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ABSTRACT OF THE DISSERTATION 

 

Proton Exchange Membrane Fuel Cell (PEMFC) Catalysts with Transition Metal Oxides Supports  

by 

Mounika Kodali 

Doctor of Philosophy in Chemical and Biochemical Engineering 

University of California, Irvine, 2020 

Professor Plamen Atanassov, Chair 

 

Proton Exchange Membrane Fuel Cells or Polymer Electrolyte Membrane Fuel Cells 

(PEMFCs) is one of the most promising and advancing technology, because of its various 

advantages such as low temperature operations, quick start-up times and high current and power 

densities. It has wide range of applications from portable to transportation to stationary 

applications. But commercialization of this technology is still hindered by several challenges such 

as cathode catalytic activity and durability.  

 

Homogeneously dispersed platinum nanoparticles over carbon-based supports is the 

commercial benchmark catalyst at the cathode. However, carbon supports are highly susceptible 

to corrosion when subjected to high potentials leading to cause major performance losses. Hence 

corrosion-resistant highly stable support materials are needed. In this study we are exploring highly 

stable transition metal oxide supports for Pt and Pt-Ni alloy catalysts in PEMFC.  
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Density functional theory calculations were used to understand the structural, electronic, 

and stability properties of doped transition metal oxides and to guide the material synthesis. Four 

different metal oxide (Sb-SnO2, Ru-TiO2, Ta-TiO2, Nb-TiO2) supports were obtained using Sol-

Gel and Aerogel-Xerogel methods. Platinum nanoparticles and platinum-nickel alloy 

nanoparticles were deposited onto a commercial carbon (XC 72R), and metal oxide supports using 

a microwave-assisted modified polyol method to attain uniform and homogenous Pt nanoparticles 

dispersion.  

 

All the catalysts were subjected to several physico- chemical and electrochemical 

characterizations to understand their structural, morphological and electrocatalytic properties 

towards oxygen reduction reaction at cathode. The surface morphology of these catalysts observed 

through scanning-transmission electron microscopy (STEM) showed epitaxial growth of Pt 

nanoparticles onto the support oxides, unlike carbon support.  

 

The oxygen reduction reaction specific activity, investigated in 0.1M HClO4 electrolyte, 

using rotating disk electrode set-up showed a 5-fold and 2-fold enhancement in the case of Pt/Ru-

SnO2, and Pt-Ni/Ru-SnO2 respectively, and a similar performance in case of Pt/Sb-SnO2 compared 

to Pt/XC 72R because of the strong metal support interactions. The in-situ performance of these 

catalysts is also investigated in PEMFC.  

 

This dissertation provides an exploration of transition metal oxide supports for Pt and Pt-

alloy catalysts, and possible applications of these materials in different fuel cells and electrolyzers. 
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Chapter-1. General Introduction 
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1.1 Now-A-Days Challenges 

 

According to US Environmental Information Administration (EIA), in 2019, about 4,118 

billion kilowatt-hours (kWh) (or about 4.12 trillion kWh) of electricity were generated at utility-

scale electricity generation facilities. About 63% of this electricity generation was from fossil 

fuels—coal, natural gas, petroleum, and other gases. About 20% was from nuclear energy, and 

about 18% was from renewable energy sources. 

 

Around 80% of the consumed energy is generated from fossil fuels- petroleum, coal and 

natural gas.[1] With the ever uninterrupted decreasing natural resources such as fossil fuels over 

the last century, there is a dire need to go for more reliable and abundant energy sources to satisfy 

the needs of the many. Renewable energy sources such as solar energy, wind energy, geothermal, 

hydroelectric, biomass energy, and all could fulfill the requirements and reach the energy demands 

without further enhancing the pollution and environmental issues. The primary concern for 

renewable energy sources is that they are not stable and consistent during all the times and they 

majorly rely on the climatic conditions, which makes them more uncertain and unreliable. So, any 

renewable-based energy system must be integrated with energy storage in order to consider it as a 

viable, sustainable energy system.  
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Figure 1: United States total energy consumption from 1949 to 2019 as per US Energy Information Administration 

(EIA) Monthly Energy Review[1] 

As stated by US EIA, transportation sector is one of the biggest energy consumer costing 

over 27% of the total energy consumption in US in 2018. [1] With increasing energy demands, 

population growth and pollution levels, there is a need for the growth of electric vehicles in the 

field of transportation. Battery powered electric vehicles and hydrogen fuel cell vehicles are the 

most promising and advancing technologies. The major difference between the battery and the fuel 

cell-based vehicles is that batteries uses the energy stored in them to power the vehicles while fuel 

cells generate the electricity on board by converting the fuel into electrical energy. Fuel cells are 

one of the most promising, energy efficient and environmentally friendly power source for a wide 

variety of applications starting from stationary application like back-up power sources to portable 

applications like handheld devices and portable generators. In terms of transportation, fuel cells 

can power automobiles, cars, trucks, marine vehicles, air and space crafts. 
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The fuel cell is an electrochemical apparatus that converts the chemical energy of fuels 

such as hydrogen, natural gas (NG), methanol, ethanol and hydrocarbons into electrical energy 

through an electrochemical reaction. It has various advantages compared to the internal 

combustion engines and batteries. Compared to the internal combustible engines these are 

emission-free and more sustainable energy sources in the vehicles. Unlike batteries, they do not 

need any recharging as long as the fuel and the oxidant are supplied continuously. They are of 

significantly higher efficiency compared to the gas or diesel engines as per Department of Energy 

(DOE). They eliminate any pollution caused by burning fossil fuels sources and also water is the 

only by-product for the H2 fueled reactions. It also reduces the generation of greenhouse gases if 

the H2 fuel source is from the electrolyzers instead of CH4 or any other fuels. They can also operate 

at various temperatures i.e., at both low and high temperatures. Because of all these advantages, 

fuel cells are expected to have more commercial applications in the areas of transportation, 

stationary and portable power generation.  

 

Fuel cell vehicles (FCVs) have been considered as one of the final solutions for automotive 

business and have profound advantages over battery powered electric vehicles (EVs). Several 

automotive companies like Honda, Hyundai, Ford, Fiat, General Motors, Toyota, Mazda and so 

on have been making FCVs for the last 2 decades. One of the main reasons for the high sale price 

of these FCVs compared to the normal internal combustion engine vehicles is due to the high Pt 

loading in the fuel cell stacks. Several research efforts are going on in order to reduce the amount 

of Pt usage. Part of this research is to reduce the price of the current catalyst in the market and also 

to increase the durability and stability of the PEMFC system which will be discussed further in 

detail in the following sections. 
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There are a variety of fuel cells like Polymer membrane fuel cells (PEMFCs), direct 

methanol fuel cells (DMFCs), Alkaline membrane fuel cells (AMFCs), Phosphoric acid fuel cells 

(PAFCs), Molten carbonate fuel cells (MCFCs), solid oxide fuel cells (SOFCs), and reversible fuel 

cells (RFCs) and they can be classified basing on the nature of electrolytes they use. In any fuel 

cell, the membrane is the core component. Among all the existing fuel cells, PEMFCs has been 

actively developed for use in vehicles (i.e., FCVs), portable electronics, and so on due to its 

simplicity, quick start-up, high efficiency, low operation temperature (80 °C or lower), high power 

density, easy assembly and handling. [2][3] The PEMFC structure and its parts are explained in 

detail below. 

 

1.2 Proton Exchange Membrane Fuel Cell (PEMFC) 

 

Proton Exchange Membrane Fuel Cell or Polymer Electrolyte Membrane Fuel cell 

(PEMFC) is an electronic device that converts the chemical energy to electrical energy through an 

electrochemical reaction. These devices have drawn a great deal of attention because of its low 

operating temperatures and pressures, and it has a variety of applications including in automobiles, 

on-site power generation, back-up power, and in portable electronic devices. It often operates at 

80°C.  

 

A PEMFC consists of a membrane electrode assembly (MEA) that includes an electrolyte, 

catalytic layers, a cathode (‘+’ electrode), an anode (‘-’ electrode) and gas diffusion layers (GDLs) 

as shown in Figure-2. A proton conducting polymer membrane acts as an electrolyte, and it allows 
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the passage of protons alone unidirectionally from one electrode to the another. It also acts a gas 

separator for the reactant gases and also as an electronic insulator. Passage of gases or ions through 

the membrane leads to disruption of fuel cell performance. In general, advanced perfluorosulfonic 

acid (PFSA) based membrane such as Nafion (of around 20 microns thickness) is the most 

commonly used polymer membrane in PEMFCs. The fluoropolymer backbone of the Nafion 

membrane gives an excellent stability to the membrane. The sulfonic acid groups at the terminal 

ends of the backbone facilitates the proton transfer by adsorbing water which further weakens the 

bond between the protons and the sulfonic groups. On both sides of the membrane a suitable 

electrocatalytic layer exists with active materials that acts as anode and cathode electrodes so that 

each half-cell of the PEMFC can perform Hydrogen Oxidation Reaction (HOR) and Oxygen 

Reduction Reaction (ORR) at respective electrodes. On both sides of the electrocatalysts, a 

conductive carbon paper or carbon cloth will be hot-pressed which acts as a gas diffusion layer 

(GDL)s. A GDL is a porous media composed of a dense array of carbon fibers, that facilitates the 

transportation of reactants into the catalyst layers and removal of heat and water. It also protects 

the catalyst layer from corrosion or erosion and acts as a mechanical support to the MEA. On either 

side of the MEA, a pair of bipolar plates exist for delivering the reactant gases into the system and 

for the removal of excess water and unreacted gases. They also help in electron transfer from the 

GDL to the current collectors. There are several varieties of flow patterns of the bipolar plates such 

as parallel, serpentine, interdigitated, spinal, grid, or spiral flow fields with specific advantages 

and disadvantages for each of them.   
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Figure 2: Schematic Diagram of PEMFC 

In a PEMFC, at the anode electrode, pure H2 gas is supplied as a fuel source where it gets 

oxidized to generate protons and electrons as shown in Eq (1). Thus, generated protons will be 

transferred to the cathode through the membrane and electrons gets transferred through the external 

circuit generating electrical current. At the cathode electrode, the O2 gas from the air acts as fuel 

and gets reduced to H2O by reacting with the protons and electrons transferred from the anode as 

shown in Eq (2).  

 

At Anode (HOR): H2 → 2H+ + 2e-,   E0 vs RHE = 0 V  Eq (1) 

At Cathode (ORR): O2 + 4H+ +4e- → 2H2O, E0 vs RHE = 1.23 V  Eq (2) 
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However, ORR is much slower than HOR leading to increase the catalyst material required 

at the cathode electrode. Both the cathode and anode reactions will be discussed in detail in the 

following sections. 

 

1.3 Anodic Reaction and Anode Catalysts 

 

HOR is one of the most studied electrochemical reactions due to its simple mechanism of 

one H2 molecule splitting into two protons releasing two electrons but due to its very high exchange 

current density, its quantification is experimentally difficult with conventional electrochemical 

analytical techniques, which conceals the true reaction kinetics due to the H2 mass transport 

limitation. In PEMFC, this reaction occurs at the anode electrode of the MEA, where H2 gas is 

supplied as fuel source and it gets oxidized over the electrocatalyst and forms both protons and 

electrons which again gets transported to the cathode electrode. Pt is the highly used state-of-art 

catalyst for HOR. The reaction kinetics of HOR are much faster that the voltage losses are highly 

negligible even at very low loadings of the Pt.[4][5]  

 

Overall HOR in acid and alkaline media can be written as follows: 

In acidic media: 

H2 → 2H+ + 2e-       Eq (3) 

In alkaline media: 

H2 + 2OH- → 2H2O + 2e-      Eq (4) 
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The HOR in acidic media is believed to follow any 2 of the 3 reaction steps shown below basing 

on the Tafel-Heyrovsky-Volmer pathways. [6] 

Tafel Step: H2 → 2Hads       Eq (5) 

Heyrovsky step: 2Hads → H+ + Hads + e-    Eq (6) 

Volmer step: Hads → H+ + e-      Eq (7)  

 

The Heyrovsky and Volmer steps of HOR in alkaline media will be written in terms of hydroxide 

ions instead of protons. [7] 

Heyrovsky step: H2 + OH- → Hads + e- + H2O   Eq (8) 

Volmer step: Hads + OH- → H2O + e-     Eq (9) 

   

It was demonstrated that HOR on Pt catalyst is structure sensitive reaction and the catalytic 

activity increases with decreasing coordination of the surface atoms in the order of Pt(111) < 

Pt(100) < Pt(110).[8] A correlation between hydrogen oxidation activity and the hydrogen binding 

energy was made for polycrystalline platinum examined in various buffer solutions with pH 

ranging from 0 to 13 and found that hydrogen oxidation activity decreases with the hydrogen 

binding energy.[9] HOR kinetics were studied on Pt, Pd, Rh, Ir nanoparticles supported on carbon 

electrocatalysts in acidic media using H2 pump approach, to overcome the H2 mass transportation 

limitation. Kinetic parameters of the reaction were measured in a temperature range of 313 to 353 

K and calculated the activation energies for the HOR. Activation energy of the catalysts was in the 

order of Pt = Ir (~ 20 kJ/mol) < Rh = Pd (~ 30 kJ/mol) and the electrocatalytic activity is in the 

following order: Pt > Ir >> Rh > Pd. [10][5] Effect of pH studies were also made on the Pt, Ir, and 

Pd supported on carbon electrocatalysts in a PEMFC using H2 pump mode and RDE mode and 
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found a decreasing trend in the catalytic activity as pH increases. It was also found that Volmer 

step was the rate determining step for all the noble metals and the H2 binding plays a vital role in 

the HOR in alkaline media.[11]  

 

Presence of impurities such as CO or any other oxidizable fuels that can generate CO in 

the H2 fuel source can significantly affect the long-term catalytic activity of Pt catalyst. CO gets 

adsorbed onto the Pt and can significantly reduce the availability of metal sites for the desired 

transformation of H2 to electrons and protons. Several experimental and computational 

experiments have found that the use of bifunctional catalysts, including alloys of Pt and Ru or 

other related metals, is effective in reducing the CO oxidation overpotential, thus easing its 

removal. [12] 

 

In PEMFCs gas crossover is another major unavoidable issue. Permeation of gases from 

one electrode to another through the membrane is called as gas crossover. Both fuel (H2 gas) and 

the oxidant (O2, N2 gases in air) undergo crossover, but H2 gas crossover is considered as a serious 

problem since the oxidant crossover occurs at a very slow rate. Schematic representation of H2 

crossover is as shown in Figure-3 where H2 gas passes through the anode GDL, anode catalyst 

layer, the membrane, cathode GDL, and cathode catalyst layer. As the H2 gas passes through each 

layer its concentration gets reduced simultaneously as depicted by the red arrow in the Figure-3. 

The overall resistance to H2 diffusion will be the sum of the resistance for H2 diffusion through 

each layer. H2 permeation pathways through the PEM are shown in Figure-4 where H2 diffuses 

through a solid catalyst layer or through the pores in the catalyst layer or by both ways. H2 

crossover or H2 bleed causes a degradation in fuel cell performance, efficiency and durability due 
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to the parasitic hydrogen consumption and mixed potentials on the cathode electrode. In addition, 

it causes a series of problems such as fuel cell open circuit voltage (OCV) reduction, membrane 

degradation due to the attack of H2O2 radical attack, catalyst degradation, and pinhole formation 

which further enhances the crossover rate.[13][14]  

 

The major driving force for the H2 crossover is the hydrogen concentration gradient across 

the membrane. It was demonstrated both experimentally and theoretically that the H2 gas crossover 

rate depends majorly on the temperature (T), backpressure (PH2
) relative humidity (RH), and 

membrane thickness (t). As T increases, there will be greater molecular movement and an increase 

in the flexibility of the membrane, resulting in an increased H2 crossover rate. As RH increases, 

the intermolecular distance between the polymer chains increases, leading to have high enough 

space for the H2 molecules to escape freely from one electrode to another. As the H2 pressure 

increases, the H2 partial pressure also increases, resulting in an increased cross over rate. As the 

membrane becomes thinner, the H2 crossover become easier [15][16][17][18][19][20]. Thus, the 

H2 bleed onto the cathode causes an increase in potential exceeding the thermodynamic potential 

and substantially leads to the degradation in the fuel cell performance by triggering the carbon 

corrosion.  
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Figure 3: Schematic diagram of hydrogen cross over through the MEA in PEMFC 

 

 

 

Figure 4: H2 gas permeation pathways through a) the solid phase b) the pores, and c) the mixed pathway in a dry and 

wet PEM (solid polymer in gray, water in blue, H2 pathways in red)[20] 
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1.4 Cathodic Reaction and Cathode Catalysts 

 

ORR takes place at the cathode of the fuel cell. It is one of the most important reactions in 

energy conversion systems like fuel cells and in metal-air batteries and it has become a subject of 

intensive research over the last century. The products of this reaction depend whether the reaction 

took place in acidic media or in alkaline media. ORR occurs mainly in 2 different pathways in 

aqueous solutions: either in a direct four- electron pathway or in a two-electron pathway. In 

alkaline media, during a direct four- electron pathway O2 converts completely to OH- ions as 

shown in Eq (14) and in a two- electron pathway O2 gets reduced to OH- and peroxide ion HO2- as 

shown in Eq (15). The HO2- ion further reduces to OH- either through electrochemical reduction 

reaction or by chemical disproportionation reaction.  

 

In the PEMFC, the polymer electrolyte membrane is usually made up of Nafion and it has 

the sulfonic and fluorinated groups making it more suitable for acidic media. Hence the PEMFC 

works in acidic environment efficiently. In acidic media, during a direct four- electron pathway O2 

converts directly to H2O as shown in Eq (10) and in a two- electron pathway O2 converts to 

Hydrogen Peroxide (H2O2) as shown in Eq (11). [21] However, the H2O2 generated in the 2-

electron pathway leads to a low energy conversion efficiency due to its corrosive nature and strong 

bonding with the electrocatalyst, but also generates reactive intermediates that can further convert 

to harmful free radicals. It also blocks the active sites of the electrocatalyst and often affects the 

membrane stability.[22] Hence it further reduces to water or it decomposes through chemical 

disproportionation reaction.  
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ORR mechanism is quite complicated, and all these reactions involve multiple 

intermediates depending on the catalysts, electrode and electrolyte used. Among the 2 possible 

pathways, the four-electron pathway is the most preferable process, but the kinetics of this reaction 

are much slower because of the strong double bond in O2 molecule that needs to be broken during 

the reaction.  

In acidic media: 

Direct four-electron reduction: 

O2 + 4H+ + 4e− → 2H2O  E0 vs RHE = 1.229 V  Eq (10) 

Indirect two-electron reduction: 

O2 + 2H+ + 2e− → H2O2  E0 vs RHE = 0.680 V   Eq (11) 

Hydrogen Peroxide Reduction: 

H2O2 + 2H+ + 2e− → 2H2O  E0 vs RHE = 1.776V   Eq (12) 

Chemical disproportionation reaction: 

2H2O2 → 2H2O + O2       Eq (13) 

 

In alkaline media: 

Direct four-electron reduction: 

O2 + 2H2O + 4e− → 4OH-  E0 vs RHE = 0.401 V  Eq (14) 

Indirect two-electron reduction: 

O2 + H2O + 2e− → HO2- + OH- E0 vs RHE = -0.076 V  Eq (15) 

Hydrogen Peroxide Reduction: 

HO2- + H2O + 2e− → 3OH-  E0 vs RHE = 0.878 V  Eq (16) 

Chemical disproportionation reaction: 
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2HO2- → 2OH- + O2       Eq (17) 

  

ORR is considered as a sluggish reaction because of its slow kinetics due to the high 

reduction overpotential. This leads to one of the major voltage losses in the performance of 

PEMFC and one of the most limiting factors of its energy efficiency. There is a tremendous 

increase in the research and development of more suitable electrocatalysts for this reaction. ORR 

catalysts can be broadly classified into 3 groups such as platinum group metal (PGMs) catalysts, 

PGM-free catalysts, metal-free catalysts.  

 

Pt is one of the most efficient catalyst for speeding up the reactions in PEMFCs because 

among all the metal catalysts, Pt presents the closest optimal binding energy towards the oxygen 

reaction intermediates (among all elements, it does bind the OH intermediates ca. 0.1 – 0.2 eV too 

strongly) and it is highly active, stable and durable under acidic conditions. In commercial Pt/C 

catalyst, the Pt contents were 10 - 60 wt% and Pt loadings was about 0.4 ~ 0.8 mgpt/cm2. As per 

DOE 2020 target, the loading must be ~0.125 mgpt/cm2 for the practical commercialization. Also 

as per DOE’s 2018 report, about ~40% of the cost of PEMFC stack is because of the Pt catalyst 

layers basing on the projected cost for large scale PEMFC stack production.[23] Significant 

amounts of Pt are needed for both HOR at the anode catalyst layer and especially ORR at the 

cathode catalyst layers. Because of its scarcity and high prices, usage of Pt as such, as an 

electrocatalyst would increase the overall cost of the FCs.[24]  

 

Several efforts are going on to reduce the amount of Pt usage by improving the Pt utilization 

in the catalyst layers and this can be achieved in multiple ways.  
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• One way is by increasing the surface area by reducing the Pt particle size. This is one 

of the most easy and efficient way to reduce the Pt usage but the major issue with this 

technique is Pt nanoparticles undergo severe aggregation due to their high surface 

energy. 

• Another way to enhance the performance and to reduce the Pt consumption is by 

alloying Pt with other inexpensive metals. 

• Other way to improve the performance of the electrocatalyst is by depositing them onto 

a supporting material to improve the surface area and to prevent the agglomeration. 

Several support materials such as high surface area carbons, metal oxides, nitrides, 

carbides and so on are being used in the past. [25][26][27] 

 

Among them, carbon-based materials provide high active surface, good electrical 

conductivity but they undergo corrosion when they are subjected to harsh environments and to 

high potentials which will be explained in detail in the next section. Transition metal carbides 

(TMCs) and nitrides (TMNs) were also used as support materials because of their high electrical 

conductivities, high surface areas, good mechanical and chemical stability for Pt catalysts. But the 

major drawbacks for TMCs and TMNs is that both carbides and nitrides are unstable in aqueous 

media. These materials get oxidized in aqueous electrolytes and forms oxide layers on the surface 

making them more inert and less conductive.[28][29][30] Instead transition metal oxides (MOx) 

have several advantages as support materials because of their high stability and inertness to 

oxidative conditions. Importance and advantages of the metal oxides will be discussed in detail in 

the coming sections.          
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Alloying Pt with 3d-transition metals such as Cr, Fe, Co, Ni, and Cu enhances the 

electrocatalytic performance of the PEMFC.[31][32][33][34][35] The improved activity is due to 

the strain and ligand effects. The combination of the compressive strain in the Pt top layers of the 

nanostructure caused by the smaller transition metal atoms in the sub-layers and core (strain 

effect), and hybridization of the d-states of the Pt surface atoms with transition metal atoms (ligand 

effect) results in the unique electronic properties of the Pt-skin surfaces. [36][37][38][39] The 

essence of the enhancement can be attributed to the downshifted d-band center of the Pt-enriched 

layer on the extended Pt-X surface which result in a weaker adsorption of the OH intermediates. 

[40][41] However, due to the high electrochemical potentials at the cathode, it was found that the 

alloys are not very stable, and they suffer from partial dissolution of the less noble metals i.e., de-

alloying, morphological changes, etc. Several efforts are going on to improve their electrochemical 

stability along with their performances. 

 

Transition metal-based Metal-Nitrogen-Carbon (M-N-C) materials (M= Fe, Co, Ni, Cu, 

Mn and so on) have gained increasing attention due to their promising catalytic activity towards 

the ORR as PGM-free catalyst materials. These materials can include pyrolyzed and non-

pyrolyzed transition metal nitrogen-containing complexes, conductive polymer-based catalysts, 

transition metal chalcogenides, metal oxides/carbides/nitrides/oxynitrides/carbonitrides, and 

enzymatic compounds.[42] As the metals in these catalysts are abundant, inexpensive and can be 

synthesized using different techniques in many ways. But the catalytic activity of these M-N-C 

catalyst is much lower compared to that of the Pt/C and Pt-alloy/C catalysts. The M-N-C catalysts 

undergo decomposition in acidic environment leading to cause the stability issues for the catalysts. 

Hence using PGM-free catalysts decreases the durability and stability of the PEMFC.  
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Other than PGM and PGM-free catalysts, a new class of metal-free ORR catalysts based 

on carbon nanomaterials have been recently developed as alternative ORR catalysts, which could 

reduce the cost and improve the efficiency of the fuel cells.[43] It was also found that there was 

an improvement in the catalytic performance by doping these materials with Nitrogen (N). N 

doping creates a net positive charge on the adjacent carbon atoms and changes the O2 

chemisorption mode to readily attract the electrons from the anode for facilitating the ORR.[44] 

The major issue with the metal-free catalysts, is that their performance is very low in acidic 

environment and the carbon materials face corrosion problems at high potentials. 

 

1.5 Corrosion, Durability and Aging 

 

Although great progress has been made over the last several decades in the development 

of PEMFCs, several technical challenges need to be overcome for wide-scale commercialization 

of this technology. The major technical issues that need a high priority fixation are the corrosion, 

aging, and durability problems. As per DOE reports, membrane deterioration, loss of catalyst 

surface area and carbon corrosion are the major factors contributing towards the performance 

degradation. Membrane degradation is due to the mechanical and chemical stresses. Mechanical 

stresses are due to the swelling and shrinkage of the membrane because of the humidity changes 

inside the cell while chemical stress is due to the impurities in the fuel and in the oxidant and also 

due to the formation of H2O2 and the radicals •OH, •OOH which attacks the membrane structure 

and deteriorates it. [45]  
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Loss of catalyst surface area and the carbon corrosion are interrelated and key contributors 

for the performance degradation and durability issues for low-temperature fuel cells under high 

potential conditions.[46] Carbon oxidation reaction is thermodynamically feasible at 0.2 V vs. 

RHE, but this reaction occurs at a very low rate because of its slow kinetics. Under harsh operating 

conditions like high potential differences (~1.5V vs. RHE) especially during start and shut-off 

cycles, high temperature, acidic pH, presence of water and oxygen, local hydrogen starvation at 

the anode, formation, and spilling of transient species onto the support such as •OH, •OOH radicals 

from the Pt surface, carbon undergoes oxidation and forms CO2 at much faster rate with 

irreversible C loss.[47][48][49][50][51] Carbon corrosion causes catalyst separation and 

agglomeration and structural and chemical changes. It also reduces the overall FC performance 

due to the decreased surface area, electrical conductivity, and increased hydrophilicity of the whole 

cathode catalyst. Besides, Pt catalysts enhance the rate of carbon corrosion in a potential window 

of 0.6-1.0 V vs RHE along with the start-up and shut-off potentials. [52] Electrochemical carbon 

corrosion occurs when the carbon content in the support materials reacts with the water and forms 

CO2 as the ultimate product (with multiple intermediates), as shown in Eq (18).  

 

C + 2H2O → CO2 + 4H+ + 4e-, E0 vs RHE = 0.207 V  Eq (18) 

 

Carbon oxidation is known to be strongly dependent on the carbon morphology and 

functional groups on its surface. Morphology changes from highly-stable graphitic content to less-

stable amorphous structure and the surface could have covalently bonded atoms leading to form a 

variety of functional groups such as phenols, carbonyls, ethers, quinines, carboxylic acids and so 

on.[53][54] Carbon corrosion also leads to the agglomeration and detachment of platinum 
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nanoparticles from the carbon support due to the destruction of the catalyst pore structure, 

electrode thinning, and the loss of hydrophobic character. Due to the increased surface 

hydrophilicity, it causes condensed phase mass transfer limitation due to the water retention within 

the catalyst pores. 

 

Durability of the PEMFC is the ability of an individual or stack of cells to resist permanent 

change in performance over time. The durability of the PEMFC depends majorly on the 

electrocatalyst, electrolyte and the membrane and their interfaces, which again further depends on 

the low pH, severe oxidizing/reducing conditions, excess/insufficient hydration, temperature 

excursions, and high electrochemical potentials during its operation. [55][56][57] Durability decay 

does not cause immediate failure but it decreases the performance slowly and irreversibly, which 

issue is related to ageing. As per 2020 DOE targets, the durability of the MEAs is expected to 

endure for > 60,000 and 5000 hours for stationary and portable applications respectively, with low 

degradation rates. Long-term durability studies have revealed that Pt catalysts supported on 

carbonaceous materials undergoes degradation in PEMFC environment due to some physical and 

chemical aging effects. The instability of the Pt nanoparticles can be explained by various 

mechanisms such as Oswald ripening, particle migration and coalescence, detachment and 

dissolution, and precipitation in the ion conductor, as shown in Figure-5 below.[58][59][60]  
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Figure 5: Proposed mechanisms for instability of Pt nanoparticles in low- temperature fuel cells a) Ostwald ripening; 

b) particle migration and coalescence; c) detachment from the carbon support; d) dissolution and precipitation of Pt 

in the ionomer and membrane [58] 

 

Particle growth via Oswald ripening and agglomeration are directly and strongly linked to 

the process of Pt dissolution. During Oswald ripening the small Pt particles of the electrocatalyst 

undergoes dissolution and the dissolved Pt species diffuses through the ionomer and redeposits 

onto the large particles, resulting in the growth of large particles. The migration of the species 

from smaller particles to larger particles is due to the difference in surface free energies and the 

local adatom concentrations on the support surfaces.[61][62]  
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Crystal migration involves Brownian motion for nanoparticles, which undergoes 

coalescence when they come in the closer proximity to each other. Because of carbon corrosion, 

Pt nanoparticles get detached from the carbon support resulting in the loss of electrocatalytic 

activity of the whole catalyst. The detachment of Pt nanoparticles from the support is due to the 

weakening of the interactions between the Pt particles and the support (e.g. through degradation 

of the support). It also depends on the cell voltage, nature of the interaction between Pt and the 

support, degree of carbon graphitization.[63][64]  

 

When Pt nanoparticles undergo dissolution, it results in the loss of electrochemical surface 

area, particle growth and loss of Pt into the membrane.[64] Despite its noble character, Pt 

undergoes dissolution at pH values lower than 2 and potentials higher than 1.2 V vs. RHE 

according to its Pourbaix diagram at 25 °C.[65]  Thus, dissolved Pt undergoes reduction with the 

hydrogen permeating from the anode side and gets redeposited in the ionomer of the membrane. 

The Pt dissolution rate depends on various factors such as Pt particle size, pH, temperature and the 

operating potential.[66][67][68][58] Similarly during the absence of H2 gas at the anode chamber, 

Pt species gets transported across the membrane and got deposited over the anode side.[69][70] Pt 

is thermodynamically stable towards the dissolution in a large pH and potential window, but as 

per Pourbaix diagram it is susceptible to dissolution at 0.85 V vs. RHE at a pH of 2 or less at room 

temperature.[71] The Pt dissolution could occur in 2 possible ways: direct pathway or indirect 

pathway followed by a chemical dissolution as shown in the equations below. 

 

Direct Pathway: Pt → Pt2+ + 2e-,  E0 vs. RHE = 1.188 V            Eq (19) 

Indirect Pathway: Pt + H2O → PtO + 2H+ + 2e-, E0 vs. RHE = 0.980 V           Eq (20) 
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Chemical Dissolution: PtO + 2H+ → Pt2+ + H2O + 2e-              Eq (21) 

 

In the direct pathway, Pt dissolves directly to Pt2+ ions while in the indirect pathway, Pt 

forms Pt oxides which gets reduced to Pt2+ ions through chemical dissolution.[72] It was found 

that, Pt dissolution majorly depends on the particle sizes and the oxide coverage and the dissolution 

rate increases with decreasing particle sizes because of the Gibbs-Thomson effect.[73]  Small size 

particles dissolve by direct electro-oxidation of the metallic Pt to Pt2+ ions while the bulk Pt 

dissolves through its oxides.[74] 

 

1.6 Carbon Supports and their Downsides 

 

The cathode catalyst activity, stability, support durability, and the overall cost are the 

significant factors that are hindering the commercialization of the PEMFC technology. The 

performance of the fuel cell depends not only on the electrocatalysts but also on the support 

materials used. A good support material should provide high surface area, good electrical 

conductivity and more anchoring sites for the attachment of catalyst nanoparticles. Researchers 

have reported several carbon-based support materials such as carbon black (CB), carbon nanotubes 

(CNTs), carbon nano fibers (CNFs), graphene and so on for anchoring the catalyst nanoparticles.  

 

CB is the commonly used support material for Pt and Pt-alloy nanoparticles due to its low 

cost, high availability, good electrical conductivity, and relatively high surface area. The major 

issues to deal with CB are the significant mass transportation limitations and electrochemical 

oxidation.[46][75] Mass transport losses are induced by the dense structure of CB which affects 
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the interaction between Nafion polymer and the catalyst nanoparticles and also restricts the 

formation of three-phase boundaries between, the gas, electrolyte and the electrocatalyst. CB is 

susceptible to severe electrochemical oxidation or corrosion and results in the formation of surface 

oxides which further converts to CO2 gas under harsh operating conditions.  

 

And for this reason, there is a necessity for more robust support materials. The major 

requirements for the support materials is that they must have high surface area for high metal 

dispersion, high electrical conductivity, suitable porosity, good stability and durability under FC 

operating conditions. Nanostructured carbon materials have drawn a great deal of attention as 

catalyst support materials due to their exceptional structural, mechanical and electrical properties. 

As it is well known that, nanostructured materials behave differently from the bulk materials in 

terms of physical, chemical, electrochemical and electronic properties.[46] CNTs, CNFs, 

Graphene and so on play a vital role as nanostructured support materials for the catalysts in 

electrochemical reactions. 

 

CNTs are one of the carbon allotropes with cylindrical structure and can be classified into 

2 types: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes 

(MWCNTs). CNTs have comparatively better conductivities, corrosion resistance and good 

electrochemical and mechanical properties than CB. The major issue to use CNTs as support 

materials is that it has only few binding sites for anchoring Pt nanoparticles because of its high 

curvature and chemically inertness. Because of it, achieving high dispersion of the catalyst 

nanoparticles on their surface is impossible. Several attempts have been made to modify the 

surface of these materials to make them more hydrophilic and to improve the catalyst-support 
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interactions. One of which is oxidizing the surface of the CNTs in strong acid environment (H2SO4 

and HNO3 mixtures) to introduce surface functional groups (such as COOH and OH groups) to 

facilitate the metal-nucleation sites but this attempt resulted in compensating the durability of the 

electrocatalyst.[76] Another method for enhancing the Pt nanoparticles adhesion is wrapping the 

CNTs with thin polymer layers such as polypyrrole, polydiallyldimethylammonium chloride, 

polybenzimidazole, polyaniline, polyallylamine hydrochloride and so on for providing the 

nucleation sites for Pt particles.[77][78][79]  

 

Unlike CNTs, CNFs are long, thin cylindrical fibers with no or very small cavity in the 

middle with lengths ranging from few nanometers to millimeters range. CNFs also have excellent 

mechanical, electrical and thermal properties. They can be classified into 3 types basing on their 

orientation with respect to the growth axis: ribbon-like CNFs, platelet-like CNFs and fishbone or 

herringbone-like CNFs. Among these 3 types, fishbone structure CNFs have higher durability and 

catalytic activity due to their intermittent features between ribbon and platelet types.[80] Unlike 

CNTs, where  predominant basal planes are exposed, only edge planes are exposed for CNFs 

which provides the anchoring sites for metal deposition. The major drawbacks for CNFs is similar 

to CNTs, CNFs are also relatively inert making it a necessity to modify their surface functional 

groups for Pt deposition. Thus, the synthesis procedures and the Pt deposition methods could affect 

the Pt dispersion and the catalytic activity for the fuel cells. [81][82] 

 

Graphene is another allotrope of carbon with 2D sheet structure with C atoms chemically 

bonded in the hexagonal pattern. Among all the carbon supports, graphene is the most ideal support 

material for Pt catalysts because of its high surface area, good electrical conductivity, good 
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electrochemical stability and high dispersity of the catalyst materials due to its sheet like planar 

structures. The major issues concerning graphene are the strong tendency of the graphene layers 

to agglomerate in water, poor dispersion in solvents, restacking of the layers due to van der Waals 

forces, agglomeration of Pt nanoparticles on the graphene surface.[83] To improve the surface 

functionalities and the stability of the graphene, it can be modified either by doping it with 

heteroatom species like N, P, S, Se or B or by chemical functionalization like sulfonated graphene, 

metal oxide functionalized graphene, metal pthalocyanine functionalized graphene and so 

on.[84][85][86][87][88] By doping graphene with heteroatoms both physical and electrochemical 

properties such as mechanical strength, electrical conductivity and free-charge carrier densities 

can be tuned. It also improves the Pt nanoparticles dispersion and surface adsorption, by providing 

higher wettability and additional surface structural defect sites and thereby the improves the 

catalytic activity.[89] In contrast to doping, functionalization does not involve any substituted 

impurities into the graphene structure resulting in the disrupted framework of the graphene. It 

incorporates the impurities through covalent and physical bonding, and it can be prepared by using 

any organic solvents or compounds using ultrasonication or centrifugation.  

 

 The nanostructured carbon materials (CNTs, CNF, Graphene and so on) with high graphitic 

content  showed a several-fold lower intrinsic corrosion rate, but none of the C materials have been 

able to completely prevent the carbon oxidation during the extended operation and cycling instead 

they only reduced the rate of the degradation.[90][91] 
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1.7 Metal Oxide Supports, their Advantages and Implications 

 

The inertness of metal oxide (MOx) materials such as TiO2, WO3, NbO2, MnO2, SnO2 and 

so on makes them as very attractive support materials for applications in relatively strong oxidative 

conditions such as a cathode in a PEMFC. Pt supported on metal oxides (MOx) materials are 

reported to have improved the corrosion resistance for ORR compared to the carbon supported 

catalysts. On the contrary to carbon supports most of these MOx have very low conductivity i.e., 

the bandgap of these materials is similar to that of wide bandgap semiconductors and insulators. 

Several approaches have been exploited to improve the conductivity of these MOx by combining 

them with various conductive materials like metal nanoparticles, carbon-based materials and 

conductive polymers. Conductivity of these materials can also be improved by making atomic 

level modifications such as doping the oxides with other cations or by introducing oxygen 

vacancies. Usage of dopants would be an efficient way to enhance the conductivity of these metal 

oxides so doping the MOx with pentavalent metal atoms like Ta, Nb, W, Mo would improve their 

conductivity by few orders of magnitude by creating sub-stoichiometric metal oxides. The dopant 

not only increases the electrical conductivity of MOx but also modifies the Pt nanoparticles fine 

structure, resulting in the enhancement of the ORR activity. 

 

Along with the conductivity issue, another major problem to deal with the metal oxide 

supports is their specific surface area which is typically much smaller compared to the 

carbonaceous materials. Because of their low surface area, the Pt nanoparticles dispersion on their 

surface is extremely low, hence resulting in low mass activity even though they have high specific 



  

28 

activities. Therefore, a new approach must be attempted in the synthesis of these oxide materials 

so that the MOx possess good conductivity and high surface area for high metal dispersion. 

 

However, the interaction between the metal and the support oxides (known as strong metal 

support interaction, SMSI) is of great importance in heterogeneous catalysis and in 

electrocatalysis. It mainly occurs at the interface between the metal and the support where they 

interact with one another, and it plays a vital role in determining the catalytic activity and stability. 

This interaction not only helps in transferring the electrons from the metal catalyst particles to the 

support either directly or by forming the intermediate phases but also plays an important role in 

interfacial and transport phenomena together with charge redistribution during metal-support 

interface formation. [92] The SMSI leads to three major effects, which includes the bifunctional 

effect, the electronic effect and the geometric effect as shown in Figure-6 below. The bifunctional 

effect is due to the presence of dual active sites i.e., on both catalysts and the support materials 

that enhances the catalytic activity. [92] The electronic effects are due to the changes in the 

electronic properties of the catalyst metals when they form strong interactions with the oxide 

supports while the geometric effects are due to the blockage of the active sites by a thin layer of 

reducible oxides on the catalyst surface. [93] The electronic effect can be categorized into 2 major 

types, similar to those observed for Pt-alloys: the ligand effect and the strain effect. The ligand 

effect is due to the charge transfer between catalyst metals and other components in co-catalysts 

or supports, and the strain effect due to the lattice strain caused by the difference in atomic radius 

or the interaction with heterogeneous atoms as explained before. [39] The geometric effect reduces 

the active sites of the Pt catalyst and there by reduces the performance for ORR. It could be due to 
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the formation of MOx at the Pt/MOx interface that gets transported across the Pt surface or due to 

the reduction of MOx to form Pt/M alloy followed by surface segregation and oxidation. [94][95] 

 

 

 

Figure 6: Strong Metal Support Interaction (SMSI) Effects a) Bifunctional Effect, b & c) Electronic Effect aka Ligand 

and Strain Effects, and d) Geometric Effect 

In this work we explore the activity and stability of the ORR catalysts made platinum 

catalyst supported on a variety of metal-oxides supports with the M-TiO2 stoichiometry (M = Ta, 

Nb, and Ru). Among all the non-carbonaceous and inorganic oxide materials TiO2 has wide range 

of applications such as in photocatalysis, lithium-ion batteries, supercapacitors, paints, cosmetics 

and in bio-medical applications. TiO2 possesses good mechanical and corrosion resistance, 

electrochemical stability in acidic and oxidative environments making it as an excellent catalyst 

support in fuel cells. In addition to that, TiO2 is cost-effective, non-toxic and easily available. 

Basing on the different crystallographic forms, TiO2 exists in 3 different phases that includes rutile, 

anatase and brookite phases. However, its low electrical conductivity prevents its use in fuel cell 
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applications. Consequently, for the enhancement of the electrical conductivity of TiO2, it will be 

doped with pentavalent metal element (Ta, Nb, and Ru) having d-electron configuration suitable 

for catalysis.  

 

As an alternative catalyst materials Sb doped SnO2 will also be studied thoroughly. As the 

Pourbiax diagram and the earlier experimental studies have shown that SnO2 in its highest 

oxidation state is redox inactive under the PEMFC operating conditions of potentials and pH. 

[65][96] In general, SnO2 is an oxygen-deficient n-type semiconductor with a band gap of ~3.6 eV 

and electrical conductivity in the range of 0.1-10-6 S cm-1 depending on the temperature and 

stoichiometry of the oxide. Because of its semi-conductor nature, SnO2 has various applications in 

heterogenous catalysis, photo catalysis, optoelectronics, and in various sensing applications (gas, 

humidity, smoke sensors). The specific catalytic activity of the SnO2 based catalysts is because of 

the synergistic effect between the support and active phase.        

 

Several studies have been made on MOx supports. In one study made by Ozouf et al, the 

durability of Pt nanoparticles deposited Sb-SnO2 aerogel was compared with the Pt/high surface 

area carbon (HSAC) in 0.1 M H2SO4 at 80 C by cycling it up for 5000 cycles in a potential window 

of 1.0 - 1.5V vs. RHE. They concluded that Pt/Sb-SnO2 was more stable than Pt/HSAC and the 

mass activity of Pt/HSAC was reduced by 50% to the initial value while the mass activity of Pt/Sb-

SnO2 was increased by 25% of its initial value. [97] 

 

In a comparison study made by Cognard et. al., on Pt NP deposited 10 at% Sb doped SnO2, 

Vulcan XC72 and undoped SnO2 towards ORR activity it was found that Pt/Sb-SnO2 showed 2-
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fold enhancement in specific activity for the ORR compared to the reference Pt/Vulcan XC72.  

Also, during the startup/ shutdown AST performed in RDE set-up Pt/Sb-SnO2 was more resistant 

to corrosion. However, during post-aging tests, a reduced catalytic activity of Pt/Sb-SnO2 was 

observed due to the depletion of Sb atom from the Sb-SnO2 surface. [98]  

Another follow-up study made by Cognard et al., where they compared Pt/Nb-SnO2 and 

Pt/Sb-SnO2 performances found that the electrical conductivity of the supports strongly impacts 

their electrochemical performance. They also found that Sn and Sb atoms undergo dissolution and 

block the Pt catalytic sites by adsorbing onto the Pt surface. This spillover gets accelerated when 

they cell was operated at low electrode potentials while at high potentials Sb atoms gets stripped 

from Pt surface and then gets dissolved in the electrolyte. [99]  

 

In another such study made by Dubau et. al., they compared the effects of the nature of the 

dopants on PEMFC stability and durability. By comparing Pt Nps deposited on Sb-SnO2 and Nb-

TiO2 it was found that Pt/Sb-SnO2 showed greater performance compared to Pt/Nb-TiO2 because 

of the higher electrical conductivity of the Sb-SnO2 support. They also found that Sb dopant in the 

cathode is more prone to dissolution than Nb under PEMFC harsh operating conditions. [100]  

 

Cognard et. al., compared Pt deposited Nb doped SnO2 of two different morphologies and 

undoped SnO2. It was found that the specific surface area of the support strongly influences the 

mass fraction of deposited Pt Nps, while the electrical conductivity of the supports determines the 

electrochemical active surface area and the catalytic activity of Pt Nps for ORR. [101] 
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Takasaki et al., compared different doped (Sb, Nb, and Al) SnO2 supports with undoped 

SnO2 and Vulcan XC-72. They found that doping SnO2 with Nb and Sb improved the ECSA and 

ORR activity of Pt electrocatalysts due to improved electrical conductivity while doping with Al 

reduced the electrical conductivity and thereby a decrease in both ECSA and ORR activity. When 

a durability test of 60K cycles was performed in a RRDE set-up using 0.1 M HClO4 electrolyte at 

room temperature in a voltage range of 0.9-1.3 V vs. RHE, the ECSA of Pt/Vulcan XC-72 reduced 

drastically after 10K cycles while in case Sb and Nb doped SnO2, the performance increased in 

the beginning and they exhibited a gradual decrease in ECSA. But in case of Pt/SnO2, a stable 

ECSA was maintained over the severe voltage cycling with almost no degradation. It was 

concluded that the ECSA loss of doped SnO2 supports was mainly due to Pt dissolution. [102] 

  

Takabatake et al., compared 6 different metal oxide supports namely MoO3, SnO2, Nb2O5, 

Ta2O5, TiO2, and WO3 in order to develop thermodynamically stable, carbon-free Pt electrocatalyst 

supports for PEMFCs. Electrochemical durability of all these catalysts was investigated in an RDE 

set-up using 0.1 M HClO4 electrolyte at room temperature using start-stop accelerated degradation 

protocol (a triangular potential wave, cycling between 1.0-1.5 V vs. RHE, with 2s per cycle, at 25 

°C) and load cycling protocol (a square potential wave, cycling between 0.6-1.0 V vs. RHE, with 

6s per cycle, at 25 °C). It was concluded by saying that Pt/SnO2 was found to be more stable 

support in terms of electrochemical activity and against dissolution while the other oxide supports 

are stable, but their electrochemical performance need to be improved. [103] 

 

Tsukatsune et. al., used SnO2 and Nb-SnO2 as alternative electrocatalyst supports for 

PEMFCs and he studied the effect of support surface area, Pt loading, and Pt Np size on the 



  

33 

performance. They found that using of Pt(acac)2 precursor lead to smaller Pt particle size in 

comparison with the H2PtCl6 precursor and it improved the specific activity of the catalyst by 

avoiding the Cl- poisoning. They showed that reducing the Pt loading lead to an improved ECSA 

but resulted in decreased specific activity. They made a conclusion stating that to obtain high ORR 

activity metal oxide supports need to have i) high surface area, ii) high electrical conductivity, and 

iii) no impurities. [104]  

 

In a study done by Kanda et. al., the electrical conductivity of the metal oxide (Pt/Nb-SnO2) 

supported Pt Nps was improved by using additional fillers such as vapor-grown carbon fibers 

(VGCF). This resulted in an improved performance and the resulting I-V characteristics were 

comparable with the conventional Pt/C performance. During the durability test of 60,000 startup-

shutdown cycling in the voltage range of 1.0-1.5 V vs. RHE, Pt/Nb-SnO2 + VGCF retained 99% 

of the initial cell voltage. The authors believe that the durability could be due to i) the high 

resistance of highly crystalline carbon fillers against carbon corrosion, ii) Pt supported on Nb-

SnO2 rather than on carbon fibers resulting in no Pt agglomeration due to carbon corrosion, and 

iii) improved electrical conductivity of the metal oxide electrocatalyst due to the carbon filler and 

resulting in reduced ohmic losses and improved Pt utilization. [105]  

 

As a continuation to the previous work, bimetallic Pt-alloys (Pt-Ni and Pt-Co) were 

deposited onto Nb-SnO2 with the additional vapor grown carbon fiber (VGCF) filler. Pt3Co/Nb-

SnO2/VGCF showed better performance and improved durability in both start-stop cycling and 

high load cycling compared to the conventional Pt/C in both half-cell and in MEA. The degradation 

in performance in both start-stop cycling and in load cycling is because of the increased activation 
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overvoltage and the concentration overvoltage. They believe that the carbon corrosion on these 

electrocatalysts was suppressed due to the selective dispersion of Pt on Nb-SnO2 rather than on 

VGCF. [106]  

 

Kumar et. al., compared Pt deposited Ta0.3Ti0.7O2 with in-house prepared 20wt% Pt/C and 

commercial state-of-art 46% Pt/C TKK electrocatalyst. Ta0.3Ti0.7O2 exhibited an order of 

magnitude higher electrochemical stability than the benchmark carbon material during 10,000 

startup/shutdown cycling done in an RDE set-up (1.0-1.5 V vs. RHE; 500 mVs-1 scan rate; 0.1M 

HClO4 at 25°C). 20wt% Pt/Ta0.3Ti0.7O2 demonstrated greater electrochemical stability than Pt/C 

catalysts when tested using 10,000 load cycling done in RDE set-up (0.6-0.95 V vs. RHE; dwell 

time of 3 s; 0.1M HClO4 at 25°C). It showed only 35% loss in ECSA while the carbon supported 

catalysts showed 44-47% loss. However, the mass activity of Pt/Ta0.3Ti0.7O2 is much smaller in 

comparison with 46% Pt/C. The authors concluded the article saying that with further optimization 

Ta0.3Ti0.7O2 is an excellent corrosion-resistant support and a viable alternative to carbon. [107]  

 

Kumar et. al., as a continuation to his previous work, tested the successfully synthesized 

Pt/Ta0.3Ti0.7O2 along with in-house prepared 20wt% Pt/C and commercial state-of-art 46% Pt/C 

TKK electrocatalysts in MEA. Pt/Ta0.3Ti0.7O2 showed an order of magnitude higher stability than 

the benchmark carbon supports during 10,000 support stability AST cycles. During load cycling, 

Pt underwent dissolution in all the catalysts, but the dissolution is lower on Pt/Ta0.3Ti0.7O2 when 

compared with Pt/C catalysts which could be due to the SMSI between the Ta0.3Ti0.7O2 and Pt as 

confirmed by XANES. Even though Pt/Ta0.3Ti0.7O2 showed lower performance than 46% Pt/C 
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TKK initially, authors believe that Pt/Ta0.3Ti0.7O2 would be a viable candidate for automotive fuel 

cell stacks due to its superior durability as a result of highly stable support. [108][109]  

 

Studies done by Kumar et. al. and Lo et. al., they compared the performance of Pt deposited 

mixed oxide of RuO2-SiO2, Ta doped TiO2, Mo doped TiO2 with commercial Pt/C in PEMFC. 

RuO2-SiO2 displayed high electrochemical stability during 10,000 startup/shutdown cycling in an 

RDE setup (0.1M HClO4, room temperature) with only 10% change in its double layer capacitance 

when compared with the C support. However, Pt/RuO2-SiO2 showed lower activity in a fuel cell 

compared to the commercial Pt/C mainly due to ohmic resistance and mass transportation losses 

however, its performance is better than Pt/Ta0.1Ti0.9O2 and Pt/Mo0.3Ti0.7O2. Authors concluded that 

the lower specific and mass activities were due to the larger Pt size and the performance can further 

be improved by optimizing the Pt particle size and binder to support ratio. [110][111][112]   

 

Lo et. al., compared the electrocatalytic performance of Pt/RuO2, Pt/RuxTi1-xO2 and 

Commercial Pt/C. RuxTi1-xO2 showed higher electrical conductivity and surface area compared to 

RuO2. The conductivity of RuxTi1-xO2 increased by increasing the Ru content. RuxTi1-xO2 and 

Pt/RuxTi1-xO2 were electrochemically stable compared to commercial Pt/C when cycled between 

0-1.8 V for 1000 cycles. However, the electrochemical activity of Pt/RuxTi1-xO2 is lower than 

benchmark Pt/C due to limited ECSA. Authors concluded the article saying that RuxTi1-xO2 could 

be a promising material as a stable support for PEMFC with increased specific surface area. [113]  

 

Lo et. al., compared the performance of Pt/anhydrous TiO2-RuO2 powder with Pt/Vulcan 

XC-72R and it exhibited exceptional electrochemical stability (10-fold higher) when tested using 
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10,000 startup/shutdown AST cycling. The electrical conductivity of TiO2-RuO2 is comparable to 

that of carbon, while the BET surface area is 2-6 times lower than that of carbon. During fuel cell 

testing, Pt/TiO2-RuO2 showed promising performance but slightly lower than Pt/C benchmark due 

to lower mass activity, ohmic and transportation losses. Authors believe that anhydrous TiO2-RuO2 

would be an excellent candidate for corrosion-resistant support due to its outstanding stability, 

electrical conductivity and promising electrocatalytic activity. [114] 

 

He et. al., illustrated the impact of synthesis route on the support physical properties and 

found that Nb-TiO2 produced through aerogel method exhibits excellent corrosion resistance, high 

electrical conductivity, surface area, and mass activity. When Pt/Nb-SnO2 was compared with 

commercial Pt/C catalyst, the mass activity of Pt/Nb-SnO2 is 21% higher than the Pt/C due to 

SMSI resulting from the favorable electronic structure of Nb-SnO2. When they applied a kinetic 

model to quantify the SMSI, they found that the rate constant for direct 4e- pathway was 

significantly larger in Pt/Nb-SnO2 than Pt/C. They concluded the article stating that by improving 

the conductivity of Nb-SnO2 and by optimizing the catalyst ink formulation, Pt/Nb-SnO2 could be 

a suitable replacement for commercial Pt/C. [115]  

 

He et. al., studied the effects of the Pt deposition process on the activity and durability of 

the Sb-SnO2 and compared the performance of Pt/Sb-SnO2 with commercial Pt/C. It was found 

that the Pt particle dispersion and particle size distribution play a vital role in determining the 

performance of non-carbon supported Pt catalysts. Pt dispersed using Atomic Layer Dispersion 

(ALD) (Pt/Sb-SnO2) displayed excellent stability in PEMFC during startup/shutdown cycling 

when compared with the benchmark Pt/C. However, Pt/Sb-SnO2 showed poor performance during 
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load cycling due to Sb dissolution and redeposition onto the Pt surface resulting in catalyst surface 

poisoning. The authors concluded stating that the control of Pt particle size and dispersion along 

with benign deposition methods are critical in developing the high-performance Pt/MOx catalysts. 

[116]  

 

In a study conducted by Fabbri et al., Pt deposited on model electrodes made of SnO2 films 

and porous catalysts system made of Sb-SnO2 have been investigated to understand the kinetics 

and the activity of Pt NPs supported on SnO2 supports. They found that SnO2 supports do not 

modify the ORR mechanism on Pt Np surface, but they enhance the specific activity of Pt/MOx 

catalysts compared to the Pt/C catalysts. The enhanced activity of Pt/Sb-SnO2 could be due to the 

different Pt NP morphology/ distribution or due to the modification of the Pt electronic structure 

due to the SMSI. [117]  

 

In another study made by Fabri et. al., high surface area Sb-SnO2 synthesized using 

modified sol-gel method was investigated to understand the bulk and surface properties of the 

metal oxide support as a function of the processing conditions. It was found that the surface, bulk 

composition and support processing times play a vital role in determining the corrosion resistance 

of Sb-SnO2 upon potential cycling in acidic media. Under harsh annealing or potential cycling 

conditions Sb ions tend to segregate to the SnO2 surface leading to Sb vaporization or dissolution. 

However, this phenomenon can be kinetically delayed by reducing the surface Sb ion 

concentration. By preventing the support corrosion, a superior stability of the Pt/Sb-SnO2 can be 

achieved. [118]  
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Rabis et. al., studied Pt Np deposited SnO2 thin films in acidic media both experimentally 

and by using first principle calculations. Two different films (SnO and SnO2) obtained by varying 

the deposition techniques were annealed and found that both films showed different growth 

directions. After annealing, preferential orientation along [110] was obtained for SnO2 films, while 

random oriented SnO2 films were obtained in case of SnO films. It was found that the ORR activity 

of Pt Nps depends on the SnO2 film orientation, a 2-fold enhanced activity was observed in case 

of randomly oriented SnO2 than SnO2 film grown along [110] orientation, indicating that the SMSI 

is strongly surface-dependent. [96]  

 

In a study made by Worsdale et. al., conductivity limits of extrinsically doped SnO2 

supports, they found that when SnO2 was doped with Ta, the electrical conductivity was higher 

when the doping was 1 at% and it decreases with increasing dopant concentration. They concluded 

that the extrinsic electrical conductivity of Ta doped SnO2 was limited due to 2 effects: (i) limited 

dopant solubility due to thermodynamic competition with ternary oxides, (ii) electron localization 

at the Ta center leading to collaborative Jahn-Teller distortions and a freezing out of donor state 

with increasing Ta concentration. [119]  

 

To understand the influence of support on the electrocatalytic behavior of Pt, a novel 

organometallic chemical deposition method was developed by Mohammed et. al., and Binninger 

et. al. This method helped in achieving homogenous distribution of small Pt Nps on the surface of 

support at very high Pt loadings with negligible agglomeration. It was reported that extraordinarily 

high mass-specific ECSA values of 100 m2g-1 were obtained by depositing Pt onto the pre-reduced 

Sb-SnO2 surface prior to deposition. It was also found that ORR activity and stability properties 
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of Pt/Sb-SnO2 catalysts were due to the interplay of Pt particle size effects, in-situ electrical 

conductivity of Sb-SnO2 support and negative metal support interactions. The negative metal 

support interactions could be due to the presence of preparation residuals that were found to poison 

the Pt surface at initial stages of the electrochemical characterizations. [120] 

 

1.8. Objectives of this Research 

 

The objectives of this research work are as follows:  

• DFT model is used to understand the stability, structural and electronic properties of MOx 

supports for Pt depositions and this knowledge will be used to design the MOx synthesis.  

• High surface area, low electrical resistance, highly interactive, and stable support Titanium 

dioxide and Antimony Oxide will be synthesized with proper dopants using sol-gel based 

aerogel and xerogel synthesis. 

• A thorough investigation of the physico-chemical properties of these metal oxide supports 

will be conducted using several characterization techniques. 

• Pt Nps and Pt- Ni alloy Nps will be synthesized using Microwave assisted modified polyol 

method and will be dispersed onto the MOx.  

• Thus, prepared Pt and Pt-Ni supported MOx based electrocatalysts will be tested for their 

ORR performance in both liquid and solid electrolytes.  

• ORR results of these different cathode catalysts will be summarized and benchmarked 

against Pt/C. 
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Chapter-2. Density Functional Theory 

Calculations 
 

  



  

41 

2.1 Design of Pt Catalyst support oxides using DFT Calculations 

 

TiO2 and SnO2 possess excellent mechanical resistance and stability in acidic and oxidative 

environments. However, the low electrical conductivity of these MOx prevents their use in fuel 

cell applications. Consequently, for the enhancement of the electrical conductivity of these oxide 

supports, TiO2 was doped with a pentavalent metal element (Ta, Nb, Mo, W, and Ru) while SnO2 

was doped with Sb, having d electron configuration suitable for catalysis. The dopant not only 

increased the electrical conductivity of these oxides but also modifies the Pt electronic structure, 

resulting in the enhancement of its ORR activity.  

 

2.2 Details of DFT calculations for M-TiO2 (M: Ta, Nb, Mo, W or Ru) 

 

Density Functional Theory (DFT) with Perdew-Burke-Ernzerhof exchange-correlation 

functional revised for solids (PBEsol) [121] and DFT with Hubbard U on-site Coulomb correction 

(DFT+U) were used to study the structural, electronic, and stability properties of TiO2 doped with 

4% Ta, Nb, W, Mo, and Ru. The value of the Hubbard parameter U = 4.2 for Ti atom reproduces 

well the band structure of TiO2 and the bandgap of 3.44 eV (Figure-7) calculated with hybrid 

Heyd- Scuseria- Ernzerhof functional (HSE06).[122] All the electronic structure calculations were 

performed using Vienna Ab initio Software Package (VASP)[123],[124],[125],[126] code with the 

projector augmented-wave pseudopotentials.[127],[128] The structures of the TiO2 doped with Ta, 

Nb, Mo, W or Ru were obtained by using 2 x 2 x 3 supercells of TiO2 in the rutile phase with the 

size of 9.12 x 9.12 x 5.86 Å and containing 24 Ti and 48 O atoms in which 1 Ti atom was randomly 

replaced by Ta, Nb, Mo, W or Ru. The structures were then optimized using PBEsol functional to 
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allow for the cell volume, cell shape, and atom/ion positions to change. After doping, the change 

in the electronic structure of TiO2 was studied using the PBE+U approach by calculating the band 

structure, which represents the allowed electronic energy levels of these materials and is used to 

inform their electrical properties.[129] To test the applied approach in its ability to describe the 

change in the electronic structure of TiO2 after doping, electronic density of states of doped rutile 

TiO2 were calculated and had shown to reproduce previous theoretical and experimental 

results.[122],[130] Electronic energies and density of states were calculated using PBE+U 

approach with gamma centered 5x5x1 k point mesh and Methfessel-Paxton smearing[131] of order 

1 with a value of σ =0.2 to aid convergence. In all cases, plane-wave basis cutoff was set to 400 

eV. The change in the electronic structure when supporting platinum on doped TiO2(110) and 

TiO2(100) surfaces was studied by analyzing the change in the density states for d-orbitals of 

platinum atoms. We further studied the defect thermodynamics by analyzing the formation energy 

of the doped structures as a function of the chemical potential of the dopant.  

 

2.3 DFT Results for doped TiO2 

 

Figure-7a shows the DFT optimized structure of TiO2. The band structures of TiO2 

calculated with PBEsol and HSE06 functionals are displayed in Figures-7b and c. The band 

structure of TiO2 confirms that TiO2 in the rutile phase is a semiconductor with a direct bandgap 

at the Γ-point of 3.44 eV (HSE06 value), which is in excellent agreement with the experimental 

reports of bandgap values of 3.3-3.6 eV (UPS-IPS spectroscopy). The density of states calculations 

for TiO2 doped with 4% of Ta, Nb, Mo, W or Ru show that doping with any of these elements 

creates polaronic semiconductors in which one (Ta- and Nb- doping), two (W- and Mo- doping), 
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or three polaronic states (Ru- doping) are observed in the bandgap of ~2 eV between valence and 

conduction band. The electronic density of states of TiO2 doped with Ta, Nb, Mo, W, or Ru is 

shown in Figure-8. Therefore, DFT shows that polarons could have a significant role in the 

observed conductivity of metal doped TiO2 supports. 

 

 

  

 

Figure 7: a) DFT optimized structure of TiO2 (PBEsol functional) and the high symmetry points in the Brillouin zone 

of the TiO2 structure. Cell parameters were calculated as a=4.56, b=4.56, c=2.93 Å; b) PBEsol calculated electronic 

band structure of TiO2 in the rutile phase along with special high symmetry points in the Brillouin zone of TiO2 and 

c) band structure of TiO2 along Γ-X, M- Γ, and Γ-Z direction as calculated using HSE06 functional. Red- Conduction 

band, blue- Valence band, dashed line- Fermi Level 

 

band gap at Γ point
EF

valence band

conduction band

c b 
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Figure 8: Total electronic density of states of TiO2 doped with 4% of Ta, Nb, Mo, W, and Ru calculated using DFT+U 

level. Contributions from metal d states and oxygen 2p states are also shown 

The formation energy of the doped structures reveals that the defect geometry and stability 

depend on the chemical potential of the dopant. Doping the TiO2 with Ta creates more stable doped 

TiO2 material than doping with Nb, Mo, W, or Ru, as shown in Figure-9. Moreover, defect 

thermodynamics calculations show that the doping with Ta is thermodynamically stable, starting 

with atomic/ionic Ta. i.e., lower the formation energies, the defects are more stable.  



  

45 

 

 

 

Figure 9: Dependence of the formation energies of doped structures on the dopant’s chemical potential 

Density Functional Theory was further used to study the electronic structure of platinum 

supported on TiO2(100) and TiO2(110) doped with 4% Ta, Nb, Mo, W, and Ru. (110) and (100) 

surfaces were found to be the most stable surfaces of rutile TiO2. Moreover, TiO2(110) surface has 

lower surface energy than the TiO2(100) surface. [132],[133] The structures of Pt(111) on top of 

TiO2(100) and TiO2(110) surface doped with Ta, Nb, Mo, W, and Ru in Figure-10a and b 

respectively. Both these structures were modeled using three layers of Pt with a supercell of size 

8.86 x 9.20 Å of four layers of TiO2(100) in the rutile phase with the size of 8.32 x 9.61 Å or using 

three layers of Pt with a supercell of size 8.86 x 14.42 Å on four layers of TiO2(110) in the rutile 

phase with the size of 8.81 x 12.93 Å. The model of the metal doped TiO2 contained 24 Ti and 48 

O atoms in which 1 Ti atom was randomly replaced by Ta, Nb, Mo, W, or Ru. The vacuum layer 

of ~15 Å was applied in z-direction perpendicular to the surface to prevent interactions between 

the slab and its periodic images. The structures were then optimized using PBEsol functional, and 
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the change in the electronic structure of platinum supported on TiO2 was studied by performing 

density of states calculations. In general, the stability and the catalytic activity of the Pt/MOx 

catalysts depend strongly on the strong metal-support interactions. Besides, to test the stability of 

the platinum on doped TiO2 support, we calculated the interaction between the slabs by considering 

the difference in the energy of platinum on doped TiO2 and the sum of the energies of support-less 

platinum and doped TiO2. The convergence of calculations was tested in the case of Ta-TiO2 by 

performing calculations with four layers of TiO2 and five layers of Pt. The difference in the 

calculated interaction energies and the position of the d-band of Pt atoms as compared to the three-

layer Pt model were in the order of 100 meV. 

 

Calculations of the interaction energy between Pt and doped TiO2(100) and TiO2(110) 

showed that there is a strong interaction between the catalyst and the support. Namely, the energy 

of interaction between Pt and TiO2(100) layer doped with 4% Ta, Nb, Mo, W, and Ru was 

calculated as -0.13 eV, -0.08 eV, -0.10 eV, -0.11 and -0.12 eV per atom. In the case of Pt and 

TiO2(110) layer, the interaction energy between the Pt and metal-doped TiO2 layer was calculated 

as -0.08 eV for Ta-doped TiO2, -0.07 eV for Ru- doped TiO2 and -0.06 eV for Nb-, Mo-, W- doped 

TiO2, respectively. Similar cell parameters of TiO2(100) and Pt(111) and favorable interface 

energetics point to possible epitaxial growth of Pt(111) surface on metal-doped TiO2(100) surface. 

Pt(111) and metal-doped TiO2(110) surface, on the other hand, have the same symmetry, but 

different cell parameters and mismatch in lattice parameter a is ~5%. In contrast, the mismatch in 

the lattice parameter b is almost 10%. Therefore, the formation of grain boundaries on Pt deposited 

on TiO2(110) might be expected.   
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Figure 10: DFT optimized structure of Pt(111) on a) TiO2(100)  and b) TiO2(110) doped with 4% Ta (tan – Platinum, 

red – Oxygen, blue – Titanium, pink - Tantalum). Atoms belonging to one-unit cell were shown. Similar structures 

were used to model Pt supported on TiO2 doped with Nb, Mo, W, and Ru 

Figures-11a and 11b further show the DFT calculated density of d-states (DOS) of 

support-less Pt(111) and Pt(111) supported on TiO2(100) and TiO2(110) doped with Ta, Nb, Mo, 

W, and Ru. According to the widely accepted d-band theory, the binding energy of an adsorbate 

to a metal surface is mainly dependent on the electronic structure of the surface.[134] Thus, the 

electronic structure of the surface or, more specifically, the position of the d-band center (εd) 

relative to the Fermi level (EF) determines the interaction between the intermediates in the ORR 

and the Pt(111) surface. Higher d-band center (smaller εd-EF) results in stronger bonding of oxygen 

or hydroxyl, while a lower d-band center (larger εd-EF) means weaker bonding.[136]  

 

b a 

a 
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Figure 11: DFT calculated d-projected Density of States (PDOS) of Pt(111) and Pt(111) on a) TiO2(100) and b) 

TiO2(110) doped with 4% Ta, Nb, Mo, and W 

 

It is also known that platinum binds oxygen too strongly, which implies that its d-band 

center is too high. Our analysis of the DFT calculated PODSs showed that depositing Pt on doped 

TiO2 lowers the d-band center of platinum by altering its electronic structure and Pt(111) surface 

on TiO2(100) and TiO2(110) is expected to bind oxygen more weakly than supportless platinum. 

In the case of TiO2(100) surface, the d-band center (εd) relative to the Fermi level (EF) was 

determined to be -2.02 eV for supportless Pt(111), -2.34 eV for Pt(111) on Ta-TiO2, -2.32 eV for 

Pt(111) on Nb-TiO2, -2.28 eV for Pt(111) on Mo-TiO2, -2.30 eV for Pt(111) on W-TiO2, and -2.28 

eV for Pt(111) on Ru-TiO2, respectively. In case of TiO2(110) surface, the d-band center (εd) 

relative to the Fermi level (EF) was determined to be -2.02 eV for supportless Pt(111), and it varied 

for the doping levels as follows -2.28 eV for Pt(111) on Ta-TiO2, -2.29 eV for Pt(111) on Nb-

TiO2, -2.27 eV for Pt(111) on Mo-TiO2, -2.26 eV for Pt(111) on W-TiO2, and -2.29 eV for Pt(111) 

on Ru-TiO2, respectively. Moreover, comparing our results with previously obtained results for 

platinum alloys, doped TiO2 support changes the d-band of Pt similarly as alloying Pt in Pt3Co and 

Pt3Ni, which are shown to have decreased overpotential for ORR as shown in Figure-12.[137] 

b 
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DFT calculations and analysis of the density of states of support-less Pt(111) and Pt(111) 

supported on doped TiO2, thus, show that TiO2 support is beneficial for the activity of Pt towards 

ORR, at last in the case of Pt(111) surface. 

     

 

Figure 12: Location of the d-band center for various bulk alloys and comparison with the d-band center of Pt supported 

on TiO2(100) and TiO2(110) doped with 4% Ru (the figure is taken from[137] and modified) 

 

In summary, based on the DFT calculations, doping the TiO2 with Ta results in the most stable 

doped structure. The thermodynamic stability of the doped structures is expected to be in the 

following order: Ta > W > Nb > Mo > Ru. However, for all the dopants, the shifts in the d-band 

center to lower values as compared to unsupported Pt is expected to reduce the strength by which 

the supported Pt binds oxygen, which could lead to the reduced ORR overpotential as compared 

to unsupported Pt. The interaction energy between Pt and doped TiO2, Pt(111), is the largest for 

TiO2 doped with Ta and Ru, followed by W, Mo, and Nb. The stability of the supported catalyst 

must be due to the strong metal and support interaction. DFT calculations also predicted the ORR 
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activity trend of the catalysts, and that trend is: Pt supported on Ta/Nb/Mo/W/Ru-doped TiO2(110) 

 Pt supported on Ta/Nb/Mo/W/Ru-doped TiO2(100) > unsupported Pt. 

 

2.4 Details of DFT calculations for Sb-SnO2 

 

The Density Functional Theory (DFT) with plane-wave basis set and PBEsol functional 

was applied to model the crystal structure of SnO2 and 4% Sb doped SnO2. All electronic structure 

calculations were done using The Vienna ab Initio Simulation Package[123],[124],[125],[126] and 

projector augmented-wave method.[127],[128] PBEsol cell parameters of SnO2 were determined 

as a=4.72, b=4.72, c=3.20 Å, which are in excellent agreement with the parameters obtained in 

this and previous experimental work.[138] The DFT+U method with the U parameter of Sn set to 

7.7 was used to study the electronic structure of SnO2 and Sb doped SnO2 by calculating the 

projected density of states (Figure-13). This method reproduces an experimental bandgap in 

SnO2.[139] The interaction energy and electronic structure of Pt deposited on Sb-SnO2 was further 

studied by using three layers of (111) Pt on four layers of (110) or (100) Sb-SnO2. All calculations 

were done as spin-polarized using gamma centered 9x9x9 k-point mesh and tetrahedron method 

with Blöchl corrections. In all calculations, the plane-wave basis cutoff was set to 400 eV. 

 

2.5 DFT Results for SnO2 

 

Our results show that the DFT+U approach correctly predicts that SnO2 is a semiconductor 

with a direct bandgap of 3.5 eV, which is in excellent agreement with the experimentally 

determined band gap of 3.6 eV.[139] The band structure calculations also showed that doping 
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SnO2 with 4% Sb, changes the electronic structure of SnO2 from a direct bandgap semiconductor 

to the one with the n-type metallic character, which is in a good agreement with the experiment 

and previous theoretical calculations.[140] Due to the change to the metallic character caused by 

doping, Sb-SnO2 is expected to have higher conductivity than SnO2. 

 

 

Figure 13: Projected density of states of SnO2 (left) and Sb-SnO2 (right) as calculated using the DFT+U approach 

with the U parameter of Sn set to 7.7 

The stability and electronic properties of Pt supported on the two most stable SnO2 surfaces, 

namely (100) and (110) surfaces, were also studied. Our DFT results showed that Pt deposition on 

both Sb-SnO2 surfaces is favorable with the bonding interaction between Pt and Sb-SnO2 

calculated as -0.10 eV and -0.13 eV per atom in the case of the Sb-SnO2 (110) and Sb-SnO2 (100) 

surfaces, respectively. We further calculated the projected density of states (PDOS) for d-orbitals 

of unsupported Pt and Pt supported on the Sb-SnO2 (100) and Sb-SnO2 (110) surfaces to study the 

change in the electronic energy of Pt supported on Sb-SnO2 as shown in Figure-14a.  
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Figure 14: a) Projected DOS for d-orbitals of Pt (111) supported on Sb-SnO2 (100) and Sb-SnO2 (110) surfaces. b) 

DFT-optimized structure of Pt (111) on Sb-SnO2 (100) (top) and Sb-SnO2 (110) surface (bottom). Red: O, tan: Pt, 

yellow: Sn, pink: Sb 

Our analysis of the DFT-calculated PODS showed that depositing Pt on Sb-SnO2 shifts the 

d-band center (𝜀d) of Pt by altering its electronic structure. The 𝜀d of surface Pt atoms relative to 

Fermi level (EF) was determined to be -2.02 eV for Pt (111), -1.96 eV for Pt (111) on Sb-SnO2 

(100), and -2.06 for Pt (111) on Sb-SnO2 (110) surface. DFT calculations and analysis of the DOS 

of Pt (111) and Pt (111) supported on Sb-SnO2, thus show that depositing Pt on Sb-SnO2 (100) 

lowers the d-band center of Pt by altering its electronic structure. As a consequence, a decreased 

overpotential for ORR is predicted for Pt supported on Sb-SnO2 (100).17 In addition, due to the 

lattice mismatch between SnO2(100) and Pt(111) (fa=14%, fb=-0.5%), and SnO2(110) and Pt(111) 

(fa=15%, fb=-7%), DFT predicts the formation of grain boundaries on the Pt surface  (Figure-14b) 

leading to the increase in ORR activity.[141] 

2D-defects 
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Chapter-3. Physico-Chemical and 

Electrochemical Characterization 

Techniques  
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3. Synthesis of Pt nanoparticles supported on various Metal Oxides 

3.1 Reference electrocatalysts 

 

Commercial 20 wt% Pt/Vulcan XC 72R catalyst purchased from Millipore Sigma and 20 

wt% Pt/Vulcan XC72R were used as reference materials. Commercial Pt/Vulcan XC 72 catalyst 

was used without any further treatment while Pt/Vulcan XC 72R catalyst was prepared by 

depositing Pt NPs onto Vulcan XC 72R carbon support using a microwave-assisted polyol method.  

The average particle size of Pt NPs on Commercial Pt/Vulcan XC 72 was < 5 nm and on Pt/Vulcan 

XC 72R was 2.4 ± 0.9 nm.  

 

Other than Pt supported on Vulcan XC72R and Commercial Pt/Vulcan XC 72 

electrocatalysts, Pt and Pt-alloy NPs were supported onto various other metal oxide support 

materials such as Antimony doped Tin Oxide (Sb-SnO2), Ruthenium doped Titanium Oxide (Ru-

TiO2), Tantalum doped Tin Oxide (Ta-TiO2), and Niobium doped Titanium Oxide (Nb-TiO2). Pt 

and Pt-alloy NPs deposition onto these supports involves 2 steps: (a) Synthesis of Pt and Pt-alloy 

NPs colloid solutions, and (b) Deposition of the NPs onto the supports. 

 

3.2 Pt NPs Colloid preparation 

 

Calculated amount of H2PtCl6·6H2O (Millipore Sigma, > 99.9%) was first dissolved in 5 

mL of ultrapure deionized MilliQ water (H2O) and 45 mL of ethylene glycol (EG) (Sigma Aldrich, 

anhydrous 99.8%). The pH of the obtained mixture was adjusted to 10 by using a calculated 

amount of NaOH (Millipore Sigma, ACS reagent, > 97%). The suspension was continuously 
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stirred at room temperature for about 2 hours until the NaOH pellets were completely dissolved. 

Thus, prepared mixture was subjected to microwave heating at 180 °C for around 20 min and then 

allowed it to cool down to room temperature to attain Pt colloid solution. 

 

3.3 Pt-Alloy NPs Colloid preparation 

 

Pt-Ni alloy NPs colloid was prepared using Microwave-assisted polyol technique.  

Calculated amount of NaOH pellets ((Millipore Sigma, ACS reagent, > 97%) were first dissolved 

in ~5 mL of ultrapure deionized MilliQ water (H2O) so that the final mixture pH before heat 

treatment would be 10. When the NaOH pellets are fully dissolved then ~45 mL of EG (Sigma 

Aldrich, anhydrous 99.8%) was added and stirred for a couple of minutes. 0.05 milli moles of 

H2PtCl6·6H2O (Millipore Sigma, > 99.9%) and 0.05 milli moles NiCl2 (Millipore Sigma, 

anhydrous, 99.99%) were added to the EG mixture. The suspension was continuously stirred at 

room temperature for 60 minutes and then it was subjected to microwave heating at 160 °C for 5 

min and then allowed it to cool down to room temperature to attain Pt-Ni alloy colloid solution. 

 

Calculated amount of support material was added to the Pt or Pt-Ni alloy colloid solution 

and the pH was adjusted to 2 with a 0.5 M aqueous solution of H2SO4 (Millipore Sigma, Suprapur 

96%) and the mixture was subjected to sonication in a ultrasonic bath (Fisher CPX5800) for about 

10 min to avoid agglomeration of Pt Nps or Pt-Ni alloy NPs. After sonication, the mixture was left 

for 24 h stirring at 350 RPM, followed by filtration, and the solid phase washed with MQ-grade 

water before being dried at T = 80 °C for overnight.  
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3.4 Synthesis of the Supports 

 

Pt and Pt-Ni NPs were synthesized and deposited on four different metal oxide supports 

and one Carbon support (Vulcan XC 72R). The metal oxides on which Pt and Pt-Ni NPs were 

deposited are Antimony doped Tin Oxide (Sb-SnO2), Ruthenium doped Titanium Oxide (Ru-

TiO2), Tantalum doped Tin Oxide (Ta-TiO2), and Niobium doped Titanium Oxide (Nb-TiO2). All 

the MOx supports were obtained from Dr. Vijay K. Ramani’s lab at the Washington University in 

St. Louis. They were synthesized using sol-gel based aerogel and xerogel procedures. 

 

3.4.1 Synthesis of Sb-SnO2 

 

100 ml of absolute ethanol (200 proof, Fisher) is poured in a dry beaker covered with 

parafilm. Nitrogen is passed throughout the synthesis procedure to maintain the inert environment 

and remove any water vapor present in the beaker. The precursor, 4 mL of tin chloride (anhydrous, 

99.995% trace metal basis, Sigma Aldrich) is added using a syringe followed by the addition of 

0.41 g of antimony chloride (≥ 99.95% trace metals basis, Sigma Aldrich) under stirring. After the 

solid is fully dissolved (~15 min of stirring) DI water (8.8 mL) is added very slowly (dropwise) to 

the solution. Then propylene oxide (24 mL, 99.5 %, Acros Organics) is added to the precursor 

solution with constant stirring at 350 rpm with a Teflon-coated stirrer. This results in the formation 

of a monolithic and translucent Sb-SnO2 alcogel within a few min. The alcohol-based solvent is 

exchanged multiple times (once in a day) with acetone over a period of five days. The acetone is 

removed from the gels by supercritical CO2 extraction (45 °C and 4000 psi) by using an SFT-100 
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supercritical dryer (Supercritical Fluid Technologies, Inc.). The resultant aerogel is annealed at 

600 °C under air environment for 1.5 h. [116] 

 

3.4.2 Synthesis of Ru-TiO2 

 

1 g of titania (Sigma Aldrich) is dispersed in 250 ml deionized (DI) water and sonicated 

for 30 min. 7.26 g ruthenium chloride hydrate (99.98%, Sigma Aldrich) is added to the mixture 

under stirring for 30 min. 0.5 M KOH (aq.) is added dropwise into the mixture under stirring until 

the pH of the solution reaches 3.0. After that 0.1 M KOH (aq.) is slowly added to the mixture under 

stirring to achieve a solution pH of 7.0. The resultant solid material is filtered and thoroughly 

washed with DI water (2-4 L). Then, the filtered material is dried in an oven at 60 °C overnight, 

and the dried particles are ground to obtain fine powder with Ru to Ti mol/atomic ratio of 2:1. 

Afterward, the finely ground powder is calcined in a tube furnace under an air atmosphere to 

dehydrate the intermediate species and form the corresponding mixed metal oxides. The 

temperature is increased gradually to 400 °C by applying successively 1 h steps at 250, 350, and 

400 °C with a heating rate of 2 °C/min to achieve Ru-TiO2. [142] 

 

3.4.3 Synthesis of Ta-TiO2 

 

A 100 mL mixture of ethanol and DI water (1:1 v/v) is prepared in a beaker. A 4.0 mL 

titanium isopropoxide and 1.5 mL of tantalum ethoxide is mixed in 50 mL of absolute ethanol (200 

proof, Fisher) in a dropper. Then the solution is added dropwise to the ethanol/water solution with 

stirring for 2 h. The resultant solid is filtered and thoroughly washed with DI water (2-4 L) and 
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acetone, followed by drying in an oven at 60 °C for 12 h. The resultant material is annealed at 850 

°C under a constant flow of 5% H2 in a N2 carrier gas for 3 h to obtain the support. [108] 

 

3.4.4 Synthesis of Nb-TiO2 

 

75 ml of absolute ethanol (200 proof, Fisher) is poured in a dry beaker covered with 

parafilm. Nitrogen is passed throughout the synthesis procedure to maintain the inert environment 

and remove any water vapor present in the beaker. The precursor, titanium chloride (2.8 mL, 99.99 

% metals basis, Alfa Aesar) is added using a syringe followed by the very slow addition of DI 

water (1.8 mL). Then niobium chloride (2.88 g, 99 %, Sigma Aldrich) is added to the solution 

under stirring followed by the very slow addition of DI water (1 mL). After the solid is fully 

dissolved (~15 min of stirring) propylene oxide (12 mL, 99.5 %, Acros Organics) is added to the 

precursor solution with constant stirring at 350 rpm with a Teflon-coated stirrer. This results in the 

formation of a monolithic and translucent Nb-TiO2 alcogel within a few min. The alcohol-based 

solvent is exchanged multiple times (once in a day) with acetone over a period of five days. The 

acetone is removed from the gels by supercritical CO2 extraction (45 oC and 4000 psi) by using a 

SFT-100 supercritical dryer (Supercritical Fluid Technologies, Inc.). The resultant aerogel is 

annealed at 900 °C under a constant flow of 5% H2 in a N2 carrier gas for 3 h to obtain the aerogel 

support. [115]  

 

3.5 Measurement of the specific surface area of the supports 
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Surface area and porosity measurements play an important role to understand the physical 

properties of any solid/ powdered materials. Specific surface area of any powdered materials can 

be measured by studying the physical adsorption of inert gas molecules onto the solid surface as a 

function of relative pressure. The total specific surface area measurement includes both external 

area and the pore area. Specific surface areas of all the support oxides and the XC72R carbon black 

were recorded by using Brunauer−Emmett−Teller (BET) multipoint analysis of the nitrogen 

adsorption-desorption isotherms on Micrometrics 3Flex Surface Characterization Analyzer.  

 

Around ~100 mg of the support material (sample) was added to the BET tube and the 

overall weight of the tube along with the powder was measured as w1.  After weighing, the tube 

was left for overnight degassing at 90 °C to remove any moisture content present in the material. 

Once the sample was dry and ready for analysis, then the total weight of the tube and the powder 

was measured as w2. The mass of the catalyst after degassing was calculated as m= w1-w2 and 

entered into the system to perform calibrations basing on the mass of the sample. The BET tube 

was then connected to the instrument and immersed into the Liquid N2 (LN2) bath to facilitate the 

rapid kinetic equilibrium when the N2 adsorption tests were performed on the samples. During the 

test, the instrument purges pure N2 gas into the tube while measuring and recording the pressure 

(P/P0) values.  

 

Gravimetric density of all the supports were measured basing on the particle size of the 

support materials. After obtaining the TEM images of the support materials, the particle sizes of 

all the supports were obtained by using Image J software. The obtained particle sizes were 

averaged and calculated their gravimetric density and surface area.  
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3.6 Ion Coupled Plasma-Mass Spectroscopy (ICP-MS) 

 

The Pt loading on the catalysts was determined using ThermoiCAPRQ C2 ICP-MS system. 

The ICP-MS samples were prepared by weighing about 5 mg of each catalyst into a glass vial. 

Aqua regia solution was used for digesting the Pt and Pt-alloy metals from the catalyst into the 

acid solution. Aqua regia is a mixture of concentrated nitric acid (HNO3) and hydrochloric acid 

(HCl) in a molar ratio of 1:3 or in a volumetric ratio of 1:4. Aqua regia was prepared by adding 2 

mL of HNO3 to 8 mL of HCL into a glass vial and the mixture was left inside the fume hood 

without a lid until the mixture changes its color from light yellow to dark orangish red color. When 

the mixture was ready, then about 1 mL of it was added the catalyst and heated at around 60 °C 

for overnight. Then around 9 mL of 1 vol% HNO3 was added to the vial and mixed thoroughly 

and left for 30 min for the solids to settle down. Around 5 mL of the solution mixture was taken 

and added to 45 mL of 1 vol% HNO3 for diluting the concentration of Pt. Dilution was repeated 

for 2 more times so that the concentration reaches to ppm- ppb level. 

 

When the samples were ready, the samples were transferred to the samples rack on the 

ICP- MS machine and their concentrations were measured and calculated against standard 

solutions of Pt and Pt-alloy.   

 

3.7 Scanning Transmission electron microscopy (STEM) 
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For the scanning transmission electron microscopy (STEM)/ Transmission Electron 

Microscopy (TEM) investigations, the material was dispersed onto a perforated carbon foil 

supported on a copper grid. Initially the grid was cleaned with ethanol and after evaporation of the 

ethanol, the grid was dropped in the catalyst vial and mixed gently for proper coating of the catalyst 

layer. Then the grid was removed from the vial and the excess loose powder was removed by 

shaking off the grid. Thus, obtained grid was mounted on the single tilt holder of the microscope. 

The micrographs presented in Chapter-4 were obtained using an aberration corrected JEOL Grand 

ARM300CF and field emission transmission electron microscopy JEOL 2800 TEM.  

 

3.8 X-ray diffraction (XRD) 

 

XRD measurements were carried out on Rigaku Ultima-III diffractometer (Cu Kα, λ = 1.54 

Å) at a scanning rate of 1° min−1 in the range of 10–90° (2θ) with 40 kV voltage and 30 mA current 

with Cu Kα radiation in Bragg- Brentano geometry (θ/2θ). 

 

3.9 Electrochemical methods 

3.9.1 Preparation of the electrochemical cell and the electrodes 

 

Two days prior the testing, the electrochemical cell was stored in caro acid (H2SO4: H2O2 

= 1:1) to ensure the thorough cleaning of the electrochemical set-up. On day of testing, the cell 

was cleaned vigorously with lots of MilliQ water. The cell was boiled in DI water for 2-3 times in 

a household microwave oven for about 2.5 minutes to get rid of the traces of H2SO4 from the cell 

and then the cell was stored in MilliQ water until the beginning of the experiment. In this work, to 
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avoid sulfate poisoning of the Pt active sites 0.1M HClO4 was used as electrolyte. HClO4 exhibits 

anion adsorption on Pt similar to that of Nafion, hence the results obtained using half-cell would 

nearly mimic the actual PEMFC. The lower concentration of acid reduces the amount of Cl- 

impurities in the present either in the electrolyte or formed during the experiment due to the 

decomposition. However, usage of H2SO4 as electrolyte was avoided to reduce the Pt dissolution 

as a result of the strong adsorption of bisulfate ions. For all the tests the electrolyte solution was 

prepared separately/ individually by adding ~ 879 µL of 96 wt. % HClO4 (70% Millipore Sigma, 

Suprapur) into a 100 mL volumetric flask filled with MilliQ water (Millipore, 18.2 MΩ).  

 

All the electrochemical measurements were carried out with the help of PGSTAT 302N 

potentiostat from Metrohm Autolab in a three-electrode electrochemical cell set-up. The three 

electrodes that were used in the set-up are as follows: 

 

i. Commercial Reversible Hydrogen Electrode (RHE) from Hydroflex, Gaskatel GmbH as 

the reference electrode (RE) 

ii. Carbon/ graphite rod with a gold wire connection as the counter electrode (CE), and  

iii. Rotating Ring Disk electrode with glassy carbon disk (0.196 cm2, Pine Research) and Pt 

ring with drop casted electrocatalyst suspension as the working electrode (WE).  

 

Prior to the test, the working electrode (WE) was prepared by cleaning the electrode using 

various sizes alumina slurries followed by multi-step sonication. The electrode was initially 

polished using 5 µm sized alumina slurry for about 5 minutes on a micropolishing pad and then 

using 0.3 µm and 0.05 µm sized slurries for 5 minutes each. Then the electrode was placed inside 
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a 50 mL beaker filled with acetone in such a way that the electrode tip is fully immersed inside the 

solution and then sonicated in an ultrasonic bath for about 5 minutes. After sonicating with acetone, 

the electrode was thoroughly washed with MilliQ water and kept for another sonication with 

ethanol followed by MilliQ DI water for 5 minutes each. This multi-step cleaning and sonication 

process ensures through cleaning and removal of any loose alumina particles, organics and 

contaminants remained on the electrode surface from the previous tests. After the cleaning the WE, 

it was stored in DI water prior to the utilization. The reference electrode (RE) was generally stored 

in MilliQ water until the day of testing, and on the day of testing, it was soaked in the electrolyte 

prior to the beginning of the tests. The counter electrode (CE) was cleaned using DI water and 

used as such without any further treatments. 

 

3.9.2 Preparation of the electrocatalyst suspensions 

 

The electrocatalyst ink suspensions were made to get an optimum loading of 40-50 μgPt 

cm-2 of electrode basing on the Pt wt% in the catalysts. During the ink preparation the ratio of 

Support (S) to Nafion Ionomer (I) was kept as 3:10, while the iso-propyl alcohol (IPA) to MilliQ 

water (H2O) is maintained as 1:2. In case of reference electrocatalysts the Pt loading was around 

20 wt% while in case of MOx supports, the Pt loadings were below 10 wt%.  

 

The surface area of the glassy carbon electrode is around 0.196 cm2. The amount of 

catalyst, ionomer, IPA and water for different electrocatalysts were as shown in the following 

table. Ink preparation for different supports basing on the Pt loading. 
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Catalysts Pt Loading Catalyst (mg) Nafion (µL) IPA (µL) H2O (µL) 

Comm Pt/XC 72 20 4.94 27.13 323.92 647.85 

Pt/XC 72R 18.56 4.22 23.62 324.29 648.58 

Pt/Sb-SnO2 5.92 8.28 53.46 631.03 315.51 

Pt/Ru-TiO2 1.90 25.79 173.68 550.88 275.44 

Pt/Ta-TiO2 1.35 36.30 245.81 502.79 251.40 

Pt/Nb-TiO2 1.17 41.88 284.14 477.24 238.62 

Pt-Ni/Sb-SnO2 9.53 5.14 31.93 645.38 322.69 

Pt-Ni/Ru-TiO2 2.81 17.44 116.35 589.10 294.55 

 

Table 1: Electrocatalyst ink preparation calculations 

 

The electrochemical inks were sonicated using ultrasonication horn for about a minute 

followed by 20 min sonication in an ultrasonic bath. When once the ink became homogenous slurry 

with no visible agglomeration, the catalyst was then drop casted onto the glassy carbon electrode. 

About 10 µL of the ink was deposited onto the electrode rotating at 250 rpm. When the ink was 

fully deposited then the rotation rate was increased to 400 rpm and the catalyst ink was dried in 

presence of horizontal hot air flow. This process was repeated 2 times, so that 20 µL of ink was 

deposited in total resulting in a 50 μgPt cm-2 of electrode loading. When the catalyst ink is fully 

dried, then the electrode was submerged into the N2 saturated electrolyte and subjected to various 

electrochemical tests. 
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The electrochemical tests that were performed in N2 saturated liquid electrolyte are as follows: 

1. Electrochemical Impedance Spectroscopy measurement (EIS) at 0.40 V vs. RHE in the 

frequency range of 1 MHz to 10 Hz with 7 points per decade. 

2. 50 cyclic Voltammograms (CVs) between 0.05 V and 1.23 V vs. RHE at a scan rate of 500 

mV s-1. 

3. 3 CVs between 0.05 V and 1.23 V vs. RHE at a scan rate of 20 mV s-1. 

4. 1 Baseline Linear Sweep Voltammogram (LSV) from 0.1 to 1.05 vs. RHE in N2 saturated 

electrolyte at a scan rate of 5 mVs-1 at a rotation rate of 1600 RPM. 

5. 6 LSVs from 0.1 to 1.05 V vs. RHE in O2 saturated electrolyte at a scan rate of 5 mV s-1 at 

various rotation rates i.e., 400, 900, 1600, 2500, 400, 1600 RPM. 

 

3.9.3 Electrochemical Impedance Spectroscopy (EIS) 

 

Resistance is defined as the ability of a circuit element to resist the free flow of electrons 

through it. It can also be defined as the ratio of voltage to the current as per Ohm’s law.  

R = 
E

I
 

However, this is only true in case of an ideal resistor in an ideal system. In real 

electrochemical applications, there are multiple other electrical components contributing to the 

overall resistance of the entire system. To measure such complex behavior of the entire system, 

impedance can be used. Similar to resistance, impedance can be also be defined as the ability of 

an electric circuit to resist the flow of current. However, the resistance that impedance measures 



  

66 

is the effective resistance which includes both resistance and reactance.  Impedance is indicated as 

Z and its units of measurement are Ohms. 

Z = 
E

I
 

In general, Electrochemical impedance is measured in terms of the AC current signal as a 

result of an AC potential applied to the electrochemical cell as shown in Figure-15. 

 

  

 

Figure 15: AC Current response for AC Potential excitation signal 

 

The AC potential applied to the cell can be written as  

E(t) = E0 sin (ωt) 

 

where E0 is the amplitude of the applied potential and ω is the angular frequency which can be 

written as  

ω = 2πf 

The AC current response for the applied potential is  

E0

Potential (V)

Current (I)

Time

Φ
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I(t) = I0 sin (ωt + Φ) 

 

Where I0 is the amplitude of the current and Φ is the phase shift in the response signal. 

 

The Impedance of the circuit can be expressed as 

Z = 
E(t)

I(t)
 = 

E0 sin(ωt )

I0 sin(ωt + Φ)
 = Z0 

sin(ωt )

sin(ωt + Φ)
 

 

Where Z0 is the magnitude of the impedance. 

 

Using Euler’s formula, 

ejx
 = cos (x) + j sin (x) 

 

Impedance can also be written as a complex function basing on the Euler’s formula: 

Potential applied to the cell can be written as: 

E(t) = E0 sin (jωt) 

 

The current response can be written as: 

I(t) = I0 sin (jωt - Φ) 

 

The impedance can be written as 

Z = 
E(t)

I(t)
 = Z0 ejΦ= Z0 (cos Φ + j sin Φ) 
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EIS offers a better understanding of the interfacial characteristics of any surface-modified 

electrode. The EIS data is generally represented in two forms: Nyquist Plot and Bode Plot as shown 

in Figure-16.  

 

In Nyquist Plot, the data is plotted in between real and imaginary parts of the impedance 

on X and Y-axis respectively. Each point on the Nyquist plot represents the impedance value 

measured at one frequency. The Nyquist plot can be divided into 3 regions. Region A is the high 

frequency region ranging from MHz to KHz, while region B is the medium frequency region 

ranging from KHz to Hz and region C is the low frequency region ranging from Hz to µHz. In the 

Nyquist plot, the gap between the imaginary axis to the beginning of the semicircle represents the 

electrolyte resistance (RS). The semicircle represents the charge transfer resistance (RCT) which is 

equivalent to the polarization resistance (RP) (due to Oxidation or Reduction or simple electron 

transfer) and the straight line with 45° slope represents a transport resistance region (RT) often 

times we observe a diffusion-controlled phenomenon in this region. The diameter of the semi-

circle represents the charge-transfer resistance aka the impedance, the higher the diameter, the 

higher the resistance of the electrocatalyst.  

 

While in Bode plots, the data is plotted with phase angle and impedance on Y-axis and 

frequency on X-axis. The frequency range at which the measurements were made ranges from 

megahertz to few hertz (Hz) and the frequency varies from high to low frequency. Similar to 

Nyquist plot, bode plot can also be divided into 3 different regions with A being high frequency 

region, B being medium frequency region and C being low frequency region. Bode plot has an 
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advantage of showing phase shift and magnitude changes in the applied frequency range while the 

Nyquist plot provides an insight into the possible mechanism or governing phenomena in an 

equivalent circuit model system. 

 

 

   

 

Figure 16: EIS response in the form of Nyquist and Bode Plots 

The circuit model of the electrochemical cell was that was assumed for carrying out the EIS 

measurements in the RRDE set-up is shown in Figure-17 below.  

  

 

Figure 17: Schematic diagram of the electric circuit model for the electrochemical set-up 
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When the 0.1M HClO4 electrolyte is fully saturated with N2 gas, a potential of 0.4 V vs. 

RHE was applied to the electrochemical cell using a potentiostat and then EIS measurements were 

carried out. The frequency range at which the measurements were made was 1 MHz to 10 Hz with 

7 frequency points per decade. EIS tests were carried out for all the Pt and Pt-Ni deposited 

electrocatalysts as well the supports in order to understand the electrolyte resistance and the 

conductivity as well as dispersion of Pt nanoparticles and Pt-Ni nanocomposite on the electrode. 

 

3.9.4 Cyclic voltammetry (CV) in N2-saturated Electrolyte 

 

Cyclic Voltammetry (CV) is one of the most widely used Potentiodynamic electrochemical 

technique to understand the kinetics involved in the electrochemical reaction. CV is obtained by 

measuring the response current acquired by varying the electrode potential in a particular potential 

window at a specific scan rate in an electrochemical cell. During a CV test, a linear potential is 

applied between the RE and WE at a specific scan rate (mV/s) and a response current is measured 

between the WE and CE. The response current (i, mA) or the response current density (j, mA cm-

2) is plotted against the applied potential (E vs. RHE) thereby obtaining a CV plot. The CV plot 

contains oxidation and reduction peaks of the analyte in the electrolyte as shown in Figure-18.  

 

The analyte undergoes reduction at a specific potential where the reaction is energetically 

favored, and this reduction can be observed in terms of increasing current values. The current 

reaches a maximum value as the potential reaches the reduction potential of Pt and then decreases 

to reach an equilibrium steady state value. Pt also undergoes oxidation and can be observed in 

terms of decreasing current values. 
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Reduction Reaction: Mn-1 + e-  Mn 

 

Oxidation Reaction: Mn  Mn+1 + e- 

 

 

 

Figure 18: Cyclic Voltammogram of Pt/C in 0.1 M HClO4. The solution was purged with N2, and the measurement 

was carried out at 25 °C with a scan rate of 50 mVs-1 

 

In the potential window of 0-0.45 vs. RHE in the forward scan, we can observe Pt-H 

desorption peaks, while in the same window in the backward scan, we can observe the Pt-H 

adsorption peaks. In theory at around 0 V vs. RHE in the backward scan, we can observe H2 

evolution because of the electrochemical or chemical desorption of H2 from the Pt surface. At 

around 0.8 V vs. RHE in the forward scan, we can observe Pt-OH and Pt-O peaks, this is due to 

the formation of platinum surface oxides as a result of water dissociation. At around 1.23 V vs. 
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RHE, in theory we can observe O2 evolution, however because of the reaction kinetic hinderance, 

it can only occur at higher potentials by overcoming the kinetic energy barriers. In the backward 

scan at around 0.8 V vs. RHE, we can observe the Pt-O reduction peak.  

 

In our tests, CVs were carried out under N2 environment in the 3-electrode RDE set-up 

described above. Initially the electrodes were conditioned to activate their electrocatalyst surfaces 

by removing any Pt- oxides present on the surface. About 50 sweeps of activation CVs were 

performed in a potential window of 0.05 - 1.23 V vs. RHE at a scan rate of 500 mV s-1. When the 

surface is fully activated, 3 sweeps of the actual CVs were performed at a scan rate of 20 mV s-1 

in the same potential window. The obtained results from the CV were plotted by using the Potential 

(E) vs. RHE as abscissa and current density (mA cm-2) as ordinate.      

 

3.9.5 Linear Sweep Voltammetry (LSV) in N2-saturated Electrolyte and O2-

saturated Electrolyte 

 

After performing the CVs on the catalysts, a linear sweep voltammetry (LSV) was also 

performed in N2 saturated electrolyte at a rotation speed of 1600 RPM in order to generate a 

baseline LSV. After generating the baseline, the N2 gas was switched with O2 gas and the 

electrolyte was allowed for saturation by bubbling O2 gas vigorously for 30 minutes. When the 

electrolyte is fully saturated, the flow rate of O2 gas was reduced and the measurements were 

carried out at different rotation rates. LSV measurements were carried out in a potential window 

of 0.1 to 1.05 V vs. at a scan rate of 5 mV s-1 at 400, 900, 1600, 2500 RPM rotation rates. Thus, 

obtained results were plotted after correcting them for losses and by overlaying them on one 
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another and by using potential (E) vs. RHE on the X-axis and current density (mA cm-2) on Y-

axis.  

 

 

  

Figure 19: Linear Sweep Voltammogram of Pt/C in 0.1 M HClO4. The solution was purged with O2, and the 

measurement was carried out at 25 °C with a scan rate of 20 mVs-1 

 

In our tests, LSVs were carried out under O2 environment at different rotation rates in the 

3-electrode RDE set-up as described above. The obtained results from the LSV were plotted by 

using the Potential (E) vs. RHE as abscissa and current density (mAcm-2) as ordinate after 

addressing the ohmic and other losses. 

 

3.10 Membrane electrode assembly (MEA) and characterizations 

3.10.1. Membrane electrode assembly 
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To understand the behavior of the catalysts in the real environments, the catalysts were 

tested inside an MEA using a fuel cell test station. We studied both electrocatalytic activity of the 

catalyst and also the catalyst stability and durability over the time. To perform the MEA tests, we 

initially prepared the MEAs by depositing our catalysts on the cathode side and commercial 

catalyst on the anode side of a proton exchange membrane (PEM). 

 

3.10.2 Ink Preparation 

 

All the catalysts inks were prepared by combining the measured amount of the catalyst, 

Nafion ionomer, water, and IPA. The ratio of Ionomer to support was kept to 0.85 weight ratio and 

alcohol to water ratio of 2. After adding the ionomer, water and IPA to the catalyst, the ink was 

sonicated for about 30 min to attain a homogenous solution.  

 

3.10.3 MEA preparation 

 

MEA were prepared by using a combination of spraying and decal transfer method. 

Initially, the catalyst ink was sprayed onto a thin polytetrafluoroethylene (PTFE) sheet to achieve 

a loading of 0.1/ 0.3 mgpt cm-2 on a surface area of 5 cm2. When the desired loading was achieved, 

then both the cathode and anode catalyst layers were transferred onto a Nafion membrane XL (Ion 

Power, Inc.) using decal technique. As an anode catalyst 0.1 mgpt cm-2 of Pt/C state-of-art catalyst 

prepared by evenly coating onto the PTFE sheet was used. To hot press the catalyst layers onto the 

membrane, a sandwich of catalyst sprayed thin PTFE layers with the membrane in between were 

made. These layers were placed inside Teflon and thick PTFE sheets. The sandwich was then 
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subjected to hot pressing in a hydraulic press for about 3 minutes at a temperature of 171 °C and 

a pressure of 1 ton/bar. 

3.10.4 Single Fuel Cell Assembly 

 

Fuel cell Assembly consists of 2 fiber reinforced Teflon main gaskets of 150 µm thickness, 4 

transparent polyethylene terephthalate (PET) sub-gaskets of negligible thickness, 2 semi-

transparent PTFE layers of 30 µm thickness, 1 MEA with cathode and anode catalysts loaded, 2 

GDLs (Sigracet 29 BC, Fuel Cell Store) made of a non-woven carbon paper with 5 wt% PTFE 

treatment and hydrophobic microporous layer (MPL) with a total thickness of 235 µm, 2 POCO 

graphite triple-serpentine flow field bipolar plates (0.92 mm land width, 0.79 mm channel width, 

and 1 mm channel depth), 2 electron conducting plates, and 2 gas channel/flow plates. 

 

For our testing, we used Scribner fuel cell test station Model 850E and fuel cell fixture 

from Scribner Associates. The cell was assembled by placing first sub-gasket with an opening of 

2.25 x 2.25 cm, followed by one main gasket, one semi-transparent layer, and one GDL with 

hydrophilic layer facing the flow patterns and hydrophobic layer facing towards the MEA, second 

sub-gasket, MEA layer, followed by the third sub-gasket, second GDL with hydrophilic layer 

facing the MEA, second semi-transparent layer, second main gasket and the fourth sub gasket. All 

the layers were punched before being placed in the cell and secured the cell with screws. To 

achieve an optimal GDL compression of 22%, the cell was tightened with the screws using a 

wrench set at a torque of 13.5 Nm until we hear the first click.  

 

3.10.5 Single Fuel Cell Testing 
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After assembling the fuel cell, the cell was initially connected to the fuel cell test stand 

using cathode and anode gas inlets and the outlets. Cell heaters and thermocouple were also 

connected to the fuel cell to heat and to maintain the desired temperature in the cell, and to measure 

the cell T constantly. The cell was electrically connected to the test stand by the help of load cables, 

and voltage sensing cables.  

 

After connecting all the components of the test station to the cell, the gas lines were set to 

N2 gas for both anode and cathode of the test stand. The test stand was turned on and using the 

fuel cell station software, the cell T, cathode and anode T were set to 80 °C and the flow rates were 

set to 0.2 NLPM (Normal Liter per minute) for an MEA of 5 cm2 surface area. When the software 

opens, the gases was pumped into the cathode and anode chambers, after 5 minutes of gas flow, 

the cell T was set to 80 °C.  

 

When the cell and both electrodes reaches 80 °C, the cell was set-up for conditioning/ 

voltage break- in under constant V conditions. Conditions used for cell conditioning are: 

• Cell Temperature: 80 °C  

• Cathode and Anode Temperature: 80 °C  

• Cathode gas and flow rate: Air, 0.2 NLPM 

• Anode gas and flow rate: H2, 0.4 NLPM 

• Relative Humidity: 100% 

• Back Pressure: 0 kPa 

• Constant Voltage conditions: 

o 0.8 V vs. abs for 30 sec 
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o 0.6 V vs. abs for 30 sec 

o 0.2 V vs. abs for 30 sec 

o x 200 repetitions (5 hrs) 

 

After 5 hours of conditioning, the gases were switched to N2 for both anode and cathode 

and the cell was subjected to recovery by initially cooling it down to desired T. Conditions used 

for recovery are: 

• Cell Temperature: 40 °C  

• Cathode and Anode Temperature: 48 °C  

• Cathode gas and flow rate: Air, 0.25 NLPM 

• Anode gas and flow rate: H2, 0.15 NLPM 

• Relative Humidity: 150% 

• Back Pressure: 50 kPa 

• Constant Voltage conditions: 

o 0.2 V vs. abs for 60 min 

 

After finishing the recovery, the cell and the electrode temperatures were increased back 

to 80 °C under N2 environment at a flow rate of 0.2 NLPM. When the cell and the electrodes 

reached the desired T, the gases were switched back to H2 and Air at anode and cathode 

respectively at a flow rate of 0.21 and 0.83 NLPM. Polarization curves were performed when the 

cell open circuit voltage got stabilized after switching the gases. Conditions used for performing 

Pol curves are as follows: 

• Cell Temperature: 80 °C  
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• Cathode and Anode Temperature: 80 °C  

• Cathode gas and flow rate: Air, 0.83 NLPM 

• Anode gas and flow rate: H2, 0.21 NLPM 

• Relative Humidity: 100% 

• Back Pressure: 50 kPa 

• Constant Current conditions: [Until the potential doesn’t go below 0.1 V vs. abs when held 

at a specific current density] 

o 2.5 A cm-2 vs. abs for 180 sec 

o 1.25 A cm-2 vs. abs for 180 sec 

o 1 A cm-2 vs. abs for 180 sec 

o 0.75 A cm-2 vs. abs for 180 sec 

o 0.5 A cm-2 vs. abs for 180 sec  

o 0.25 A cm-2 vs. abs for 180 sec 

o 0 A cm-2 vs. abs for 60 sec 

 

 

After running the polarization curves, the cathode gas was switched to N2 at a flow rate of 

0.8 NLPM. All the load cables and the voltage sensing cables were disconnected from the cell and 

a Gamry potentiostat was connected to the cell to perform CV, LSV and EIS.  

 

Conditions used for measuring the CV are as follows: 

• Cell Temperature: 80 °C  

• Cathode and Anode Temperature: 80 °C  
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• Cathode gas and flow rate: N2, 0.8 NLPM 

• Anode gas and flow rate: H2, 0.2 NLPM 

• Relative Humidity: 100% 

• Back Pressure: 0 kPa 

• CV Conditions:  

o Initial Potential: 0.1 V vs. Eref 

o Scan Limit 1: 1.2 V vs. Eref 

o Scan Limit 2: 0.1 V vs. Eref 

o Final Potential: 0.1 V vs. Eref 

o Scan rate: 150 mV/s and 50 mV/s 

o Number of sweeps: 5 

 

Conditions used for measuring the LSV are as follows: 

• Cell Temperature: 80 °C  

• Cathode and Anode Temperature: 80 °C  

• Cathode gas and flow rate: N2, 0.2 NLPM 

• Anode gas and flow rate: H2, 0.2 NLPM 

• Relative Humidity: 100% 

• Back Pressure: 0 kPa 

• LSV Conditions:  

o Initial Potential: 0.05 V vs. Eref 

o Final Potential: 0.8 V vs. Eref 

o Scan rate: 1 mV/s  
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Conditions used for measuring the EIS are as follows: 

• Cell Temperature: 80 °C  

• Cathode and Anode Temperature: 80 °C  

• Cathode gas and flow rate: N2, 0.2 NLPM 

• Anode gas and flow rate: H2, 0.2 NLPM 

• Relative Humidity: 100% 

• Back Pressure: 0 kPa 

• EIS Settings:  

o Initial Frequency: 10000 Hz 

o Final Frequency: 0.01 Hz 

o Points per decade: 6 

o DC Voltage: 0.2 V vs. Eref 

 

After finishing the CV, LSV and EIS, the Gamry potentiostat was disconnected and all the 

test stand cables were connected back to the cell to perform mass activity measurements. The 

settings used for mass activity calibrations are as follow: 

• Cell Temperature: 80 °C  

• Cathode and Anode Temperature: 80 °C  

• Cathode gas and flow rate: O2, 2 NLPM 

• Anode gas and flow rate: H2, 1 NLPM 

• Relative Humidity: 100% 

• Back Pressure: 50 kPa 



  

81 

• Constant Voltage conditions: 

o 0.8 V vs. abs for 180 sec 

o 0.85 V vs. abs for 180 sec 

o 0.875 V vs. abs for 180 sec 

o 0.9 V vs. abs for 180 sec 

o 0.91 V vs. abs for 180 sec 

o 0.92 V vs. abs for 180 sec 

o 0 V vs. open circuit for 60 sec 

 

After completing the mass activity calibrations, the gases at both the electrodes were 

switched to N2 and the cell was allowed to cool down to room temperature in the N2 environment 

before shutting down the cell. 
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Chapter-4. Physico-Chemical and 

Electrochemical Characterization Results 

and Discussions 
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4.1 Measurement of the specific surface area of the supports 

 

BET Surface area of the metal oxides and carbon supports along with the calculated surface 

area basing on the particle sizes of these supports, and gravimetric density are presented in Table-

1. Both Sb-SnO2 and Ru-TiO2 have high surface area compared to Ta-TiO2 and Nb-TiO2, however 

surface area of all these oxides is much lower compared to the carbon support. In case of, Sb-SnO2 

the specific surface area is around ~70 m2 g-1, for Ru-TiO2 the specific surface area is ~40 m2 g-1. 

While both Ta-TiO2 and Nb-TiO2 have very low specific surface areas of about ~15 and 14 m2 g-

1 respectively. Basing on the TEM images, individual particle sizes of all the support particles were 

measured and gravimetric density and surface area were calculated basing on the average particle 

size of the support particles. Similar to that of specific surface area measurements both Sb-SnO2 

and Ru-TiO2 have high surface area compared to Ta-TiO2 and Nb-TiO2. Conversely, the calculated 

surface area of Ru-TiO2 (~108 m2 g-1) is higher than Sb-SnO2 (~104 m2 g-1) which could be due to 

the irregular particle shapes, sizes and dimensions of Ru-TiO2 compared to the uniform sized Sb-

SnO2 particle sizes. In case of Ta-TiO2 the calculated surface area is about ~ 25 m2 g-1 and Nb-

TiO2 is about ~ 16 m2 g-1 respectively. Gravimetric density of Sb-SnO2 (~6.5 g cc-1) is the highest 

among all the other supports, which could be due to its smaller particle size, followed by Nb-TiO2 

(~6 g cc-1), Ru-TiO2 (~5 g cc-1) and Ta-TiO2 (~4.5 g cc-1). 
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Supports BET Surface Area 

(m2 g-1) 

Calculated Surface Area 

(m2 g-1) 

Gravimetric 

Density (g cc-1) 

Sb-SnO2 69.91 104.41 6.39 

Ru-TiO2 40.01 108.46 5.05 

Ta-TiO2 14.76 25.31 4.34 

Nb-TiO2 13.56 15.98 5.42 

 

Table 2: BET specific surface area, calculated surface area and gravimetric density of the supports 

 

4.2 Ion coupled plasma- Mass Spectrophotometer measurements 

 

Pt and Pt-Ni loadings on the MOx supports were measured using ICP-MS. Thus, obtained 

values were presented in table-2 below. As it can be seen, the Pt loading is highest in case of Sb-

SnO2 compared to the rest of the MOx supports, which could be due to the high surface area of the 

MOx. But when Pt-Ni alloy NPs were deposited onto the surface of both Sb-SnO2 and Ru-TiO2 

the amount of Pt deposited is higher than Pt Nps, which could be due to alloy particle 

agglomeration.  

 

Supports Pt Loading (wt%) Ni Loading (Atomic ratio) 

Pt/Sb-SnO2 5.92 - 

Pt/Ru-TiO2 1.90 - 

Pt/Nb-TiO2 1.17 - 
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Pt/Ta-TiO2 1.35 - 

Pt-Ni/Sb-SnO2 7.24 0.77:0.23 

Pt-Ni/Ru-TiO2 2.62 0.78:0.22 

Commercial Pt/C 18.01 - 

Pt/XC 72R 18.56 - 

 

Table 3: Pt weight percentages and Ni atomic loadings on Metal Oxide and Carbon Supports 

 

4.3 Transmission electron microscopy 

 

TEM images of all the MOx supports are shown in Figures-20 to 24 at multiple 

magnifications. Basing on the TEM images of Sb-SnO2 (a-d), the particle size of the Sb-SnO2 is 

around ~ 10-20 nm. In case of Ru-TiO2 (e-h), the particles are also of nanometer size, however 

they are not more uniform in shapes and sizes compared to that of Sb-SnO2. But for Ta-TiO2 (i-l) 

and Nb-TiO2 (m-p), the particle size of these MOx supports are much larger ranging from few 

hundreds of nanometers to micrometers. These findings are in synchrony with the surface area 

values we found earlier. Higher surface area for materials of smaller particle sizes and low surface 

area for materials with bigger particle sizes. TEM images of Pt NPs deposited onto the MOx are 

shown in Figure-21 to 24. For both Sb-SnO2 (Fig-20) and Ru-TiO2 (Fig-21) Pt NPs were more 

homogenously distributed all over the surface. Both bright-field and dark-field images of these 

MOx show the overall distribution of Pt NPs on the support surfaces. But in case of Ta-TiO2 and 

Nb-TiO2, Pt NPs distribution is not very uniform. Several clusters of Pt NPs were observed (Fig-

22 (g, h) and 23 (g, h)) on these MOx surfaces, which could be due to the low available surface 
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area of these MOx. When Pt-Ni alloy NPs were deposited onto the high surface area Sb-SnO2 (Fig-

21) we observed uniform dispersion of smaller agglomerates/ interconnected filaments of Pt-Ni 

alloy nanoparticles, this could be due to the fact that the surface area available for Pt-Ni deposition 

is much smaller than it is needed for loading 10 wt% of Pt-Ni alloy. This has been confirmed by 

the ICP-MS, the final loading obtained for Pt was 7 wt% When Pt-Ni alloy depositions were made 

on Ru-TiO2, we didn’t observe any agglomerations on the surface, but the dispersion wasn’t fully 

uniform. 

 

 

 

 

 

 
 

Figure 20: TEM images of (a-d) Sb-SnO2, (e-h) Ru-TiO2, (i-l) Ta-TiO2, (m-p) Nb-TiO2 
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Figure 21: Bright and dark field STEM images of Pt/Sb-SnO2 

 

 
 

Figure 22: Bright and dark field STEM images of Pt/Ru-TiO2 
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Figure 23: Bright and dark field STEM images of Pt/Ta-TiO2 

 

 
 

Figure 24: Bright and dark field STEM images of Pt/Nb-TiO2 
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Figure 25: Bright and dark field STEM images of Pt-Ni/Sb-SnO2 

 

 
 

Figure 26: Bright and dark field STEM images of Pt-Ni/Ru-TiO2 
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4.4 X-Ray Diffraction Studies 

 

XRD images of all the metal oxides with and without Pt and Pt-Ni alloy depositions are 

shown in Figure-27. Because of low surface area, and poor electrochemical performance of Pt 

deposited Ta-TiO2 and Nb-TiO2, we didn’t test these 2 supports with Pt-Ni depositions. As shown 

in Fig. 7a the broad diffraction patterns of all Sb-SnO2 samples possess the major peaks of (110), 

(101), (211) and (301) plane orientations corresponding to the tetragonal rutile SnO2 structure as 

indexed in the JCPDS 21-1250 and JCPDS 88-0287 files. All peaks correspond to P42/mnm(136) 

space groups of SnO2. For all the Sb-SnO2 samples, no visible diffraction peaks of antimony oxide 

were observed, indicating that the doping of Sb in SnO2 is substitutional doping. All the peak 

broadening for the Sb-SnO2 samples indicates the presence of nanocrystalline oxide phases. In 

case of all Ru-TiO2 samples, the broad diffraction patterns correspond to the two different 

crystalline phases of RuO2 and Anatase TiO2 as indexed in the JCPDS No 88-1175 and 84-1286 

files. No characteristic peaks of Pt, metallic Ni or Ni oxides were detected in any of the oxide 

supports indicating their nanosized and better dispersion on the support surface. The position at 

which Pt peaks were expected to be present were already covered by MOx peaks.  In case of Ta-

TiO2, multiple peaks were detected that correspond to different crystalline phases of TiO2, Ta2O5 

and TiTaO4 as indexed by ICSD card numbers 01-071-1169 and 01-071-0929.For all the Nb-SnO2 

samples, no visible diffraction peaks of antimony oxide were observed, indicating that the doping 

of Nb in TiO2 is substitutional doping as indexed by ICSD card numbered 01-072-7371. 

 



  

91 

 

 

Figure 27: XRD graphs of (a) Sb-SnO2, and (b) Ru-TiO2 with and without Pt and Pt-Ni depositions; (c) Ta-TiO2, and 

(d) Nb-TiO2 with and without Pt depositions 

4.5 Electrocatalytic Activity Studies in Liquid Electrolyte 

 

4.5.1 Electrochemical Impedance Spectroscopy Measurements 

 

 EIS measurements were made for all the Pt and Pt-Ni deposited MOx to understand the 

overall resistance of the electrochemical system. Total resistance values for the MOx were obtained 
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by plotting the Real (Z’) and imaginary (-Z”) parts of the impedance measurements on X and Y-

axis respectively as shown in Figure-28 below.  

 

 

Figure 28: EIS of Sb-SnO2 and Ru-TiO2 

 

Similarly, all the other Pt and Pt-Ni deposited MOx were plotted and obtained the resistance values 

as shown in table-4 below. 

 

Catalyst Resistance (Ohms) 

Sb-SnO2 30.77 

Ru-TiO2 37.50 

Pt/Sb-SnO2 31.09 

Pt/Ru-TiO2 32.76 

Pt/Nb-TiO2 28.94 

Pt/Ta-TiO2 33.04 
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Pt-Ni/Sb-SnO2 34.39 

Pt-Ni/Ru-TiO2 28.69 

 

 

Table 4: Resistance values of the MOx supports with and without Pt and Pt-Ni depositions measured from EIS 

measurements 

 

4.5.2 Cyclic Voltammograms 

 

The CV data obtained in N2 saturated 0.1M HClO4 at a scan rate of 20 mV s-1 in a potential 

window of 0.05 - 1.23 V vs. RHE was initially corrected for the ohmic losses between the working 

electrode and the reference electrode to attain the real potentials at which the cell was operating. 

The corrections were made using Ohm’s law:  

 

𝐸𝑟𝑒𝑎𝑙  =  𝐸𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  – 𝑅𝑂ℎ𝑚 ∗ 𝐼 

 

Where, Eobserved is the potentials obtained during CV, Rohm is the resistance obtained using EIS, 

Ereal is the real potentials at which the cell was operating. 

 

Thus, corrected data was plotted as shown in Figure-29. The CVs of Pt and Pt-Ni deposited 

Sb-SnO2 showed peaks that correspond to the (Hads and Hdes) underpotential deposition of protons 

in the potential window of 0.05 < E < 0.40 V vs. RHE. The capacitive currents generated in the 

potential window of 0.4 < E < 0.6 V vs. RHE are not very high and are comparable to that of Pt/C. 

It also featured (Pt-O and Pt-OH groups) surface oxide formation in the potential window of 0.75 
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< E < 1.2 V vs. RHE followed by surface oxide reduction peaks in the potential window of 0.45 < 

E < 1.2 V vs. RHE in the back scan. The major difference observed in the CVs of Sb-SnO2 based 

catalysts and the Pt/C is the presence of an oxidation peak at a potential of ~0.75 V vs. RHE and a 

reduction peak at a potential of ~0.69 V vs. RHE.  This peak could correspond to either dissolution 

of Sb from the support and redeposition on the catalyst [118] or due to the redox couple Sn(II)/ 

Sn(IV) [143] or to the dissolution and redeposition of Sn atoms from the SnO2 lattice [144]. 

However, no such peaks were observed in when Sb-SnO2 was tested alone without any Pt 

depositions.   

 

 

 

Figure 29: Cyclic Voltammograms (obtained in N2 saturated 0.1 M HClO4 at a scan rate of 20 mVs-1) of Pt and Pt-Ni 

deposited a) Sb-SnO2, b) Ru-TiO2 in comparison with 20 wt% Pt/C obtained under same operating conditions. 

 

The CVs of Pt and Pt-Ni deposited Ru-TiO2 were showed in Figure-29b. The CVs that 

correspond to Ru-TiO2 does not show more defined peaks like Pt/C that correspond to the Hads and 

Hdes in the potential window of 0.05 < E < 0.40 V vs. RHE. It also doesn’t feature more defined 

surface oxide formation and reduction peaks in the potential windows of 0.75 < E < 1.2 V vs. RHE 
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and 0.45 < E < 1.2 V vs. RHE (in the backward scan) respectively. But the capacitive currents in 

the potential window of 0.4 < E <0.6 V vs. RHE are much larger, this could be due to the fact that 

the higher fraction of RuO2 contributes to the adsorption processes of O/OH. [145][114] 

 

The Electrochemical Active Surface Area (ECSA) of all the Pt and Pt-Ni deposited C and 

Sb/SnO2 were calculated basing on the (Hupd) desorption peak area in the potential window of 0.05 

– 0.40 V vs. RHE. The ECSA of platinum was calculated using followed equation: 

 

𝐸𝐶𝑆𝐴 =
𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑡ℎ𝑒 𝑝𝑒𝑎𝑘

(210 (µ𝐶𝑐𝑚−2) ∗  𝜐 (𝑉𝑠−1))
 

 

The charge corresponding to the desorption of a full monolayer of hydrogen from 

polycrystalline Pt was assumed to be 210 μCcm-2 and the scan rate at which the CV was done is 

20 mV s-1. Basing on the ECSA, the Pt specific surface area was calculated using the following 

equation: 

 

𝑆𝑃𝑡 =  
𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝑡 𝑜𝑛 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒
 

 

Thus, obtained ECSA and Pt specific surface area were presented in Figure-30 below. 

From the CV and from the ECSA calculations, the values obtained in case of Sb-SnO2 and Ru-

TiO2 were smaller compared to that of the ECSA values of C based catalysts. The ECSA of 

Commercial Pt/C was the highest with a value of 92 m2g-1 followed by Pt/XC 72R with a value of 

69.5 m2g-1. The high surface area of carbon supports is the major reason for the highest ECSA for 
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these catalysts. The larger the surface area the more the Pt deposition to occur. The more the Pt 

nanoparticles present on the surface, the more the active sites available for the Hads and Hdes, 

thereby resulting in high ECSA of the catalysts. In case of Pt/MOx supports the ECSA is higher 

for Pt/Sb-SnO2 (45.9 m2g-1) followed by Pt/Ru-TiO2 (45.9 m2g-1). The ECSA of Pt-Ni/MOx is 

smaller than the Pt/MOx which could be due to the agglomeration of Pt-Ni alloy NPs on the surface 

of the MOx supports, resulting in reducing the number of active sites available for Hads and Hdes on 

the surface. The ECSA values calculated for Pt-Ni/Sb-SnO2 and Pt-Ni/Ru-TiO2 are 29 m2g-1 and 

7.9 m2g-1 respectively. In general, the variation in ECSA on the various electrocatalysts could be 

due to the difference in the Pt particle size and the ionomer distribution and in case of MOx 

supports, another prime variable that results in low ECSA is the low available surface area of the 

oxides.  

 

 

Figure 30: Electrochemically active surface area (ECSA) and Pt specific surface area (SPt) of Pt, Pt-Ni deposited Sb-

SnO2, Ru-TiO2, Commercial Pt/C, and Pt deposited XC 72R carbon 
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4.5.3 Linear Sweep Voltammograms 

 

 

 

 

Figure 31: Linear Sweep Voltammograms (obtained in O2-saturated 0.1 M HClO4 at a potential scan rate of 5 mV 

s−1 and at different rotation rates) of Pt and Pt-Ni deposited a) Sb-SnO2, b) Ru-TiO2, and c) Commercial Pt/C and Pt 

deposited XC 72R carbon  

 

The electrocatalytic activity for the oxygen reduction reaction (ORR) of the commercial 

Pt/C, Pt and Pt-Ni deposited Sb-SnO2, Ru-TiO2 and XC 72R was evaluated using Linear Sweep 

Voltammetry in O2-saturated 0.1 M HClO4 at various rotation speeds (400–2500 rpm) and at a 
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scan rate of 5 mV s–1. Thus, obtained LSV data were corrected for ohmic losses using ohm’s law 

and then plotted against the current density as shown in Figure-31. As it can be seen in Figure-

31a the LSV of Pt and Pt-Ni deposited on the Sb-SnO2 supports for ORR are under mixed kinetic-

diffusion control in the potential range between 0.9 and 0.7 V vs. RHE, followed by a region where 

diffusion limiting currents (plateau between 0.6 and 0.2 V vs. RHE) can be observed. 

[146][147][148] Even though both Pt and Pt-Ni depositions have similar onset potentials, there is 

a slight deviation in the half-wave potentials in the kinetic diffusion region. The half-wave 

potentials of Pt depositions are slightly smaller than that of the Pt-Ni deposited Sb-SnO2 and the 

limiting currents obtained for the Pt/Sb-SnO2 are smaller compared to the Pt-Ni/Sb-SnO2 in the 

diffusion limiting region.  

 

 Figure- 31b represent a set of ohmic loss corrected LSV of Pt and Pt-Ni deposited Ru-

TiO2 in O2-saturated 0.1 M HClO4 at various rotation speeds (400–2500 rpm) and at a scan rate of 

5 mV s–1. Similar to that of Sb-SnO2, the ORR of both Pt and Pt-Ni depositions on the Ru-TiO2 

supports are under mixed kinetic-diffusion control in the potential range between 0.9 and 0.7 V vs. 

RHE, followed by a region where diffusion limiting currents (plateau between 0.6 and 0.2 V vs. 

RHE can be observed. But on contrast to Sb-SnO2 the onset potential and half-wave potential of 

Pt-Ni/Ru-TiO2 is higher than that of Pt/Ru-TiO2.While the limiting current densities of Pt-Ni/Ru-

TiO2 are much smaller than that of Pt/Ru-TiO2.  

 

For comparison purposes, a set of ohmic loss corrected LSV of Commercial Pt/C and Pt 

NPs deposited XC 72R obtained in the similar way are represented in Figure- 31c. Both the Pt/C 
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samples have similar onset and half-wave potentials, but the limiting current densities of 

commercial Pt/C is smaller than that of Pt/XC 72R.  

 

 

4.5.4 Specific Activity and Mass Activity 

  

The specific activity and mass activity at E = 0.90 V vs. RHE (SA0.90 and MA0.90 

respectively) of all the catalysts were calculated from the LSV obtained in inert and O2 

environments. After correcting for ohmic losses for the LSV obtained in O2 environment, mass 

transportation (diffusion) losses were also corrected by subtracting the current densities obtained 

during LSV in N2 environment from the current densities obtained during LSV in O2 environment. 

The kinetic current density for the ORR for various catalysts was determined using Koutecky- 

Levich Equation as shown below. 

 

𝐼𝑘 =  
𝐼 ∗  𝐼𝑙𝑖𝑚

𝐼𝑙𝑖𝑚 − 𝐼
 

 

Where Ik is the kinetic current, I is the measured current and Ilim is the diffusion-limited 

current. The specific activity of all the catalysts were obtained by dividing their kinetic currents 

by their ECSA respectively. Similarly, mass activity of all the catalyst were obtained by diving the 

obtained kinetic current density with the quantity of Pt deposited on the electrode. Both specific 

activity and mass activity equations are as shown below. 

𝑆𝐴 =  
𝑖𝑘,𝑂ℎ𝑚𝑖𝑐 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

𝐸𝐶𝑆𝐴
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𝑀𝐴 =  
𝑖𝑘,𝑂ℎ𝑚𝑖𝑐 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

𝑃𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑜𝑛 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
 

 

Thus, obtained SA0.90 and MA0.90 of all the tested catalysts are presented in the form of a 

histogram in Figure-32 below. The specific activity of Pt deposited MOx are in comparison and 

even higher than the specific activity of Pt/XC 72R which could be due to the positive effects of 

SMSI. However, the SA0.90 of Commercial Pt/C is higher than the SA0.90 of Pt/XC 72R and Pt/Sb-

SnO2, might be due to the presence of smaller agglomerates and surface defects which in turn 

enhances the catalytic activity. During the synthesis of Commercial Pt/C, Sodium Boride is used 

as a reducing agent and this results in the formation of smaller agglomerates. When compared with 

Pt/MOx both Pt-Ni/MOx showed improved activity which could be due to the positive strain effect 

due to the presence of transition metal. The SA0.90 of Pt-Ni/Ru-TiO2 is the highest (~829 µA cm-

2) and almost 3.5 times higher than the value obtained for Pt/XC 72R (~236 µA cm-2), while the 

SA0.9 of Pt-Ni/Sb-SnO2 (~456 µA cm-2) is almost 2 times higher than that of  Pt/XC 72R. These 

enhanced values of SA0.90 observed on the Pt/MOx samples could result from the synergy between 

the Pt nanoparticles and the MOx supports and/or due to the significant increase of the number of 

active Pt sites, probably through the change of electronic structure of the catalyst due to the SMSI. 

[149][98][150][151][152] When it comes to MA0.90 observations the values were highest for 

carbon based catalysts. As MA is the product of SA and Pt specific surface area (SPt), since carbon 

supports have both high surface area and Spt compared to that of MOx supports, the MA of 

Commercial Pt/C and Pt/XC 72R were higher as shown in pink histogram bars in Figure-32. 
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Figure 32: Specific activity (SA0.90) and mass activity (MA0.90) for the ORR determined at E = 0.90 V vs. RHE for 

Commercial Pt/C, Pt and Pt-Ni deposited Sb-SnO2, Ru-TiO2, and Pt deposited XC 72R 

4.6 Electrocatalytic Activity Studies in Solid Electrolyte 

 

At the beginning of the life (BOL) a voltage break-in procedure was performed until the 

cell reaches the constant current density at 3 different potentials of 0.9, 0.6 and 0.3 V vs. RHE. 

When the cell attained constant current values, then it was subjected to the recovery at a potential 

of 0.2 V vs. RHE for about 2 hours and then the polarizations curves were obtained.  

 

4.6.1 Polarization Curves 

 The Polarization Curves were measured by holding the cell at constant current densities 

for 180 sec and by measuring the corresponding voltage with multiple points.  Initially a Pt 
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loading of 0.1 mg cm-2 was used for testing Pt/Sb-SnO2 and Pt/Ru-TiO2 and then the loading was 

increased to 0.3 mg cm-2 in case of Pt-Ni/Sb-SnO2 and Pt-Ni/Ru-TiO2 to avoid the electrical 

conductivity issues that were observed in case of  Pt/Sb-SnO2 and Pt/Ru-TiO2 at 0.1 mg cm-2 

loading. Thus, obtained Polarization curves for all the Pt and Pt-Ni deposited Sb-SnO2 and Ru-

TiO2 were shown in Figure-33.  

 

In case of Sb-SnO2 supported catalysts, the open circuit voltage (OCV) of Pt/Sb-SnO2 is 

little higher than Pt-Ni/Sb-SnO2, however the OCV of both Pt/Sb-SnO2 and Pt/Sb-SnO2 are much 

smaller than the theoretical value of 1.23 V vs. RHE which could be due to the mixed potentials 

and H2 crossover. The activation losses are very high in case of Pt/Sb-SnO2 and it couldn’t reach 

any current density higher than 50 mA cm-2. This could be due to the activation overpotential 

arising due to the sluggish kinetics of ORR at Pt/Sb-SnO2 due to the low loading of Pt and poor 

electrical conductivity of the catalyst. In case of Pt-Ni/Sb-SnO2, the maximum current density the 

cell could achieve was ~150 mA cm-2. In this case, both activation and ohmic losses are present. 

The activation losses resulting due to the activation overpotential arising predominantly due to the 

sluggish kinetics of ORR at the cathode and the ohmic losses resulting due to the resistive losses 

(H+ and e- transfer) in the membrane and at the electrode.[153]  
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Figure 33: Polarization Curves of Pt and Pt-Ni deposited Sb-SnO2 and Ru-TiO2 carried out with H2|Air at 80 °C, 

100% RH, 0.21 and 0.83 NLPM at anode and cathode respectively 

 In case of Ru-TiO2 support, both Pt and Pt-Ni depositions also performed poorly when 

compared with the state-of-art Pt/C catalyst. However, Pt/Ru-TiO2 outperformed Pt-Ni/Ru-TiO2 

in terms of the maximum current density achieved. Similar to Sb-SnO2, the OCV are also much 

lower than the theoretical value could be due to the mixed potentials that could arise due to H2 

crossover through the membrane from anode chamber to the cathode chamber. In case of Pt/Ru-

TiO2 both the activation and ohmic losses are much higher and the maximum current density it 

could reach was ~250 mA cm-2. While in case of Pt-Ni/Ru-TiO2 the activation losses resulted in a 

steep voltage drop from ~0.9 V to 0.25 V vs. RHE before the current density could reach ~50 mA 

cm-2 and then to 0.1 V vs. RHE reaching a maximum current density of ~85 mA cm-2. 

 

4.6.2 Cyclic Voltammograms 

 

Figure 34: Cyclic Voltammograms of a) Pt and Pt-Ni deposited Sb-SnO2 and b) Pt deposited Ru-TiO2 carried with 

H2|N2 at 80 °C, 100 % RH, 0.2 and 0.8 NLPM at anode and cathode respectively 
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 Figure-34 represents the CVs of Pt and Pt-Ni deposited Sb-SnO2 and Pt/Ru-TiO2 obtained 

in PEMFC. When a Pt loading of 0.1 mg/cm2 was used, for Pt/Sb-SnO2 and Pt/Ru-TiO2 we weren’t 

able to observe any significant hydrogen adsorption and desorpition peaks which could be due to 

the low loading of Pt available on the surface for the Hads to occur. In addition to that, in case of 

Pt-Ni/Sb-SnO2 and Pt/Ru-TiO2 the capactive currents are also much higher than that of Pt/Sb-

SnO2. After studying the Polarization curves of Pt-Ni/Ru-TiO2, the performance was compared 

with the Pt/Ru-TiO2 and further experiments (CV, LSV, EIS, and MA measurements) were 

suspended due to the poor performance of Pt-Ni/Ru-TiO2. Hence the CV and MA calculations 

weren’t reported here. 

 

4.6.3 Specific Surface, Specific Activity and Mass Activity Measurements: 

 

Electrocatalyst Pt loading (mgPt cm-2) MA0.90 (mA mgpt-1) 

Pt/Sb-SnO2 0.1 0.84 

Pt/Ru-TiO2 0.1 0.86 

Pt-Ni/Sb-SnO2 0.3 4.75 

 

Table 5: Pt loading in Pt and Pt-Ni ally deposited Sb-SnO2 and Pt deposited Ru-TiO2 supports and their corresponding 

MA0.90 measurements 

As we were unable to calculate the ECSA from the underpotential deposition of H+, we weren’t 

able to perform Specific surface and specific activity calculations. But we performed the mass 

activity calculations and found that the MA0.90 is much smaller. 
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Chapter-5. Conclusions and Outlook 
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To reduce the ecological imbalance and to improve the environmental conditions, several 

countries all over the world are leaning towards the renewable energy sources rather than 

depending on natural gas or coal for powering a climate-neutral economy. To be able to use the 

renewable sources, it is much needed to make these more reliable as they are more weather and 

demand dependent. To do so we need to connect these energy sources to the energy saving sources. 

The excess amount of energy generated can be stored in the form of fuel and H2 could be one such 

fuel. However, the energy can also be stored in batteries, but the batteries have limited time span 

before they undergo charge-discharge cycles without the stored energy being used. Storing the 

energy in the form of batteries is not fully dependable when it comes to the long-time and future 

applications. By using this excess amount of energy, we can generate H2 gas using electrolysis, 

solar thermochemical cells or photoelectrochemical cells and it can be stored easily for future 

applications. In the U.S. almost 10 million metric tons of H2 gas is generated every year and almost 

95% of it is coming from natural gas reforming and it one of the major greenhouse gas emitters. 

Thus, generated H2 is being used majorly in ammonia manufacturing and for oil refining. However, 

there are multiple varieties of applications for H2 gas few of them include manufacturing of 

synthetic fuels, for fuel cell powered electric vehicles, ships, and aviation, for heating and cooking 

purposes in buildings, for industrial applications (steel manufacturing, refining, chemicals) and so 

on.  

 

In 2016, U.S. Department of Energy took an initiative towards H2 economy in the form of 

H2@scale concept to explore the potential for wide-scale hydrogen production and utilization in 

the United States. Other than US, several countries all over the world are allocating billions of 

dollars towards H2 economy for powering a climate-neutral economy. For example, European 
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Commission has recently announced almost ~30 Billion dollars or more over a span of 7 years 

towards H2 economy, Germany has allocated over ~10 Billion dollars. US is a little behind 

compared to the competitive countries in terms of funding with only ~100 million dollars. China 

is also investing huge funding of about ~30 Billion dollars per year towards hydrogen and fuel 

cells. 

 

The major debate going now-a-days when it comes to the choice of electric vehicles 

between battery-powered vehicles vs. Fuel cell powered vehicles. As it can be seen in the Figure-

35 below, the diversity in the variety of fuels and its applications. Battery electric vehicles are for 

majorly useful when it comes to short- distance commuting such as day-to-day household/ personal 

mobility purposes. The major disadvantages of batteries are their limited capacity and fast 

discharging rate, allowing the BEV to drive only limited mileage. Whereas the energy stored in 

hydrogen will remain the same after a day, a week or a month and it can be produced in almost 

unlimited amounts. On the other hand, the hydrogen will play an indisputable role in all vehicles 

that need to be used for longer range, heavier loads, wherever it is a truck, a route bus, or simply 

a passenger car that does not need to be recharged regularly. As the fuel cell technology is still 

under development to improve the efficiency and reliability, hybrid vehicles are currently widely 

in- use as passenger cars due to the flexibility of switching from electric vehicle to the gasoline 

vehicle and vice versa when it is needed. 
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Figure 35: Fuel Diversity and Applications in the field of Transportation [Green Car Reports] 

 

Proton Exchange membrane Fuel Cell is one of the most advanced and versatile 

technology. However, the ORR is one of the major limiting factors in terms of energy efficiency 

and the PEMFC performance. To make this technology economically viable, long term stability 

and durability are the major issues that need to be focused. Pt/C is the state-of-art catalyst for both 

cathode and anode electrodes of the PEMFC, but due to the operating conditions and the high 

potentials the cell could reach result in C corrosion resulting in reduced performance and durability 

of the catalyst. By enhancing the support durability, the stability of the overall catalyst can be 

improved. In this research, we proposed usage of metal oxide supports as viable option for 

replacing the carbon support. This research work was organized and performed as shown below: 
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1. A thorough investigation of literature was conducted to understand and to categorize the 

available MOx and then viable MOx were chosen to work with (TiO2 and SnO2). 

2. DFT calculations were used to study these chosen MOx to ensure their suitability and their 

performance in PEMFC. 

3. Using DFT calculations, MOx supports were designed and synthesized using various 

synthesis techniques (Sol-Gel, Aerogel-Xerogel, Sacrificial Support Methods). 

4. After studying and understanding the physical and chemical properties of these MOx 

supports, Pt and Pt-Ni alloy NPs were synthesized and deposited onto these MOx 

(Microwave-assisted polyol method). 

5. Thus, synthesized catalysts were studied using physico-chemical and electrochemical 

characterizations to understand their behavior as ORR electrocatalysts in liquid electrolyte 

to mimic the PEMFCs. 

6. Finally, the catalysts were assembled and tested for their electrocatalytic activity under 

PEMFC operating conditions. 

 

DFT calculation results proved that doping the TiO2 and SnO2 supports with hyper or hypo 

valent transition metals would change the d-band of deposited Pt similar to that of alloyed Pt. It 

was also found that Pt/MOx were expected to bind the O2 and ORR intermediates weakly than the 

supportless Pt. Doping of TiO2 with Ta or Ru and SnO2 with Sb would result in the most stable 

doped structure. The stability was expected to happen because of the SMSI of Pt and the MOx 

support.  

 

In case of TiO2, the ORR activity trend was expected to be:  
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Pt on Ta/Nb/Mo/W/Ru-TiO2 (110) > Ta/Nb/Mo/W/Ru-TiO2 (100) > Unsupported Pt. 

In case of SnO2 catalysts, the ORR activity trend was expected to be: 

Pt on Sb-SnO2 (100) > Pt on Sb-SnO2 (110) > Unsupported Pt. 

 

  

 Using sol-gel method and Aerogel and Xerogel methods different metal (Ta, Nb, Ru) doped 

TiO2 and Sb-SnO2 were synthesized. It was found that both Ru-TiO2 and Sb-SnO2 supports have 

an average particle size in the range of 10-15 nm while the Nb-TiO2 and Ta-TiO2 have particle 

size in the range of 100 nm. When all these MOx were tested for their geometric surface area using 

BET instrument, it was found that Sb-SnO2 has 60 m2g-1 and Ru-TiO2 has 40 m2g-1 while both Nb 

and Ta-TiO2 have ~15 m2g-1 of surface area. Due to their low available surface area of both Nb 

and Ta-TiO2, they weren’t suitable for Pt or Pt-Ni alloy NPs deposition. Pt and Pt-Ni alloy NPs 

were synthesized using Microwave-assisted Polyol method and then deposited onto the MOx 

supports. For the Pt depositions, we were able to achieve a uniform and homogenous dispersion 

of Pt NPs on the surface of the Ru-TiO2 and Sb-SnO2 supports. A Pt loading of 10 wt% was 

targeted but due to the limited surface area and available sites for Pt NPs nucleation and growth 

on the MOx surface we attained a loading of 6 wt% and 2 wt% on Sb-SnO2 and Ru-TiO2 supports 

respectively. Due to the limited surface area availability when Pt-Ni alloy colloid was deposited 

onto the MOx surface we weren’t able to disperse the NPs more homogeneously due to the 

formation of smaller agglomerates of Pt-Ni alloy on the surface of Sb-SnO2. The agglomeration 

might have happened due to the Pt-Ni alloy Nps depositing onto the themselves due to the surface 

area limitation. These agglomerates were about 5-10 nm in dimension in case of Sb-SnO2 and in 

case of Ru-TiO2 we didn’t observe any agglomeration, but the dispersion was limited to certain 
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areas, the reason for this could be due to the limited sites available on the surface for Pt-Ni alloy 

NPs anchoring and/or for re-deposition onto themselves. 

 

By using three electrode RDE set-up, all the Pt and Pt-Ni deposited catalysts were tested as ORR 

catalysts using a glassy carbon working electrode with the catalyst ink, graphite rod as counter 

electrode and RHE as reference electrode in 0.1 M HClO4 electrolyte. Pt and Pt-Ni deposited Sb-

SnO2 showed the peaks that correspond to Hads and Hdes in the underpotential region of protons 

due to the availability of Pt anchoring sites on the surface. However, Pt and Pt-Ni deposited Ru-

TiO2 didn’t show any peaks that correspond to the Hads and Hdes, as the capacitive currents 

dominated the Pt-H adsorption/desorption peaks/ region. When the ECSA was calculated for all 

the catalysts, commercial Pt/C and Pt/XC 72R showed much higher active surface area than Pt or 

Pt-Ni/MOx. The major reason for this high ECSA values is due to the high geometric surface area 

of the carbon supports. When the catalysts SA0.90 and MA0.90 were calculated basing on the LSV 

of the catalysts in O2 and N2 environments, we found that the SA0.90 of Pt-Ni deposited Sb-SnO2 

and Ru-TiO2 showed much higher performance of about 1.5 times and 3 times to that of Pt/XC 

72R. This improvement in performance could be due to the positive strain effect of Pt alloying 

with Ni. Also, Pt deposited Sb-SnO2 and Ru-TiO2 showed performance similar and even higher 

compared to the Pt/XC 72R respectively. This enhanced performance of Pt/MOx and Pt-Ni/MOx 

could be due to the SMSI of Pt and Pt-Ni alloy with the MOx support. When the MA0.90 was 

calculated for all the catalysts, Pt and Pt-Ni/MOx showed lower values than Pt/C samples as MA 

is the product of SA and ECSA.  
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After testing all the catalysts in liquid electrolyte, they were subjected to electrochemical 

testing in solid electrolyte as well by incorporating them into the MEA. When the catalysts were 

tested in H2|Air environments with Pt/C as anode catalyst, the performance of these catalysts is 

much smaller than the commercial Pt/C catalysts. Basing on the polarization curves, Pt/Sb-SnO2 

underwent major activation losses and it wasn’t able to reach a maximum of ~50 mA cm-2 of 

current density. But Pt/Ru-TiO2 showed much better performance than Pt/Sb-SnO2, however it 

underwent major activation and ohmic losses and attained a maximum current density of ~250 mA 

cm-2. When the Pt loading was increased to 0.3 mgPt cm-2 for Pt-Ni/Sb-SnO2, we were able to 

reduce the activation losses, but the performance didn’t improve very much, and the catalyst 

achieved a maximum current density of ~150 mA cm-2. On contrast to that, when Pt loading was 

increased to 0.3 mgPt cm-2 for Pt-Ni/Ru-TiO2 there is no improvement in the performance but in 

fact the performance was reduced due to higher activation losses and a maximum current density 

of ~80 mA cm-2. During the CV measurements, we can barely see any Hads and Hdes peaks on all 

these catalysts, could be due to low available Pt active sites on the surface of Pt and also due to 

the electrical conductivity limitation.  

 

 In conclusion, Pt and Pt-Ni/Sb-SnO2 and Ru-TiO2 showed better performance than Pt/ XC 

72R and Commercial Pt/C in liquid electrolyte but when they were tested in solid electrolyte, there 

are huge activation and ohmic losses for all these catalysts. These catalysts would need further 

improvements in terms of electrical conductivity and surface area.  

 

 As an outlook for this research work, with further development and improvement these 

conductive metal oxides can be used for heavy-duty applications which require extreme stability 
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and durability. Because of the inert nature of the MOx, they can also have better application in 

intermediate temperature PEMFCs (200-300 °C). Also because of their added advantage of SMSI, 

the knowledge obtained from these MOx can be applied in preparation of composite catalysts for 

co-catalysis. Electrolyzers is another major field that require catalysts and supports that can sustain 

high potential environments/ oxidative environments. As the MOx are highly stable in oxidative 

environments unlike carbonaceous supports they suit for this purpose. Iridium deposited Titanium 

Oxides are the commercially available state-of-art catalyst for the electrolyzers, but the high price 

and scarcity of Iridium need more viable and available alternative catalyst.  

 

Another major issue that a PEMFC faces is the cell reversal. A major requirement for a 

PEMFC based vehicle is to have high tolerance towards frequent start-stop cycling as it is very 

common in daily vehicle usage/ application. Due to the start-stop cycling major performance losses 

set-in because of the local/ gross H2 starvation. Local/ gross H2 starvation can happen because of 

various reasons such as Poor water management, poorly designed flow fields, blockage of flow 

fields by foreign objects, high fuel utilization. These all leads towards performance losses by 

causing high interfacial potential difference, carbon corrosion, Pt Particle agglomeration, 

detachment and redistribution, secondary reactions at cathode and anode. This condition can be 

avoided either by using system control strategies such as voltage sensors or by using material 

modifications like corrosion-resistant stable materials. MOx supports can help in reducing cathode 

degradation by avoiding the carbon corrosion and by reducing the OER overpotential.  
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