. This reduction 

of peak is due to accumulation of products on electrode. 

 

 

 

 

 

 

 

 

 

 

 

Fig 3. 8: Effect of scan rate over ORR 

Fig 3.9: Comparision of cyclic voltammogramms at 20 mV/s for 100 cycles 

in 0.1 M LiTFSI in TEGDME 
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3.7. Conclusions: 

   In conclusions, this work presents a plausible idea to decorate ultrasmall metal 

nanoparticles utilizing composite made of TNT/FAB. Pt nanoparticles were decorated over 

TNT/FAB by photoreduction utilizing the spill over of photoelectrons from TNT. The systematic 

characterization revealed the particle size to be ~1.6 nm. The photoreduction process not only 

enhanced the specific surface area by providing very small nanoparticles but also established a 

strong anchoring between Pt and substrate. This was clearly understood by XPS characterization. 

The small size nanoparticles resulted in very high ECSA (49.8 m2/g) along with high MA and SA 

than commercially available Pt Vulcan XC 72. With this work I affirm that by photodeposition 

of Pt and the presence of FAB with high absorptive properties, it is possible to reduce the Pt 

content to nearly one- tenth with good ORR activity and durability. Further the electrochemical 

activity towards ORR was also assessed in nonaqueous medium so that this material can be used 

in Li-air batteries. This material showed peaks corresponding to both ORR and OER siginifying 

the fact that this can be used as catalyst in Li-air batteries     
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Chapter 4 

General conclusions 

4.1. General conclusions: 

  The continuous usage of petroleum based energy reserves led to severe emission of carbon 

dioxide, nitrogen oxides and sulfur oxides. Particularly evolution of carbon dioxide resulted in 

raise of earth’s temperature which is called as “Global Warming”. This global warming caused 

severe damage to environment. Hence there is a need to reduce the usage of these fossil fuels with 

alternative sustainable energy based systems. This thought made the scientific community to 

develop an outlook for the development of fuel cells and Li air batteries. This fuel cells was first 

developed by William Groove in the year 1839. These are highly efficient energy suppliers with 

low emissions. Their efficiencies can reach as high as 80% in electrical energy conversion and has 

the capacity to reduce >90% major environmental pollutants. Li air batteries were developed by 

Littauer and Tsai in the year 1976. This would play one of the key roles in making the 

transportation sector emission free and its theoretical energy density is 10 times that of Li ion 

secondary battery. 

  To spread the wide application of these fuel cells, there are major issues that need to be 

resolved. An electrocatalyst is required to catalyze the major reactions. In the cathode side oxygen 

reduction reaction occurs. This reaction is highly sluggish with slow kinetics. Pt/C is the common 

catalyst employed to catalyze this reaction. It has some disadvantages such as cost corrosion and 

durability. This thesis is focused on to synthesize an alternate catalyst with new methodologies. 

 

      Chapter 1 focusses on general introduction to fuel cells and Li air batteries and their principles. 

It gives about the drawbacks of fuels cells and gives an overview about ORR and its mechanism. 

A brief discussions are made about the reaction mechanism and limitations of this reaction. A 

special emphasis on ORR with different carbon materials were made and also about the 

improvement in ORR activity by doping different heteroatoms were discussed. Of the various 

metals that are available so far, Pt plays a key role in catalyzing this reaction. Fig 4.1 gives the 

mechanism of ORR with Pt. It catalyzes the oxygen reduction to generate water through 4 electron 

transfer process. 
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Chapter 1 discusses about the role of different shape and size of Pt nanoparticles.  The 

problem of high cost due to Pt can be reduced by utilizing Pt in the form of core shell nanoparticles. 

These core shell nanoparticles can be prepared with other metals such as Ni, Co. Fe and Au etc. 

There are various methods for synthesis of these core shell nanoparticles and below Fig 4.2 gives 

the schematic illustration of synthetic methods. 

 

 

 

 

 

 

 

 

 

 

 

   In order to solve the problem of carbon corrosion, alternative support materials such as 

TiO2, WOx, SnO2 etc. can be used. But of all the materials TiO2 is superior and can be used as 

support for Pt nanoparticles because of its high resistance to corrosion. So this chapter also 

focusses on introduction to titania nanotubes, preparation of titania nanotubes with various 

Fig 4. 1: Mechanism of ORR on Pt 

Fig 4.2: Various synthesis methods for core shell nanoparticles  

(Figure adapted from J. Phys. Chem. Lett., 2013, 4, 3273–3291)  

) 
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methods with special emphasis on anodization method with mechanism. A brief introduction to 

various electrochemical process along with rotating disc electrode (RDE) was mentioned. 

 

In polymer electrolyte membrane fuel cells, Pt/C is the most widely used catalyst but it has 

inherent disadvantages such as cost (as high catalyst loading is required to catalyze highly sluggish 

oxygen reduction reaction), corrosion and durability problem. Recent research showed that these 

problems can be solved by utilizing the Pt as shell along with relatively abundant metal (gold) and 

by replacing the carbon with semiconducting metal oxide such as TiO2 in nanotubes form. There 

are many protocals for the synthesis of core shell nanoparticles but all of them are tedious, time 

consuming, involves using of surfactants and are thermally driven. Therefore there is a great 

demand to deposit core shell metal nanoparticles in easy, non toxic and sustainable method. 

Chapter 2 presents a simple and clean method for decoration of three different types of core shell 

nanoparticles of Pt and Au without using any extreanous reagents by ultrafast electrochemical 

deposition as shown in Fig 4.3. 

 

 

 

Fig 4.3: Schematic illustration of core shell nanoparticles formation on TNTs by applying potential. 
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  In this study highly ordered TNTs synthesized by electrochemical anodization were 

employed. Electrochemically deposited metal nanoparticles of high purity, were formed rapidly, 

and have good adhesion to the TNT. The presence of metal nanoparticles on TNTs have been 

confirmed by TEM and XPS and core shell formation by EDS mapping. Fig 4.4 shows the EDS 

mapping images for core shell nanoparticles. 

 

  

  The resultant core shell nanoparticles were tested for ORR activity in aqueous (0.1 

M KOH) and non aqueous (0.1 M LiTFSI in TEGDME) medium and the corresponding peak 

currents were measured. My findings suggest that all core shell nanoparticles are active towards 

ORR. Pt@Au-TNT was found to show relatively high activity as the shell is predominantly 

covered with Pt. 

 

 

    Chapter 3 focusses on preparation of composites as support materials for Pt nanoparticles 

decoration to solve the problem of carbon corrosion. Many composites of titania nanotubes with 

carbon materials such as CNTs, graphene have been prepared to overcome these limitations. But 

all these carbon materials require arduous preparation methods. Recent report by our group on 

functionalised acetylene black which showed higher activity than commercially available catalyst 

is highly advantageous. FAB has many oxygen functionalities which help in nanoparticles 

decoration and also in absorbing electrolyte thereby reducing interfacial resistance. Herein I aimed 

at designing a composite material consisting of FAB and TiO2 nanotubes decorated with Pt 

Fig 4.4: EDS elemental mapping images of A) AuPt@Pt-TNT B) PtAu@Au-TNT C) Pt@Au-TNT 

B A C 



87 
 

nanoparticles to investigate electrocatalytic activity for oxygen reduction reaction. The research 

would involve designing of a composite material made of TNTs and FAB. This was followed by 

decoration of Pt nanoparticles on hybrid material by photoreduction method. Below Fig 4.5 

presents the preparation of composite and decoration of Pt nanoparticles over composite thereafter. 

 

 

 

 

 

 

 

 

 

 

 

 

  The sucessfull formation of composite and Pt decoration thereafter was characterized by 

XPS, SEM-EDS and XPS. From SEM-EDS, 3.5 wt% Pt was found to be decorated and particle 

size was found to be 1.6 nm. This extremely small size of Pt nanoparticles was due the availability 

of photo electrons on titania. This photoelectrons provide many nucleating sites through which 

size of particles reduces. The as prepared material was tested towards electrochemical ORR 

activity in 0.1 M HClO4 (aq) and was found to show extremely high ECSA of 49.8 m2/gm. The 

ECSA of Pt-TNT/FAB with 3.5 wt% of Pt was higher than conventionally prepared and 

commercially available Pt Vulcan XC 72. Further the durability of this material was assessed by 

subjecting to CV for 200 cycles and almost 80% of the activity was retained in terms mass activity. 

This high retention of activity after 2000 cycles is due to the strong metal substrate interaction. 

Further the electrochemical activity towards ORR was also assessed in nonaqueous 

medium so that this material can be used in Li-air batteries. This material showed peaks 

corresponding to both ORR and oxygen evolution reaction (OER) signifying the fact that this can 

be used as catalyst in Li-air batteries. 

Fig 4.5: Graphical abstract for preparation of composite material and decoration of Pt 

nanoparticles. 
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4.2. Future scope of the work: 

      Based on the present work, the possible outgrowths of the present work can be as follows: 

1) Synthesis of core shell nanoparticles by using metal nanoparticles such as Ni, Co, Pd and 

Fe etc as core by using this electrodeposition technique over titania nanotubes and to utilize 

them as electrocatalyst materials for catalyzing ORR. 

2) Loading of the core shell nanoparticles that are synthesized in this work in membrane 

electrode assemblies and to monitor their performance in PEMFCs. 

3) Decoration of Pt nanoparticles over TNT/FAB with electrodeposition technique and 

comparision of size and distribution of nanoparticles with photochemical method. 

4) Titania nanotubes can be utilized as support materials by decorating with other heteroatoms 

so that it will lead to metal free electrocatalyst. 
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